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ABSTRACT
As in other primates, the lateral geniculate nucleus (LGN) of owl monkeys contains three

anatomically and physiologically distinct relay cell classes, the magnocellular (M), parvocel-
lular (P), and koniocellular (K) cells. M and P LGN cells send axons to the upper and lower
tiers of layer IV, and K cells send axons to the cytochrome oxidase (CO) blobs of layer III and
to layer I of primary visual cortex (V1). Our objective was to compare the synaptic arrange-
ments made by these axon classes. M, P, and K axons were labeled in adult owl monkeys by
means of injections of wheat germ agglutinin-horseradish peroxidase into the appropriate
LGN layers. The neurochemical content of both pre- and postsynaptic profiles were identified
by postembedding immunocytochemistry for �-aminobutyric acid (GABA) and glutamate.
Our key finding is that the synaptic arrangements made by M, P, and K axons in owl monkey
exhibit more similarities than differences. They are exclusively presynaptic, contain gluta-
mate and form asymmetric synapses mainly with glutamate-positive dendritic spines. The
majority of the remaining axons synapse with glutamatergic dendritic shafts. There are also
differences between LGN pathways. M and P terminals are significantly larger and more
likely to make multiple synapses than K axons, although M and P axons do not differ from
each other in either of these characteristics. Of interest, a larger percentage of M and K axons
than P axons make synapses with GABAergic dendritic shafts. Cells directly postsynaptic to
M and K axons are known to exhibit orientation selectivity and, in some cases, direction
selectivity. Cells postsynaptic to P axons do not show these properties, but instead tend to
reflect their LGN inputs more faithfully; therefore, it is possible that these physiologic
differences seen in the cortical cells postsynaptic to different LGN pathways reflect the
differential involvement of inhibitory circuits. J. Comp. Neurol. 456:12–28, 2003.
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Visual signals to primary visual cortex (V1) in primates
arrive by means of three parallel pathways from the lat-
eral geniculate nucleus (LGN), the magnocellular (M),
parvocellular (P), and koniocellular (K) pathways (see
Casagrande, 1994, for review). Evidence in several pri-
mate species, including owl monkeys (subjects of this
study), suggests that these pathways transmit distinct
spatial and temporal information from the retina to V1
(Sherman et al., 1976; Casagrande and Norton, 1991;
Merigan and Maunsell, 1993; Xu et al., 2001). The synap-
tic arrangements present within the layers and compart-
ments of primary visual cortex (V1) combine and amplify
signals arriving from the parallel LGN pathways. This
process results in the construction of cells with a variety of
new receptive field properties that are distinct from their
LGN inputs. Examples of such properties include sharp
orientation and direction tuning, binocularity, disparity
tuning, and a variety of more complex properties (for
review, see Sompolinsky and Shapley, 1997). Many of
these properties are distinct from those found at the level
of the LGN regardless of the pathway; LGN cells are
typically monocular with simple ON-center/OFF-surround
or the reverse receptive field organization but can differ in
spatial and temporal resolution (Casagrande and Norton,
1991). What remains puzzling is that, in simian primates,
some target cells of LGN afferents respond identically to
their LGN inputs, whereas others exhibit more complex
receptive field properties, such as sharp orientation tun-
ing. This finding means that the complex properties ex-
hibited by cortical neurons must be constructed in at least
two different ways. These properties could be constructed
either directly at the LGN target cell or at the next level.
If the properties are combined at the target, then they
result from: 1) the unique arrangement of LGN afferents
as originally proposed by Hubel and Wiesel (1962) (see
also Ferster, 1988), 2) they are based upon intrinsic wir-
ing, or 3) some combination. In simian primates, data
indicate that cortical layer IV� cells postsynaptic to P
LGN axons have receptive fields that are similar or iden-
tical to their LGN inputs, whereas targets of M LGN
axons in layer IV� and cell targets of K LGN axons in the
layer III CO blobs do not (see Merigan and Maunsell,
1993, for review). From these observations and the fact
that the laminar composition and circuitry of V1 cortical
layers differ, one would predict that the microcircuitry
involving P, M, and K LGN axons would also differ.

At present, surprisingly little is known about the syn-
aptic arrangements and neurochemistry of different LGN
axon classes or the microcircuitry of LGN target neurons
in primates. Studies of the synaptic circuitry of primate
LGN input pathways have mainly examined M and P
inputs to layer IV in macaque monkeys (Garey and Pow-
ell, 1971; Tigges and Tigges, 1979; Winfield and Powell,
1983; Freund et al., 1989). Only two studies have exam-
ined the synaptic circuitry of the K pathways in layer III
CO-blobs (Ding and Casagrande, 1998; Shostak et al.,
2002). These studies generally agree that M, P, and K
axons mainly synapse with dendritic spines with a signif-
icant minority synapsing with dendritic shafts and very
few synapsing with somata (Tigges and Tigges, 1979;
Freund et al., 1989; Ding and Casagrande, 1998; Shostak
et al., 2002). No studies, however, have directly compared
the synaptic arrangements made by all three classes of
LGN axon in the same species. Also, few details are avail-
able concerning the neurochemical content of elements

postsynaptic to primate LGN axons with the exception of
K LGN axons (Garey and Powell, 1971; Tigges and Tigges,
1979; Winfield and Powell, 1983; Freund et al., 1989; Ding
and Casagrande, 1998; Shostak et al., 2002).

In light of the above evidence, our overall objective was
to compare the synaptic arrangements and neurochemis-
try of the different LGN axon classes and the microcir-
cuitry of LGN target neurons. We used the owl monkey for
this study, both because its visual system is well studied
(Casagrande and Kaas, 1994; O’Keefe et al., 1998; Xu et
al., 2001) and because we have detailed knowledge from
our own work on the termination and neurochemical syn-
aptic arrangement of K axons in V1 (Ding and Casa-
grande, 1997, 1998; Shostak et al., 2002).

