.

class 1 spolllE mutants but lost in class II
mutants, in which no SpolllE-like protein
accumulates.
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A Neurochemically Distinct Third Channel in the
Macaque Dorsal Lateral Geniculate Nucleus

Stewart H. C. Hendry* and Takashi Yoshioka

The primate visual system is often divided into two channels, designated M and P, whose
signals are relayed to the cerebral cortex by neurons in the magnocellular and parvicellular
layers of the dorsal lateral geniculate nucleus. We have identified a third population of
geniculocortical neurons in the dorsal lateral geniculate nucleus of macaques, which is
immunoreactive for the a subunit of type I calmodulm—dependent protein kinase. This large
third population occupies interlaminar regions (intercalated layers) ventral to each principal
layer. Retrograde labeling of-kinase-immunoreactive cells from the primary visual cortex
shows that they provide the geniculocortical input to cytochrome oxidase-rich puffs in

layers Il and Il

The primate visual system is commonly
viewed as an amalgam of two functional
channels, designated M and P (1), that
include the magnocellular and parvicellular
layers in the dorsal lateral geniculate nucle-
us (LGN) of the thalamus (2, 3). Projec-
tions from M and P reach the primary visual
cortex (V1), where the P channel is said to
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split into two streams, one that is selective
for stimulus color and is represented by the
cytochrome oxidase—rich puffs (or blobs) in
the superficial layers, and another that is
selective for stimulus form and is located in
the surrounding cytochrome oxidase—poor
interpuffs (4). From those points, cortical
connections that are segregated to greater
or lesser degrees reach the many extrastriate
visual areas (5). A central issue in this
division of labor in the macaque visual
system is the origin of visual input to the
puffs. Although in other primate species
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neurons in distinct small-celled layers or in
interlaminar regions are the source of gen-
iculocortical terminations to puff neurons
(6, 7), in macaques the color-opponent
properties of most puff neurons (8) and the
apparently small size of the interlaminar
cell population (9) have led to the conclu-
sion that input from P neurons predomi-
nates in the puffs of Old World primates
(10). Here we viewed the geniculate popu-
lation projecting to the puffs by combining
immunoreactivity for the a subunit of type
II calmodulin—dependent (CaM II) protein
kinase (I11) with retrograde transport of
fluorescent markers from the superficial lay-
ers of V1. The results showed that the
direct geniculate input to the puffs arises
from a large population of cells that are
analogous to cells of a third, koniocellular
or K channel in other primates, which
display heterogeneous receptive properties
and long response latencies (W cells).

A section through the macaque LGN,
stained with thionin to show all neurons,
gave the impression that very few neurons
exist outside the six principal layers (Fig.
1A). The regions between the principal
layers are often referred to as interlaminar
zones and are frequently described as being
relatively cell-free. However, in a section
through the LGN that was immunostained
for CaM II kinase (12), a large population
of neurons was found intercalated between
the principal layers and below layer 1 (Fig.
1B). The neurons were numerous ventral to
principal layers 1, 2, and 3; they were
variable ventral to layer 4; and they were
much more sparsely distributed ventral to
layers 5 and 6. Following the nomenclature
of Fitzpatrick and colleagues (6), we refer to
these layers collectively as the intercalated
layers.

Neurons immunoreactive for CaM II
kinase also formed thin immunostained
bridges that ran through each principal
layer (Fig. 1, B and C). Other immuno-
stained cells were scattered diffusely
through layers 5 and 6 and in the white
matter dorsal to layer 6. Most neurons
immunostained with CaM Il-kinase had
small somata (8 to 10 wm in diameter) that
were substantially smaller than those of the
neurons of the magnocellular and parvicel-
lular layers. They gave rise to several im-
munostained processes (Fig. 1D) that
formed dense plexuses in each of the inter-
calated layers (Fig. 1E) and in the cell
bridges between them (Fig. 1C).

