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ABSTRACT
The extrastriate visual area of the macaque monkey called MT or V5, receives its input

from multiple sources. We have previously examined the synaptic connections made by V1
cells that project to MT (Anderson et al., 1998). Here, we provide a similar analysis of the
projection from V2 to MT. The major target of the V2 projection in MT is layer 4, where it
forms clusters of asymmetric (excitatory) synapses. Unlike the V1 projection, it also forms
synapses in layers 1 and 2 and does not form synapses in layer 6. The most frequently
encountered targets of boutons labeled from V2 were spines (67% in layer 4; 82% in layer 2/3).
Unusually, only 5/12 boutons examined in layer 1 actually formed synapses. Unlike the V1
projection, multisynaptic boutons were rare (mean, 1.1 synapses per bouton vs. 1.7 for the V1
projection). Like the V1 projection, the input to MT from any point in V2 is sparse (contrib-
uting approximately 4–6% of the asymmetric synapses in the densest clusters in layer 4). The
synapses of the V2 projection were similar in size to those of the V1 projection (0.1 �m2 vs.
0.09 �m2) and both formed more complex postsynaptic densities on spines than on dendritic
shafts. The clear differences between the V1 and V2 projection to MT indicate that their
functions are complementary rather than completely overlapping. J. Comp. Neurol. 443:
56–70, 2002. © 2002 Wiley-Liss, Inc.
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The interconnections between cortical areas have been
intensively explored in the primate since anatomists be-
gan their concerted effort to trace these pathways at the
end of the 1960s. The extensive database that has since
emerged has been used to develop models of the basic
circuits of primate visual cortex, the most prominent of
which are hierarchical models (Rockland and Pandya,
1979; Friedman, 1983; Maunsell and Van Essen, 1983;
Felleman and Van Essen, 1991; Young, 1992; Jouve et al.,
1998; Sporns et al., 2000; Barone et al., 2000) that use
differences in the laminar patterns of interconnections to
define projections as feedforward, lateral, or feedback. The
anatomic studies have also formed the critical mass of
data that has been crucial for the functional exploration of
extrastriate visual cortex and for interpreting the results
from human functional imaging studies. In their extreme
simplification, the convenient divisions into feedforward,
feedback, and lateral may obscure subtle but important
differences between projections in a particular division. To
explore this possibility, we compare here the connections
made by two feedforward projections with the same target
area MT.

We have previously examined, at light and electron
microscopic level, the projection from V1 to MT, so for
comparative purposes, we made a similar analysis of the
projection from V2 to MT. The neurons that are the source
of this V2 projection have been identified by retrograde
transport of tracers (Lund et al., 1981; Maunsell and van
Essen, 1983; Ungerleider and Desimone, 1986). They are
pyramidal cells located mostly in layer 3B, with some
scattered in layers 2, 3A, and 5. With anterograde tracers
and light microscopy, Rockland (1995) found that both V1
and V2 axons terminate in the middle layers of MT, but
unlike the V1 axons, the V2 axons do not form collateral
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projections in layer 6. A subsequent electron microscopic
analysis (Anderson et al., 1998) indicated that the syn-
apses formed in MT by the V1 axons are mainly with spiny
dendrites (80%), with the remainder being with somata
and dendrites of smooth neurons The large terminal bou-
tons of the V1 afferents in MT were multisynaptic and
formed morphologically heterogeneous synaptic special-
izations. The results of the present study indicate that,
although there are basic similarities between the two pro-
jections, in that both have a dominant input to excitatory
neurons in layer 4 of MT, there are sufficient points of
difference to suggest that the feedforward pathways may
be interestingly heterogenous in the fine structure and
function of their connections.

MATERIALS AND METHODS

The material presented here was taken from two adult
female macaque monkeys (Macaca mulatta). Animals
were prepared for surgery after the administration of an
intramuscular premedication of xylazine (Rompun, Beye-
lar, 0.5 mg/kg)/ketamine (Ketalar, Parke Davis, 10 mg/
kg). This was followed by cannulation of a femoral vein for
the delivery of alphaxalone/alphadalone (Saffan, Glaxo) to
establish complete anaesthesia. Sterile surgery was car-
ried out in accordance with the guidelines of the Cantonal
Veterinary Authority of Zürich.