MATERIALS AND METHODS

Two owl monkeys (Aotus trivirgatus) were used to ex-
amine synaptic circuits of the magnocellular (M) and par-
vocellular (P) LGN axons within the cortical layers IV�
and IV�, respectively. Because M and P LGN cell axons
have been found to project exclusively to IV� and IV�,
respectively (Kaas et al., 1976; Diamond et al., 1985;
Pospichal et al., 1994; Ding and Casagrande, 1997, 1998),
iontophoretic injections of wheat germ agglutinin conju-
gated to horseradish peroxidase (WGA-HRP) were made
into M and P LGN layers in the same animal. Detailed
data on synaptic circuits of K LGN axons in V1 were
obtained from the same cases used in a previous study
(Ding and Casagrande, 1998). All of the monkeys were
cared for according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the
guidelines of the Vanderbilt University Animal Care and
Use Committee. The nomenclature used to identify owl
monkey LGN and cortical layers has been described pre-
viously (see Ding and Casagrande, 1997).

Surgical procedures

All surgical procedures were carried out under aseptic
conditions while the animals were deeply anesthetized.
Before surgery, atropine sulfate (0.1 mg/kg) was given to
inhibit salivation. The owl monkeys then were intubated,
anesthetized with isoflurane (3–4%) in oxygen, and main-
tained with the same gas mixture at 1–2%. Heart and
respiration rates were continuously monitored, and re-
flexes were tested periodically; animals were kept warm
with a water-circulating heating pad throughout surgery.
Once deeply anesthetized, the monkeys were secured in a
stereotaxic apparatus, the skull exposed and a craniotomy
performed.

Labeling LGN cell axons

A dural flap was elevated and 5% agar in saline was
spread over the pial surface to prevent desiccation. For
identification of the LGN layers, evoked responses to a
flashing light were recorded from the LGN through an
electrode glued to a pipette (20–30 �m inner tip diameter)
filled with 1% WGA-HRP in saline. LGN layers were iden-
tified on the basis of changes in eye dominance and rela-
tive position in the LGN. The tracer was iontophoretically
injected for 30 minutes (3 seconds ON/3 seconds OFF, 3–5
�A). Because M and P LGN cell axons project exclusively
to cortical layer IV� or IV� (Diamond et al., 1985; Ding
and Casagrande, 1997) and K axons project to CO-blobs
and layer I, it was not necessary to limit the injections to
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a single LGN layer. Instead, large LGN injections of WGA-
HRP were made within LGN layer K3, which involved the
adjacent M and P layers. After the injections, the dural
flap was repositioned and the skin was sutured.

Postoperatively, animals were given 0.02 mg/kg of Ba-
namine 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 drink-
ing on their own. At this 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 and Casagrande, 1992; Ding and
Casagrande, 1997, 1998).

Histologic procedures and
WGA-HRP histochemistry

After a 2-day survival period, the animals were deeply
anesthetized with an overdose of Nembutal (50 mg/kg)
and perfused transcardially with a brief rinse of oxygen-
ated saline followed by 2% paraformaldehyde/1.5% glutar-
aldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C. Ani-
mals were then perfused with the fixative containing 4%
sucrose. The brains were removed and post-fixed in 4%
sucrose/fixative at 4°C for 1 hour. They were then rinsed
in three changes of 0.1 M phosphate buffer (pH 7.4) and
placed in 4% sucrose in the same buffer at 4°C overnight.
The following day, the visual cortex was blocked anterior
to V2 and was dissected from the remainder of the cortical
hemisphere. Then, parasagittal 60-�m sections were cut
on a Vibratome. The thalamus was removed and sectioned
parasagittally at 52 �m on a freezing microtome.

All cortical and LGN sections were treated according to
a modified tetramethyl benzidine (TMB) stabilization pro-
cedure (Mesulam, 1978; Horn and Hoffman, 1987). Sec-
tions were then mounted on gelatin-coated slides, air-
dried, dipped briefly in a clearing agent (Histo-Clear), and
cover-slipped. Counterstaining was unnecessary in these
cases, because LGN and cortical layers were clearly visible
in the TMB-reacted sections.

Electron microscopic preparation and
postembedding immunocytochemistry

Tissue preparation for electron microscopy. Pro-
cessed sections with labeled axons were treated with 1%
osmium tetroxide in 0.1 M phosphate buffer at 4°C and
dehydrated in graded ethanols into propylene oxide and
then infiltrated with Epon resins overnight. After poly-
merizing at 60°C for 2 days, tissue containing WGA-HRP
labeled M or P axons from cortical layer IV� or IV� was
removed with a NeuroPunch (Ted Pella). These neu-
ropunches were centered on the layer IV� or IV�. A small
portion of other layers might have been included within
these original punches, but these other layers were later
removed when the block was trimmed before ultrathin
sectioning.

Postembedding immunocytochemistry for glutamate

and GABA. Ultrathin sections (60–70 nm) were cut with
a diamond knife and mounted on single-slot nickel grids.
Modified techniques originally described by Phend et al.
(1992) to optimize postembedding double staining for glu-
tamate and GABA immunocytochemistry were used in
this study. Briefly, ultrathin sections were rinsed for 5
minutes in TBST (0.05 M Tris, 0.1% Triton X-100, pH 7.6).
Sections on grids were incubated in 1:300 polyclonal pri-
mary anti-glutamate (raised in rabbits, Chemicon, Inc.)

overnight. After rinsing in TBST, pH 7.6, and in TBST, pH
8.2, sections were incubated in a secondary antibody, goat
anti-rabbit immunoglobulin (Ig) G conjugated to gold (10
nm, BioCell) diluted 1:20 in TBST, pH 8.2 for 1–2 hours.
After completion of the glutamate immunostaining, bind-
ing sites were deactivated over paraformaldehyde vapors
in an 80°C oven for 1 hour. Sections were then incubated
24–48 hours at a 1:500 dilution of a polyclonal anti-GABA
antibody (raised in rabbits, Sigma), followed by incubation
in a goat anti-rabbit IgG-conjugated to gold (20 nm, Bio-
Cell) secondary antibody, diluted 1:40, for 1–2 hours. The
sections then were rinsed first in TBST (pH 7.6), then in
deionized water, and were finally stained with uranyl
acetate and lead citrate.

Controls. The specificities of glutamate or GABA an-
tibodies were evaluated by preabsorbing the primary an-
tibodies with an excess of glutamate-BSA conjugate or
GABA-conjugate, respectively. Immunostaining for the
appropriate antibody was eliminated in these controls.
Additional controls involved the application of rabbit pre-
immune serum, as well as processing a series of immuno-
reactions in which various steps were omitted from the
regular staining sequence. In these controls, the immuno-
reactivity was almost completely abolished.

