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SUMMARY

Visually driven units, isolated in the ventrolateral group — Py (109) and in
subnucleus Py (33) of the pulvinar of the cebus monkey, were studied in acute and
chronic preparations under nitrous oxide N2O/Oz anesthesia during periods of EEG
arousal. Taking into consideration the response properties to static or moving stimuli
as well as the organization of the receptive fields, units isolated in the pulvinar were
subdivided into 8 groups. Units displaying dynamic properties predominate over static
ones. Static units were classified in 3 groups; of these, one showed uniform receptive
fields; the remaining two groups, with non-uniform RFs, were further subdivided in
terms of orientation selectivity. By testing for directional sensitivity, organization of
the RFs and orientation selectivity, the dynamic units were divided in 5 groups.
Among these there was a predominance of directional units, displaying uniform RFs
and showing orientation selectivity. Although the receptive fields would extend into the
ipsilateral hemifield (up to 10°), their centers were always located in the contralateral
visual hemifield.

Binocularly driven units predominate in both static and dynamic categories.

INTRODUCTION

The participation of the pulvinar in the analysis of visual information has been
suggested by anatomical®.24.39.41 and electrophysiologicall.14.16,27 gtudies. Light-
evoked slow potentials?2 and single unit responses2? have been reported in regions of
the pulvinar which receive projection from the superficial layers of the superior
colliculus3.25,32,38 and establish reciprocal connections with cortical areas involved in
higher levels of visual information processing, namely striate4.5.7,:30.39  peristriate?,26,39
and inferior temporal cortex39-42, In a previous study we reported a double represen-
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tation of the contralateral visual hemifield in the pulvinar of the cebus monkey,
coextensive with pulvinar ventrolateral group (Pvig) and subnucleus Pul4. Py)z and
Pu correspond, respectively, to pulvinar inferior and part of pulvinar lateralis and to
the lateral aspect of pulvinar lateralis according to Olszewski’s nomenclature. In this
paper we report on the visual properties of single units within these regions, and
compare them to those described for the superior colliculus5.17,40 and cerebral
cortex11,19,21,

MATERIAL AND METHODS

This study is based on units isolated in the pulvinar of 17 Cebus apella monkeys,
in 12 acute and 5 chronic preparations. Nine of the acute preparations were initially
anesthetized with sodium pentobarbital (30 mg/kg, i.p.), two with thionembutal (20
mg/kg, i.v.) and one with Fabantol (Bayer, 15 mg/kg, i.v.). The chronic preparations
received in each recording session an initial anesthetic dose of ketamine hydrochloride
(Ketalar, Parke-Davis, 20 mg/kg) and were sedated during the recording sessions with
a tranquilizer (Valium, Roche, 5 mg/kg). All animals, after anesthetic induction, were
kept under analgesia during the recording sessions by ventilation with a gaseous
mixture of N2O/Oz in a 7:3 ratio.

At the start of each penetration the projections of the fovea and blind spots on a
tangent screen placed 57 cm away from the nodal points of the eyes were determined by
means of a reversible ophthalmoscope. By adjusting the background lights, diffuse
illumination of the screen with a luminosity of 1.0 ftL was achieved. The trigger
features of the unit under study were determined by means of luminous stimuli of
various configurations, with a luminosity 1 log unit above that of the background.
Stimuli were retroprojected onto the screen by means of a hand-held projector.
Receptive fields (RF) which were plotted on the screen by this method correspond to
the ‘minimal receptive fields” of Barlow?2,

Quantitative data and a permanent record of the observations were obtained by
means of a computer (PDP-12) controlled system.

In this study two computer programs were used. The first displays two
histograms of the cumulative number of events that occurred following the onset (ON)
and interruption (OFF) of the stimulus presentation. The second program, used to
plot receptive fields, also generates two histograms, one for each direction of stimulus
displacement across the screen.

