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Abstract

The lateral geniculate nucleus (LGN) of primates contains three classes of relay cells, the magnocellular (M),
parvocellular (P), and koniocellular (K) cells. At present, very little is known about either the structure or function
of the K relay cells in New or Old World monkeys (simian primates). In monkeys, K cells are located between

the main LGN layers and adjacent to the optic tract. For convenience, these intercalated cell layers are numbered
K1-K4 starting closest to the optic tract with K1. The objective of this study was to examine the details of K axon
morphology in the primary visual cortex (V1) of owl monkeys and to determine if different K layers give rise to
distinct axon types. For this purpose, injections of WGA-HRP or PHA-L were made into specific K LGN layers
and the distribution and morphology of the resulting labeled axons were analyzed. Injections of fluorescent tracers
also were made within the superficial layers of V1 to further document connections via analysis of the patterns of
retrogradely labeled cells in the LGN. Our main finding is that K axons in owl monkeys terminate as delicate
focused arbors within single cytochrome oxidase (CO) blob columns in cortical layer III and within cortical layer 1.
Overall, the morphology of the K axons in these monkeys is quite similar to what we described previously for K
geniculocortical axons in the distantly related bush baby (prosimian primate), suggesting that the basic features of
this pathway are common to all primates. Our results also provide evidence that the axon arbors from different K
layers are morphologically distinct; axons from LGN layer K1 project mainly to cortical layer I, while axons from
LGN layer K3 chiefly terminate in cortical layer ITI. Taken together, these results imply that the basic features of
axons within the K pathway are conserved across primates, and that the K axons from different K layers are likely

to differ in function based upon their different morphologies.
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Introduction

In all mammals, including primates, a division of labor occurs at the
level of the retina. Separate sets of ganglion cell classes abstract dif-
ferent aspects of the visual image and send signals along parallel
pathways. In primates three of these parallel pathways, the mag-
nocellular (M), parvocellular (P), and koniocellular (K) pathways
project via separate layers of the lateral geniculate nucleus (LGN)
to the primary visual cortex (V1) (Casagrande & Kaas, 1994). Since
conscious visual perception depends upon an intact V1 in primates,
it is assumed that all of the information critical for visual perception
is carried via one or more of these three parallel channels. However,
until relatively recently, little attention has been paid to one of these
pathways, namely the K pathway, since it was assumed to be very
small, and thus unimportant, in comparison to the M and P path-
ways (Casagrande, 1994). More recent data have shown that K LGN
cells are as numerous as M LGN cells in macaque monkeys (Hendry,
1995). In fact, several aspects of the anatomy, neurochemistry, and
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physiology of the K pathway to V1 in different primate species in-
dicate that this pathway could play an important role in vision (see
Casagrande, 1994 for discussion).

To date, the most detailed studies of K LGN cells have been in
the prosimian primate, bush baby. In this species, physiological
studies have suggested that K cells are a heterogeneous population
that share some features with cat LGN W-cells (Norton & Casa-
grande, 1982; Irvin et al., 1986; Norton et al., 1988). Neurochem-
ically, K LGN cells in bush babies are distinct in that they are the
only cells in the LGN containing the calcium-binding protein,
calbindin (Diamond et al., 1993; Johnson & Casagrande, 1995). K
LGN cells in bush babies are also distinct from P and M cells in
their projections to V1; K axons terminate directly within single
cytochrome oxidase (CO) blobs within layer ITIB and more broadly
within layer I, while M and P axons terminate within layer IV
(Lachica & Casagrande, 1992).

In simian primates, the cells belonging to the LGN K pathway
are difficult to study due to the fact that these cells are more
scattered between and below the more densely packed cells within
the M and P layers (Kaas et al., 1978). Nevertheless, many of the
characteristics of K LGN cells identified for bush babies also
appear as signature characteristics for this pathway in simian pri-
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mates. As in prosimians, K cells in simians are neurochemically
distinct and contain calbindin (Jones & Hendry, 1989; Johnson &
Casagrande, 1993). Also as in bush babies, data from bulk labeling
studies of LGN pathways of owl monkeys, squirrel monkeys, and
macaque monkeys indicate that the K cells provide the main, per-
haps the sole, direct LGN input to the supragranular layers of V1
terminating within the CO blobs of cortical layer ITIB and in layer I
(Livingstone & Hubel, 1982; Fitzpatrick et al., 1983; Weber et al.,
1983; Diamond et al., 1985; Hendry & Yoshioka, 1994).

In spite of the fact that common features can be found that
define K cells across primates, there is also evidence of differ-
ences. Anatomically, the relative concentration of K cells within
the different interlaminar zones of the LGN, as defined by cal-
bindin immunocytochemistry, shows considerable interspecies vari-
ability (Hendry & Casagrande, 1996). The retinal and superior
collicular axons that project to K cells in bush babies are hetero-
geneous (Lachica & Casagrande, 1993), as are the receptive-field
properties of K cells (Norton & Casagrande, 1982; Irvin et al.,
1986; Norton et al., 1988). Additionally, data in both squirrel mon-
keys and macaque monkeys indicate that different populations of
LGN K cells may project to different supragranular layers of V1,
at least based upon bulk labeling of different subsets of layers in
the LGN or of cortex (Fitzpatrick et al., 1983; Weber et al., 1983;
Hendry & Yoshioka, 1994). Several investigators also have re-
ported that a subset of K LGN cells in simians projects to extra-
striate visual areas including V2, MT and inferior temporal cortex
(ITC) (Benevento & Yoshida, 1981; Bullier & Kennedy, 1983;
Kennedy & Bullier, 1985; Lysakowski et al., 1988; Hernandez-
Gonzalez et al., 1994). Thus, there is evidence to suggest both that
the K pathway may differ across primates and that this pathway
may actually consist of more than one subpathway.