Data collection and analysis

All LGN injection sites were reconstructed from serial
sections by using a microprojector at low magnification
(170�) to document the location and extent of the WGA-
HRP label. Injection site boundaries were defined as those
zones containing a dark focus of the label.

Grids were viewed on a Hitachi H 800 electron micro-
scope at 100 kV. Sections were examined and photo-
graphed at 15,000�, the original negatives were scanned
with an Epson Es 1200c scanner, and digital images were
compiled in Adobe Photoshop version 6.0. Data were col-
lected by selecting WGA-HRP–labeled terminals with
postsynaptic elements. We measured only WGA-HRP–
labeled LGN terminals that had clear pre- and postsyn-
aptic profiles. Labeled terminals that did not make syn-
apses were not measured. No effort was made to serially
section every bouton to determine the exact number of
synapses made by each. We used the term “multiple syn-
apses” when single LGN axons are synapsing with several
different postsynaptic profiles.

In the present study, we used the criteria proposed
originally by Freund et al. (1989) to distinguish dendritic
spines from small dendritic shafts. According to these
criteria, all dendritic profiles that contain mitochondria
and/or microtubules are classified as dendritic shafts, re-
gardless of their diameter, and all small profiles lacking
mitochondria and microtubules are classified as dendritic
spines. Because glutamatergic terminals characteristi-
cally make asymmetric synapses and GABAergic termi-
nals make symmetric synapses, we divided profiles into
these morphologic categories before estimating the signal
and noise levels of our gold-labeled material. Ten-
nanometer gold particles were used to identify the pres-
ence of glutamate, and 20-nm gold particles were used to
identify the presence of GABA. Ten to 14 randomly se-
lected morphologically defined profiles (see above) were
measured at a magnification of 15,000�. The number of
profile-associated small and large gold particles was
counted and related to the area of the profiles. The areas
of the morphologically identified profiles were measured
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by using an isotropic uniform random test system (lattice)
of quadrants (Cruz-Orive and Wiebel, 1981; Cruze-Orive,
1989). We found (see Table 1) that the background label-
ing (large gold particles) for profiles making asymmetric
synaptic junctions (glutamatergic) was 0.64 � 0.23 parti-
cles per 1 �m2. In profiles making symmetric synaptic
junctions defined as positive labeling for GABA, we found
14.1 � 2.85 large gold particles per 1 �m2 (P � 0.0001, t
test). We found that background labeling (small gold par-
ticles) for profiles making symmetric synaptic junctions
(GABAergic) was 14.8 � 3.11 particles per 1 �m2. In
profiles making asymmetric synaptic junctions defined as
positive labeling for glutamate, we found 28.43 � 4.58
particles per 1 �m2 (P � 0.034, t test). Therefore, pre- and
postsynaptic profiles were considered immunoreactive for
glutamate if they contained at least 24 particles per 1
�m2. Profiles were considered immunoreactive for GABA
if they contained at least 11 particles per 1 �m2.

As a measure of synaptic efficacy, we quantified the
areas of each terminal bouton. Many other measures could
be used such as size of the active zone or numbers of
synaptic vesicles, but the latter measures have not been
found to correlate any better with synaptic release than
bouton size (Pierce and Mendell, 1993). In fact, in the
spinal cord, Pierce and Mendell (1993) showed that sev-
eral morphologic features associated with synaptic release
(including the sizes of synaptic plaques, mitochondrial
volume, vesicle number, active zone vesicle number, ap-
posed surface, active zone area, bouton surface area, as
well as the sizes of postsynaptic profiles) scale directly in
proportion to bouton size. In addition, Hamos et al. (1987)
revealed that, although boutons arising from a single reti-
nogeniculate axon varied considerably in size, active zone
number correlated well with bouton volume, reinforcing
the idea that bouton size is a meaningful measure even in
the visual system. For this analysis, the cross-sectional
areas of all labeled terminals in which both pre- and
postsynaptic profiles were distinct were measured by trac-
ing the contour of the profiles by using the BioQuant-IV
image analysis system (R&M Biometrics, Inc., Nashville,
TN). The size of the local area, containing single labeled
profiles, was 42.56 �m2 for all measurements, and sizes of
labeled profiles were in the range of 0.6–3.9 �m2; there-
fore, relative sizes of counted profiles were 1.4–9.2 % of
the total measured area in each layer of visual cortex
(total measured area for layer III � 5,575.36 �m2, for
layer IV� � 7,490.56 �m2, and for layer IV� � 8,895.04
�m2).

RESULTS

Our key result was that the synaptic arrangements
made by LGN M, P, and K axons in owl monkey visual
cortex share many common features. Nevertheless, inter-
esting qualitative and quantitative differences were found

in the relationship of these axons to GABAergic profiles, in
the numbers of elements postsynaptic to M, P, and K LGN
axons that receive other inputs, and in the sizes of the
terminals. These similarities and differences are de-
scribed in more detail below.

Injection sites and cortical projections of
the M and P LGN axons

The general pattern of geniculocortical projections from
the individual layers of the LGN in owl monkeys has been
reported previously (Kaas et al., 1976; Diamond et al.,
1985; Pospichal et al., 1994; Ding and Casagrande, 1997,
1998). Results show that, in owl monkeys as in other
primates, M LGN axons terminate primarily within cor-
tical layers IV� and VI, and K axons terminate within the
CO blobs of layers III and in layer I of V1. P axons only
terminate within layer IV� (and possibly layer VI) and do
not have the separate termination site within layer IIIB�
(IVA of Brodmann, 1909) seen in squirrel monkeys and
macaque monkeys (see Casagrande and Kaas, 1994, for
review). In the present study, a large injection of WGA-
HRP that involved all LGN layers confirmed this original
pattern (data not shown). A dense continuous band of the
label was evident in layer IV at the site corresponding
retinotopically to the center of the injection. At the edges
of these termination sites in layer IV, it was common to
find differences in the relative density of the label within
IV� and IV� that presumably reflected differences in the
relative spread of the label into P or M LGN layers at the
edge of the injection site. Even though tissue from these
edge regions was not examined at the ultrastructural
level, these differences viewed at the light microscopic
level provided a useful guide to determine the boundaries
of terminations of M vs. P axons. Above layer IV, distinct
patchy label was seen within layer III with a central focus
in sublayer IIIB�. From our previous studies, we know
that these patches of the label reflect the input from K
LGN axons and that they coincide with the location of the
CO blobs within this layer (Diamond et al., 1985; Ding and
Casagrande, 1997, 1998; Shostak et al., 2002).