At the end of the last experiments the animals were deeply anesthetized and
perfused. The brains were processed for microscopical examination in order to de-
termine the position of the recording sites. A more detailed account of these procedures
has been published elsewherel4,

RESULTS

In a previous publication we have shown that visually driven units responding to
patterned stimuli are found in the ventrolateral portion of the pulvinar. This region
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includes a double representation of the contralateral visual hemifield. One of them,
occupying a smaller area, is coextensive with subnucleus Py, while the main represen-
tation extends across several subnuclei which comprise the ventrolateral group of the
pulvinar (Pyig). In our previous study the response of units isolated in these regions to
visual stimuli was shown to be highly dependent on the overall state of arousal, as
judged by the EEG recordings!5. Therefore, care was taken in the present study to
ensure that the units responses to visual stimulation were studied during periods of
arousal promoted by stimulation of other sensory modalities.

A total of 142 units, isolated in the ventrolateral group of the pulvinar — Pyyg
(109) and in subnucleus Py (33), were studied. As the functional properties of units
isolated in these two regions do not differ significantly, they will be considered as a
single population in the present paper.

Receptive field area and location

A wide variation of receptive field (RF) areas was observed, fields as small as 0.8
deg.sq. and as large as 1592 deg.sq. being found. The median of the distribution of RF
areas is 69 deg.sq. the first and third quartiles corresponding to 28 deg.sq. and 156
deg.sq., respectively.

An attempt to correlate the area of the RFs with the different groups of units
described in this paper did not yield statistically significant results. The only consistent
observation was that the smallest areas always belonged to units with concentric
receptive fields; nevertheless, concentric units with large RFs were also identified. We
also observed that RF areas did not vary as a function of eccentricity (r = 0.15).

Although part of the receptive fields may extend across the vertical meridian up
to 10° into the ipsilateral hemifield, their centers were always located in the
contralateral visual hemifield. A strong predominance of representation of the central
portion of the visunal field was observed: 759 of the RF centers were located within
30° from the fovea.

Ocular dominance

In order to evaluate ocular dominance, cells were divided into 5 classes. Class 3
included units that responded equally well to stimuli presented to either eye. Classes 1
and 5 comprise those units which responded exclusively to the contralateral or
ipsilateral eye, respectively. Units responding to both eyes, showing however a
dominance by the contralateral or ipsilateral eye were included in groups 2 and 4,
respectively.

Eye dominance was tested in 95 of the units included in this paper. A predomi-
nance of binocularly driven units (class 3) was observed (44°%/). Units driven
preferentially by the contralateral eye (classes 1 and 2) were more frequent (40 %) than
those driven by the ipsilateral eye (classes 4 and 5 — 16 %).

Unit classification
In order to systematize our findings and to enable a coherent presentation of the
results we have classified the units according to their functional properties. With the
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classification adopted it is possible to assemble all units under 8 groups, as shown in
Fig. 1. The first tier of this classification rests on the differences in the response
patterns of the units to stationary or moving stimuli. Units were classified as static
when they showed brisk responses to stationary stimuli presented to their receptive
fields. When the same stimulus was swept across their fields similar or weaker
responses were obtained. In contrast, dynamic units showed poor or no response to
stationary stimuli, brisk responses being obtained for stimuli displaced across their
fields. Twenty-two units could not be categorized as static or dynamic, and were
designated ‘unclassified’ (UNC). These units contributed, however, to data concerning
receptive field area and location as well as ocular dominance. As a rule the dynamic
units demonstrate a preferred velocity of stimulus displacement. Dynamic units
predominate (90/120) over static ones (30/120). When confronted with the onset of a
luminous stimulus (ON) or with its supression (OFF), static units gave either tonic
responses (11/19) or, less frequently, phasic ones (8/19). In contrast, dynamic units,
when presented with similar types of stimuli, always displayed phasic responses.

Static units

Static units can be further subdivided on the basis of the organization of their
receptive fields. Uniform units showed the same response type throughout their RFs;
in contrast, the response type of non-uniform units was seen to vary within their fields.