In light of the above, our main objective was to characterize, in
detail, the morphology of K LGN axons in a simian primate.
Additionally, we wished to determine if K geniculocortical axons
in simians are similar to or different from what has been described
in prosimians. A final goal was to determine if K cells located in
different layers in the LGN have morphologically distinct axon
arbors within V1 or axon arbors that project to extrastriate areas.

Methods

Six adult owl monkeys (Aotus trivirgatus) were used in the present
study. Three of these animals were employed to examine the over-
all distribution of K cell projections to V1. This analysis involved
either anterograde labeling of axons via LGN injections of wheat
germ agglutinin conjugated to horseradish peroxidase (WGA-
HRP) or retrograde labeling of the K LGN cells via fluorescent
dextran or Fast Blue injections into V1. Three additional monkeys
were used to demonstrate the detailed structure of individual K cell
axons by injections of the kidney bean lectin Phaseolus vulgaris
leucoagglutinin (PHA-L). All of the animals were cared for ac-
cording to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and the guidelines of the Vanderbilt
University Animal Care Committee.

Surgical procedures

All surgical procedures were carried out under aseptic conditions.
Prior to surgery, atropine sulfate (0.1 mg/kg) was given to inhibit
salivation. The owl monkeys then were intubated, anesthetized
with isofluorane (3—49%) in oxygen, and maintained with the same
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gas mixture at 1-2%. Heart and respiration rates were continuously
monitored and reflexes tested periodically; animals also were kept
warm with a water circulating heating pad throughout surgery.
Postoperatively, all animals were given 0.02 mg/kg of Banamine
as an analgesic and 300,000 units/kg of a long acting penicillin
(Flocillin) and monitored carefully until they were fully conscious
and capable of eating and drinking on their own. At that point, they
were returned to their home cages and provided with soft palatable
foods and water. Details of the surgery were similar to those de-
scribed earlier (Lachica & Casagrande, 1992).

Labeling K LGN cell axons

Once deeply anesthetized, the monkeys were secured in a ste-
reotaxic apparatus, the skull exposed, and a bilateral craniotomy
performed. A dural flap was elevated and 5% Agar in saline was
spread over the pial surface to prevent desiccation. The LGN lay-
ers were identified by recording visually evoked responses to a
flashing light through an electrode glued to a pipette filled with
tracer (1% WGA-HRP in saline or 4% PHA-L in 0.05 M phosphate
buffer, pH 7.4). When the appropriate K layer was identified on the
basis of changes in eye dominance, tracers were iontophoretically
injected for either 30 min for the WGA-HRP injections (3 s ON/3 s
OFF, 3-5 uA), or 20-40 min for the PHA-L injections (7 s ON/
7 s OFF, 1-3 pA). When the injections were completed in both
hemispheres, the dural flap was repositioned, and the skin was
sutured.

Retrograde labeling of LGN K cells

To label the most superficially projecting K axons, one owl
monkey received deposits of different fluorescent tracers in each
hemisphere. The dura and pia were removed on one side and 5%
Fast Blue in saline was distributed on the surface of the brain and
left for 50 min before rinsing off with saline. This procedure re-
sulted in label restricted to cortical layers I, II, and the upper
portion of layer IIT (ITIA). After depositing the label, the dura and
pia were repositioned. In the other hemisphere, 5% fluorescein
isothiocyanate (FITC)-dextran was injected into cortical layer I11B/
HIC after removing the dura. When the surgery was complete the
animal was treated as described above for the other animals.

Histological procedures

After a 2-day (WGA-HRP cases), 7-21 day (PHA-L cases), or
13-day (fluorescent tracers case) survival, the animals were anes-
thetized deeply with an overdose of Nembutal. The animals that
had received WGA-HRP or fluorescent tracer injections were ini-
tially perfused transcardially with a brief rinse of saline, then per-
fused with 2-4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4), and finally perfused with 10% sucrose in the same fix-
ative. The PHA-L-injected animals were perfused the same way
except that the fixative contained 2% paraformaldehyde/0.1%
glutaraldehyde/0.2% picric acid in 0.1 M phosphate buffer
(pH 7.4) and the sucrose/fixative rinse was followed by a final
rinse with 0.05 M phosphate buffer, pH 7.4. All brains were stored
in 30% sucrose buffer overnight at 4°C. In the two cases with
WGA-HRP injections, one hemisphere of cortex was gently un-
folded and flattened between glass slides. The flattened tissue was
immersed in 30% sucrose buffer overnight at 4°C. The LGNs and
all but two hemispheres of cortex were frozen and sectioned para-
sagittally at 52 um. The two flattened hemispheres were cut tan-
gentially at the same thickness.
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WGA-HRP histochemistry

A sensitive low artifact TMB procedure (Gibson et al., 1984)
was used for the demonstration of WGA-HRP on alternate sec-
tions. Every fourth parasagittal section was stained with Neutral
Red to identify the LGN and cortical layers. Every second tangen-
tial section from the flattened cortices was treated to show CO
blobs (Wong-Riley, 1979). All sections were mounted on gelatin-
coated slides, air dried, dipped briefly in a clearing agent (Histo-
Clear), and coverslipped.

