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Some Principles of Organization in the Dorsal
Lateral Geniculate Nucleus!

). H. Kaas, R. W, GUILLERY and J. M. A11.MAN

Laboratory of Neurophysiotogy
and Department of Anatomy, University of Wisconsin, Madison, Wisc.

Abstract. A comparative survey shows that lamina-  Key Words
tion is a basic feature of the marhmalian dorsal  Latersl geniculate nucleus
fateral geniculate nucleus. Relay laminae receive in-  Retinotopic organization
put from the retina, project to the cerebral cortex  Vision
and represent a complete hemiretina. They are
distinguished from incomplete Inyers or leaflets and from groups of cells for
which retinal connections or cortical projections are in question. The separate
representations of the visual field in the reiny faminane are precisely aligned so
that each point in the visual field corresponds to a line passing from nmrgin to
margin through the nucleus and at right angles to the layers. Geniculate Tandmarks
that provide clues regarding the organization of the layers are considered, and
several experimental methods by which the faminar pattern can be displayed are
evaluated.

¥

dntroduction

An important generalization about cell groups associated with the
visual, auditory, and somatic sensory systems is that they represent their
corresponding sensory surfaces in a topological manner. Thus, the pri-
mary cell groups in the visual system, such as the dorsal lateral genicu-
late nucleus, superior cofliculus, or strinte cortex, all sysiematically rep-
resent the retina and, thereby, the visual field. The purpose of this re-
view is to discuss the manner of the representation of the visual field
and to examine the associated issue of the nature of lamination in the
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NS 05326, and 5§ ROL NS 06662 from the USPHS.

‘“‘""V*w.w-ﬂ.-,u
[ B N R
U p T g e ' -

e L ¢ RSV IO

.



254 KAAS/GUILLERY/ALLMAN

dorsal lateral geniculate nucleus.t Several types of observations lead to
the conclusions that the manner of the representation of the visual field is
similar in the lateral geniculate nucleus of all therian mammals, that the
nucleus is subdivided into separate cell groups or layers, and that these
layers relate to the visuotopic organization of the nucleus.?

In the following pages, we illustrate principles of lateral geniculate
organization with evidence from a number of mammalian species, but
primarily from a carnivore, the domestic cat, a primate, the owl monkey
(Aotus trivirgatus), and a rodent, the grey squirrel (Sciurus carolinensis).
These principles are also shown, in part, in figure 1 which serves as an
aid to subsequent discussion. In brief, in all mammals the contralateral
half of the total visual field is represented in each lateral geniculate nu-
cleus, where some layers represent the full half of the visual field via the
coniralateral eye while other less extensive layers represent the smaller
nasal (binocular) portion of the hemifield via the ipsilateral eye. The
separate representations are aligned and each point in the visual field
corresponds to a line that extends from margin to argin id the lateral
geniculate nucleus. :

1. The Visuotopic Organizat:'on

A. The Representation of Single Points or Areas in the Visual Field:

the Lines of Projection, Projection Columns, Projection Units, and

Geniculate Segments

Several types of evidence lead to the concept that any point in the
visual field corresponds to a line in the lateral geniculate nucleus and,
by extension, that a small area corresponds to a columnar volume. This
general concept is useful in describing the organization of the lateral
geniculate nucleus, although it is a simplification in that the nucleus
consists of individual neurons each of which relates to an area of the
visual field. Bisnopr et al. [1962] introduced the term ‘lines of projec-
tion’ to indicate lines of isorepresentation of points in the visual field
and this term has the advantage that it clearly refers to a concept rather
than an observation.

* Subsequent mention of the lateral geniculate nucleus refers to the dorsal nu-
cleus only.

* The homologue of the dorsal lateral geniculate nucleus in monotremes is, as
yet, uncertain [CampreeLL and Havitow, 1971; CamppeLt, 1972] and these mam-
mals are excluded from the present discussion.

Fixation Point
o _9¥8

Binocular
Visual Field

Monocular -
Visual Field

Retina

LGN

Fig. 1. Schema to show the representation of the visual ficld oo the retina and
in the dorsal lateral geniculate nucleus. A simplilied form of the nucleus is shown,
with only two layers. The nucleus in any mammalian species is made up of two
or more layers that receive contralateral afferents and one or more Iayers that re-
ceive ipsilateral afferents. As shown in the ligure, the contralaterat luyers are al-
ways more extensive and also represent a larger portion of the visual field. The
monocular part of the visual field, which is represented in the monocular segment
of the oucleus {dots) has also been cafled the uniocular visual field {Warrs, 1942;
Duke Euper, 1958]. The lines 1hat separate the numbered segments in the laterad
geniculate nucleus indicate the orientation of the lines of projection.
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Lines of projection can be demonstrated by several methods, but per-
haps the most convenient is to make small lesions in the striate
cortex and to study the zone of retrograde degeneration which is pro-
duced within the lateral geniculate nucleus [LAsntey, 1934; POLYAR,
1932, 1933; Rose and Mauis, 1965; Garey and Powerr, 1967; GuiL-
LERY, 1967; MoNTERO and GUILLERY, 1968; DIaMOND et al., 1970; Kaas
et al., 1972a]. Since one half of the visual field is topologically represent-
ed in each striate cortex, the zone of retrograde degeneration must ai-
ways be bounded by a set of projection lines (fig. 1) and, if the lesion is
small enough, the zone will be in the form of & narrow column or pencil
of cells in the orientation of the projection lines. Such columns of de-
generating celfs may be called ‘projection units’ as suggested by Lg
Gros CLarx [1941a) but it should be noted that the columns of degen-
eration are not ‘units’ in a functional sense since their diameter depends
on the size of the cortical lesion.

Large cortical lesions produce large zones of geniculate degeneration
and at times it is useful to have a distinct term to describe these regions.
GuiLLery and STELZNER [1970) have suggested that ‘geniculate segment’
be used to refer to any part of the lateral geniculate nucleus bounded by
a set of projection lines. Thus projection units are small segments. Large
segments can include much of the nucleus and this term can be used to
distinguish the parts of the nucleus that receive from the monocular and
binocular portions of the visual {ield (fig. 1) (see also discussion on pages
265 and 267).

Segments of the nucleus that undergo retrograde degeneration after
cortical lesions are shown in figure 2, 3 and 4 (eat, mandrill, squirrel}.
In each species the borders of the segments and, therefore, the lines of
projection, run roughly perpendicular to the geniculate layers and extend
from one margin of the nucleus to the other.