VISUAL UNITS
I ' UNC@
STATIC DYNAMIC
— we(®
| m (®)
NON DIRECTIONAL
DIRECTIONAL
—uuc
NON NON NON
UNIFORM UNFORM UNIFORM X UNIFORM UNFORM
—uwc@
NON NON NON
OREMIED  ORERMED  ORENTED oreonep  STRUCTURE  (NORL  oRIENTED  STRUCTURE
? s (;) 3 * t q:)
group group group group group group qroup group
1 2 3 4 5 6

Fig. 1. Classification based on functional properties of neurons isolated in the pulvinar. When data
available did not permit a reliable classification of a unit, this unit was included under a separate
heading, unclassified, (UNC).
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By testing for sensitivity to stimulus orientation, static units could be further
subdivided. Five units, all showing non-uniform RFs, responded best to stimuli with a
specific orientation. The remaining 16 units (8 uniform and 8 non-uniform) showed no
preferential stimulus orientation. In terms of ocular dominance there was a predomi-
nance of binocularly driven units belonging to classes 2, 3 and 4 (12 out of 22),
similarly, strictly contralateral dominance (class 1, 7 units) predominated over the
ipsilateral one (class 5, 3 units).

Uniform non-oriented (group 1). These units displayed the same response type to
stimuli presented in any region of their receptive fields (ON = 3, OFF = 3 ON-OFF =
1), they also showed clear responses to diffuse light. The borders of their RFs are not
clearly defined. One example of this type is illustrated in Fig. 2. This cell responds with a
tonic ON discharge during the presentation of the stimulus (Fig. 2A, B and C). The
response to a 7° spot varies in magnitude depending on the site of stimulus presentation
within the RF, as indicated in the upper insert of Fig. 2.

Non-uniform non-oriented (group 2). Cells with non-uniform RFs were classified
as group 2, provided that there was no sensitivity to stimulus orientation. These cells
responded with either excitation or inhibition upon the presentation of ON or OFF
stimuli in different regions of the receptive field. A discharge could always be evoked
from the center of the RF either at the ON (5/7) or OFF (2/7) of the stimulus. These
responses were of the tonic (3/7) or phasic (4/7) types. The response of the periphery
was always phasic, whether the response of the center was phasic or tonic. An example
of a unit showing these characteristics was illustrated in Fig. 1 of our previous paperi5,

Non-uniform oriented (group 3). Units belonging to this group are distinguished
from those described above by their preference for linear stimuli in a specific
orientation within their receptive fields. The central portion of the field responded to
static stimuli with a predominantly ON (4/5) or OFF (1/5) response which could be
either tonic (4/5) or phasic (1/5). The surround was antagonistic with respect to the
center. Different degrees of interaction between the responses of center and surround
were observed. In the majority of instances tested, the response was of the phasic type.
An example of a group 3 unit is illustrated in Fig. 3. An ON tonic response is obtained
by the stimulation of the central portion of the field (Fig. 3B), while phasic,
predominantly OFF responses are obtained from the flanks (Fig. 2C and D). The
orientation selectivity of this unit is illustrated in recordings E - H of this figure.

Dynamic units

Dynamic units can be subdivided on the basis of the presence or absence of
sensitivity to the direction of movement of the stimulus. The majority of dynamic units
(65/72) showed a preferential direction of stimulus displacement. Non-directional
dynamic units respond to a luminous spot displaced along any axis of the receptive field.
Among dynamic units there was also a predominance (60 out of 73) of binocularly
driven units (classes 2, 3 and 4), of these 36 units belonged to class 3. Strictly contra-
lateral dominance (class 1) was observed in 11 units, while strictly ipsilateral dominance
(class 5) was detected in only 2 units.
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Non-directional

Uniform non-oriented (group 4). Of the 7 non-directional dynamic units, 4
displayed uniform RFs, showed phasic responses to stationary stimuli (ON-OFF), and
gave brisk responses when the spot crossed the borders of the field. Clear responses
were also obtained when the stimulus swept across the field at high velocities of
displacement. In addition, good sustained responses could be elicited by ‘jerky
movements’.