PHA-L immunocytochemistry

LGN and cortical sections were incubated for 24—48 h in Tris-
buffered saline (TBS) containing 2% normal rabbit serum and an
antibody raised against PHA-L (Vector Labs, Burlingame, CA) at
a 1:2000 dilution. The tissue was then incubated for 2 h in linking
antibody (biotinylated rabbit anti-goat) at a 1:200 dilution. Sec-
tions were then developed with diaminobenzidine (DAB) as a
chromogen with nickel-enhanced glucose oxidase (Sawchenko
et al., 1990). In two cases, every third section was also stained for
CO (Wong-Riley, 1979). In one case, every second section was
stained for Nissl bodies to confirm cortical and LGN layers.

Fluorescent tracers

The sections of thalamus and cortex from the brain injected
with Fast Blue and fluorescein isothiocyanate (FITC)-dextran were
mounted on glass slides and coverslipped with phosphate buffer,
pH 7.4. The sections were examined and photographed immedi-
ately using a Zeiss fluorescence microscope with excitation filters
of 365-nm and 450-490-nm wavelengths, respectively. The sec-
tions were then removed and mounted on gelatinized slides and
stained for Nissl bodies.

Reconstruction and analysis

All LGN injection sites were reconstructed from serial sections
using a microprojector at low magnification (170%) to document
the location and extent of the label. The cortical injections were
reconstructed from photographs taken of sections through the full
extent of the labeled area.

Within the tangential cortical sections, the bulk distribution of
geniculocortical projections resulting from the WGA-HRP injec-
tions in LGN was reconstructed and superimposed on a plot of the
location of CO blobs using a camera lucida drawing tube at a
magnification of 60<. Matching blood vessels and section artifacts
were used as fiduciary points for aligning the sections.

The distributions of retrogradely labeled cells in the LGN lay-
ers following fluorescent tracer injections in the cortex were re-
constructed in relationship to the LGN layers by first observing
and photographing all labeled cells throughout the LGN and then
aligning the label in these photographs with the boundaries of the
LGN layers obtained by subsequent Nissl staining of the same
sections.

Individual axons and axon arbors were reconstructed at a total
magnification of 1000X with the aid of a camera lucida. Only
axons that showed clear filling of terminal branches were chosen
for reconstruction. Whole arbors were traced through successive
sections to ensure that all branches of the arbor were included. We
are quite confident that complete arbors were reconstructed since
we generally found the ends of branches with boutons. We rarely
found labeled axons that fade off gradually. In the present study,
the cortical laminar borders were revealed initially by a combina-
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tion of the heavy metal intensification step and CO staining, and
finally confirmed by Nissl counterstaining.

For each axon arbor the anterior-posterior (A-P) and medial-
lateral (M-L) diameter at its widest point, the ratio of the A-P/M-L
diameters, the total number of and relative density of boutons, and
the percentage of the arbor and number of boutons within each
layer were also measured. The A-P diameter of the arbor is defined
here as the spread of the arbor running parallel to the layer along
a line from the most anterior tip to the posterior tip. The M-L width
was estimated by the thickness of the sections through which the
arbor extended. The total extent of the arbor was calculated as a
linear measure by tracing the full extent of the axon and all its
branches. The percentage of branch length found in the different
layers was used to demonstrate the level of arbor communication
within each layer. Bouton density was defined as the total bouton
number divided by arbor branch length. Bouton density in each
layer and sublayer also was measured relative to the length of
arbors in different layers obtained as described previously. All
measurements were made with the aid of the BioQuant-IV image
analysis system (R&M Biometric Inc., Nashville, TN).

Results

Our results provide clear evidence in owl monkeys that individual
K LGN axons terminate principally within single CO blobs in
layer III and in layer L. Interestingly, axons arising from K cells
located in the principal interlaminar zone between the magnocel-
lular and parvocellular layers (layer K3) terminate mainly within
the centers of single CO blobs in cortical layer IIBea, whereas
axons arising from K cells adjacent to the optic tract (layer K1)
terminate principally in cortical layer I and ITIA above the center
of a CO blob. These findings suggest that different LGN K layers
make distinct contributions to V1. Below we consider these find-
ings in more detail beginning with a description of the LGN and
V1 cortical layers in the owl monkey.

Defining layers

Before presenting our main findings, it is necessary to define briefly
the terms we have chosen to describe the LGN and cortical layers
in owl monkey. Several terminologies have been used to describe
the different layers of the LGN in different primate species. Fig. 1
is a photomicrograph showing our interpretation of layer bound-
aries in owl monkey LGN as viewed in a Nissl-stained parasagittal
section. The most common way of designating primate LGN layers
has been to number them from the optic tract starting with the first
magnocellular layer as layer 1 (Kaas et al., 1978). This numbering
scheme has two problems. First, although all primates exhibit a
standard set of two parvocellular (P) layers and two magnocellular
(M) layers within regions of the nucleus representing the visual
periphery, each P layer can split into two or more layers (typically
2) in the region of the nucleus representing central vision. Second,
all primates exhibit small-celled layers between the main layers
and adjacent to the optic tract that have not typically been included
in this numbering scheme. The latter have been given a variety of
names depending upon their position in the nucleus. The cell
group(s) next to the optic tract has been referred to as the “0” or
“superficial 8" layer or layers (Chacko, 1955; Campos-Ortega &
Hayhow, 1970; Giolli & Tigges, 1970; Kaas et al., 1978). The
smallest cells that lie between the ipsilaterally innervated M and P
layers have been referred to as the intercalated layers (Fitzpatrick
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Fig. 1. A Nissl-stained parasagittal section [anterior (A) toward the right and dorsal (D) toward the top] showing the LGN layers in
owl monkey. The Koniocellular, Magnocellular, and Parvocellular layer are designated K, M, and P, respectively. The K layers lie
between the main LGN layers and next to the optic tract and are numbered from | to 4 beginning at the optic tract. Arrows indicate
cells in K1. ¢, innervated by the contralateral eye; i, innervated by the ipsilateral eye; P, posterior; V, ventral. Scale bar = 500 pm.