The lines of projection are also revealed by other methods. One
method is to make small retinal lesions and to study the degeneration
that is produced in the lateral geniculate nucleus. Two types of degener-
ation occur: transneuronal degeneration of geniculate cells and Walleri-
an degeneration of the retinogeniculate fibers. In some species, for ex-
ample macaque monkeys, in which there is marked transneuronal degen-
eration of the geniculate cells, the zones that are innervated by a small
retinal patch are clearly shown by the cellular degeneration [Le Gros
CLArRKk and PENMAN, 1934]. Since the changes are seen only in the layers
innervated by the damaged eye, the method does not strictly demon-
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Fig. 2. Retrograde dcgenernlior’; in the laieral geniculate nucleus of n cat, pro-
duced by a restricted lesion of the visual cortex. Arrows mark (he borders of the
column of cellular change, which extends through layers A, A1, € and Cl. The
borders of this column are forhi®d by the lines of projection and these pass
roughly perpendicular 1o the plane of the layers. Parasagitial section; rostral is
right; cresyl violet stain. Modified from GuiLLery [ 1967},

strate segments, but instead shows interrupted parts of whole segments.
The Wallerian degeneration that occurs after retinal lesions can also be
used for demonstrating the segments |PoLvak, 1957; Lamies and
SPRAGUE, 1966; StoNE and HANSEN, 1966; GAREY and POWELL, 1968].
Ideally, stains for the terminals of degencrating retinogeniculate fibers
should reveal the interrupted parts of the whole segments with the same
precision as the method of transneuronal degeneration but, since light
microscopical methods do not allow a clear distinction between terminal
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(Mandrillus sphinx}. In this specimen there were several restricted lesions of un-
known origin in the striate cortex, The large column of cellular degeneration cor-
responds to one of these cortical lesions and the second area of degeneration in
the ventral Inyers (unlabelled arrow) corresponds to a second lesion. Coronal sec-
tion; medial is left; thionin stain,
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Fig. 4. Retrograde degeneratioh in the lateral geniculate nucleus of a grey
squirrel (Scinurus carolinensis) produced by a limited lesion in the striate cortex.
The arrows mark the column of cellular change which, ns in figure 2 nnd 3 passes
roughly perpendicular to the layers. The layers are shown more clearly in figures
21-25. Horizontal section; cresyt violet stain. Front Kaas ef al. [1972b),

and nonterminal parts of degenerating axons, there must always be some
doubt about the borders of the segments, especially in species in which
the course of the retinogeniculate fibers through the Jateral geniculate
nucleus is not known.

A third method of revealing lines of projection, which we have re-
cently discovered [Gun.LERY and Kaas, 1971; Kaas er al., 1972a], de-
pends on the fact that there is a small area of the retina naturally devoid
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Fig. 5. The cellufar discontinuity in layer A of the Interal geniculate nucieus of
a cat is shown (DISC). The single arrow shows an electrode track (ET). Receptive
fields of neurons along this track were adjacent to the blind spot of the contralat-
eral eye. Coronal section; cresyl violet stain,

of receptors, i.e. the optic disc or nerve head. The optic disc is in the
portion of the retina that projects to layers in the contralateral lateral
geniculate nucleus and a cell-free column, which corresponds to the op-
tic disc, is apparent in at least some of these layers. This column reveals
interrupted parts of a geniculate segment and the orientation of a line of
projection. We have termed these cell-free columns cellular discontinui-
ties [GuiLLERY and Kaas, 1971; Kaas et al,, 1972a] and the one that
lies in layer A of the cat is shown in figure 5 (DISC). Such discontinui-

Lateral Qeniculate Orgonization 261

Fig. 6. Receptive field positions for recording sites in the lateral geniculate nu-
cleus of a cat. Above: A coronal section with five numbered electrode penetra-
tions shown as verljcal lines and recording sites shown as lettered horizontal bars.
Betow: Part of the contralateral half of the visual field in which receptive fields
are labelled to correspond to the geniculale recording sites. Note that adjacent
portions of the several geniculate Iayers represent the same region of the visuul
field (penetrations 2-5). Penetration 1 is oblique to layer A and successively deep-
er recording sites correspond to successively more temporal receptive ficlds. Re-
ceptive fields of the ipsilnteral eye nre outlined by dots and those of the contralat-
eral eye by a continuous line, The vertical line shows the zero vertical meridian
and the horizontal line shows the zero horizontal meridian. The visual field is
marked in 107 divisions. O, blihd spot; A, AL, C, and C1 indicnte geniculute
layers. From GUILLERY and Kaas 119711,

i
H

ties have been found in other carnivores such as the lion and weasel, in
primates including the owl monkey, slow loris and galago and in a ro-
dent, the grey squirrel [Kaas et al,, 1972a]. It is probable that similar
discontinuities also exist in some layers of the lateral geniculate nucleus
of other mammals.

A fourth method of revealing lines of projection in the lateral genicu-
late nucleus is to record the activity of geniculate cells with microelec-
trodes and relate receptive field locations to recording sites. With a large
number of recordings it is possible to determine the orientation of
projection lines throughout much of the laleral geniculate nucleus in a
single animal [HusgL, 1960; Bisuor ef al., 1962; MONTERO ef al., 19G8;
GuiLLery and Kaas, 1971; SaNperson, 1971aj. Examples of microelec-



262 KAAS/GUILLERY/ ALLMAN

OWL MONKEY

Fig.7, Receptive field positions and recording sites in the lateral geniculate nu-
cleus ol an owl monkey (Aeotus rrivirgatus). Right: Sagittal sections of the nucleus
with three numbered electrode penetrations shown as vertical lines and recording
sites shown as lettered horizontal bars. The external and internal parvocellu)ar
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trode penetrations through the dorsal lateral geniculate nucleus of a cat,
owl monkey, and squirrel are shown in figure 6, 7 and 8, respectively.
Microelectrode penetrations that are roughly perpendicular to the layers
show very little change in receptive field position with successive record-
ing sites and, therefore, these penetrations must pass nearly parallel to
the lines or projections. However, the eye through which the nerve cells
are excited does change as the recording site shifts from one layer to an-
other (fig. 6-8); and a correction is nccessary for the misalignment of
the eyes that may occur in experimental situations [SaNDERsoN and
SHERMAN, 1971]. When electrode punctures pass more obliquely to the
layers as in penetration 3 in figure 7 sud penetrations 2 and 3 in figure
8, they also pass obliquely to the lines of projection and, therefore, one
sees systematic shifts in receptive field locations for successive recording
sites. The shifts are always in one direction within a single penetration
and form a continuous series even where laminar borders are crossed,
Results such as these show clearly that neurons with receptive fields
of similar locations are grouped along lines extending from margin to
margin in the lateral geniculate nucleus. The volume of space in the nu-
cleus that contains 90% of all the cells with receptive fields centered at
the same point in the visual field or with the same *visual direction’ has
been called a ‘projection column’ by SANDERSON [1971b]. The term is
useful in describing the visuotopic organization of the nucleus but
should not be mistaken for a functional unit comparable 10 the columns
that have been described in, the visual cortex [ilusel. and WiEsEL,
1963]. o
In summary, each of the research methods that has been used shows
that, in all of the mammals that have been studied, the lines of projec-
tion are roughly perpendicular to the geniculate layers. H is reasonable
to conclude that this principle of organization applies to all therian
mammals, It will.be shown that the principle is basic to evaluating the
significance of the geniculate layers, to understanding the way in which
the visual fields are represented in the lateral geniculate nucleus and

(PE and P} and magnocellular (ME and MI) layers are shown. Upper left: A
portion of the contralateral visual field with the zero horizontal and vertical me-
ridians marked in 107 segments. Receptive ficlds are labelled 1o correspond 1o the
recording sites on the right. Receplive fields of the ipsilateral eye are shaded,
those of the contralateral eye are unshaded. Lower left: An outline of the dorsal
aspect of the nucleus in which the planes of the three sections and the positions of
the three electrode penetrations are shown.
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Fig. 8 Receptive field positions and recording sites in the lateral geniculate nu-
cleus of a grey squitrel (Sciurus carofinensis), Upper left: A horizontal section of
the nucleus showing the planes of the three sagittal sections in the upper right
part of the figure. These three sections show three numbered electrode penetra-
tions and fettered recording sites, Below: A portion of the visual field of the con-
tralateral eye is represented by a hemisphere divided by meridians and horizontals
at 15° Intervals; the zero vertical meridian corresponds to the line of decussation
of the retina and receptive fields are labelled to correspond to the recording sites
above. The single receptive field which was obtained [rom the ipsilateral eye in
penetration 1 is not shown,
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to interpreting experiments in which the parts of the visual field re-
presentation are affected differentially.