Non-uniform with structure (group 5). Three of the dynamic non-directional
units displayed non-uniform RFs. Two of them had a center-surround organization
and one had regions of opposite response types. For units with a surround, such as the
one illustrated in Fig. 4, the presentation of a static stimulus restricted to the central
portion of the field produced a phasic response (Fig. 4B, upper). An annular stimulus
sparing this portion of the field did not produce a response; however, the response
obtained from the central portion was blocked by simultaneous stimulation of the
surround (Fig. 4B, lower). The absence of directional selectivity is illustrated in Fig.
3C. The small difference in response amplitude observed for the vertical (1-6) and
horizontal (3-4) directions of stimulus displacement may be attributed to the larger
area of the RF activated when the slit was oriented parallel to the long axis of the RF.

Units with non-uniform RFs contrast with those having uniform RFs in two
ways: they have smaller receptive fields and show a preference to low velocities of
stimulus displacement.

Directional

This is the most frequently found type of unit in the visually active region of the
pulvinar. These units showed preference to slow velocities of stimulus displacement.

These units were further subdivided into two categories: the first includes units
with uniform RFs (44/65) with or without orientation selectivity; the second includes
units with non-uniform RFs, i.e. with structure (21/65).

Uniform non-oriented (group 6). The units included in this group are character-
ized by the presence of uniform RF, and by the fact that they respond equally well to a
luminous spot or to a slit displaced across their fields (Fig. 5As and Asg). The majority

Fig. 2. Group 1 unit isolated in Pyiz. This unit gives a ON-tonic response to stimuli presented
anywhere within its RF. In the upper insert the number of crosses indicates the relative magnitude of
the response to a 7° spot. Note that the response magnitude does not vary appreciably when a 7° spot
(A), a 21° spot (B) or diffuse light (C) are presented to the RF. Note the absence of response to stimuli
presented to the left (LE) ipsilateral eye (D). Stimulus duration indicated by the continuous lines. A, B,
C and D represent two ON-OFF poststimulus histograms of the cumulative number of events that
occurred in each of 256 bins following the onset (ON) and interruption (OFF) of the stimulus presen-
tation. The time span covered by each bin is adjustable. Each histogram represents the cumulative
record of 30 trials. Abbreviations used in this and in other figures: VM, vertical meridian; HM,
horizontal meridian; Sp/s, discharge rate in spikes per second; N, discharge rate in spikes per bin;
GL, lateral geniculate nucleus; GM, medial geniculate nucleus; Pvig, pulvinar ventrolateral group;
Pu, PS, Py1, Py, pulvinar subnuclei; Li, nucleus limitans; LE, left eye; RE, right eye.
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of units in this group is composed of unidirectional units (14/16), which show a great
tolerance for stimulus deviation from the preferred orientation (broad tuning). The
remaining two cells showed bidirectional responses, as shown in the RFPLOT
histograms of Fig. 5B. In a few cases (3/16) inhibition was observed when the stimulus
was displaced in a direction opposite to the preferred (null at 180°).

Uniform oriented (group 7). These cells are distinguished from the above by the
presence of orientation sensitivity. They show weak responses to a spot displaced
across their field. Tolerance to deviation from the preferred orientation was much
smaller than in the previous group. This group is mainly composed of bidirectional
cells (20/24); in some cells a null at 90° was observed. An example of a unit belonging
to this group is illustrated in Fig. 6.

Non-uniform with structure (group 8). The units classified under this group are of
two types. The first type includes cells (9/21) that show a RF with a single responsive
area and inhibitory flanks. Most of these cells are unidirectional (8/9). Their responses
to a long slit is less vigorous than when the length of the slit is adjusted to conform
with the dimensions of the excitatory region of the receptive field. An example of one
of these cells was presented as Fig. 2 of our previous paperl5.