Each animal received pressure injections (�0.5 �l each)
of the neuronal tracers biotinylated dextran amine (BDA;
Molecular Probes, Leiden, The Netherlands) and Phaseo-
lus vulgaris leucoagglutinin (PHA-L; Vector Laboratories,
Burlingame, CA). One animal received four injections of
10% BDA in 0.01 M phosphate buffered saline pH 7.4
(PBS) and two of PHA-L in 10 nM phosphate buffer pH 7.4
(PB). The second animal received five and three injections
of the above, respectively. After a 14-day survival period,
the animals were very deeply anesthetized with i.v. pen-
tobarbital (20 mg/kg) and then perfused transcardially
with a normal saline solution, followed by a solution of 4%
paraformaldehyde, 0.3% glutaraldehyde, and 15% picric
acid in 0.1 M PB pH 7.4. The brain was removed from the
skull, and a block of cortex containing the injection site
and area MT was removed. The block was allowed to sink
in sucrose solutions of 10, 20, and 30% in 0.1 M PB.
Sections were cut from the block at 80 �m in the parasag-
ittal plane and collected in 30% sucrose in 0.1 M PB. The
sections were then freeze-thawed in liquid nitrogen and
washed in 0.1 M PB. We used standard procedures to
reveal the neuronal tracers. In brief outline; washes in
PBS were followed by 10% normal swine serum (NSS) in
PBS (1 hour). The antibody to PHA-L was diluted in the
above at 1:200 and exposed for 48 hours at 5°C. Further
washes in NSS preceded overnight exposure (5°C) to an
avidin-biotin complex (Vector ABC kit-Elite). The peroxi-
dase activity was identified by using 3,3-diaminoben-
zidene tetrahydrochloride (DAB). After assessment by
light microscopy, selected regions of tissue were treated
with 1% osmium tetroxide in 0.1 M PB. Dehydration
through alcohols (1% uranyl acetate in the 70% alcohol)
and propylene oxide allowed flat mounting in Durcupan
(Fluka) on glass slides.

Light microscopic observations of labeled axons were
carried out to locate and select regions of interest for
electron microscopy. We reconstructed individual collater-
als in the less densely innervated areas for correlated light

and electron microscopy. Serial ultrathin sections were
collected at 70-nm thickness on Pioloform-coated single-
slot copper grids. Labeled boutons were photographed at a
magnification of 21,000. Synapses and associated struc-
tures were classified by using conventional criteria. Col-
lections of serial sections were digitized and reconstructed
by using Trakem, an in-house EM-digitization package.
To measure and display the postsynaptic densities of la-
beled boutons, we used software developed by ourselves
which has been described in outline elsewhere (see Mate-
rials and Methods section; Anderson et al., 1998).

The estimates of labeled bouton density were derived by
using the physical disector method (Sterio, 1984). We se-
lected regions of particularly dense innervation by labeled
axons for re-embedding. Serial 70-nm-thick sections were
collected from these regions and a “reference” and “look-
up” section was selected. The reference and look-up sec-
tions were separated by one section. Photomicrographs
were taken with the electron microscope to form strips of
tissue, 12 to 16 images abutted together, or patches of
tissue, e.g., 2 � 8 images. All electron photomicrographs
were taken at 11,500� magnification. Synapses that were
in the reference section, but that disappeared in the
look-up section were counted. Synapses that were present
in both look-up and reference sections were not counted
(Sterio, 1984). However, all photographed labeled syn-
apses were used in some part of the following analysis.

RESULTS

Light microscopy

Each of two monkeys received pressure injections of
BDA and PHA-L into area V2 (area 18) along the crest of
the lunate gyrus (Fig. 1A). With one exception, needle
tracks were all confined to the gray matter of V2 and could
be followed through all laminae (Fig. 1B). In one animal,
the injections were made into the dorsal surface of V2, the
needle track being almost parallel to the cortical laminae.
Penetrations made in the second animal traversed the tip
of the gyrus and extended into the lunate sulcus (e.g., Fig.
1B). One track in this animal went through the white
matter. The resulting label spread over 5–7 mm mediolat-
erally. BDA labeling was poor at the injection site, but
PHA-L labeling was excellent. Labeling was densest along
the path of the penetrations. Most of the uptake was by
pyramidal cells of layer 2/3, covering most of the tip of the
gyrus, but labeled cell bodies were also found in layers 4,
5, and 6. Strong anterograde labeling was seen in striate
and extrastriate visual areas, including MT, along with
some pale-stained cell bodies (Fig. 2). The strongest trans-
port was to V1, where the retrograde labeling was similar
to that previously reported by Kennedy and Bullier (1985),
i.e., predominantly in layers 2/3 and 4B, with some sparse
cell bodies scattered along the layer 5/6 border. No cell or
terminal labeling was evident in layer 4. Patches of la-
beled axons and palely stained cell bodies were also seen
in the fundus and anterior bank of the lunate sulcus and
in the posterior bank of the superior temporal sulcus. The
distinctive myelination of MT was evident in the osmi-
cated sections, and the labeled axons terminated at a
point where MT forms a small bulge in the sulcus.