B. The Representation of the Visual Field

The representation of the visual field in the lateral genicuiate nucleus
is topological, i.e. adjacent points in the visual field correspond to adja-
cent lines of projection in the nucleus. The basic pattern of the represen-
tation appears to be similar in all mammals for which extensive data arc
available. The region of the visual field that corresponds to the line of
decussation of each reting, is represented along the margin of the lateral
geniculate nucleus where a full complement of refay laminae abut (fig. 1
and part 1I). The temporal periphery of the contralateral visual field is
represented along the margin of the nucleus where the layers of contra-
lateral input extend beyond the layers of ipsilateral input (fig. 1). The
rest of the contralateral hemifield is represented topologically between
these margins. The nucleus can be divided into a segment representing
the binocular field and a smaller segment representing the monocular
field.

1t is possible to reveal the visuotopic organization of the lateral geni-
culate nucleus in several ways. If, for example, the visuotopic organiza-
tion of striate cortex is known, then the organization of the lateral geni-
culate nucleus can be determined indirectly, by relating the locus of re-
trograde lateral geniculate degeneration to the site of a small lesion in
the striate cortex in a number of cases with differing lesions. It is also
possible to obtain a general view of the visuotopic organization of the
lateral geniculate nucleus by, comparing the sites of degeneration after
restricted retinal lesions in a number of cases. However, the most com-
plete and accurate information has been obtained by electrophysiological
experiments in which the representation of the visual field was studied
by serial microelectrode punctures. These studies have shown how the
parts of the visual field are represented in the segments of the lateral
geniculate nucleus and have also indicated the proportionate amounts of
geniculate tissue devoted to different parts of the visual field, so that
the relative importance of central or peripheral, and monocular or bino-
cular vision in geniculocortical mechanisms could be assessed for each
of several species. The resuits of electrophysiological mapping studies in
several mammals are discussed below.

The domestic cat. Electrophysiological mapping studies have been re-
ported in detail by Bisnopr er al. [1962]. KinstoN et al. |196Y], Gun-
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Fig. 9. Schematic representation of the visuotopic organization in the lateral
genlculate nucleus of the cat. Above: A sagittal section (rostral to the right) with -
lines of projection corresponding to indicated degrees above and below the hori-
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ipsi eye

Fig. 10. Records obtained from two microelectrode punctures through the lat-
eral geniculate nucleus of a cat. Conventions as in figure 6. The recording sites at
the lateral edge of Jayer A1 show that about 45° of visual angle are represented
in the binocular part of the genieulostriate systemy on each side. From GuiL1ERY
and Kaas [1971]

LErY and Kaas [1971] and SANDERSON |1971a]. Figures 6 and 10 illus-
trate the type of information that is obtained. Such studies indicate that
the reference or zero vertical meridian of the visual field, which corre- , -
sponds to the line of decussation of the retina, is represented medially in
the lateral geniculate nucleus. The temporal periphery of the contralater-
al hemifield is represented laterally, the upper visual field dorsocaudally
and the lower visual field rostroventraily. These conclusions are summa-
rized in figure 9, which also-shows that in the dorsocaudal parts of the
nucleus the layers are relatively slender while in the rostroventral paris
of the nucleus they are markedly thicker. Thus, the geniculate tissue that
deals with information from the lower visual field is expanded relative to
the tissue related to the upper visual field. The difference between these
two parts, in terms of the genitulate connectivity patterns involved, are not
known. However, it should be noted that much of the retina devoted to

zontal meridian. From QGuiLLery and Kaas [1971]. Below: A coronal section
(medial to the right) with Jines of projection marked in degrees temporal to the
zero vertical meridian, The position of the cellular discontinuity {DISC) that cor-
responds to the blind spot is shown. The values of the displacement of the blind
spot from the vertical and the horizontal meridians are based on the reports of
KINSTON et af. [1969] and SANDERSON and SHERMAN [1971],
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DISC LP

Fig. 11. The visusl ficld of the cat as determined by recordings from the genic-
ulostriate system. The projections of the optic disc (DISC) and the line of decussa-
tion {(LD) are shown. .- ’

the lower visual field is provided with a tapetal light reflector, while
such a zone is absent in the retina devoted to the upper visual field
{WaLLs, 1942]. It is thus probable that the cat obtains different infor-
mation from the lower and upper visual fields,

It is obvious from figure 9 that the representation of central vision is
greatly expanded in relation to that of peripheral vision, This dispropor-
tionate representation of central vision reflects the relatively greater
density of retinal ganglion cells in the central part of the retina [SToNE,
1965]. In the coronal section of figure 9 it is also possible to see the

segments of the lateral geniculate nucleus that deal with binocular and -

monocular vision. The binocular segment includes the medial two thirds
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to three quarters of the nucleus within which layers Al and Cl are con-
fined, while the monocular segment lies beyond the lateral edges of these
layers. Although the segments are unequal in size, each represents about
45° of horizontal visual angle, as can be determined from microelec-
trode recordings from the lateral edges of layer Al for the binocular
segment, and from layer A for the monocular segment (fig. 10) [Gui-
LERY and Kaas, 1971; Sanperson, 1971al. The visual field of the cat
and its functional subdivisions, as determined from electrophysiological
recordings, are shown in figure 11,

The owl monkey and the rhesus monkey. Systematic mapping of the
visual field in the lateral geniculate nucleus of the owl and rhesus mon-
keys has revealed a visuotopic organization in general agreement with
that previously demonstrated by anatomical methods [Brouwer and
ZEEMAN, 1926; Porvax, 1932, 1933; LE Gros Crark and PENMAN,
1934]. Since these results have not been reported elsewhere they are il-
lustrated, in part, here in figures 12 and 14.

It is clear that in the owl monkey the representation of central vision
is in the caudal part of the-lateral- geniculate nucleus (penetration 1,
fig. 12); the upper field is represented laterally (penetrations 1-4); the
lower field medially {penetrations 7-10) and the temporal periphery of
the visual field is represented in a.small portion of the rostral extreme of
the nucleus (penetrations 5 and 6). While the receptive field for the neu-
ron cluster in penetration 6 of figure 12 extends oniy a little more than
807 temporal to the vertical meridian, neurons further rostral must cor-
respond to more temporal receptive fields since recordings from striate
cortex [ALiman and Kaas, 1971] indicate that as much as 90-95° of
horizontal visual angle are represented in the geniculostriate system. The
posterior, medial and lateral margin of the nucleus, where the edges of
the layers are aligned, represents the zero vertical meridian. About half
of the rostrocaudal extent of the nucleus represents the central 20° of
vision and the binocular visual hemifield appears to subtend as much as
70--80°, The visual field of the owl monkey is illustrated in figure 13.