The second type included in this group comprises units that show receptive fields
with more than one responsive area (12/21). At least one of the responsive areas show
directional selectivity. These units show complex interactive responses when both
centers are stimulated. Two units of this type are illustrated in Fig. 7. The RF of one of
these units has two distinct unidirectional regions that are activated in sequence as the
stimulus is swept across the field (Fig. 7, upper). The response of another unit also
displaying two centers is illustrated in the lower part of Fig. 7. In the rectangular
receptive field of this unit two regions were identified: the first, closer to the vertical
meridian, gives an inhibitory response to both directions of stimulus displacement; the
second, contiguous region, gives an excitatory response when the stimulus is
displaced towards the periphery of the visual field and an inhibitory response for the
opposite direction.

DISCUSSION

The units described in the present paper were isolated in the lateral region of the
pulvinar within the boundaries of its ventrolateral group (Pvig) and of subnucleus Py,
regions where a double representation of the visual field has been described!3.14. This

Fig. 3. Response characteristics of a group 3 unit isolated in Pyig. In A, B, C and D are illustrated
ON-OFF histograms of the cell response to a stopped slit (2.5° wide) presented in the corresponding
regions of the RF. Note the tonic ON-response in B contrasting with the phasic ON-OFF response
of other regions. In E-H are illustrated histograms (RFPLOT) of the cumulative number of events
that occured in each of 256 bins for each direction of stimulus displacement accross the screen.
Histograms E-H correlate unit discharge with stimulus displacement in the directions indicated by the
arrows. Note that the best response is obtained for the preferred stimulus orientation and that the cell
does not show directional selectivity. Stimulus velocity = 13°/sec. Data gathered in 30 trials for each
ON-OFF histogram and in 15 trials for each RFPLOT histogram.
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region of the pulvinar corresponds to the inferior pulvinar and to the ventrolateral
portion of pulvinar lateralis in Olzewski’s classification3!.

Receptive field area is of the same order of magnitude as reported in other
species!®,27.44, The smallest receptive fields observed (0.8 deg.sq.) belonged to cells
showing concentric receptive fields, a finding similar to that obtained by Wright#4 in
the cat.

Although the two representations of the contralateral field in the pulvinar have
different magnification factor functionsl4 in the present study we did not observe a
significant difference in receptive field areas of units isolated in Py and in Pyig. The
magnification factor in Pyig was shown to vary as a function of eccentricity!?;
however, we did not find a correlation between RF areas and eccentricity.

As described in the cat18.44 and squirrel monkey??, the center of the RFs are
always located in the contralateral visual hemifield. In contrast to inferotemporal
cortex!®, pulvinar receptive fields do not always include the region of the fovea.

In the pulvinar, as in other visual centersl?, static units responded with tonic or
phasic discharges. The presence of tonic discharges as illustrated in Figs.2and 3 (and in
Fig. 1 of a previous publication!%) has not been reported in the pulvinar of other
species!6.27.36,37,44  The majority of previous studies draw attention to the phasic
characteristics and rapid habituation displayed by units isolated in the pulvinar,

Tonic and phasic discharges have been correlated with different types of
ganglion cells (X, Y and W) that exhibit differential projections to the various layers of
the dorsal lateral geniculate nucleus and to the superior colliculus23, The presence of
units exhibiting tonic and phasic discharges and, in addition, the identification of units
showing orientation and direction selectivity suggests that pulvinar units possess
properties which reflect those exhibited by its cortical and collicular afferents25.26.
36,39

Although it is not easy to paraliel our results with those reported in other
primates under different experimental conditions??, and with those described in the
dorsal thalamus of the cat, in a region equivalent to pulvinar inferior and lateralis??,
some interesting comparisons may be attempted. In the squirrel monkey, Mathers and
Rapisardi?? reported that among static units the most frequently found types are those
exhibiting diffuse and uniform receptive fields (34 %), while in the dynamic group the
movement sensitive cells predominate, representing 46.4 %, of the total population.
These authors concluded that, as a rule, pulvinar cells do not have structure or
surround. This is in disagreement with this report where non-uniformity and
orientation sensitivity was present in the majority of the receptive fields. A similar
predominance of directional selective units has been reported in the catlé.