et al., 1983). In prosimians the small-cell layers between the two
P layers have been called the Koniocellular layers (dust-like layers
in reference to the small size of cells) (Kaas et al., 1978). Most
recently, Casagrande (1994) has used the designation Koniocellu-
lar (K) to refer to all these small cells regardless of position in the
nucleus. For convenience, we have adopted a modification of this
terminology as follows. The two P layers of the owl monkey are
designated P, and P; to distinguish the P layers by ocular input (P,
contralateral; P;, ipsilateral). The M layers are designated in the
same manner. Since there is controversy over the ocular input and
number of the small-cell layers (see Fitzpatrick et al., 1983), we
have followed the suggestion of Hendry and Casagrande (1996),
and defined all cell groups/layers lying outside of the main layers
as K cell layers, numbering them starting from the optic tract as K1
(the S or 0 layer), K2 (between the M layers), K3 (the intercalated
layers between the M and P layer), and K4 (between the two P
layers).

In V1, differences in interpretation of laminar borders and in
naming layers have also caused confusion. Thus, it is important,
for comparison with the results of others, to provide clear defini-
tions. Fig. 2 is a photomicrograph showing our interpretation of
layer boundaries in V1 as viewed in a Nissl-stained section. We
have used Fitzpatrick et al.’s (1983) modification of the nomen-
clature originally proposed by Hissler (1967) (see also Casagrande
& Kaas, 1994 and Boyd et al., 1997 for discussion). Brodmann’s
(1909) nomenclature is indicated in parentheses for comparison (if
different). The main differences in interpretation concern the sub-
layers above layer IV (IVC of Brodmann). Layer II in the owl
monkey, as in other primates, can be divided into three distinct
layers. Layer IIIA is identified by its more sparse cell distribution
in comparison to cell dense layer II. The cells of layer IIIBa are

more closely packed than in layer IIIA. The border between layer
IIIA and IlIBe is often marked by a row of relatively large pyra-
midal cells. IIIBB can be recognized as a granular tier of cells at
the base of I1IBea. Since owl monkeys, unlike some simians, do not
have direct P LGN input that lies above layer IV (Kaas et al.,
1976), one cannot use a CO stain to identify TVA as defined in
macaque monkeys by Lund (1988) using Brodmann's nomencla-
ture. A comparable sublayer to IVA in macaque monkeys would
likely lie at the base of what we have termed I1IBS. Layer IIIC has
two parts, a more cell-sparse part and a lower part containing many
very large pyramidal cells. These very large cells provide a useful
landmark for the IIIC/IVea border as also described by Fitzpatrick
et al. (1983) for squirrel monkey V1.

The overall pattern of K layer projections

The general pattern of geniculocortical projections from the indi-
vidual layers of the LGN in owl monkeys was reported by Dia-
mond et al. (1985). Their results showed that, as in other primates,
the M layers project to cortical layer IVa, the P layers project to
IVB, and the proposed intercalated (K) geniculate layers project
above layer IV. A large injection of WGA-HRP that involved all of
the LGN layers confirms this original pattern reported by Diamond
et al. (1985). Fig. 3 shows a plot of terminations in V1 following
such an injection. A dense continuous band of label is clearly
evident in layer IV. In fact, due presumably to a slightly uneven
spread of the injection within the layers of the LGN, a clear line is
evident in layer IV that appears to mark the boundary between the
terminations of the P and M LGN layers to cortical sublayers IVa
and IVB, respectively. Above layer IV distinct patchy label is seen
focused within layer IIIB with a center to center spacing of ap-
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IVp
(IVGB)

Vv

Fig. 2. A Nissl-stained parasagittal section showing the
V1 layers in owl monkey. Roman numerals refer to the
cortical layers. We use a modification of the nomenclature
originally proposed by Hissler (1967). Brodmann's (1909)
laminar designations are given in parentheses (if differ-
ent). Scale bar = 250 pum.

Fig. 3. A plot of the terminal label from a single parasagittal section through V1 following a large injection of WGA-HRP that involved
all of the LGN layers. Note that the most dense label is found in layers IV and IlIBa. with less dense patches of label in the other
supragranular layers and a continuous band of label in layer I. Other conventions are as in Fig. 2. See text for details. Scale bar =
200 pm.
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proximately 360 wm. Lighter patchy label appears to extend also
into IITA and IIIC. Superficially, a light continuous band of label is
seen in layer 1.

In another case, we examined the distribution of the patchy K
LGN projections to layer IlIBe in tangential sections and com-
pared this distribution of label with the distribution of CO blobs on
adjacent CO-stained sections (see Figs. 4A and 4B). The patchy
white pattern of label seen in Fig. 4A resulted from an injection
centered within LGN layer K3. This label appears to colocalize
with the CO blobs. Fig. 4B shows a plot of the distribution of label
within cortical layer IIlIBe (shown in Fig. 4A) superimposed on a
plot of CO blobs drawn from an adjacent section. It is obvious
from these plots that virtually every patch of label is aligned with
a CO blob, although the K terminal patches appear, in most cases,
to extend slightly beyond the blob borders.

Y. Ding and V.A. Casagrande

The total pattern of LGN projections to V1 can be contrasted to
the pattern seen following a WGA-HRP injection confined to the
dorsal portion of the LGN including both P layers, and K4 and K3.
As seen in Fig. 5, the terminations are now confined principally to
IVB and MIB with few if any terminals visible in layer I. This
pattern of terminations suggested to us that layer I might receive
projections principally from the K layers below K3. Since few
cells in owl monkeys are located within LGN layer K2, the likely
origin of the projection to cortical layer I is LGN layer K1.