The organization of the lateral geniculate nucleus of the rhesus mon-
key is similar to that of the owl monkey (fig. 14). Recording site B in
penetration 4 of figure 15 is close to the rostral edge of the external par-
vocellular layer {PE) and the corresponding receptive field is centered
75° from the zero vertical meridian. Therefore, the rhesus monkey prob-
ably has somewhat over 80° of horizontal visual angle represented in
the lateral geniculate nucleus of one hemisphere and, judging from the
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Fig. 12, Receptive field positions and corresponding microelectrode recording
sites in the lateral geniculate nucleus (LG} of the owl monkey (Aotus trivirgatus).
Left: sagittal sections of the nucleus with ten numbered. electrode penetrations
and lettered recording sites. Visual responses were noted at recording sites (R) in
the pregeniculate nucleus but receplive fields were not determined, The external
and internal parvoceliular (PE and PI) and magnocellular (ME and MI) layers are
shown. Inf. Pul. = inferior pulvinar; MG = medial geniculate nucleus. Lower right:
An outline of the dorsal view of the nucleus showing the relative positions of the
sections and electrode penetrations, Upper right: The contralateral visual hemifield
showing receptive fields that correspond to the recording sites on the left. Recep-
tive fields of the ipsilateral eye are shown as solid black, those of the contralateral '
eye as open outlines.
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Fig. 13. The visual field of the owl monkey as determined by recordings from
the geniculostriate system. DISC = projection of the optic disc; LD = projection of
the Jine of decussation,

extent of the internal parvocelluiar layer (P1) as much as 75° of this re-
lates to binocular vision. Recording site A in penetration 2 suggests that
about half of the latera} geniculate nucieus is devoted to the central 20”
of visual field. As in the owl monkey, the vertical meridian is represent-
ed at the caudal, medial and lateral margin of the nucleus where the
edges of the layers are aligned along the lines of projection. The lower
field representation is medial and the upper field representation is later-
al. 1t should be emphasized that in both the owl monkey and the rhesus
monkey, the monocular cresent of the extreme temporal periphery is
represented in the very small rostral tip of the lateral geniculate nucleus.
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Fig. 14. Recording sites and corresponding receptive field positions aobtained
from the lateral geniculate nucleus of a rhesus monkey. Conventions as in figure
6. Receptive fields obtained through the ipsilateral eye are shaded. The section is
parasagittal and rostral is to the right,

It has previously been suggested that the representation of this part of
the visual field is displaced to the lateral and medial margins of the nu-
cleus in primates {WaLLs, 1953; PoLyak, 1957; Cuacko, 1948), but this
suggestion is inconsistent with the present evidence.

The grey squirrel and the rat, In comparison with carnivores and pri-
mates fewer studies have been reported on the organization of the later-
al geniculate nucleus of rodents. However, the visuotopic organization of
the lateral geniculate nucleus of the rat and the grey squirrel has been
studied, both by electrophysiological mapping [MoNTERO ef al., 1968]
and, indirectly, by the method of retrograde degeneration [LASHLEY,
1934; KAAs er al,, 1972b]. Examples of the results of recording in the
lateral geniculate nucleus of the grey squirrel are shown in figure 8 and
15. The figures show that the upper visual field is represented in the
dorsal and rostral part and the lower visual field in the ventral and cau-
dal part of the nucleus. The zero vertical meridian or line of decussation
is represented medially and dorsally while the temporal periphery is rep-
resented ventrally and laterally. The eyes of the grey squirrel are more
laterally placed than those of cats and monkeys and, therefore, the mon-
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Fig. I5. Recording sites and corresponding receptive field positions obtained
from the lateral geniculate nucleus of a grey squirrel. The fronlal sections were
cut at 50 ym and numbered in a rostrocaudal sequence. The number of each sec-
tion is shown in the lower left part of its outline. Medial is 10 the right. Electrode
penetrations are numbered and recording sites are lettered. Cell layers,
which are described more fully in the text, are numbered 1-3. Recording sites in
layer 2 were activated by the ipsilateral eye and the corresponding receptive fields
are not shown. The visual field of the contralateral eye is shown below with refer-
ence lines as in figure 8. AN receptive fields are from the contralateral eye and
the different types of shading are used to identify the several electrode penetra-
tions.
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GREY SQUIRREL -

Fig. I6. The visual field of the grey squirrel as determined from recordings of
the geniculostriate system. The projection of the clongated optic nerve head is in-
dicated DISC. LD = line of decussation.

ocular portion of the visual hemifield is large (fig. 16). However, this
large 120° monocular segment of the visual field of the contralateral eye
is represented in relatively little tissue in the lateral and ventral segment
of the nucleus. The nasal 30° of the contralatera] hemifield form the
binocular portion JHALL ef al., 1971] and this is represented in the large
dorsomedtal sector which includes all of the geniculate layers (fig. 22,

25). These conclusions on the visuotopic organization of the lateral geni-.

culate nucleus of the grey squirrel are supported by the retrograde de-

Lateral Geniculate Qrganization 275

generation that is seen in the nucleus after small fesions of different sec-
tors of striate cortex [Kaas et al., 1972b].

The visuotopic organization of the lateral gemiculate nucleus of the
rat appears to be very similar to that of the grey squirrel, although the
representation of frontal vision may be proportionately smaller. In the
experiments reported by MONTERO ef al. [1968] the nucleus was mapped
in detail but the zero vertical meridian or line of decussation was not ex-
perimentally defined. The results are more comparable to the squirrel if
one assumes that the rat’s nose was held unnaturally high in these ex-
periments, as it appears in the illustration, so that the eye was rotated in
the vertical plane. If we allow & slight correction for this rotation, then
the presumptive vertical meridian is represented dorsomedially in the
nucleus and the temporal periphery is represented ventrolaterally, as in
the squirrel, The upper visual field representation is darsal to that of the
lower visual field.

Il. The Lamination of the Nucleus

Studies of tire lateral geniculate nucleus of a wide range of mamnmals
including such primitive members as the hedgehog [HALL and Esngr,
1970; CaMPBELL ¢! af., 1967] and the opossum [BeENEVENTO and EBNER,
1970] indicate that ipsilateral retinogeniculate terminations are segregat-
ed from the contralateral ones.* These separate zones of termination
must be considered separate layers. In some species the normal appear-
ance of the nucleus does not indicate the lamination which is then re-
garded as a concealed lamination [Havnow ef al., 1962}. In many species,
including all primates and darnivores, the lateral genicufate nucleus
is visibly subdivided into sheet-like aggregates of cells or layers that arg
separated from each other by narrow zones almost devoid of cells. In
some mammals, such as the squirrel monkey [Campos-OrTEGA and
Giregs, 1967; Doty et al, 1966; Tigees and TicGEs, 1969] both mani-
fest and concealed layers occur.

Not all of the subdivisions of the Jateral geniculate nucleus that have
been called layers are functionally equivalent. Several different types of
lamination will be defined and are discussed on the following pages. Most
layers include complete representations of the contralateral hemifield or

4 Whether the segregation is complete or not remains an issve to be resolved
by more precise methods, including electron microscopical studies.
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of its binocular portion and project to striate cortex. We regard these
subdivisions of the lateral geniculate nucleus as having primary func-
tional significance and define them as relay laminae. For individual re-
lay laminae to be recognized they must meet the following criteria: (1)
They must be distinct in their appearance, or they must be innervated
by different eyes, or they must be clearly separated by an interlaminar
zone. Often adjacent relay laminae are distinguishable on the basis of at
least two of these three features, although any one would be sulfficient
for a distinction. (2) Relay laminae must lie in a plane that is approxi-
mately perpendicular to the lines of projection (fig. 1). Cell groups that do
not appear to lie perpendicular to the lines of projection may be segments
of full layers which are either infolded or abnormally connected to the
retina. They may also be part of another nucleus. Thus, the observation
that the layers of the medial interlaminar nucleus of the cat lie in a plane
that is roughly parallel to the lines of projection in the adjacent dorsal
lateral geniculate nucleus is part of the evidence that this medial group of
cells i3 a separate nucleus. (3) Each relay lamina must carty a complete
representation of either the full contralateral hemifield via the contralateral
eye or of the smaller binocular segment of this hemifield via the ipsilateral
eye (fig. 1). Since the full contralateral projection is always larger than the
ipsilateral projection, the relay laminae receiving from the contralateral
eye are more extensive than those receiving from the ipsilateral eye. (4)
Relay laminae must project to striate cortex.