In area MT, the labeled axons entered from the white
matter and sometimes branched as they passed through
layers 5 and 6. On reaching layer 4, the axons branched
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extensively and formed synaptic boutons. This profusion
of axons and both en passant and terminaux boutons gave
an overall patchy appearance to the innervation site when
viewed at low power in the light microscope (Fig. 2). The
largest boutons were formed by axons with the thickest
diameter, but bouton size and axon diameter was highly
variable within layer 4.

Axons that projected into the more superficial layers
were more slender than the main trunks seen in layer 4.
They gave rise to en passant boutons of a fairly uniform
size (Figs. 2, 4A,B) spaced at fairly regular intervals. Most
of these axons terminated in or before upper layer 2/3.
Occasionally thicker axons, passing through layer 3,
branched before reaching layer 2 and produced a fanlike
arborization. The axon diameter in these superficial layer
axons reduced rapidly as they branched. A few axons
could be followed up to the top of layer 2 and into layer 1
(Fig. 7). Axons that branched in layer 2 and sent a projec-
tion to layer 1 were fine and produced small, mostly en
passant boutons. Axons that passed straight up to layer 1
without forming collaterals in layer 2 had larger boutons.
Layer 1 had the poorest tissue quality for light and elec-
tron microscopy.

Weak retrograde labeling (Fig. 2) was evident by palely
stained neuronal somata and proximal portions of the
dendrites, in some instances. These cells were sparse and
were clearly of a pyramidal morphology. The majority of
retrogradely labeled somata occurred in layer 6 and 2/3.
Less frequently somata could be seen within the elaborate
tangle of anterograde labeled axon collaterals in layer 4. It
was difficult to determine the nature of their morphology,
pyramidal or stellate, due to the light staining of the
somata and the intense staining of the labeled axon arbors
arising from the anterogradely labeled V2 projection. The
density of the labeling in layer 4 made it impossible to
reconstruct at a light microscope level extensive portions
of single axons. This density also made tight LM/EM cor-
relation impossible. Thus, we selected for EM analysis
areas of layer 4 with the densest labeling as determined in
the light microscope. This sample included the greatest
range of variation of bouton sizes for our EM study. The
projections to the superficial layers were sparser and this
enabled us to correlate light and electron microscopy.

Electron microscopy

We examined a total of 189 boutons from layers 1, 2/3,
and 4 (12 from layer 1, 64 from layer 2/3, and 113 from
layer 4). Of this sample, 133 boutons were serially sec-
tioned and completely reconstructed and the remaining 56
were used for estimates of synaptic density, where we
required only three sequential sections. A total of 199
labeled synapses were examined, all of which were asym-
metric (Gray’s type 1). We reproduced the electron pho-
tomicrographs of boutons from this study at approxi-
mately the same magnification as the images used in a
previous study of V1 afferent boutons in MT (Anderson et
al., 1998). This choice was made to facilitate a comparison
of the two projections to MT.

The reaction end product was dark, although of variable
intensity in different boutons. Vesicles and mitochondria
were clearly visible inside the boutons and the synaptic
clefts were not obscured by label. Myelinated axons were
also labeled, confirming that the antibody had penetrated
well, despite the insulating sheath. Small vacuoles formed
in labeled structures (e.g., Figs. 3A,B, 5A). Most boutons
were small (�0.5 �m diameter), compact structures con-
taining one or two mitochondria and a cluster of vesicles
over the region of the synaptic specialization (e.g., Figs. 3,
4, 6, 7). The synapse was indicated by the presence of
presynaptic vesicles, a synaptic cleft and a postsynaptic
density in the target structure. Occasionally, we saw a
density within the labeled bouton that was mirrored by a