To confirm this finding, we made restricted injections of fluo-
rescent tracers either aimed at layer I or layer III of the visual
cortex, respectively, in order to determine if different subsets of K
cells projected to these cortical layers. With an injection of Fast
Blue centered in layer I extending only as far as the top of layer
ITIA, cells in all of the K layers, except K4, were labeled (see

Fig. 4. The distribution of terminal label within a tangential section through layer IIIBe of V1 following a large LGN injection centered
in K3 is shown. (A) A dark-field photomicrograph of the terminal label seen as white patches in IIBa. (B) A plot of the above
background label (outlines) in relationship to the location of CO blobs (gray patches). Common blood vessels (indicated by white
arrows in A and black arrows in B) were used to align sections. Note that the terminal label is confined principally to CO blobs. Scale

bars = 500 pm.
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Fig. 5. A dark-field photomicrograph of the terminal label (white) in V1 following a WGA-HRP injection confined to the dorsal portion
of the LGN including both P layers, and also layers K4 and K3. Roman numerals refer to the cortical layers. Other conventions are
as in Fig. 2, Scale bar = 200 pm.

Fig. 6A). However, when deposits of FITC-dextran were centered
in cortical layer IIIB with no involvement of layer I, all of the K
layers were labeled except layer K1 (see Figs. 6B and 6C). These
data, combined with the anterograde tracing experiment, indicate
that K4 projects to layer IIIB but does not project to I while K1
shows the reverse pattern. It is unclear from our bulk labeling data
whether K2 and K3 exhibit differences in cortical laminar projec-
tions since cells in both of these layers were retrogradely labeled
via either the layer I-IIIA injection or the IIIB/IIIC injection. To
resolve this issue further, we labeled and reconstructed individual
K axons, the results of which are described next.

Morphology of individual K axons

We examined and compared details of individual K axon arbors
labeled by PHA-L via injections aimed at layers K3 or K1 of the
LGN. All arbors were plotted in relationship to CO blobs identified
on every third section. As predicted from our bulk labeling results,
all individual K axons labeled by these injections terminated either
within a CO blob or directly above or below a CO blob in V1.

K3 axon arbors

Small injections of PHA-L were made into K3. Fig. 7 shows a
bright-field photomontage of a representative K3 axon recon-
structed following an injection centered in layer K3 and involving
the adjacent P and M layers. This axon was one of 13 K3 axons
reconstructed from the white matter through all cortical layers.
This axon can be seen to branch repeatedly within cortical layer
[IIBa with multiple boutons en-passage.

K3 geniculocortical axon arbors showed branches in different
layers and sublayers. Examples of these different branching pat-

terns are numbered 1-4 in Fig. 8. All of these K axons give rise to
complex focused terminations in layer [IIBa composed of very
fine branches and, in some cases, much less complex branches in
layer I, the latter arise from a collateral of the parent axon. Some
axons have terminations that extend into layers ITIA and ITIBS. A
few arbors have branches with terminations in layer ITIC. The
branches of the latter K axons bifurcate to produce sparse bouton-
bearing telodendria, which are confined within the same CO blob
column as the main part of the arbor located in layer [IIBe. A few
axons with main arbors in layer III also have simple branches in
layer V or tiny branches in layer [Va.

In one case, we also recovered a single arbor in V2 following
a K3 injection (arbor #5 in Fig. 8). This V2 arbor is distinct in
morphology from any of the K arbors reconstructed in V1 and has
elongated main branches with a number of short side branches
terminating only in the bottom of layer III and layer V.

Quantitative measures of the K3 terminal arbors showed that
these axons are quite restricted averaging 227 um = 49 SE with
a range of 100-300 pm in maximum diameter. The most notewor-
thy feature of these arbors is that they always appear to confine
their branches to a CO blob column even if the branches extend
into layers above or below the center of the blob.

Another way to examine the extent of these arbors is to com-
pare their terminal distribution to the map of the visual field in V1.
The A-P length of the arbor defines the spread of the arbor running
parallel to or oblique to the horizontal meridian along a central to
peripheral visuotopic axis (Allman & Kaas, 1971). The M-L width
defines the spread of the arbor roughly along a visuotopic azimuth.
The ratio of A-P/M-L was used as an index of relative isotropy. All
terminal arbors were found to be anisotropic (average ratios of 2.3)
with the long axis running along the A-P dimension. Without more
data from different retinotopic locations (all arbors reconstructed
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Fig. 6. A comparison of the reconstructed distribution of retrogradely labeled cells in the LGN K layers following an injection of Fast
Blue centered in cortical layer I extending only as far as the top of layer II1A (A), with the reconstructed distribution of retrogradely
labeled cells in the LGN K layers following deposits of FITC-dextran in cortical layer IIIB with no involvement of layer I (B,C). In
A and B, the retrogradely labeled cells, indicated by black dots, were reconstructed through several sections. C shows the appearance
of the labeled cells from a single section from the series used to reconstruct the drawing shown in B. Note that following the more
superficial cortical injection cells in all of the K layers except K4 are labeled (A) whereas following the deeper cortical injection cells
in all of the K layers except K1 and K2 are labeled (B). Anterior (A) toward the left and dorsal (D) toward the top. Other conventions
are as in Fig. 1. Scale bars in: A = 500 um, B = 500 pm, and C = 100 pm.
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Fig. 7. A photomontage through the branches and boutons (examples are indicated by arrows) of a representative K axon following
a small injection of PHA-L made into LGN layer K3. Scale bar = 10 um.
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Fig. 8. Reconstructions of five different patterns of axon branching found following an injection of PHA-L into K3 (insert). Axons 1-4
are within V1 (left of the arrow). All V1 axons have terminal branches in IIIBe and all terminate above layer IV but show differences
in their termination patterns within the other supragranular layers. Axon 5 was found in V2 (right of the arrow). This V2 axon exhibits
a distinct morphology terminating mainly in the bottom of layer Il and layer V. Roman numerals indicate cortical layers. The laminar
organization of VI and V2 is given scparately on right and left of the figure. In the insert the extent of the injection site is indicated
in black. Other conventions are as in Figs. | and 2. Scale bar = 100 pm. For the insert, scale bar = 500 pm.