Examples of relay laminae are illustrated and discussed in the foliow-
ing pages. Other types of lamination are also noted and defined.

A. Lamination in the Cat and Other Carnivores

In the lateral geniculate nucleus of the cat it is possible to distinguish
four relay laminae and these have been called layers A, Al, C and C1
[GuiLLery, 1970b] (fig. 2, 9). A fifth layer, labelled C2 in figure 9,
which lies next to the optic tract, cannot at present be regarded as a re-
lay lamina. 1t is not known whether layer C2 receives afferents from the
retina [GUILLERY, 1970b; GuiLLEry and Scorr, 1971}, nor is it certain
that retrograde degeneration occurs in this layer after cortical lesions.
Some afferent fibers from the superior colliculus to layer C2 have been
noted [GrayBieL and Nauta, 1971], but nothing further is known of its
connections.

Layers A and Al form a matched pair of layers, A receiving its af-
ferents from the contralateral and Al from the ipsilateral eye, respec-

Laternl Geniculate Organization M

tively. They both have basically the same structure and are made up of
mixed large, medium and small neurons. Layers C and Cl receive their
retinal afferents from the contralateral and ipsilateral eye, respectively.
However, these layers do not form a matched pair as do A and Al.
Layer C is characterized by a concentration of large cells and receives a
relatively coarse-fibered retinogeniculate input, while layer C1 consists of
small cells that receive a fine-fibered input. Thus, it appears that the
geniculate relay for axons from the temporal retina is not morphologi-
cally identical to that from the nasal retina. The ipsilateral pathway
from the temporal retina has smaller cells and finer axons and it is pos-
sible that this may be related to the report that cortical neurons of this
pathway have less accurately aligned receptive fields [BLAKEMORE and
PETTIGREW, 1970].

The four relay laminae are separated from each other by relatively
cell-free zones. Between layers A and A{ there is a well-defined inter-
laminar plexus which contains a few scattered large cells. Since these
cells do not differ from large cells in the adjacent layers, there is no jus-
tification for regarding this interlaminar zone as another ‘nucleus’ [Thu-
Ma, 1928; Havuow, 1958], The interlaminar zones on cither side of lay-
er C are narrower and harder to see, especially in sections that cut the
zones somewhat obliquely [Lames and Seracur, 1966; GuiLLERY,
1970b].

The four reiay laminae are not always easy to recognize in the cat.
They are more easily distinguished in the dog {Riocn, 1929 and in
some other carnivores, Figure 17 shows that in the red fox the four re-
lay laminae are well defined and easily demonstrated.

The evidence that layers A and C receive projections from the con-
tralateral eye is of several types. Kirst, some deductions can be made
from the normal histology, and it is interesting to do so, if only to illus-
trate how similar conclusions may be drawn from the normal histology
of other species in which experimental investigations are not. possible.
Layet A is clearly extended further laterally than Al and layer A has a
conspicuous discontinuity. As noted previously these factors indicate
that layer A receives projections from the contralateral eye while layer
Al receives projections from the ipsilateral eye. The separation of layer
C from layer C1 is too indistinct in normal material to serve as a basis
for similar conclusions.

The most direct evidence about the connections of the layers comes
from studies of degenerating retinogeniculate axons stained by the meth-
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Fig. 17. A sagittal section through the lateral geniculate nucleus of a red fox
{Vulpes fulva). Rostral is to the upper left. The four relay laminae, A, Al, C and
C1 are clearly shown, The small scattered cells that lie amongst the fibers of the
optic tract form layer C2. Thionin stain.

ods of Nauta and Gycax [1954] or Fink and HEIMER [1967] 6-12 days
after removal of one eye. The pattern of the degenerating axons is illus-
trated in figure 18. Contralateral to the lesion there is dense degenera-
tion in layers A and C. The small amount of degeneration in layers Al
and C1 probably represents axons on their way from the optic tract to
layers A and C and should not be regarded as terminal degeneration. It
is important to note, however, that one is justified in accepting this con-
clusion only because it is supported by other lines of evidence. The sil-
ver-stained sections do not show the difference between terminal degen-
eration and fibers of passage, and they do not, by themselves, show that
layers Al and Cl receive no contralateral input [GuiLLERY, 1970a]. Ips-
ilaterally there is dense degeneration in layers Al and C1. The sparser
degeneration in layer C is again regarded as [ibers of passage, but on

this side the sections show quite clearly that there is no retinal input to-

layer A or to the interlaminar zone between layers A and Al.
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Flg. 18. Coronal sections through the lateral geniculnte nucleus of a cat ipsila-
teral (left) and contralateral (right) to a umilateral eye removal 12 days before
death, Dots show the density, distribution and orientation of degenerating fibers
stained by the Nauta method. Layers A and C receive offerents from the contra-
Interal eye while layers Al and C1 receive from the ipsilateral eye. OT = optic
tract; MIN = medial interlaminar nucleus. Scale = 500 jom. Modified from Guu.-
LERY [1970].

A third type of evidence depends on the observation that geniculate
cells undergo transneuronal degeneration after removal of one eye.
Thus, the cells in layers A and C become pale and shrunken after a con-
tralateral removal, while the cells in layer Al atrophy after an ipsilateral
removal. There is some evidence that the cells in layer Cl also show
some changes [Garey and Powert, 1968{, although these small cells
undergo only minor changes . that-are difficult to interpret {GUILLERY,
1970b, 1972].

The segregation of ipsilateral from contralateral terminations in sepa-
rate layers can also be demonstrated by electrophysiological techniques.
Experiments in which recordings were obtained with microelectrodes
from neurons in all four relay laminae in the cat [GuiLLERY and Kaas,
1971; SanpErsoN, 1971a; Daw and PEARLMAN, 1970] (Tig. 6) completely
support the anatomical evidence summarized above. Figure 6 shows that
as an electrode is advanced through the nucleus it encounters, in order,
cells activated by the contralateral, then the ipsilateral, then the contra-
lateral and finally the ipsilateral eye. Recordings from these last ipsila-
teral cells in layer C1 are 1ore difficult to obtain because the cells are
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small and the layer is narrow. Since layer C1 shows little transneuronal
degeneration aund since the fibers ending in it are very fine, the lateral
geniculate nucleus of the cat was for many years wrongly regarded as a
trilaminar structure.

‘The evidence regarding the layers in the cat has been described fully
because it illustrates the difficulties that can arise when one tries to de-
termine how many layers there are in a particular species. None of the
four methods that have been used for studying laminae is entirely relia-
ble. Some of the layers may not be readily apparent in normal material.
Transneuronal degeneration may be relatively mild in some species and
its absence in a lamina cannot be taken as a demonstration that there is
no neural connection. The silver methods often give a useful picture but
rarely allow a certain distinction between fibers of passage and terminals.
The electrophysiological evidence is most convincing where it dem-
onstrates a laminar structure that matches the anatomical evidence.
However, thin layers of small cells are easily missed.