Fig. 1. Location of injection sites. A: Schematic drawing of ma-
caque brain showing region in which injections were made (in zone
between filled circles) along the edge of the lunate sulcus. The V1/V2
border is indicated by the dotted line. B: Photomontage of light pho-
tomicrographs of parasagittal section of the lunate gyrus showing an
example of an injection site and label. The lunate sulcus is indicated
by an arrow and the V1/V2 border by a dotted line. Scale bar � 1 mm
in B.
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similar density within the target (Fig. 5A,B,C). In the
immediate vicinity of the presynaptic density, there were
no vesicles. This mirror-like configuration was always
seen close or adjacent to a conventional asymmetric syn-
apse and was classified as a puncta adherens (Peters et al.,
1991). We did not include these puncta in our reconstruc-
tions or estimates and measurements of synapses.

Spines. Serially sectioning the bouton, synapse, and
target structures greatly assisted in determining the type
of target that formed synapses with the labeled boutons.
We also used standard ultrastructural criteria to classify
targets (Peters et al., 1991). The most frequent targets
were small spines (Figs. 3, 4, 7). Occasionally, we were
able to trace spines back to a parent dendrite (Fig. 3B). A
second synapse from an unlabeled bouton was seen on six

of the spines and, in all cases, was of a symmetric mor-
phology (Gray’s type 2) (Fig. 3C). Only one spine was of the
short and neckless “sessile” variety. Spines were the sole
targets of the five synapses found in layer 1. Spine syn-
apses formed 58 of the 71 synapses examined in layer 2/3,
and 81 of the 121 synapses identified in layer 4.

Dendrites. Dendrites were also the targets of labeled
boutons. These were usually identified by reconstruction
from serial sections or by the presence of mitochondria
and microtubules. The majority of dendrites were of fairly
small caliber (�0.5–1 �m diameter) (Fig. 3E,D). The
larger diameter dendrites were more easily characterized,
although more infrequent (Fig. 3F). By using serial sec-
tions, dendrites could be grouped into two classes. One
class had little variation in diameter when reconstructed

Fig. 2. Light photomicrographs of cortical area V5 showing
Phaseolus vulgaris leucoagglutinin (PHA-L) -labeled axon termina-
tion zone. A: Labeled terminals form dense patches in layer 4 and
lesser projections into layer 3. Laminae and their boundaries are
indicated to the left and right. Lightly stained, retrogradely labeled
cell bodies are located in layers 3 and 6 (small arrows). B: Adjacent

section to A taken at higher-power magnification. The labeled fibres
branch profusely in layer 4 to form a dense network of axon collaterals
and terminals. Numerous small and large (small arrow) caliber axons
can be seen projecting through superficial layer 3. Laminae and their
boundaries are indicated to the left. Scale bars � 0.5 mm in A, 100 �m
in B.
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Fig. 3. Electron photomicrographs of Phaseolus vulgaris leucoag-
glutinin (PHA-L) -labeled electron dense axon and boutons located in
layer 4 of area V5. A–D: Examples of synapses formed with spines.
A: Two small boutons form asymmetric synapses (solid arrowheads)
with spines (sp). This bouton/target configuration was characteristic
of the majority of synaptic contacts seen in this study. Both boutons
and their target spines have a small profile, the bouton contains at
least one mitochondria and the remaining small space (usually above
the synapse) is vesicle filled. B: A labeled bouton forms an asymmetric
synapse (arrowhead) with a spine (sp), which can be traced back to the
parent dendrite (d) within the same section. C: A spine forms an
asymmetric synapse (large solid arrowhead) with a labeled bouton
and a symmetric synapse (open arrowhead) with an unidentified
bouton. A spine apparatus can be seen within the spine. For compar-

ison of synapses within the same picture an unidentified dendrite (d)
forms asymmetric (small solid arrowheads) and symmetric (small
arrow) synapses with unidentified boutons. D: Two spines (sp)
form asymmetric synapses (arrowheads) with a labeled bouton. The
spine to the right contains a clearly identifiable spine apparatus.
E,F: Examples of synapses formed with dendrites containing few
mitochondria, forming synapses infrequently and showing little vari-
ation in diameter. These features are characteristic of neurons with
spiny dendrites. E: A small caliber dendrite (d) forms an asymmetric
synapse with a labeled bouton (arrowhead). F: A large caliber den-
drite (d) forms an asymmetric synapse (arrowhead) with a labeled
bouton. Adjacent to the bouton is a labeled myelinated axon (m). Scale
bars � 0.5 �m in A–F.