Contribution of LGN M axons to synaptic
circuits in V1

One hundred seventy-six WGA-HRP–labeled M axon
terminals identified by the presence of an electron-dense
reaction product in cortical layer IV were examined (Figs.
1–5). These geniculocortical terminals contained five or
more mitochondria, were packed with clear round vesicles,
and all were immunopositive for glutamate. Immunoposi-
tive profiles containing glutamate were identified by the
presence of small (10 nm) gold particles (smaller gold
particles are indicated by thin arrows in Figs. 1–5); none
of these terminals were immunoreactive for GABA (iden-
tified by large [20-nm] gold particles, as indicated by ar-
rowheads in Figs. 1–5). LGN axon terminals formed ex-
tended asymmetric synaptic junctions with dendritic
profiles, both spines and shafts, but not with cell bodies.
By using the criteria of Freund et al. (1989), we deter-
mined that 72% of M axons synapsed with dendritic spines
(Figs. 1, 5), and the remainder synapsed with small and
large dendritic shafts (Figs. 2B, 3). We observed that small
dendritic shafts postsynaptic to geniculate axons fre-
quently contained a mitochondrion and a lamellar body
adjacent to the synaptic contact. One example of such
small shafts is shown in synaptic contact with a labeled M

TABLE 1. Number of Gold Particles per �m2

Cell type
No. of large

gold particles
No. of small

gold particles

Profile
area

(�m2)
No. of

profiles

Glutamatergic 0.64 � 0.23 28.43 � 4.58 0.96 � 0.21 N � 14
GABAergic1 14.1 � 2.85 14.8 � 3.11 0.99 � 0.19 N � 10

1GABA, �-iminobutyric acid.
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terminal in Figure 3A. Although lamellar bodies are vir-
tually indistinguishable from spine apparati in macaque
monkeys, Freund et al. (1989) have shown through serial
reconstructions that such small dendritic profiles contain-
ing mitochondria are never spines. In our material, such
lamellar bodies were only seen in the smallest glutamate-
positive dendritic shafts (Fig. 3A). The vast majority (93%)
of the postsynaptic dendritic spines were immunoreactive
for glutamate (Fig. 5). The remainder of postsynaptic
spines contained no label. Sixty-five percent of dendritic
shafts contacted by M terminals were immunoreactive for
glutamate (Fig. 3), and the rest were immunoreactive for
GABA (Fig. 4).

Unlike K axons, which generally synapse with single
postsynaptic profiles (Ding and Casagrande, 1998; Shos-
tak et al., 2002), M axons engaged in both single and
multiple synaptic contacts with either a dendritic spine or
a dendritic shaft, or both. M axons made synapses with
two or three dendritic spines (Fig. 2A), with one dendritic
spine and one shaft (Figs. 2B, 5) or with two dendritic

shafts (Fig. 4). In our material, 21% of M axons made such
multiple synapses. Obviously, this percentage of multiple
synapses is likely to be an underestimate given that serial
sectioning was not performed and that many M axons are
at least 2.0 �m in diameter.

Some of the dendritic spines that received synaptic in-
put from M axons also received symmetric synaptic input
from GABA-positive axonal profiles. Figure 1 shows a
clear example of a spine containing a distinct spine appa-
ratus receiving synapses from both an M axon and a
GABAergic axon from an interneuron. The GABA-positive
axon, in turn, makes a synaptic junction (seen cut ob-
liquely) with another small dendritic spine that is in very
close proximity to the M terminal. One characteristic of
synaptic relationships involving M axons was the complex
association with profiles from other sources, particularly
GABAergic profiles. Thirty-two percent of the total ele-
ments postsynaptic to M terminals (both spines and
shafts) received at least one additional synapse from other
sources. Twenty-five percent of all elements postsynaptic

Fig. 1. Wheat germ agglutinin-horseradish peroxidase–labeled
lateral geniculate nucleus magnocellular axon terminals in layer IV�
(indicated by M) were identified by electron-dense reaction product.
Many M axons make asymmetric synapses (an example is indicated
by a black open arrow) with dendritic spines (indicated by sp). Note
that one of two spines labeled with sp show clear examples of a spine
apparatus. M axons use glutamate (small black dots; examples are
indicated by thin black arrow) as a neurotransmitter and synapse

with glutamatergic dendritic spines. Larger gold particles (20 nm)
showing immunoreactivity for �-aminobutyric acid (GABA) are seen
as larger black dots (examples are indicated by black arrowheads). M
axons make synapses with spines that also receive a symmetric syn-
apse (white open arrowheads) from a GABAergic profile. Note that the
lower sp profile may have microtubules, although the plane of section
makes it difficult to say for sure; therefore, that profile also could be
considered a small dendrite. Scale bar � 0.5 �m.
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to M terminals (both spines and shafts) received at least
one additional synapse from a GABAergic profile. Several
larger postsynaptic dendritic shafts (positive for either
glutamate or GABA, but typically GABA) received input
from GABAergic axons (Fig. 4), although the dendrites
could also receive asymmetric synapses from other gluta-
matergic axons (Fig. 4). Of interest, when dendritic spines
postsynaptic to M axons received additional synaptic in-
put, it was always from a GABAergic profile (Fig. 1).

