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Abstract

This study describes the visual information coding ability of single neurons in the suprageniculate nucleus (Sg), and provides new data
concerning the visual information flow in the suprageniculate/anterior ectosylvian pathways of the feline brain. The visual receptive fields of
the Sg neurons have an internal structure rather similar to that described earlier in the anterior ectosylvian visual area (AEV). The majority of
the Sg units can provide information via their discharge rate at the site of the visual stimulus within their large receptive fields. This suggests
that they may serve as panoramic localizers. The sites of maximum responsivity of the Sg neurons are distributed over the whole investigated
part of the visual field. There is no significant difference between the distributions of spatial location of maximum sensitivity of the AEV and
the Sg neurons. The mean visual response latency of the Sg units was found to be significantly shorter than the mean latency of the AEV
neurons, but there was no difference between the shortest latency values of the thalamic and the cortical single-units. This suggests that the
visual information flows predominantly from the Sg to the AEV, though the cortico-thalamic route is also active. The Sg seems to represent a
thalamic nucleus rather similar in function to both the first-order relays and the higher-order thalamic nuclei. These results, together with the
fact that the superior colliculus provides the common ascending source of information to the suprageniculate/anterior ectosylvian pathway,
suggest a unique function of the AEV and the Sg in sensorimotor integration.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction years, although the neurons in this thalamic nucleus exhibit
special physiological properties. While the lateral geniculate

The existence of the visual areas along the anterior ecto-nucleus (LGN) relays the retinal input towards the primary
sylvian sulcus (AES) of the feline brain was described visual cortex without causing any fundamental modification
in the 19809[3,11,21,25] Morphological studies revealed in the size of the receptive fields, the visual receptive fields
that these areas receive visual information bypassing thein the Sg are rather dissimilar to those of the neurons of
geniculo-striate system, through a cortical route via the lat- the intermediate and deep layers of the superior colliculus
eral suprasylvian visual areas and through a tecto-thalamic(SC) from where they receive their tectal visual afferenta-
route viathe suprageniculate nucleus (Sg) and the lateral postion. The receptive fields of the Sg neurons uniformly cover

terior nucleus pars medialis (LPm) of the thalan24,23] the whole extent of the visual field of the stimulated eye
The physiological properties of the LPm and its connections [4,12]. These receptive field properties can appear for two
have been studied fairly wide[¢,6,13,15,16,28,33The Sg, reasons. The strong convergence of the collicular fibres on

however, has attracted much less interest during the last 25the Sg[14] could be responsible for the representation of the
whole visual field. The Sg might mediate this information

* Corresponding author. Tel.: +36 62 545098; fax: +36 62 545842. to the cortex, and thus the similarly huge receptive fields of
E-mail address: benedek@phys.szote.u-szeged.hu (G. Benedek). the neurons along the AHS,11,21]could be a consequence
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of the thalamic relaying of this convergence. On the other containing gallamine (8 mg/(kg h)), glucose (10 mg/(kg h))
hand, the activity of the pathway between the visual asso- and dextran (50 mg/(kg h)) in Ringer’s solution was infused
ciative cortex (AEV) and the S[.2,33]could also resultin  continuously at a rate of 3 ml/h. Atropine (0.1%, 0.2 ml) was
the large receptive fields of Sg neurons. This raises at leastadministered subcutaneously. The end-tidal,@&vel and
two important questions concerning the visual information
processing and flow between the AES cortex and the Sg: is
the internal organization of the large receptive fields of the
Sg units similar to or different from that of the AE[2,5]?
Then, as regards the direction of the information flow, are the
cortico-thalamic and thalamo-cortical routes equally active
during visual information processing?

We attempted to aquire data which would clarify these
problems by recording single-unit responses to visual stimu-
lation both in the AEV and in the Sg of the feline brain. The
stimulation was performed by moving a randomly selected
portion of a large visual white-noise pattern in front of the
animal. Earlier use of the same stimulation set-up revealed
that within each visual receptive field of the neurons in the
AES cortex there is a “hot-spot”, i.e. a region which is prefer-
entially sensitive to visual stimulatigB]. The location of this
region varies among the neurons, providing a possibility for
a non-traditional spatial coding of signals in the visual field
[2,5]. In the present study, we investigated the distribution
of sites of maximum sensitivity within the large receptive
fields of the Sg neurons and compared the organization of
the receptive fields in the AEV and the Sg. We further calcu-
lated the latencies of the AEV and the Sg visual responses.
Comparison of the AEV and Sg latencies could possibly shed
light on the direction of information flow between the AEV
and the Sg and may provide an indication as to whether
the cortico-thalamic volley first reaches the thalamus, or
whether the SC causes the initial excitation in the neurons
of the Sg.