B. Lamination in Primates

The primate lateral geniculate nucleus is generally regarded as con-
sisting of six layers, although some exceptions have been noted {GioLl
and TicGes, 1970; HassLer, 1966]. The lateral geniculate nucleus of the
ow! monkey, Aotus trivirgatus, has been described as one of these ex-
ceptions. It has four relay laminae and for reasons given below we re-
gard this as the basic primate pattern. Therefore, this species will be
considered in detail first.

The laminar structure of the lateral geniculate nucleus of the owl
monkey is shown in figure 19. Dorsally, there are two adjacent parvocel-
lular layers which are separated from each other over much of the au-
cleus by a narrow cell-free zone; ventrally, a pair of magnoceilular lay-
ers are sephrated from each other and from the parvocellular layers by
broad interlaminar zones. These four layers have been described pre-
viously by Le Gros Crark [1941b], Chacko [1954b], Hassier [1966]
and Jongs [1966].

The external parvocellular layer (PE) and the external magnocellular
layer (ME) receive projections from the contralateral eye while the in-
temal layers (Pl and MI) receive from the ipsilateral eye. This pattern
of retinal input is suggested by the appearance of normal Nissl prepura-

tions, which show that the external layers (PE and ME) extend beyond -

the borders of the internal laminae in the rostral parts of the nucleus,
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Fig. 19. A sagittal section of the lateral geniculate nucteus of the owl monkey.
Rostral is right. The internal (PI) and external (PE) parvocellidar and the internal
{MI) and external {(ME} magnocellular layers are labelled. A fifth superficial layer
(S) lies ventral ta ME (see text). From Kaas ¢f al. [1972a].

/

where the temporal visual field is represented (fig. 19). In addition, a
discontinuity corresponding fo the optic disc is seen in the two external
fayers [KAas et al., 1972b] so that these must receive afferents from the
contralateral eye.

The conclusion that the external layers receive contralateral projec-
tions, while the internal layers are innervated via the ipsilateral eye, is
also supported by experimental evidence. After eye removal, transncu-
ronal degeneration is seen contralaterally in the external and ipsilaterally
in the internal layers [Jones, 1966]. The fiber degeneration that occurs
after removal of one eye confirms this pattern (fig. 20) as does electro-
physiological evidence, some of which is illustrated in figure 12.

In part 1, we showed that the parvoceliular and magnocellular layers
form complete retinal representations and, since our retrograde degener-
ation studies indicate that these layers also project to striate cortex, the
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Fig. 20. Degeneraling retinogeniculate fibers in the dorsal Iateral geniculate nu-
cleus of an owl monkey that survived 6 days following the removal of one eye.
The small triangles mark the dorsal and ventral borders of the layers. [psilaterally
(left) there is degeneration in the internal layers (PI and M) and contraiaterally

{right) there is degeneration in the external layers (PE and MBE). Fink-Heimer’

stain and cresyl violet.
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magnocellular and parvocellular layers must be regarded as relay lami-
nae. ‘

Ventral to these four well-defined relay laminae, a fifth layer is seen
(S in fig. 19). This ventral group of cells has been only briefly men-
tioned in the owl monkey [JONES, 1966], but a number of investigators
have described it, either as a separate layer or simply as a ventral group
of cells, in some other primates [GiloLLt and Tcees, 1970]. It is not
clear whether or not layer S is a relay lamina. It has been reported that
the layer receives ipsilateral retinal alfferents in some primates [Ticoes
and TicGes, 1969, 1970; GioLrr and Ticees, 1970]. With the survival
periods we have used (6 days) little retinogeniculate fiber degeneration
was seen in layer S in the owl monkey. Thus, it is not clear whether, or
how, the visual field is represented in layer S, nor is it known whether
this layer projects to striate cortex. For these reasons, we regard layer §
as a potential relay lamina only.

Within the interlaminar zones that lie on either side of the magnocel-
lular laminae, there are some well-defined groups of small cells. These
groups correspond to the intercalated laminae described by GuiLLERY
and CoLonNiER [1970] in the macague monkey, although they are some-
what broader and more continuous in the owl monkey. At present the
intercalated layers are not regarded as relay laminae, since there is no
evidence that they receive any retinogeniculate terminations. Their elec-
tron microscopic appearance in the macaque monkey suggests that they
may receive none [GUILLERY and COLONNIER, 1970. However, judging
from retrograde changes in these laminae in the mandrill (fig. 3), the in-
tercalated layers do project to striate cortex.

If layer S and the intercalated layers are excluded, then four relay
laminae are found in the owl monkey and also in a number of other pri-
mates. It appears from Nissl preparations that marmosets (Hapale) |LE
Gros CLARK, 1941b; CHacko, 1954b], the titi monkey (Callicebus cu-
preus) [personal observation], and the tarsier [CHacko, 1954¢; Hassier,
1966] have four relay laminae. In addition, Niss! preparations and ex-
perimental material indicate that the gibbon, Hylobates, has four layers
[Cracko, 1954¢; KANAGASUNTHERAM and WONG, [968; KANAGASUNTHE-
raM and Krisnnamurti, 1970].

Six layers are often described as the basic number in the lateral geni-
cufate nucleus of macaque monkeys [LE Gros Ctark and PENMAN,
1934; L Gros Ciarg, 1941b]. However, it has been stressed by
Cnacko [1954b] that in one part of the nucleus there are only two parvo-
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cellular layers and these split to form four parvocellular layers in another
part of the nucleus. Parasagittal sections show clearly that the internal
and external parvocellular layers divide ns they thicken In the caudal half
of the nucleus, and these subdivisions of the parvocellular layers will be
called leaflets, because they are not separate layers at ail, but are caudal
extensions of the full relay laminae. The ventral leaflet of the PE inter-
Jaces between the two leaflets of the internal layer, giving the appear-
ance of four parvocetlular layers, and thus a total of six geniculate lay-
ers. The parvocellular layers may further subdivide near the representa-
tion of macular vision so that in a small part of the nucleus there appear
to be five or six parvocellular layers and a total of up to eight geniculate
layers [LE GRos Crark and PENMAN, 1934; Chacko, 1954c]. From our
electrophysiological recordings, it is apparent that these subdivisions or
leaflets of the parvocellular layers only represent central parts of the vi-
sual field and they cannot be considered full relay laminae. L Gros
Crarx and PeNman [1934] considered the most caudal leaflets only as
‘subsidiary laminae’ but did not extend this distinction to the larger leal-
lets of the parvocellular layers, possibly because six layers are compati-
ble with Le Gros Crank's {1941a] theory of color vision,

Leaflets similar to those of the macaque monkey are found in the
parvocellular layers of the lateral geniculate nucleus of a number of oth-
er primates including man [Cnacxo, 1948}, Thus, it appears that ghe i.m-
thropoid lateral geniculate nucleus consists of four relay laminae which
are divided into leaflets in most species. As an interesting variation, the
magpocellular rather than the parvicellular layers are reported to form
leatlets in the siamang, Symphalangus syndactylus [KANAGASUNTHERAM
et al., 1969].