Contribution of LGN P axons to synaptic
circuits in V1

Two hundred and nine terminals were identified as
WGA-HRP–labeled axons from LGN P layers based on the
electron dense reaction product (Figs. 6–10). Like both M
and K pathways, all labeled axons from LGN P layers in
our material were immunopositive for glutamate, identi-
fied as described earlier (Figs. 6–10). P axon terminals,
like M axons, were characterized by relatively tightly

packed, round vesicles, and the majority contained five or
more profiles of mitochondria. Also, like M and K axons,
all of the synapses observed between labeled P axons and
postsynaptic elements were asymmetric and the majority
(77%) of P axons synapsed with dendritic spines (Fig. 6),
with the remainder synapsing with dendritic shafts (Figs.
7–10). The bulk (93%) of spines postsynaptic to P cell
axons were immunoreactive for glutamate (Fig. 6) and the
remainder were unlabeled. As in the case with M axons,
small dendritic shafts that contain lamellar bodies were
seen postsynaptic to P axons. A clear example is shown in
Figure 8 where a labeled P terminal makes a synapse with
a small dendritic shaft that contains both a mitochondrion
and a lamellar body. The lamellar body in this case lies
directly opposite an adherence junction that appears al-
most as an extension of the synapse. Qualitatively, lamel-
lar bodies were seen less frequently in small dendritic
shafts in synaptic association with either P or K axons
than with M axons. The vast majority (86%) of dendritic
shafts receiving contacts from labeled P axons contained
glutamate (Figs. 7, 8), and the rest were immunoreactive
for GABA (Fig. 9). None of the identified P axons were
found to synapse with a cell body or another axon.

Labeled LGN axon terminals from P layers were exclu-
sively presynaptic, forming single and multiple synapses
with dendritic profiles, as seen in the M pathway. Although
complete serial sections of these labeled boutons would be
required to be certain, 19% of P boutons appeared to have
multiple synapses with dendritic profiles. Labeled P axons
were seen making synaptic junctions with two or more
postsynaptic profiles, such as two or three spines (Fig. 6B),
one spine and one shaft (Fig. 6C), or two shafts (Fig. 7).
When dendritic spines postsynaptic to P axons had an addi-
tional input, it was exclusively from a GABAergic source
(Figs. 6A, 8). Also, labeled P profiles and other unlabeled
axonal profiles (presumably glutamatergic or GABAergic)
were seen in synaptic contact with the same dendritic shaft
(glutamatergic or GABAergic) (Fig. 9). However, it was less
common to find that elements postsynaptic to P axons re-
ceiving other contacts, particularly from GABAergic profiles,
than was the case for M axons. Twenty percent of all ele-
ments postsynaptic to P terminals (both spines and shafts)
received one or more additional synapses from other sources,
and only 13% of all elements postsynaptic to P terminals
(both spines and shafts) received an additional synapse from
a GABAergic profile (Fig. 11C).

Comparisons between M, P, and K
synaptic arrangements

We found that M and P axons engaged in more complex
synaptic arrangements than did K axons. In particular, M
and P axons terminated more often than K axons in re-
gions that contained complicated synaptic zones uninter-
rupted by glial lamellae resembling synaptic arrange-
ments in the LGN (Guillery 1969, 1971). Examples of
complex synaptic zones involving the M and P pathways
are shown in Figure 10A,B, and for the K pathway in
Figure 12 (see also Figs. 4, 6C).

In an effort to better document similarities and differ-
ences between the synaptic arrangements made by M, P,
and K axon classes, we made several additional measure-
ments. When we restricted our analysis simply to postsyn-
aptic dendrites, we found that M axons had more interac-
tions with GABAergic interneurons than K axons and that
P axons had the fewest interactions. Thirty-five percent of

Fig. 2. A: Many large magnocellular (M) axons make asymmetric
synapses (open arrowheads) with more than one spine (SP). Single M
axons can make synapses with both dendritic spines and shafts.
B: Profiles that contained mitochondria were classified as dendritic
(d) shafts. Thick black arrow indicates WGA-HRP label. Other con-
ventions are as in Figure 1. Scale bar � 0.5 �m in B (applies to A,B).
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Fig. 3. A significant minority of M axons synapse with dendritic
(d) shafts. A: Small dendritic shafts postsynaptic to geniculate axons
frequently contain a mitochondrion and a lamellar body adjacent to
the synaptic junction. In the example shown in A, the M axon and

dendrite not only form a synaptic junction but exhibit an adherence
junction adjacent to the synaptic junction. B: M axons also were found
to synapse with larger dendritic shafts. Other conventions are as in
Figures 1 and 2. Scale bar � 0.5 �m in B (applies to A,B).
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M synapses were made with GABAergic dendrites,
whereas K and P axons made 26% and 14% of their syn-
apses with these profiles (Fig. 13).

In addition, we evaluated four other parameters: terminal
size, the percentage of multiple synapses made by each ter-
minal, the percentage of postsynaptic profiles receiving other
synapses, and the type of postsynaptic profile contacted by
each class of LGN axon. Figure 11A shows the percentage of
LGN terminal profiles that fall into different size categories.
M and P axons showed surprisingly similar distributions,
with terminals ranging in size from 0.6 to 3.9 �m2 in area.
The peak for P axons, between 0.9 and 1.2 �m2 (27%), was
somewhat smaller than the peak for M axons at 1.2–1.5 �m2

(22%). K axon terminals ranged in size from 0.1 to 1.2 �m2

with the peak at 0.3–0.6 �m2 in size (55%). The average
terminal areas of M axons (	� � 1.40 � 0.65 �m2, n � 176)
and P axons (	� � 1.29 � 0.54 �m2, n � 209) were signifi-
cantly larger (t test, P � 0.00001 for M and K; P � 0.0001 for
P and K) than K axon terminal areas (	� � 0.51 � 0.36 �m2,
n � 131).

Figure 11B compares the percentages of M, P, and K
axons that make multiple synapses with postsynaptic pro-

files. It is clear from this comparison that M axons (21%)
and P axons (19%) made more multiple synapses than K
axons (only 4%) did. Again, it is important to point out
that these comparisons were performed on single sections;
serial section reconstructions are likely to yield higher
percentages. Figure 11C documents the percentages of
postsynaptic profiles contacted by LGN M, P, and K axons
receiving other inputs. More elements postsynaptic to M
axons were found to receive additional inputs (32%), than
those postsynaptic to P (20%) or K axons (13%). Finally,
we quantified the types of postsynaptic elements con-
tacted by M, P, and K axons. Seventy-two percent of M
axons, 77% of P axons, and 61% of K axons terminated on
dendritic spines, most of which could be identified as glu-
tamatergic. The remainder terminated on dendritic shafts
(Fig. 11D).