LGNd NIM
< LPI

LGNd

2. Materials and methods
2.1. Animal preparation and surgery

The experiments were performed on 19 adult cats rang-
ing in weight from 2.4 to 4.0 kg. The experimental protocol
had been accepted by the Ethical Committee for Animal
Research of the University of Szeged. The anaesthesia was
initiated with ketamine hydrochloride (30 mg/kg, i.m.). After
cannulation of the femoral vein and the trachea, the ani-
mals were placed in a stereotaxic headholder. The wound
edges and pressure points were treated generously with pro-
caine hydrochloride (1%). The anaesthesia was continued
with halothane (1.6% during surgery and 0.8% during record-
ings). The depth of anaesthesia was monitored by repeated
checks of pupil size on the non-treated side, and checking
electrocorticogram and electrocardiogram recordings. All of
the parameters controlled revealed the general anaesthesia
of the animals throughout the whole of the experiments.
The animals were immobilized with gallamine triethiodide -
(Flaxedyl, 20 mg/kg i.v.). During the experiment, a solution ©) 2mm

2 mm
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the rectal temperature were monitored continuously and kept18-in. computer monitor (refresh rate—60Hz) was placed
constant at 3.8-4.2% and 37-38, respectively. The skull 57 cm in front of the animal. A stationary visual noise stim-
was opened with a dental drill to allow a vertical approach to ulus (grain size: 0.2—1%was presented to the animal in an
the Sg and the AEV. The dura was covered with a 4% solution area of 24 x 32° around the area centralis. The mean lumi-
of agar dissolved in Ringer solution. The eye contralateral to nance of the screen was 17 cdiriVe divided this area into
the cortical recording was treated with phenylephrine (10%) 12 parts each of“8x 8°. To avoid stationary problems, the
and atropine (0.1%), and was equipped with a +2 dioptre stimuliwere randomized in position over trials. The randomly
contact lens. The ipsilateral eye was covered during stim- selected 8 x 8° portion of the elements comprising the pat-
ulation. A subcutaneous injection of 0.2ml 0.1% atropine tern was then moved for 2500 ms at a speed ¢fslOVe
was administered preoperatively. The retinal landmarks andinvestigated the responses to eight different moving direc-
major retinal blood vessels were projected routinely twice tions of the visual noise pattern along four axes (0235
daily onto a tangent screen, using a fiberoptic light source 45° increments) to find the preferred moving direction of
[26]. In some cases, the area centralis could be seen directlyeach single neuron. Neuronal activities were then recorded
in others, it was plotted by reference to the optic disc 14.6 and correlated with the movement of the visual noise pat-

medially and 6.5 below the centre of optic di4@]. tern in the preferred direction. They were stored for further
analysis as peristimulus time histograms (PSTHSs). The orig-
2.2. Recording inal binwidth was 62 ms, while binwidths of 1, 2, 5and 10 ms

were used to calculate the visual response latencies. The pres-

Electrophysiological recordings were performed extracel- timulus time (during which a stationary visual noise pattern
lularly with tungsten microelectrodes (AM System Inc. USA, stimulus was shown) was 500 ms and the peristimulus time
2-4 MQ). Single-unit discrimination was made with a spike- (while the visual noise pattern stimulus was moving) was
separator system (SPS-8701, Australia). Vertical penetrations2500 ms. At least four trials were run in each>88° win-
were performed to reach the Sg between the Horsley—Clarkedow. The interstimulus interval was 1s.
coordinates anterior 4.5-6.5 and lateral 4—7 in the stereotaxic We defined the net firing rate in each:8 8° window as
depths in the interval 10-13 mm. The AEV neurons were the response when a pairetest demonstrated a significant
recorded between the co-ordinates anterior 11-14 and lateraflifference p < 0.05) between the prestimulus and peristimu-
12-14 in the stereotaxic depths in the interval 13-19 mm. At lus firing rates. While the visual receptive field of the AEV
the end of the experiments, the animals were deeply anaesand the Sg neurons are extremely ld#@2], we considered
thetized with pentobarbital and perfused transcardially with a cell to be visually responsive if it was responsive in each
paraformaldehyde solution (4%). The brains were removed, 8° x 8° window. The spatial selectivity of each responsive
cut in coronal sections of 50m and stained with neutral  cell was investigated with one-way ANOVA. We defined a
red or for acetylcholine-esterase. Electrolytic lesions marked neuron as spatially selective if the net firing rate of at least
the locations of successful electrode penetrations. All of the one window was significantly different from the mean of the