Fig. 4. Light and electron photomicrographs of Phaseolus vulgaris
leucoagglutinin (PHA-L) -labeled axon and boutons located in layer
2/3. A: Photomontage of a single ascending collateral taken from the
middle of layers 2 and 3. Numerous varicose swellings of the en
passant and terminaux types can be clearly seen along the axon
length. B: Light microscopic reconstruction of the collateral shown in
A. The border between layers 1 and 2 is approximately 200 �m from
the uppermost bouton, and the border between layers 3 and 4 is
approximately 400 �m from the lowest point of the reconstructed
axon. The box-shaped boundary represents the area shown in the

photomontage (A). C,D: Electron photomicrographs of labeled boutons
taken from the collateral shown in A. C: A small labeled bouton forms
asymmetric synapses (arrowheads) with two spines (sp). D: A labeled
bouton forms an asymmetric synapse (solid arrowhead) with a den-
drite (d), and an unidentified bouton forms an obliquely sectioned
symmetric synapse (open arrowhead) with the same dendrite. The
dendrite shows little variation in diameter, forms synapses infre-
quently, and contains few mitochondria. Neurons with spiny den-
drites show these features. Scale bars � 20 �m in A, 40 �m in B, 0.5
�m in C,D.



and formed few synapses, which is characteristic of the
spiny dendrites of excitatory neurons. Six of the 12 den-
dritic synapses in layer 2/3 were of this variety and 9 of 19
of the completely reconstructed synapses in layer 4 were
with spiny dendrites.

Another morphology of dendrite had a widely variable
diameter (Fig. 5). A fortuitous plane of section along the
length of such a dendrite make the changes in diameter

obvious (Fig. 5C). In others, the varicose form of the den-
drite was obvious after serial reconstruction. Such den-
drites usually contained numerous mitochondria and even
in single sections would form multiple synapses with other
unidentified boutons. These dendrites are quite character-
istic of neurons with smooth, varicose, or beaded dendrites
that contain the inhibitory neurotransmitter GABA (So-
mogyi et al., 1983; Peters and Saint Marie, 1984; Kisvár-

Fig. 5. Electron photomicrographs of Phaseolus vulgaris leucoag-
glutinin (PHA-L) -labeled boutons of layer 4 forming synapses with
dendrites that contained numerous mitochondria, form many syn-
apses, and have a smooth and beaded morphology. These are features
associated with GABA-ergic neurons with smooth dendrites. The mor-
phology of the dendrite was determined by serial section reconstruc-
tion. A: A large labeled bouton forms an asymmetric synapse (solid
arrowhead) and a puncta adherens (small arrow) with a dendrite (d).
The puncta appears as a density seen within the dendrite. It was
situated adjacent to the asymmetric synapse and opposite the sym-
metric synapse. The dendrite also forms a symmetric synapse (open
arrowhead) with an unidentified bouton. B: A higher-power photomi-
crograph of the dendrite (d) showing detail of the puncta and synapses

indicated in B. The two synapses are indicated as in A. The puncta can
be characterized by the density seen within the dendrite (black arrow)
and a similar density within the labeled bouton (white arrow; the
density appears gray against the black reaction product). Synaptic
vesicles are clearly absent in the vicinity of the density within the
bouton and present in the region presynaptic to the asymmetric
synapse. C: A labeled bouton forms a synapse (large arrowhead) with
a dendrite (d) that is of variable diameter. The dendrite contains
several mitochondria within the segment of greatest diameter, and
three asymmetric synapses (small solid arrowheads) form with un-
identified boutons as the dendrite narrows rapidly. One of the boutons
also forms a puncta (arrows) with the dendrite. Scale bars � 0.5 �m
in A–C.
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day et al., 1985; Ahmed et al., 1997). A surprisingly high
proportion of serially reconstructed target dendrites had
the features of smooth (GABAergic) neurons. In layer 2/3,
6 of 12 labeled synapses formed on these dendrites, and 10
of 19 synapses (52%) in layer 4 formed on smooth den-
drites. By comparison, only 26% of the dendritic targets of
the V1 projection to MT were smooth dendrites (Anderson
et al., 1998). The only target that could be demonstrated to
receive multiple synapses (3) from a labeled bouton was a
smooth dendrite located in layer 2/3.