When deposits of Fast Blue or rhoda-
mine dextran were made so that layer I or
layers I to III of V1 were included (Fig. 2, A
and B), most retrogradely labeled neurons
were kinase-immunoreactive (13) (Fig. 2,
C through F). Analysis of 16 deposits made
in six monkeys showed that as long as the
V1 deposit remained above layer IVA, only
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very few non-immunostained parvicellular
neurons were retrogradely labeled (a total of
14 such cells out of several hundred labeled
by the superficial deposits). All others were
CaM II kinase—immunostained intercalated

Fig. 1. (A) Frontal section
through macaque LGN
stained with thionin. Dense
collections of neurons are
evident in principal layers
1 through 6 and in an iso-
lated cluster (double ar-
rowheads), designated the
S lamina, which represents
a displaced part of layer 2
(6). Many of the stained
nuclei ventral to layers 5§
and 6 are those of neuro-
glial cells. (B) Frontal sec-
tion immunostained for
CaM |l kinase, showing the
large population of immu-
nostained neurons. Prelim-
inary stereological analy-
ses indicate that the immu-
nostained neurons are as
numerous as the unstained
neurons in the two magno-
cellular layers. (C) Photo-
micrograph of kinase-im-
munostained neurons ven-
tral to layers 4, 5, and 6,
and in cell bridges (ar-
rows) within layers 4 and 5.
(D and E) Photomicro-
graphs showing the mor-
phological features of in-
dividual kinase-immuno-
stained neurons (D) and of
the plexuses formed by

neurons. They occupied the intercalated
layers and the cell bridges between two
intercalated layers and included neurons
scattered through layers 5 and 6 and
through the overlying white matter. When

their processes (E). Scale bar: 200 um in (A) and (B); 40 pm in (C); and 10 pm in (D) and (E).

Fig. 2. (A and B) Photomi- :
crographs of frontal sec- s
tion through V1, containing L
part of a Fast Blue deposit
(B) and histochemically
stained for cytochrome ox-
idase (A). Arrows indicate
the same blood vessel pro-
files in the two micro-
graphs. The deposit in-
cludes layers | and Il and
the superficial half of layer
lll. Individual dots in layers
IVB, V, and VI in (B) are
neurons labeled by
intracortical transport of
Fast Blue. (C through F)
Fluorescence photomicro-
graphs of the same sec-
tions through the LGN ipsi-
lateral to the deposit in (B),
showing neurons immu-
nostained for CaM |l kinase
(C and E) and retrogradely
labeled with Fast Blue (D

SR N e, e
Ri e SR

and F). Arrows indicate neurons intensely labeled for both CaM Il kinase and Fast Blue, and
arrowheads show neurons intensely immunostained but weakly labeled with Fast Blue. Scale bar:
300 pmin (A) and (B); 40 pm in (C) and (D); 15 pm in (E) and (F).
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a deposit included layer IVA, many neu-
rons in the parvicellular layers were retro-
gradely labeled.

The pattern of labeling from deposits in
layers I to III of V1 appeared as an inter-
rupted line of projection, with clusters of
labeled, kinase-positive neurons lining up
along a radial line from the intercalated
layer ventral to principal layer 1 to cells
overlying layer 6 (Fig. 3, C and D). In
contrast, deposits restricted to layer I of V1
produced retrograde labeling only of the
intercalated neurons in and ventral to lay-
ers 5 and 6 and in the white matter above
layer 6 (Fig. 3, A and B). These findings
suggest that the geniculocortical projection
to layer I of V1 arises from dorsally located
intercalated neurons, whereas the projec-
tion to layers II and III arises from the
intercalated neurons in the ventral part of
the LGN.

Geniculocortical terminations above
layer IVA and beneath layer I of the
macaque V1 are restricted to periodic
patches that line up precisely with the
cytochrome oxidase—rich puffs in these lay-
ers (14). Because the puffs contain a phys-
iologically distinct collection of neurons,
many of which display color-opponent
properties (8), their neurons have been
most frequently classified as members of the
P channel (4, 8). Our data indicate that the
puffs in the macaque V1 are innervated by
neurons in the intercalated layers of the
LGN and, through that geniculocortical

Fig. 3. Drawings of sections through LGNs from
two monkeys, each ipsilateral to two deposits of
tracer (one Fast Blue and one rhodamine dex-
tran) in V1, either restricted to layer | (A and B)
or including layers | through Il (C and D).
Neurons retrogradely labeled and immunocy-
tochemically stained for CaM Il kinase are
indicated by dots.

input, are members of a group that most
closely resembles the koniocellular or K
channel of other primates species (7, 15).
By their geniculate input from the interca-
lated neurons and by the intracortical pro-
jection from M-recipient and P-recipient
layers in V1 (16), the puffs appear to be
sites in which three types of visual input
converge.