Relay laminae form complete representations of the visual field and
adjacent relay laminae that receive from the same eye commonly differ
cytoarchitectonically; leafiets do not form complete representations and
are cytoarchitectonically similar. Therefore, it is probable that the func-
tional significance of these two types of subdivisions of the nucleus dif-
fers. The role of the leaflets may be quite simple. For example, it is pos-
sible that cells receiving from one eye interact with cells receiving from
the other. This interaction may be limited by the distance that separates
the cells and, therefore, by the thickness of the laminae. The parvoceilu-
lar laminae thicken near the representation of central vision and the for-

mation of leaflets may then prove to be a simple way of maintaining a-

suitable proximity between the interacting cells. This interpretation is
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speculative at present but is of some interest, since there is evidence that
primates with leaflets do have dendrites (hat cross laminar borders
[CAMPOS-ORTEGA et al., 1968; WonG-RiLEY, 1972] and there is likely to
be a limit to the length of such geniculate cell dendrites. Binocular inter-
actions have been most clearly demonstrated in the geniculate layers of
the cat [Suzuxi and Karto, 1966; SANDERSON ef al., 1969; SiNGER,
1970}, where there is reason to think that the interactions involve den-
drites that cross laminar borders or short axon cells, whose axons cross
taminar borders [GuiLLERY, 19667 TOMBOL, 1969).

While the lateral geniculate nucleus of anthropoid primates appears
to have four basic relay laminae, this is not as certain for prosimians.
The tarsier does appear to have only four relay laminae similar to those
of the owl monkey, i.e. two parvocellular and two magnacellular layers
[HAssLer, 1966; Ciiacko, 1954c]. Other prosimians have been de-
scribed as having six layers: two ventral magnocellular layers, (wo dor-
sal parvocellular layers, and two narrow additional layers inserted be-
tween the parvocellular layers [HASSLER, 1966]. These additional narrow
layers receive projections from the retina [Chacko, 1954a, Ticces and
Ticees, 1970; LAEMLE and Nosack, 1970] and are potential relay lami-
nae. However, it is not certain that they form complete retinal represen-
tations, since they are not seen as distinct celf populations in the lateral
part of the nucleus [IoNEscu and Hassier, 1968} In some sections a
ventral layer 5 (or O) is also identifiable [TiGes and TiceEes, 1970;
CaMPOs-OrteGA and Havsow, 1970], but it does not appear possible
for this restricted group of cells to form a complete representation of the
uncrossed retinal projections in alignment with the representations in the
other layers. Therefore, layér S is not presently regarded as a relay lami-
na.

Tree shrews are often considered the most primitive of living pri-
mates, although their relationship to other primates is not close {Camp-
BELL, 1966; GOODMAN, 1966; McKuNNA, 1969]. Perhaps HASSLER's
[1966] term, subprimate, is appropriate, but the layers of the lateral
geniculate nucleus are not easily honwlogized with the layers. of other
primates, The reported laminar pattern in one trec shrew, Tupaia glis,
consists of a medial layer of ipsilateral input bordered by three adjacent
layers of contralateral input (the middie layer of the three is distin-

¥

guished by less dense retinal terminations); laterally, a second layer of .

ipsilateral input occurs which is bordered by a thin, less prominent layer
of contralateral input next to the optic tract {GLICKSTEIN, 1967; TiGGES,
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1966; CAMPBELL ef al., 1967; Laemre, 1968]. All six layers appear to
project to the striate cortex in a topographic manner [DIAMOND &t al.,
1970; Warp and MasterTON, 1970]. Our unpublished results from mi-
croelectrode recordings in the lateral geniculate nucleus also indicate an
orderly representation of the contralateral visual field. The vertical me-
ridian is represented dorsomedially, where all six layers terminate; the
large monocular field is represented in the small ventral segment, which
consists of only the layers of contralateral input. Thus, present evidence
suggests that all six layers qualify as relay laminae.

In summary, the lateral geniculate nucleus of several New World
monkeys consists of four simple relay laminae. In other simians, two of
the relay laminae subdivide and form leaflets but the basic number of
relay laminae remains the same. Sinceé four simple relay laminae are
found in both the New World and Old World simians, it is possible that
leaflets were formed independently two or more times in primate evolu-
tion. With the exception of the tarsier and excluding tree shrews, pro-
simians appear to have six full relay laminae. It is unlikely that the
number of layers decreased in evolution and it is probable that a basic
primate pattern of four relay laminae did exist at the time of divergence
of simians and prosimians. The relation between the laminar pattern in
tree shrews and in other primates is presently not clear. At the time
both groups diverged, possibly from insectivore (leptictid) ancestors
{McKenNA, 1969], the laminar pattern of the lateral geniculate may
have been as simple as a central pocket of ipsilateral input bordered on
both sides by layers of contralateral input such as is seen in the hedge-
hog [CaMPBELL ef al., 1967, HarL and EBNER, 1970] rabbit [HucHEs,
1971; SaNDeERSON, 1972] and rat.

C. Lamination in Rodents »

The pattern of lamination has been studied in squirrels and rats but
the lamination is easier to demonstrate in the highly developed visual
system of the squirrel. In the grey squirrel, sections stained by the Nissl
method show that the cells of the lateral geniculate nucleus are grouped
into three fairly well-defined layers and these are separated by two rela-
tively cell-free zones (fig. 21) [Kaas er al., 1972b]. The orientation of
these three layers in three planes of section is shown in figure 22. The
middle layer (layer 2 in figure 21 and 22) does not extend to the lateral

part of the nucleus. Instead, in the lateral third, layers 1 and 3 merge. -

The caudal layer 3 does not have a uniform structure but it cannot be
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Fig. 22. The extent of the three main cell layers in the Iateral geniculate nucle-
us of the squirrel. These layers are shown in three intersecting planes of section.
Dorsal (D), ventral (V), medinl (M), laferal (L), rostral (R) and caudal (C) are in-
dicated. :

sual field and the margin of ail three layers on the dorsomedial edge
would correspond to the zero vertical meridian, We have seen [rom the
previous section (visuotopic organization) that these deductions about
the representation of the visual field are correct. However, experimental
methods indicate that the laminar pattern is more complex than shown
in normal Nissl sections.

After eye removal, very little transneuronal degeneration occuss in
the lateral geniculate nucleus of the adult squirrel [Ticees, 1970]. How-
ever, in one case of accidental eye loss in infancy, transneuronal degen-
eratlon was obvious in the adult, Contralateral to the eye loss, degenera~
tion was seen in layers 1 and 3 (fig. 23); but layer 3 was not uniformly
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Fig. 23. Transneuronal degeneration in the Interal geniculute nucleus of n qrey
aquirrel that had lost the contralmeral eye (see text). ‘the cells in layess 1 and 3
are shrunken (deg). Coronal section, thionin stain, VGI. - ventral iateral genicu-
late nuclens.
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Fig. 24. Degenerating retinogeniculate fibers in the lateral g?ni?ulale nucl'eus
of a grey squirrel that survived 6 days after removal <')f the |pa‘|,lateml reting.
Dense pericellular degeneration is seen in layer 2, the rr.nddle portion oi.layer 3
and along the inner margin of the optic tract (OT). Horizontal section, Fink-Hei-

mer stain and cresyl violet,

degenerated and this suggested that layer 3 was no(‘a single relay lami-
na. Ipsilaterally, transneuronal degeneration was seen in lay(er 2.