Somata. Only two neuronal somata were found to
form synapses with labeled boutons (Fig. 6). Both of these
synapses were from tiny boutons forming equally tiny
synapses. One of these target soma was located in layer 4
and contained few mitochondria and organelles of the
perikaryon and formed few synapses other than symmet-
ric synapses. These features are generally attributed to
neurons with spiny dendrites or excitatory neurons. The

second soma was in layer 2/3. It contained numerous
mitochondria, showed a lot of rough endoplasmic reticu-
lum and formed asymmetric synapses with nonlabeled
boutons. This finding is characteristic of a GABAergic cell
soma, where asymmetric synapses on the soma are com-
mon.

Layer 1. We examined two axons projecting to layer 1
(Fig. 7). One axon showed labeling of a quality as we had
seen in other laminae (left in Fig. 7A). The postsynaptic
densities and synaptic clefts were clearly identified (Fig.
7B). The labeling of the second axon was very intense
(right in Fig. 7A) and affected the structures surrounding
the bouton. Only one bouton and its synapse could be used
from this collateral (Fig. 7C). Only 5 of 12 of the optimally
preserved boutons examined from layer 1 showed any
synaptic specialization. However, the boutons all con-
tained mitochondria and were filled with vesicles. The
same collateral that provided most of the layer 1 data was

Fig. 6. Electron photomicrographs of labeled boutons in synaptic
contact with soma. A,B: Bouton and soma from layer 4. A: Low-power
electron photomicrograph of soma (s) forming an asymmetric synapse
(solid arrowhead) with a small labeled bouton. The soma contains few
mitochondria or organelles of the perikaryon and formed few synapses
other than symmetric synapses (open arrowheads). These features are
observed in excitatory neurons with spiny dendrites. B: High-power
image of detail of the asymmetric synapse (solid arrowhead) indicated
in A. C: Low-power electron photomicrograph of soma (s) from layer 3

in contact with labeled bouton (large arrowhead). The soma contained
numerous mitochondria and perikaryal organelles as well as forming
asymmetric synapses (small arrowheads) with unidentified boutons.
These features are associated with �-aminobutyric acid–containing
neurons with smooth dendrites. D: High-power view of the adjacent
section to that shown in C of the labeled bouton forming an asymmet-
ric synapse (large arrowhead). For comparison of synapses, an adja-
cent asymmetric synapse (small arrowhead) formed by an unidenti-
fied bouton is included. Scale bars � 1 �m in A,C, 0.5 �m in B,D.
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also examined in layer 2. Six labeled boutons located
slightly deeper (�10 �m) in the cortex at the border of
layers 1 and 2 were examined and all formed synapses.
Boutons in layer 1, synaptic or nonsynaptic, were also
invaded by one or sometimes two nonlabeled structures,
usually identifiable as boutons. All of the identified syn-
aptic targets in layer 1 were spines.

Postsynaptic density. Reconstructing the bouton and
its target gave us the opportunity to view the complete
postsynaptic density as a two-dimensional (2-D) or 3-D
structure. We have used this technique previously to ob-
tain values of the surface area of synapses (Anderson et
el., 1998). By focusing on the postsynaptic specialization
rather than the presynaptic membrane, we avoided detail
being obscured by reaction end-product in the bouton. We
show a 2-D projection of the postsynaptic densities in
Figure 8. There was no difference seen in the distributions
of the areas of synapses made with the two main target
types, spines and dendrites. Both had a mean of approxi-
mately 0.09 �m2. When comparing synapses from differ-

ent laminae, the distributions overlapped considerably
(Fig. 9). Nevertheless, the layer 2/3 synapses were signif-
icantly smaller (mean, 0.076 �m2; SEM, 0.004) than those
of layer 4 (mean, 0.107 �m2; SEM, 0.008) (P � 0.0008, two
tailed t test). This significant difference was caused
mainly by the higher frequency of very small synaptic
areas seen in layers 2/3.