The contributions of M and P systems to
the physiological properties of cortical neu-
rons or to the psychophysically measured
visual capabilities of alert monkeys have
been tested by the placement of lesions or
deposits of pharmacological agents in mag-
nocellular or parvicellular layers of the
LGN (17). The general conclusion of these
studies, in which the M or P channel was
targeted selectively, has been that the two
channels converge early in the cortex,
thereby contributing jointly to most physi-
ological properties and to many visual func-
tions. Our data indicate that neurons in a
third channel that is anatomically and
neurochemically distinct are distributed so
that any lesion or injection in the LGN
would eliminate part of their contribution
to cortical physiology and to visual func-
tion. That contribution may include some
color-opponent responses (18), although
color discrimination is decimated by par-
vicellular lesions (17), which leave most
intercalated neurons intact. Instead, on
the basis of comparative studies with other
species of primates, the physiology of in-
tercalated neurons in macaques is likely to
resemble that of a population of W cells
(19), with heterogeneous functional prop-
erties, large receptive fields, and long re-
sponse latencies.

REFERENCES AND NOTES

1. S. Zeki, J. Physiol. (London) 277, 273 (1978);
Proc. R. Soc. London Ser. B 217, 449 (1983); D.
Van Essen, Annu. Rev. Neurosci. 2, 227 (1979);
M. Livingstone and D. Hubel, Science 240, 740
(1988). B

2. T.N. Wiesel and D. H. Hubel [J. Neurophysiol. 29,
1115 (1966)] first reported the systematic varia-
tion in receptive field properties shown by neu-
rons in parvicellular and magnocellular layers.

3. P. Schiller and J. Malpeli, J. Neurophysiol. 41, 788
(1978); P. H. Schiller and C. L. Colby, Vision Res.
23, 1631 (1983); R. Shapley and V. H. Perry,
Trends Neurosci. 6, 229 (1986).

4. E. A. DeYoe and D. C. Van Essen, Trends Neuro-
sci. 11, 219 (1988).

5. L. G. Ungerleider and M. Mishkin, in Analysis of
Visual Behavior, D. J. Ingle, M. A. Goodale, R. J.
W. Mansfield, Eds. (MIT Press, Cambridge, MA,
1982), pp. 549-586; L. Krubitzer and J. Kaas,
Visual Neurosci. 5, 609 (1990); K. A. C. Martin,
Curr. Biol. 2, 555 (1992); M. P. Young, Nature 358,
152 (1992); D. C. Van Essen, C. H. Anderson, D.
J. Felleman, Science 255, 419 (1992).

6. D. Fitzpatrick, K. Itoh, I. T. Diamond, J. Neurosci.
3, 673 (1983).

7. J. T. Weber, M. F. Huerta, J. H. Kaas, J. K.
Harting, J. Comp. Neurol. 213, 135 (1983); E. A.
Lachica and V. A. Casagrande, ibid. 319, 1
(1992).

8. M. S. Livingstone and D. H. Hubel, J. Neurosci. 4,

SCIENCE ¢ VOL. 264 * 22 APRIL 1994

13.

14.

18.

20.

309 (1984); D. Y. Ts'o and C. D. Gilbert, ibid. 8,
1712 (1988).

. W.E. Le Gros Clark, J. Anat. 75, 419 (1941); R. W.

Guillery and M. Colonnier, Z. Zellforsch. Mikrosk.
Anat. 103, 90 (1970); J. H. Kaas, M. F. Huerta, J.
T. Weber, J. K. Harting, J. Comp. Neurol. 182, 517
(1978).

. D. H. Hubel and M. S. Livingstone, J. Neurosci. 7,

3378 (1987).

. D. L Benson, P. J. Isackson, S. H. C. Hendry, E.