DISCUSSION

Our key finding is that the synaptic arrangements
made by M, P, and K axons in owl monkey exhibit more

Fig. 4. M axons also have complex synaptic associations with GABAergic profiles. A labeled M axon
makes a synaptic junction with two GABAergic (large gold particles indicated by solid black arrowheads)
dendritic shafts. Both dendritic shafts receive synapses from other profiles, indicated by asterisks
containing either GABA or glutamate. Other conventions are as in Figures 1 and 2. Scale bar � 0.5 �m.
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fundamental similarities than differences. This finding
is despite the fact that each axon class arises from a
distinct LGN cell type and ends within V1 layers that
contain cells with different functional properties and
connections. Nevertheless, there are differences be-
tween pathways, especially in the degree to which each
LGN axon class engages the inhibitory (GABAergic) ele-
ments of V1, that could bear significantly on the function
of postsynaptic cells. In the discussion that follows, we
compare our results with the findings of others and con-
sider the implications of the similarities and differences
we have documented in the synaptic arrangements of
LGN M, P, and K pathways.

Similarities between M, P, and K
synaptic arrangements

In owl monkeys, as in other primates, there are clear
physiological differences between the response properties
of the LGN M and P layer cells (Sherman et al., 1976). K
LGN cells in owl monkeys also display unique receptive
field properties (Xu et al., 2001). Because the separation of
M, P, and K pathways is maintained all the way to the
first synapse in the cortex, it is somewhat surprising that
we did not uncover more major differences between these
pathways at the first synapse. Our data show that in owl
monkeys M, P, and K LGN axons contain glutamate and
synapse exclusively with dendrites. The majority of each
axon type synapses with dendritic spines, and 90% or
more of these geniculocortical axons synapse with den-
drites that contain glutamate. These characteristics of
geniculocortical axons in owl monkeys also have been
described in other species, suggesting that these are gen-
eral features of mammalian LGN axons regardless of type
(Garey and Powell, 1971; Winfield et al., 1982; Freund et
al., 1989).

With the exception of K axons (Ding and Casagrande,
1998; Shostak et al., 2002), direct immunocytochemical
confirmation of the presence of glutamate in geniculocor-
tical axons has not been reported for other primates. The
proposal that all of these axons use glutamate is rein-
forced by many studies demonstrating that geniculate
relay cells or geniculocortical axons in other mammals
contain glutamate (Hata et al., 1988; Montero, 1990, 1994;
Kharazia and Weinberg, 1994). Spines appear to be the
preferred targets of geniculocortical axons in owl mon-
keys, as well as other species. In owl monkeys, M, P, and
K axons contact spines 72%, 77%, and 61% of the time,
respectively (also see Ding and Casagrande, 1998). In
macaque monkeys, comparable numbers have been re-
ported for the M and P axons. By using the same criteria
for spine identification, Freund et al. (1989) found that
52–69% of M and P axons in macaque monkeys synapse
with spines in layer IV. Other investigators, by using more
liberal criteria for defining a spine, have reported that up
to 90% of M and P axons synapse with dendritic spines in
layer IV in macaque and squirrel monkeys (Garey and
Powell, 1971; Tigges and Tigges, 1979; Winfield et al.,
1982; Winfield and Powell, 1983). Most spine-bearing cells
contain an excitatory transmitter (Greenamyre and Por-
ter, 1994; Nieuwenhuys, 1994). In layer IV of macaque
monkeys, dendritic spines postsynaptic to M and P axons
are exclusively immunonegative for GABA (Freund et al.,
1989) or have been directly identified as belonging to
presumed excitatory spiny stellate neurons (Garey and
Powell, 1971; Winfield et al., 1982). Also, 80% of dendritic
shafts postsynaptic to macaque M and P terminals in
layer IV are presumed to be excitatory based on immuno-
negativity for GABA. Consequently, just as in owl mon-
keys, approximately 90% of elements postsynaptic to M
and P axons have been identified as excitatory in macaque
monkeys (Freund et al., 1989). In cats, X and Y geniculo-
cortical axons terminating in visual areas 17 and 18 con-
tact dendritic spines and shafts of excitatory cells almost
exclusively, as do geniculocortical axons within area 17 of
rats (Garey and Powell, 1971; LeVay and Gilbert, 1976;
Winfield and Powell, 1976, 1983; Peters and Feldman,
1977; Freund et al., 1985a,b; Kharazia and Weinberg,
1994). Together, these findings suggest that geniculate

Fig. 5. In this example, a large M terminal makes a synapse with
both a glutamate-positive spine (small gold particles indicated by thin
black arrows) and a GABA-positive dendritic shaft (large gold parti-
cles indicated by filled black arrowheads). The GABAergic dendrite, in
turn, receives an asymmetric synapse (open black arrowheads) from
another profile indicated by an asterisk. Other conventions are as in
Figures 1 and 2. Scale bar � 0.5 �m.
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relay cells and their cortical targets, regardless of class,
use glutamate to communicate signals through the first
synapse.

There are other similarities between the P and M syn-
aptic arrangements in owl monkeys and in macaque mon-
keys. Our data show that M and P axon terminals in owl
monkeys are approximately the same size, although the
median for M terminals is slightly larger (Fig. 11A). There
is, however, one caveat that should be added. It is possible
that some of our labeled axons were actually collaterals of
corticogeniculate cells within layer VI that also project to
layer IV (see Katz, 1987; Wiser and Callaway, 1996).
Although there is no direct support in any primates for the
existence of such collaterals, there are data in cat to sug-
gest that some corticogeniculate projection cells also have
axon collaterals in layer IV. We do not believe contamina-
tion from recurrent collaterals represents a problem for
our data for the following reasons. If these recurrent axons
from corticogeniculate axons exist in primates, they are
likely to occur in only a small percentage of cells, because
intracellular filling in slices showed that only 2 of the 7
classes of cells identified within macaque monkey layer VI
have both recurrent collaterals in layer IV and an axon
that also exits toward the white matter (Wiser and Calla-
way, 1996). Because axons exiting in the white matter
reflect both cells sending an axon to the LGN and cells
sending axons to the claustrum, this number is still
smaller. Second, although we did see a few retrogradely
labeled cells in layer VI below our punches, the majority of

Fig. 7. A significant minority of parvocellular (P) axons synapse
with dendritic shafts. P axons can synapse with two or more dendritic
shafts of different sizes. Other conventions are as in Figure 1. Scale
bar � 0.5 �m.