recorded neurons were located either in the/Sg.(2) or in others. As maximum site, we considered the stimulus loca-
the AEV. tion at which the net firing rate was highest. We estimated

the distance of the maximum responsive site from the area
2.3. Stimulation and data evaluation centralis and the angle of the vector connecting the maximum

responsive site and the area centralis. We compared these val-

The visual responsivity of the neurons was tested sub- ues between the AEV and the Sg neurons. The comparison
jectively by the generation of moving visual stimuli with was performed either with thetest, if the values exhibited
a hand-held lamp. Whenever a single-unit was found to be normal distribution, or with the Kruskal-Wallis test, if the
sensitive to moving visual stimulation, computer-controlled distribution of the values was not normal.
visual noise patterns were used to estimate its visual response To measure the latency of the responses, we used a soft-
properties. For computer-controlled visual stimulation, an ware program developed in our laboratory. This was based
on asliding-window technique. The program slid two 350 ms
windows along the frequency histogram of the responses. The
_ _ _ _ - first window slid through the peristimulus firing rate in 5 ms
F|g. 1 Histological reconstruction of the recording sites and the rgcorded steps, and selected the 350 ms wide portion that represented
units in the Sg. (A_and B) Positions of_the recor_ded visually responsive neu- the maximum frequency. Then, a second window was slid
rons (black dots) in the Sg. The drawings depict coronal sections of the Sg | : !
in the cat brain in A5 and A6 according to the stereotaxic atlas of Reinoso- 1IN 5 MS steps, and after each step the program calculated the
Suare427]. (C) An acethylcholine—esterase stained section of the Sgwithin sighificance level between the spike frequency values of the
_the posi‘tion of the recording elec_:trod(_e mark(_ed b)_/the white _arrow_head. Bars two windows with the-test. The latency of the responses was
in the right bottom cor'ner provide size calllb'ratlon and orientation _m the calculated from the time function of thepe/alues. A curve
dorso-ventral and medio-lateral aspedibreviations: LGNd, lateral genic- . . .
ulate nucleus; LPI, lateral division of the nucleus lateralis posterior; LPm, was fitted to t_he’ va_Iues, and thg t'me_ interval between the
medial division of the nucleus lateralis posterior; LM, nucleus lateralis medi- Start of the stimulation and the inflection point provided the
alis; Sg, suprageniculate nucleus; MG, medial geniculate nucleus. response latency.
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3. Results area centralis. No signs of retinotopical organization were
observed within either the AEV or the Sg. The visual recep-

Altogether 35 visually responsive single-units were tive fields of both the Sg and the AEV neurons were definitely
recorded extracellularly in the Sg and 32 visual responsive larger than the computer monitor used for visual stimu-
units in the AEV. The information processing and coding lation. Thus, we could investigate the information coding
abilities of these units were analysed in detaid). 1 demon- abilities of the AEV and the thalamic neurons only in a
strates the histological reconstruction of the recording tracks restricted, though large central part of their visual receptive
and the positions of the analysed Sg units (A and B) a Sg fields.
section with the electrode penetration (C).