G. Jones, ibid. 11, 1540 (1991).

. Experiments were done in 11 normal macaques (8

Macaca mulatta and 3 M. fascicularis). All were
killed by a lethal dose of Nembutal (100 mg per
kilogram of body weight, given intravenously) and
perfused through the heart with 3 or 4% paraformal-
dehyde. Blocks of each LGN were cut frozen at a
thickness of 15 or 30 wm. Most sections were
processed for immunocytochemistry [S. H. C. Hen-
dry and M. B. Kennedy, Proc. Natl. Acad. Sci. U.S.A.
83, 1536 (1986)] by use of a mouse monoclonal
antibody to the « subunit of CaM Il kinase [N.
Erondu and M. Kennedy, J. Neurosci. 5, 3270
(1985)] (Boehringer Mannheim Biochima). Regular
series of sections were stained with- thionin or his-
tochemically processed for cytochrome oxidase.
Six macaques (five M. mulatta and one M. fascic-
ularis) received deposits of the tracers Fast Blue
or rhodamine dextran on the surface of one or
both occipital lobes 2 weeks before killing [E.
Rausell and E. G. Jones, J. Neurosci. 11, 226
(1991)]). In most cases, two deposits spaced
several millimeters apart were made with different
tracers in the same hemisphere. The deposits
were left in place for periods as short as 2 hours
and as long as 2 weeks. The short-term deposits
(four deposits in three monkeys) produced a
diffusion of tracers that was restricted to layer |;
longer deposit times produced diffusion into
deeper layers (12 deposits in three monkeys),
and included layer IVA in the case of two depos-
its. Immunostaining was done by indirect immu-
nofluorescence, with the primary antibody local-
ized with a fluorescein-conjugated antibody to
mouse immunoglobulins. Fluorescein (indicating
CaM |l kinase) and either rhodamine dextran or
Fast Blue (retrograde transport) were viewed and
photographed in the same fields with a Zeiss MPS
microscope equipped with appropriate fluores-
cent filter cubes.

M. S. Livingstone and D. H. Hubel, Proc. Natl.
Acad. Sci. U.S.A. 79, 6098 (1982); S. K. Itaya, P.
W. Itaya, G. W. Van Hoesen, Brain Res. 304, 303
(1984).

. E. DeBruyn, V. Casagrande, P. Beck, A. Bonds, J.

Neurophysiol. 69, 3 (1993).

. E. A Lachica, P. D. Beck, V. A. Casagrande, J.

Comp. Neurol. 329, 163 (1993); T. Yoshioka, J.
Levitt, J. Lund, Visual Neurosci., in press.

. J. G. Malpeli, P. H. Schiller, C. L. Colby, J.

Neurophysiol. 46, 1102 (1981); W. H. Merigan and
J. H. R. Maunsell, Visual Neurosci. 5, 347 (1990);
P. H. Schiller, N. K. Logothetis, E. R. Charles,
ibid., p. 321; P. Schiller and N. K. Logothetis,
Trends Neurosci. 13, 392 (1990); W. H. Merigan,
L. M. Katz, J. H. R. Maunsell, J. Neurosci. 11, 994
(1991); W. H. Merigan, C. E. Byrne, J. H. R.
Maunsell, ibid., p. 3422; V. P. Ferrera, T. A
Nealey, J. H. R. Maunsell, Nature 358, 756 (1992);
J. H. R. Maunsell and J. R. Gibson, J. Neurophys-
iol. 68, 1332 (1992).

D. H. Hubel and M. S. Livingstone [J. Neurosci.
10, 2223 (1990)] suggest that type 2 cells with
center-only, color-opponent receptive fields oc-
cupy regions in and around the intercalated lay-
ers of the dorsal LGN.

. T.T.Norton and V. A. Casagrande, J. Neurophysiol.

47,715(1982); G. E. Irvin, T. T. Norton, M. A. Sesma,
V. A. Casagrande, Brain Res. 362, 254 (1986); T. T.
Norton, V. A. Casagrande, G. E. Irvin, M. A. Sesma,
H. M. Petry, J. Neurophysiol. 59, 1639 (1988).

We thank M. B. Kennedy for the antibody to CaM
Il kinase and K. Miller for technical assistance.
Supported by grant EY 06432 from NIH.

24 November 1993; accepted 15 March 1994

577