Fig. 6. Parvocellular (P) axons in layer IV� contain glutamate
(small gold particles indicated by thin black arrows) and synapse
mainly with dendritic spines (A). Single P axons can be found that
synapse with one spine (A), two or more spines (B), or spines and

dendritic shafts (C). Spines that receive synapses from P axons re-
ceive another synapse from a GABAergic axon indicated by an aster-
isk in A. Other conventions are as in Figures 1 and 2. Scale bar � 0.5
�m in C (applies to A–C).
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these cells were only lightly labeled without evidence of
any processes. Even if a small fraction of our filled axons
represented filled recurrent collateral boutons from layer
VI, it is likely that these boutons are smaller in area than
boutons in layer IV from the LGN. In cats, these recurrent
axons were found to have boutons in the range of 0.3–1.0
�m in diameter and electron microscopic data, presented
by Freund and colleagues (1985a), showed that Y axons in
layer IV are in the range of 3–4 �m in diameter and X
axons are in the range of 1.5–2.5 �m in diameter. If we
assume that the same proportional size difference re-
ported for cats exists between recurrent collaterals and
geniculocortical terminals in layer IV in primates, we can
estimate the proportion of our P and M bouton sizes in
layer IV that may have been contaminated by the addition
of potential collateral terminals from cells in layer VI. The
effect of eliminating this proportion of our size range
makes the differences between M and P vs. K axon termi-
nals, presented in our Figure 11A, even more dramatic.

Approximately the same percentage of M and P termi-
nals, 21% and 19%, respectively, make multiple synapses
with postsynaptic targets. In studies of single sections
(comparable to this study), 24% of M axons and 15% of P
axons in macaque monkeys were found to make multiple
synapses (Winfield et al., 1982). In serial sections, the
same investigators report that these percentages rose to
82% and 27%, respectively. The number of synapses has
been correlated to bouton size, with the larger M boutons
making more synapses than the smaller P boutons. In owl
monkeys, where our data indicate that M and P axons

have approximately the same mean size, the number of
boutons made by each class is also similar, whereas the
number of multiple synapses made by the smaller K axon
terminals is significantly less. Thus, the larger size of
LGN boutons in owl monkeys also appears to correlate
with a greater tendency to make multiple synapses.

Differences between M, P, and K
synaptic arrangements

Despite the number of similarities between the synaptic
arrangements made by M, P, and K axons, there are also
interesting differences. A key difference concerns the re-
lationship of each of these axon classes to GABAergic
profiles. According to our data, M axons exhibit the stron-
gest association with such inhibitory profiles, and P axons
exhibit the least, with K axons falling between. Twice as
many K axons as P axons synapse directly with GABAer-
gic dendrites and 1.5 times as many M as K axons synapse
with GABAergic profiles, suggesting that M axons have a
much higher tendency to be involved in inhibitory net-
works than K or P axons. This result is surprising, be-
cause such differences were not reported for M and P
axons (K axons were not examined) in macaque monkeys
(Freund et al., 1989). In macaque monkeys, Freund et al.
(1989) examined two aspects of GABAergic circuitry.
First, they compared the innervation of GABAergic neu-
rons in layer IV by LGN M and P axons and found no
differences. Second, they examined the relationship be-
tween the thalamic and GABAergic input to the same
neuron. As we show in owl monkeys, GABAergic synapses

Fig. 8. Several small dendritic shafts postsynaptic to parvocellular
(P) axons contain lamellar bodies that lie directly opposite to an
adherence junction, which in this figure appears directly adjacent to a
synaptic junction. The P axon shown here lies within a field contain-

ing complex synaptic relationships between several small glutama-
tergic profiles and one GABAergic profile (asterisk). Other conven-
tions are as in Figure 1. Scale bar � 0.5 �m.
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are frequently located in close proximity to M and P syn-
apses in macaque monkeys. Unlike the case in owl mon-
keys, however, no differences were seen in the proportion
of such synapses between M and P axons in macaque
monkeys. Methodology may account for the differences in
our results in owl monkeys and the results by Freund et
al. (1989) in macaque monkeys. Freund et al. (1989) ex-
amined all contacts made by four completely recon-
structed axons (2 P and 2 M axons), whereas we compared
approximately 150 labeled LGN terminals with clear syn-
apses of each type chosen from different blocks of tissue.
Therefore, our sample may have been drawn from many
different axons of each type, although the disadvantage of
our data is that we sampled from single, not serial sec-
tions. Each sampling method has advantages and disad-
vantages, and both sampling methods could be biased
based on relatively small numbers. It is also possible that
the differences reflect true species differences, because
significant size differences were found between M and P
boutons in macaque monkeys; size differences that we do
not find in the owl monkey.

In our material, M, P, and K axons not only differed
with respect to their relationship to GABAergic profiles,
but also showed other quantitative differences. As men-
tioned above, M and P axons are significantly larger than
K axons and because terminal size appears to correlate
with the number of synapses made by LGN terminals, M

and P axons can also be distinguished from K axons based
on percentages of multiple synapses made.

Functional implications

The three parallel LGN pathways in owl monkey visual
cortex (M, P, and K) terminate on separate sets of cortical
neurons but appear to use similar basic operations at the
first synapse. All three LGN axon classes communicate by
means of glutamate and synapse preferentially with den-
drites (typically spines) that also use glutamate. Such an
arrangement is not surprising given that virtually all
visual information used by the cortex must pass through
these synapses. However, it has been argued that in layer
IV of the macaque monkey, the spiny stellate cells (the
main recipient cells of input from the LGN) receive only a
small fraction of their input from the LGN (Peters and
Payne, 1993). Presumably, the same holds true for input
from M and P axons in owl monkeys given that other
studies that have examined the proportion of thalamocor-
tical synapses with spiny stellate cells also find that they
account for only a small proportion of the total number of
synapses on these cells (see Peters et al., 1994, for review).
The argument has been made that geniculocortical signals
are amplified by means of either intracortical circuits or
circuits involving feedback to the LGN (Vidyasagar et al.,
1996; Murphy and Sillito, 1996). If these amplification
circuits involve only the spiny stellate cells of layer IV, the