were from the posterior pole of V1), it is unclear exactly how these
anisotropies relate to the visuotopic map in owl monkey (Allman
& Kaas, 1971).

Since the K3 arbors typically terminate in more than one cor-
tical layer, we wished to examine the proportion of each arbor and
the percentage of the total number of boutons within each cortical
layer. The majority of the branches (57%) of these arbors is found
in layer IlIBa, with 2% in layer I, 10% in layer I1IA, 26% in I1IBg,
and 5% in IIIC. Not surprisingly, the percentage of boutons within
each of the layers roughly matches the arbor branch distribution.
Thus, the majority (55%) of boutons is found in layer IIIBe, with
a minority 3% in layer I, 11% in IIIA, 26% in IIIBB, and 5% in
layer IIIC. There are 5 boutons per 100 um length of axon, on
average, with 6/100 um in layer IlIBa and 4/100 pm in other
layers, respectively.

In summary (Fig. 9), 8% of all axons analyzed terminate only
in layer IlIBe and the majority (77%) of the axons arborizes mainly
in layer I1IBa. All of the axons appear to be confined to CO blob
zones. The axons with main branches in IIIBa also arborize in
layer IIIBB (70%) and IIIA (60%). Only 30% of the arbors have
terminal branches in layer I. The same percentage also exhibits a
single branch in IVa with 15% showing a single branch below I[Va
within layer V.

K1 axon arbors

Eight individual K1 layer geniculocortical axons were com-
pletely reconstructed from the white matter through all cortical
layers following a small injection into layer K1 of the LGN. K1
axons are much simpler in morphology than K3 axons with branches
mainly confined to layer I. Four examples of the different mor-
phologies seen among K1 axons are shown in Fig. 10. The terminal
branches of K1 arbors are restricted to an area averaging 81 um *
60 SE in diameter (range 25-195 wm). Sixty-three percent of
the arbors are distributed over an area of less than 100 um in
diameter. These restricted arbors also appear to be confined to a
CO blob column with branches confined either to layer ITIA (19%)
or layer I (81%), above the CO blobs in IIBa (see Fig. 11).

As predicted from the branch pattern, the majority (75%) of
arbor boutons are seen in layer I, with the remainder in layer 1IIA.
No branches are found in layer I1. The mean number of boutons/
branch segment for these K1 layer arbors is low with only
4/100 pm in both layers I and ITIA.

Discussion

Our results are significant for two reasons. They provide the first
detailed description of the V1 axon arbor morphology of K LGN
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Fig. 9. A schematic diagram summarizing the branching

patterns of all 13 V1 axons reconstructed following LGN

injections centered in layer K3. The number and length of
bars are not intended to represent exact branch length, but

to give a general idea of branch density within each layer.
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The shorter bars indicate branches in which no boutons

were visible. Roman numbers indicate cortical layers.

pathway cells in any simian primate. K axons in owl monkeys
terminate as small arbors within single CO blob columns in cor-
tical layer Il and within cortical layer 1. Overall, the morphology
of the K geniculocortical axons of owl monkeys is quite similar to
what we described previously for K geniculo-cortical axons in
bush babies, in which the K LGN axons end as single complex
arbors within one CO blob column in layer III with a collateral in
layer I (Lachica & Casagrande, 1992). This similarity suggests that
the basic features of this pathway are common to all primates.

Fig. 10. Reconstructions of four different axons found following an injec-
tion of PHA-L into K1 (insert). All axons have terminal branches in layer 1
with two having branches below this layer in layer IIIA. Roman numerals
indicate cortical layers. In the insert the extent of the injection site is

indicated in black. Other conventions are as in Figs. | and 2. Scale bar =
100 wm. For the insert, scale bar = 500 pum.

Additionally, our results provide evidence that axons arising from
different K LGN layers in owl monkeys, although they share fea-
tures in common, also are morphologically distinct. Below we
consider the interpretation of these findings in light of past work in
the field.

Are K pathway axons similar across primates?

The existence of three cell size classes of relay cells appears to be
a ubiquitous feature of the mammalian LGN (Stone, 1983). How-
ever, in primates it could be argued that K LGN cells arec not
homologous across species, because, unlike P and M LGN cells, K
cells vary in location in the LGN of different primates. Closer
inspection of the K cell distributions suggests that what varies is
the relative concentration of K cells within the different K layers.
Viewed in this way, the K pathway is not that different from the P
and M pathways which also exhibit species differences in degree
of development and number of layers present (Kaas et al., 1978).