The pattern of fiber degeneration that occurs follov:rmg removal of
one eye (fig. 24) provides additional evidence that the input to !ayer 2
is, indeed, ipsilateral, while that to layer 1 is contralateral. The third c'ell
group, however, shows further subdivisions in terms f’f the degenerating
retinogeniculate axons. Three subdivisions are recognizable and each ap-
pears to be a full relay lamina. The rostral and caudal of'tht.ase (3a and
3¢) receive contralateral input and the middle one (3b), :ps:lateral,.AH
three contralateral relay laminae merge with each other and continue

into the ventrolateral part of the nucleus while the ipsilateral two lami-

nae do not. This same five-layered pattern of degeneration after eye re-
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moval has been observed in the squirrel by Rosson and Havl. [personal
commun.},

Microelectrode recordings obtained from the lateral geniculate nucle-
us also show that layer 3 (fig. 8, 15) receives alferents from the contra-
lateral eye, but the thin middle layer of ipsilateral representation which
can be seen in Nauta and Fink-Heimer sections, does not appear clearly
in terms of the microelectrode recordings. Contralateral input to layer 1
and ipsilateral input to layer 2 is clearly shown in these figures.

A summary of the lamination of the lateral geniculate nucleus of the
grey squirrel is shown in figure 25. As a relay lamina with contralateral
input, layer 1 has a discontinuity that may correspond to the optic disc
[Kaas et al., 1972] but similar discontinuities were not apparent in lay-
ers 3a and 3c. The grey squirrel resembles the cat in having unevenly
matched sets of Jaminae. One must expect cortical activity to reflect this
uneven balance between the two inputs but the details regarding binocu-
lar interaction in the squirrel’s cortex remain to be determined.

The pattern of lamination in the grey squirrel differs from that de-
scribed by Ticges [1970] in flying squirrels and ground squirrels, but -
the pattern reported for these squirrels indicates that the ventrolateral ©
disposition of the monocular sector and the dorsomedial disposition of
the binocular sector are similar to that in the grey squirrel.

While the visual system of the squirrel is well developed in compari-
son to that of the rat, and in many ways is easier to study, rats have
been used extensively in experimental investigations of central visual
pathways. A recent report [GUILLERY ef al., 1971] provides evidence
that the rat has three relay laminae in almost the same orientation as {he
layers in the squirrel. Theimiddle less extensive layer receives input
from the ipsilateral eye and is bordered rostrally and caudally by jayers
receiving input from the contralateral eye.

D. Congenitally Abnormal Laminae

Studies of Siamese cats, albino rats aud albino ferrets have indicated
that interpretations based only on the normal cytoarchitectonic structure
and on the distribution of retinogeniculate axons moy lead to incorrect
views of the laminar pattern in the lateral geniculate nucleus [GUILLERY,
1969, 1971; GuitLery and KAas, 1971; GUILLERY ef of., 1971}, Our in-
vestigations of Siamese cats have shown that layers Al and CI, which
normally receive only an ipsilateral input, are broken up into four seg-
ments in these cats. Two segments receive an input from the ipsilateral
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Fig. 25. Summary diagram of the organization of the Iateral geniculate nucleus
of the squirrel shown on a horizontal section, Medial (M), lateral (L), rostral {R)

and caudal {C) are indicated.

.

eye and appear normal. The other two segments receive their input from
the contralateral eye, but from the part of the retina that normally pro-
jects ipsilaterally. These abnormal segments are separated fr?m the rfor-
mal segments by varrow cell-poor zones that resemble the interlaminar
zones. Further, the abnormal segments tend to fuse with the adjacent re--
lay laminae that receive from the contralateral eye, so that cell groups

Laterat Geniculate Organization 293

receiving from the same eye are continuous. Thus, the Nissl appearance
and the pattern of the retinogeniculate terminations both give a false im-
pression of the laminar structure {KaLIL ef al,, 1971; HuBeL and WiE-
seL, 1971].

The analysis of the nucleus in the Siamese cat was based upon a
thorough knowledge of the anatomy of the normal cat’s nucleus and on
serial microelectrode punctures through the nucleus in normal and Sia-
mese cats, In rats the situation was more complex because, for some
time, the nucleus of the albino rat was regarded as a model for the nor-
mal, The patches of ipsilateral degeneration that were seen in albino rats
[HavHoWw ef al., 1962] were interpreted as ipsilateral Jaminae. However,
these ‘laminae’ were oriented parallel to the lines of projection, which
could be defined by studies of retrograde cell degeneration [LASiLEY,
1934; MonTERG and GUILLERY, 1968] and by microelectrode studics
{MONTERO ef al,, 1968]. Thus, it became necessary to reevaluate the
laminae of the rat. It now appears that the albino rat is exactly compa-
rable to the Siamese cat. In a pigmented rat one sees a single continuous
ipsilateral lamina that lies perpendicular to the lines of projection, and
in an albino rat this single lamina is broken up into discontinuous patches.

Siamese cats are homozygous for a gene of the albino series. Albino
rats, albino ferrets and Siamese cats all show the same type of abnor-
mality of the visual pathways and from information available at present,
it appears that albino rabbits and mink do too [SANDERSON, 1972]. It is
necessary to conclude that genes of the albino series can produce a very
specific misrouting of some retinogeniculate axons. It remains to be de-
termined whether theré are other genes that have similar effects and that
can also produce an aberrait and, to the anatomist, confusing pattern of
lamination in the lateral geniculate nucleus.

Summary and Conclusions

The basic subdivision of the mammalian lateral geniculate nucleus is the rely
tamina. Each forms a complete and orderly representation of a hemiretina and the
several retinal representations are organized so that a single point in the visun!
field can be represented as a line, the line of prajecrion, passing through the nu-
cleus from one margin to another, through all the layvers and more or less perpen-
dicular to them.

This account demonstrates that it is possible to determine much of the basic
organization of the dorsal Iateral geniculate nucieus of any particular species from
a study of normal brains and from a few relatively simple experiments. When the
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central visual pathways are to be studled in 8 mammalian species about which re-
iatively littie is known this approach may prove of especial value.

Study of a normal Nissl series will often show how the layers are oriented
and, therefore, how the lines of projection are organized. If one can sce where
one set of layers extends beyond the borders of another, it may be possible to de-
fine the monocular segment and thus to determine where the temporal parts of
the visual field are represented. Further, one can conclude that the [ayers which
extend into the monocular segment must receive their input from the contralateral
eye. The representation of the zero vertical meridian will lie in the nucleus oppo-
site to that of the monocular crescent and the borders of all the layers will lie
more or less in line along the lines of projection that correspond to the vertical
meridian.

In many species there will be a cellular discontinuity that represents the blind
spot. The layers which show this discontinuity will receive their innervation from
the nass] retina of the opposite eye and, further, identification of this discontinui-
ty can help in determining the orientation of the lines of projection.

If the lamination of the nucleus i3 not clear, or if there iy doubt about the
identification of some layers, an important first step is to determine how the lines
of projection are organized by fooking at retrograde degeneration after small le-
sions in the vismal cortex. Subsequently, the lamination and the visudtopic organi-
zation can be studied in terms of the retinogeniculate fiber degeneration and by
serial 1nicroelectrode punctures.

When these several points have been determined, it may be possible to define
specific problems concerning the organization of the lateral geniculate nucleus.
Thus, where the ipsilateral and contralateral layers are not evenly matched one
can enquire about the nonmatched parts of the geniculocortical systems. If indi-
vidual layers do not contain complete representations of a hemireting, the signifi-
cance of this partial representation merits investigation, The interlaminar regions
may prove of particular interest. Whether these consist primarily of a fiber plexus,
as they do in some species, or whether they form a more or less distinet cell
group, as they do in others, their innervation and their relationship to adjacent
laminae may provide important clues to geniculnte function.
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