Fig. 9. Parvocellular (P) axons also synapse with GABAergic dendritic shafts. A labeled P axon
synapses with a GABAergic dendrite (d) that also receives synaptic input from two glutamatergic profiles
(asterisks) and one GABAergic profile (circled asterisk). Other conventions are as in Figure 1. Scale bar �
0.5 �m.
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Fig. 10. M and P axons are often found in regions of layer IV� (A) and layer IV� (B), respectively,
where they form a synaptic junction with other profiles that are engaged in complex synaptic relation-
ships. Other conventions are as in Figure 1. Scale bar � 0.5 �m in B (applies to A,B).
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Fig. 11. Quantitative comparisons of magnocellular (M), parvocel-
lular (P), and koniocellular (K) axons and their synaptic relationships.
A: Histograms compare the size distributions of M, P, and K axon
terminals. Only labeled terminals with at least one synaptic contact
were measured. The average terminal areas of M axons (	� � 1.40 �
0.65 �m2, n � 176) and P axons (	� � 1.29 � 0.54 �m2, n � 209) are
significantly larger (t test, P � 0.00001 for M and K; P � 0.0001 for P
and K) than K axon terminal areas (	� � 0.51 � 0.36 �m2, n � 131).
B: Histograms compare the percentage of M, P, and K terminals that

exhibit multiple synapses. M and P axons exhibit multiple synapses
much more frequently that do K axons. C: Histograms compare the
percentage of dendrites postsynaptic with M, P, and K axons that
receive additional synapses. In the single-section material, profiles
postsynaptic to M axons receive more synapses than those postsyn-
aptic to P axons, which, in turn, receive more synapses than those
postsynaptic to K axons. D: Histograms compare the percentage of M,
P, and K axons synapsing with dendritic spines and shafts. LGN,
lateral geniculate nucleus; GABA, �-aminobutyric acid.
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K pathway may operate differently from the M and P
pathways because spiny stellate cells are absent in layer
III (Lund, 1984). Thus, K axons, which terminate prefer-
entially in the CO-blobs of layer III, must target the spines
of either local layer III pyramidal cells or apical dendrites
of pyramidal cells arising from cells in layer V (Ding and
Casagrande, 1998). Regardless, it is clear that the ulti-
mate impact of each of the LGN signals will depend upon
knowing whether cells postsynaptic to M, P, and K LGN
axons have similar or different types of glutamate recep-
tors (Carder, 1997).

The receptive field properties of P, M, and K LGN cells
in all primates studied, including owl monkeys, can be
distinguished based on differences in spatial and temporal
frequency selectivity, as well as other criteria (Sherman et
al., 1976; Xu et al., 2001). Regardless of class, LGN cells
can, in most cases, be distinguished from their cortical
target cells. Most cells in V1 are orientation selective and
are often also direction selective. How these new receptive
field properties are constructed has been a matter of some
debate (Bonds, 1989; Douglas and Martin, 1991; Ferster
and Jagadeesh, 1991; Pei et al., 1994; Sompolinsky and
Shapley, 1997). In macaque monkeys and squirrel mon-
keys, studies have shown that cells postsynaptic to LGN P
axons within layer IV� have nonoriented receptive fields
like their LGN inputs, whereas those located in layer IV�
that receive input from M axons exhibit both orientation

and direction selectivity (Livingstone and Hubel, 1984;
Blasdel and Fitzpatrick, 1984). These observations sug-
gest either that M and P inputs are arranged differently or
that other aspects of the circuitry in IV� and IV� differ
(O’Keefe et al., 1998). There is evidence to suggest that
inhibition plays a role in constructing orientation selectiv-
ity (Sillito, 1975; Allison and Bonds, 1994; Allison et al.,
1995; Gibber et al., 2001; Roerig and Chen, 2002). Our
present electron microscopic data in owl monkeys indi-
cates that synaptic arrangements involving M, P, and K
axons exhibit differences in relationship to cortical
GABAergic circuitry. That M axons in owl monkeys are
more likely to synapse with GABAergic dendrites or with
dendrites receiving synaptic input from GABAergic inter-
neurons than P axons are supports this view. In owl mon-
keys, K axons fall intermediate between M and P axons in
these relationships to GABAergic circuits, as might be
expected from the mixture of cell types and properties
reported for the CO-blobs (Livingstone and Hubel, 1984;
T’so and Gilbert, 1988; Lennie et al., 1990; DeBruyn et al.,
1993; Leventhal et al., 1995).

V1 cells in layer IV postsynaptic to M and P axons
clearly receive their main drive from the LGN; layer IV is
traditionally considered to be the primary feedforward
input layer in sensory cortex. On the other hand, the
CO-blobs are primarily considered to be the source of cells
within the output pathway to V2 in primates, not part of

Fig. 12. Koniocellular (K) axons are often found in regions of the cytochrome oxidase blobs in layer III,
where they form a synaptic junction with several other profiles (in this example, several spines and a
small dendrite) that can be engaged in complex synaptic relationships. Other conventions are as in
Figure 1. Scale bar � 0.5 �m.
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the primary input circuit (Krubitzer and Kaas, 1990;
Casagrande and Kaas, 1994). It remains unclear whether
CO-blob cells postsynaptic to K axons are driven directly
by the K pathway. CO-blobs in owl monkeys receive not
only direct K input but also, as demonstrated by both our
light and electron microscopic data, indirect input from M
and P cellular targets in layer IV (Ding and Casagrande,
1998; Shostak et al., 2002). Thus, information from all
three pathways is combined within these compartments.
Of interest, the patterns of synaptic arrangements made
by axons projecting from layer IV to the CO-blobs, which
presumably carry the indirect signals from the M and P
pathways, are distinct from those made by K LGN axons
in these same compartments in several respects. Axons
from layer IV are more likely to synapse with dendritic
shafts than with spines, are smaller in size, and synapse
with smaller dendritic shafts than do K axons (Shostak et
al., 2002). These characteristics would suggest that axons
from layer IV (indirect M & P input) are less likely to
provide the main visual drive to CO-blob cells than K
axons. However, qualitative estimates of the number of
synapses provided by either axons from layer IV or axons
from the K pathway suggest that the numbers of each are
low and that the properties of CO-blob cells must reflect
enormous influence from other cortical sources (Ding and
Casagrande, 1998).
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