Fig. 4. Example of a non-directional unit showing surround (group 5). This unit, isolated in Py,
possesses a rectangular receptive field located at the level of the horizontal meridian near the fovea
(A). B: upper — shows a phasic ON-OFF response evoked by a 2.5° diameter spot at the center of the
RF; lower — shows the suppression of the response when the stimulus includes the surround (n = 30
trials). C: RFPLOT histogram of the response of the same unit obtained when a full slit (0.75° wide) is
displaced across its RF, in the directions indicated by the arrows (v = 9°/sec, n = 20 trials).






425

Static units showing concentric organization have been previously reported in
the suprageniculate nucleus!® and in the pulvinar® of the cat. Concentric units with
small RFs and responding exclusively to contralateral eye stimulation (3/8) display
properties similar to those observed for units isolated in the dorsal lateral geniculate
nucleus (GL)%3, a region which has been shown to project to the pulvinar38. Units
showing larger concentric RFs, as already shown by Wright44, differ from units
isolated in GL20.43 by displaying the same type of RF organization for both eyes (4/8)
contrasting with the inhibitory input from one of the eyes observed in GL units. One
unit displaying small concentric receptive field was driven by the ipsilateral eye.

Static oriented cells showing regions of opposing response type and mutual
antagonism separated by linear boundaries, such as described by Hubel and Wiesel?!
for cortical simple cells, were identified in cebus pulvinar and classed under group 3.
Cells included in this group have an additional characteristic: stimuli applied to the
central or principal region of its receptive field gave rise to tonic discharges, while
those evoked from the flanks were of the phasic type. The presence of units showing
some characteristics similar to cortical simple cells has also been reported in the
pulvinar of the cat16. Cells displaying surround, such as those classed in groups 5 and 9
of the present work, have been described by Wright%4 in the pulvinar of the cat.

The only type of unit reported in this paper that has not been previously
described by other authors in the pulvinar are some of those included in group 8, i.e.,
those units with dynamic properties, non-uniform receptive fields showing directional
sensitivity, and displaying two distinct responsive areas within its field. In all units of
this type the presence of two independent active areas within the RF was carefully
investigated, and controls performed to assure that the doubling did not result from
uncontrolled eye movements occurring during the study of the units.

The comparison of the types of units found in the pulvinar with those described
in the various relay stations of the visual system leads us to an interesting question.
What is the functional significance of units in the pulvinar showing properties similar
to those described at different levels of the visual pathway ? If we consider the pulvinar
as a link between the geniculostriate and retinotectal systems?8 or even as a ‘clearing
house’ as proposed for the visual cortex by Gouras'8, the presence of RFs showing
various degrees of complexity is in accordance with an associative or integrative
function, and therefore enables this structure to participate in circuits involved in
perceptual selection, as already suggested in a previous publicationl5. This role would
also help to explain the preservation of form discrimination in both cats and monkeys
after removal of striate and peristriate cortices33-35,

The presence of complex RFs and the dependence of visual responses on the

Fig. 5. Units A and B are directional uniform non-oriented (group 6), isolated in Pviz in the course
of a single penetration. RFPLOTS A;-As demonstrate the clear unidirectional response of unit A to
both a 4.5° spot and a 2.5°-wide, full slit displaced across the RF. Each histogram was obtained from
data gathered in 25 trials (v = 22°/sec). RFPLOTS B1-B; illustrate the bidirectional response of unit B
to a 1° wide full slit. (v = 7°/sec, n = 20 trials). Similar results were obtained when the slit was
substituted by a spot.
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state of EEG arousal observed in units isolated in the pulvinar could help to explain the
severe deficit produced in animals by inferior pulvinar lesions, on discrimination tasks
that require a high degree of visual attention®.
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