The extent of the visual receptive field was estimated 3.7. Spartial selectivity of the AEV and the Sg neurons
subjectively by listening to the neuronal responses to move-
ments of a light spot generated by a hand-held lamp. Simi-  The distributions of the preferred directions of the 35 Sg
larly to earlier results, the visual receptive fields in both the and the 32 AEV units were very similar. Only small propor-
extrageniculate thalamus and the visual associative cortextions of the AEV (3/32) and the Sg neurons (4/35) exhibited
were extremely large (consistently larger than 6000 déyree  optimum responsivity to movement along the horizontal axis
they covered a major part of the contralateral hemifield and (90° and 270 directions). The preferences for the other six
extended deep into the ipsilateral one, yielding a field that directions were distributed evenly among the neurons. The
overlapped almost totally with the visual field of the right data obtained for the optimum directions were used for the
eye [4,21]. The receptive fields consistently included the further analysis.
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Fig. 2. Receptive field organization of a panoramic suprageniculate nucleus n&G#@nPeristimulus histograms are presented that were recorded during the
motion of visual noise in the respective part of the visual field. Every window represehts & &ortion of the receptive field. In each window, the abscissa
indicates time. The ordinate denotes number of action potential/binwidth values (binwidth =62 ms). The thick black line indicates the motidgsuef the v
noise for 2500 ms.
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Spatial sensitivity towards moving stimulation within the found in each quadrant of the visual fiekdd. 4). Since recent
restricted part of the receptive field was estimated by compar-results have demonstrated that the maximum responsive sites
ing the response intensities by means of one-way ANOVA. ofthe AEV neurons are distributed in the whole visual field of
This indicated that the majority of the visually responsive the right eyg?2], we cannot exclude the possibility that some
neurons in both the Sg (26/35; 73.7%) and the AEV (24/32) Sg neurons exhibitmaximum responsivity to stimulation sites
were sensitive to the location of the moving visual stimulus outside the investigated region. No inhibitory responses were
(Figs. 2 and 3 Similarly to earlier results on the AER2,5], recorded at all.
the site of maximum responsivity within the visual receptive We estimated the distances of the maximum responsive
fields of the Sg neurons varied extensively in the neurons sites from the area centralis of the AEV and the Sg neu-
recorded. For the most of the units, the visual field did not rons. The mean distance of the maximum sensitive sites of
appear to contain an exclusive site. Some of the units exhib-the AEV neurons from the area centralis was 7.99=32;
ited a preference for a particular stimulus site, while other range: 0-20; S.D.:+4.29). The mean distance of the maxi-
units were most responsive to other locations. Thirteen Sgmum sensitive sites of the Sg neurons from the area centralis
units had a preference in the contralateral upper, 14 in thewas 8.27 (N=35; range: 2-18 S.D.: £3.67). Since the
contralateral lower, 4 in the ipsilateral lower and 4 in the distribution of the distances did not satisfy the criterion of
ipsilateral upper quadrant of the investigated central visual normality, we used the Kruskal-Wallis test to compare them.
field. Our results revealed that the maximum responsive sitesThe test demonstrated that there was no significant differ-
of the Sg neurons, similarly to those of the AEV that were ence between the distances of the maximum responsive sites
described earligf5], were distributed throughout the whole from the area centralis of the cortical and that of the tha-
of the investigated area. Maximum responsive sites werelamic neurons f{=0.55). Similar results were obtained as
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Fig. 3. Receptive field organization of another panoramic suprageniculate nucleus séixdmecorded in another cat. The arrangement here is the same as
thatinFig. 2
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Fig. 4. Position of the site of maximum responsivity in the receptive fields of 32 AEV single-units (A) and 35 Sg single-units (B) determined byshe highe
firing rate in the respective window. Every single-unit is represented by ar88 grey window representing the motion of the visual noise and a vector line
between the area centralis and the centre of the “window” from where the highest activity was elicited. Vertical and horizontal meridians aedegsrtgekt

lines, with scaling given in degrees.

concerns the direction of the line connecting the maximum the visual response latencies of the investigated Sg neurons
responsive sites to the area centralis relative to the horizontalwere significantly shorter than the visual response latencies
meridian. The distributions of the directions for the AEV neu- of the AEV neuronsg=0.011).

rons (mean=136%N=232; range: 0-345 S.D.:+118.0)

and that for the Sg neurons (mean =146 = 35; range:

0-350; S.D.:+114.9) were very similar. Both displayed a 4. Discussion

normal distribution. Thetest showed no difference between

the directions of the sites of maximum sensitivity from the Our results demonstrated that the visual receptive fields
areacentralis ofthe AEV and the Sgneurgns(.87). These  of the Sg neurons have an internal structure which resembles
results indicate that the maximum responsive sites of the AEV that described earlier in the AEJ2,5]. We found that the
andthe Sg neurons are distributed similarly in the investigatedvisual receptive fields of the neurons in both structures are

central part of the visual field. similar; they consistently cover the whole visual field of the
stimulated eyg4,22]. The size of the receptive fields found
3.2. Response latencies of the AEV and the Sg neurons in the AEV by Olson and Graybi¢25] and later by Scannel

et al.[29] was considerably smaller than that described by

We calculated and compared the visual response latenciesus. This discrepancy could originate from the different types
of the 35 investigated Sg and 32 AEV units to assess whetherof anaesthesia used or in the obvious difficulties in drawing
the cortico-thalamic or the thalamo-cortical information pro- these huge receptive fields. Both Olson and GrayBigland
cessing route has a temporal priority between the Sg andScannell et al[29] concentrated on finding the locations of
the AEV (Fig. 5. The shortest latency in both the Sg and the most intense areas, while we attempted to find the bor-
the AEV was 35 ms. Generally, however, the latencies of the der between the responsive and absolutely non-responsive
responses measured for the AEV units were longer than thoseareas and sought the locations of the regions of maximum
for the Sg units. The mean latency of the response of the Sgsensitivity. The majority of the Sg and the AEV units in our
neurons (calculated at their maximum responsive sites) wasexperiments proved selective to the stimulus location; they
59.4 ms y=35; range: 35-130ms; S.Dt 26.28 ms). The exhibited significantly different responses to stimuli from
mean latency of the AEV units was 81.7 mé<32; range: different spatial locations. These indicate that as it has been
35-185ms; S.D.£42.48 ms). The distribution of the laten-  described earlier for the AES unifg], the Sg units have
cies did not reveal normal distribution, presumably reflecting similar abilities to serve as panoramic localizgr®,19] The
the fact that there is no homogeneous population of units pro-regions of maximal sensitivity within the investigated central
ducing this response. Comparison of the cortical and thalamic part of the visual field are widely distributed for both the AEV
latencies by means of the Kruskal-Wallis test revealed that[2] and the Sg neurons. This is in agreement with the report
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Fig. 5. Frequency distributions of AEV (A) and Sg (B) cells according to their response latency to a visual noise moving in their receptive fielsisisSae ab
shows the latency of the single-unit activity response in milliseconds. The ordinate indicates the numbers of units with the respective lasency valu

from the AEV of Scannell et a[29], who found the sites  We found that there was no difference between the shortest
of the most intense responses within the same areas of thdatency values of the thalamic and the cortical single-units.
receptive fields. These observations point to the possibility Both structures responded to visual motion with a minimum
of a distributed population code of visual information in the latency of 35 ms. The mean response latency of the Sg units,
Sg, similarly as in the AEV2], based on panoramic localizer however, is significantly shorter than the mean latency of
cells[18-20] The very high similarity of the receptive fields the AEV neurons. These results might suggest that both the
of the Sg and the AES cortex points to the existence of a very thalamo-cortical and the cortico-thalamic route are active
intense exchange of information between the two stages ofbetween the extrageniculate visual thalamus and the visual
visual processing. associative cortex. The generally shorter latencies in the
The results of our latency studies provide interesting data thalamus might indicate that the visual information flows
on the sequence of volleys of excitation between the cortex predominantly from the thalamic nucleus to the AEV. The
and the thalamus. Latency studies are not widely used in thefact that there is a temporal priority of the thalamus over
investigation of thalamo-cortical relations, most probably the cortex, however, does not prove the superiority of the
because of the technical limitations in calculating spike thalamo-cortical volleys over the cortico-thalamic ones. We
latency values amidst considerable spontaneous activity.cannot exclude the possibility either that the information
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concerning the receptive field properties reaches the Sgsuggest a common function for them in the process of senso-
(albeit with a delay) through a cortico-thalamic route. rimotor integration.

The function of the thalamus in the mammalian brain is
based on the existence of two types of relg83,31] Tha-
lamic first-order relays receive their driving afferents from Acknowledgements
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