Other features of the K pathway also are common across pri-
mates. Although debated for macaque monkey LGN (Leventhal
etal., 1981; Perry & Cowey, 1984), evidence indicates that K LGN
cells in primates receive retinal input principally from a unique set
of gamma-like small ganglion cells (Leventhal et al., 1981; Itoh
et al., 1982; Conley & Fitzpatrick, 1989). Additionally, K cells
receive a substantial input from the superficial layers of the supe-
rior colliculus and from the parabigeminal nucleus (Harting et al.,
1991a.b). Recent evidence demonstrates that the K LGN cells not
only receive inputs that are distinct from P and M LGN cells, but
also are neurochemically distinct in calcium-binding protein con-
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Fig. 11. A schematic diagram summarizing the branching patterns of the 8
axons reconstructed following LGN injections centered in layer K1. Con-
ventions are as in Fig. 9.
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tent and CO activity (Jones & Hendry, 1989; Johnson & Casa-
grande, 1993, 1995). Calbindin-D 28-kd immunoreactivity is dense,
CO staining is light, and parvalbumin immunoreactivity is virtu-
ally absent in K LGN cell layers in all simian (including human)
and prosimian primates examined (Jones & Hendry, 1989; Johnson
& Casagrande, 1993, 1995; Hendry & Casagrande, 1996). In con-
trast, parvalbumin and CO immunoreactivity is dense in the P and
M layers where little calbindin immunoreactivity is present (Jones
& Hendry, 1989; Johnson & Casagrande, 1993, 1995). Finally,
results of bulk labeling of the K pathway in a variety of New and
Old World primates including owl monkeys (this paper), squirrel
monkeys, macaque monkeys, Cebus monkeys, and bush babies
demonstrate that the K pathway terminates separately from the M
and P pathways in V1; K cells send axons supragranularly to
cortical layers IIl and I of V1, while P and M cells send axons
principally to granular layers IVa and IV (Casagrande & DeBruyn,
1982; Livingstone & Hubel, 1982; Fitzpatrick et al., 1983; Weber
et al., 1983; Diamond et al., 1985; Hendry & Yoshioka, 1994;
Casagrande, 1994). These findings are now further reinforced by
the present data showing that the K axons in owl monkeys, as in
the distantly related bush baby (Lachica & Casagrande, 1992), are
morphologically distinct from the P and M LGN arbors. K axons
in both species are thin and terminate as relatively small, delicate
arbors focused within a single CO blob column. In contrast, P and
M axons are thicker and terminate as more robust arbors that are
not restricted to CO blob columns (Lachica & Casagrande, 1992;
unpublished observations).

If the K pathway is actually made up of several subpathways
(see also below), it could still be the case that the composition of
the K pathway differs across species. Several differences between
primate species in K pathway organization are noteworthy. In sim-
ian primates, the proportion of cells belonging to the K LGN
pathway appears qualitatively to be smaller than in prosimians.
This impression is likely the result of the relatively enormous
increase in the number of P cells in some simians rather than in a
quantitative difference in K LGN cells. In fact, counts of the LGN
P, M and K cells in macaque monkeys have shown that K cells and
M cells each account for a similar proportion (about 10% each) of
the total population of cells in the LGN (Hendry, 1995). Similar
counts have not been done in prosimians, but the qualitative im-
pression is that K and M LGN cells are about equal in number.
Another difference in K LGN cell anatomy between simians (e.g.
macaque monkeys, owl monkeys, and squirrel monkeys) and pro-
simians (e.g. bush babies) is that in simians K LGN cells are often
grouped into patches of cells between the P and M layers (see
Fig. 1), whereas in prosimians the K LGN cells are mainly found
in two specialized layers that appear as thin versions of the main
P and M layers. A third difference in K LGN pathway organization
between primates concerns the relative development of individual
LGN K layers (see Hendry & Casagrande, 1996 and unpublished).
In some, but not all, simian primates such as owl monkeys, squirrel
monkeys, and macaque monkeys, the most prominent K layers are
K1 and K3. In the prosimian bush baby, the most well-developed
K population exists as two layers defined here as K4. Also, anal-
ysis of K axon morphology in bush babies shows that all K LGN
arbors terminate within cortical layer III of V1 with collateral
branches to layer I. In contrast, in owl monkeys the present results
reveal a variety of K morphological axon types, some of which
innervate only in layer III or only in layer I. One possibility, an
issue we consider in more detail below, is that each K LGN layer
contains a functionally unique population of cells. In that case the
differences in K axon morphology between owl monkeys and bush
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babies may simply be a reflection of the fact that different K layers
were studied in each case. Regardless, the relative differences in
the number of K cells in the different K layers in different primate
species hint that there may be functional specialization within the
K pathway.

Do K axons belong to a single class?

Our results suggest that K axons in simians are morphologically
diverse. Of particular interest is the finding that the major target of
the majority of K1 cells in owl monkeys is cortical layer I. In
contrast, the major target of the majority of K3 axons appears to be
cortical layer ITIBa. These results for owl monkeys are in agree-
ment with studies by Fitzpatrick et al. (1983) using bulk labeling
of LGN or cortex in squirrel monkeys. They found evidence both
from retrograde and anterograde labeling that the main projection
to cortical layer Il was from what they termed the internal inter-
calated layer (K3); the external intercalated layer (K1) as well as
K2 appeared to account for the main projections to cortical layer I.
Curiously, just the opposite results were reported for the same
species (squirrel monkeys) by Weber et al. (1983), who claimed
that what they termed the “S” layers (K1) had projections that
terminated as patches within cortical layer 111 and that cells in the
interlaminar zones above the S layers had projections to cortical
layer 1. These conflicting findings in squirrel monkeys might be
attributed to misinterpretations of results of very large injections in
the study of Weber et al. (1983). Resolution of these disagreements
ultimately will require studies of the sort we have done here in the
owl monkey in which individual axons are reconstructed following
limited injections of K LGN layers in other monkeys. Regardless,
all of these results support the idea that different K layers in
simians have different projection patterns.

There are at least two problems with trying to determine if each
K LGN layer gives rise to a distinct morphological axon type. The
first problem is one of definition. If each population of axons is
heterogeneous, what features will be used to distinguish the classes?
Second, it is very difficult to label K layers individually due to
their small size and still get a decent sample of axons. We encoun-
tered both of these problems in the current study of K axons in owl
monkeys. Nevertheless, comparisons of axons labeled from injec-
tions centered in layer K3 with axons labeled from injections cen-
tered in K1 suggested that, in spite of within group heterogeneity,
each set of axons represents a distinct group. All axons from the
K1 injections arborize superficial to K3 axons and terminate prin-
cipally in cortical layer I. All axons from the K3 injections arborize
principally in cortical layer IIIBa, with a few axons having branches
in layer I. Results of our retrograde studies hint that K4 axons may
also be distinguishable from some K3 axons in not having an axon
collateral to cortical layer . Finally, our single labeled axon in V2
indicates that K axons that project to V2 may be quite distinct from
those projecting to V1 with broad terminal arbors in layers ITIC and
V. Clearly, a more detailed study designed to specifically target each
K layer would be required to determine specific differences in K layer
axon morphology for axons terminating in both V1 and V2.

Functional considerations

The vast majority of K axon boutons in owl monkey are found
within a CO blob column of cortical layers IIIA/IIIB and IIIC. The
direct projection of the K pathway to CO blob cells in these cor-
tical layers potentially would allow the K pathway to influence
cells projecting to V2 stripes, which in turn project to higher order
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visual areas concerned with color or brightness contrast (Living-
stone & Hubel, 1988; Krubitzer & Kaas, 1989). For the nocturnal
owl monkey, a role in color vision seems less likely than a role in
brightness contrast. Unfortunately, there are no studies that have
examined K LGN cells physiologically in any simian primate so it
is unclear what specific qualities would be contributed by K LGN
cells. Physiological studies of these cells in bush babies suggest
that a subpopulation of K cells could contribute to visual resolu-
tion based upon their contrast-sensitivity functions (Norton et al.,
1988). The latter studies found that the K cells (those that could be
driven by grating stimuli) have peak spatial frequency cutoffs and
contrast sensitivities intermediate between those of the M and P
cells.

Other characteristics of the K pathway, especially the connec-
tions from the superior colliculus, suggest a role for the K pathway
in perception during eye movements (Casagrande, 1994). K cells
could be visually driven either directly from the retina or indirectly
from strong input from the colliculus (Harting et al., 1991a; Lachica
& Casagrande, 1993; Feig & Harting, 1994). Many superficial col-
licular cells in macaque monkeys show an enhancement of response
prior to a saccadic eye movement (Wurtz & Goldberg, 1972). The
superior colliculus has also been shown to influence the response of
the LGN cells in ways that suggest that this pathway could be in-
volved with eye movements (Lal & Friedlander, 1990; Xue et al.,
1994). Moreover, K axons can influence cortical cells within both
of the major pathways to the extrastriate areas since, in addition to
the projections associated with the “form pathway,” some K axons
in owl monkeys have side branches that terminate in cortical layer
MIC. Cells in IIIC project directly to area MT, an area that has been
implicated in the perception of motion (Newsome & Pare, 1988; Kru-
bitzer & Kaas, 1990; Kaas & Morel, 1993; Merigan & Maunsell,
1993). Also, the K pathway could contribute to aspects of eye move-
ments via another pathway, namely to the dorsomedial visual area
(DM). CO blobs in V1 in owl monkeys and other primates project
strongly to DM (Krubitzer & Kaas, 1993). DM, in turn, projects most
heavily to ventral posterior parietal area (VPP, ventral intraparietal
area [VIP] of macaque monkeys), as well as to other areas such as
MT which are associated with eye movements. Thus far, it has been
unclear what role the pathway from CO blobs to DM plays. Perhaps
this channel to the extrastriate areas carries signals dominated by
the K pathway in the same manner as it has been suggested that the
pathway from V1 to MT is dominated by the M channel (Merigan
& Maunsell, 1993).

Another suggestion for a role for the K pathway is that it plays
a modulatory role (Casagrande, 1994). Thalamic pathways that
target cortical layer I are often suggested to be modulatory path-
ways given the physiological evidence that cortical layer I plays
such a role (Vogt, 1991). Certainly the major projection of the K1
axons, as well as collaterals of some K3 axons of owl monkeys to
cortical layer 1, are supportive of such a proposal. Such a proposal
also harks back to suggestions by Stone (1983) that a comparable
pathway, the W-cell pathway, is important for ambient as opposed
to focal vision.

A final possibility is that given the diversity of axon morphol-
ogy of K axons in owl monkeys, K pathway axons have multiple
roles of which the above are some likely candidates. Further re-
search on the anatomical and physiological properties of K cells
will be required to move beyond broad speculation of the K path-
way'’s functional role in vision. To fully appreciate how informa-
tion from the K pathway is utilized at that cortical level, studies on
whether and how the three parallel visual streams mix signals in
the CO blobs of V1 are needed. These pathways appear to arise
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from separate groups of retinal ganglion cells, remain segregated
in the LGN as the P, M, and K layers, and persist as separate
populations up to the first synapse, but projections intermix be-
yond the first synapse. Aspects of the role or roles of the K path-
way also might be revealed by direct examination of the response
properties of K cells in awake animals or by analysis of the effects
of manipulating all three parallel pathways independently.
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