The postsynaptic density can be perforated giving it a
doughnut or horseshoe morphology, as opposed to a simple
disc. Figure 8 shows that the synapses with the more
complex morphology are often formed with spines. A sim-
ilar observation was made in the study of synapses made
by V1 afferent boutons in area MT. However, the synapses
formed by the V2 afferent boutons did not reach the de-
gree of variety seen for the synapses of V1 boutons (Ander-
son et al., 1998). The mean size of the synapses of V2 in
layer 4 (mean, 0.107 �m2; SEM, 0.008) was slightly larger
than that of the V1 boutons in layer 4 (mean, 0.093 �m2;
SEM, 0.007) (Fig. 10), but the difference was not signifi-
cant (P � 0.2, two tailed t test). The synapses of V1

Fig. 7. Reconstructions and electron photomicrographs of the most
superficially projecting Phaseolus vulgaris leucoagglutinin (PHA-L)
-labeled axons. A: Two light microscopic reconstructions of axons
projecting to layers 1 and 2. The axon on the left produces many
collaterals and varicose swellings in layer 2 and continues with a
smaller projection into layer 1. The axon on the right projects directly
to layer 1 before producing collaterals or swellings. The laminae are
indicated to the left. B: A labeled layer 1 bouton taken from the

left-hand axon shown in A. The bouton forms an asymmetric synapse
(arrowhead) with a spine (sp) and wraps around the circumference of
the spine. C: A labeled layer 1 bouton taken from the right-hand axon
shown in A forming an asymmetric synapse (solid arrowhead) with a
spine (sp). Only half of the bouton swellings of layer 1 examined in the
electron microscope formed synapses, although all were filled with
vesicles. Scale bars � 10 �m in A, 0.5 �m in B,C.
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boutons in MT tended to show more perforations. This
condition gave the V1 synapses a more fragmented ap-
pearance. Some spines would form two synapses with V1
boutons, on opposite sides of the same spine head. The V1
synapses formed with somata were small, but beneath one
bouton, there could be up to five separate active zones.

Target types. The most frequently encountered tar-
get of V2 labeled boutons were spines. The difference
between boutons from the different principal laminae of
innervation was the proportion of spines to dendrites as
targets (Fig. 11). For this reason, we have not pooled the
data from different laminae. In layer 4, 67% of the labeled

Fig. 8. Two-dimensional projection of the reconstructed postsynaptic densities found on spines, soma,
and dendrites postsynaptic to V2-labeled boutons in area V5. The densities are ordered by increasing
surface area. Scale bar � 1 �m.
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synapses were formed with spines and 31% formed with
dendritic shafts. This compares well with the quantitative
disector analysis of layer 4, where we discovered that 65%
of the targets that form asymmetric synapses were spines,
with dendritic shafts forming the remaining 35% (n �
419). In layer 2/3, 82% of the synapses were formed with
spines and 17% with dendritic shafts. A disector analysis
was not made for layers 2/3. Neuronal somata accounted
for approximately 1% of synaptic targets in both laminae.
As indicated above (see Dendrites), smooth neurons pro-
vided approximately half of the dendritic shaft targets in
layers 4 and 2/3. The two sections used for the disector
analysis of layer 4 were too few to permit an accurate
subdivision of the dendritic shafts into smooth and spiny
types. Serial reconstructions indicated that most boutons
made only one synapse and only rarely more than two
synapses (Figs. 3D, 4C, 12). On average, there were 1.1
synapses per labeled bouton.

Synaptic density measurements. To estimate the
relative proportion of synapses being contributed by V2 to
area MT, we made an unbiased stereologic analysis of
layer 4. We selected two sections from one animal in which
the labeling was particularly dense. In Figure 2, we see
that the terminal labeling in layer 4 has a patchy appear-
ance. We selected regions from within the densest patches
for our analysis by using the unbiased disector method
(Sterio, 1984). We counted only those labeled synapses
that disappeared in the “look-up” section when compared
with a near adjacent “reference” section. Although the
blocks of tissue used for re-embedding were selected from
the densest zones of innervation, the distribution of la-
beled synapses in any ultrathin section could vary greatly.
If the disector region was selected by using nonbiased
features such as the edge of the tissue or a scratch on the
block face, we counted no labeled synapses. If we selected
the location of the disector by finding a labeled bouton and
then sampling in the vicinity, we counted 5% (11 of 218)
and 4.9% (10 of 205) of disappearing labeled synapses. The
form of the disector altered the number of observations.

Fig. 9. Histogram of the distribution of postsynaptic areas (�m2)
formed by labeled V2 boutons in layers 2/3 (n � 53) and 4 (n � 46) of
areaV5.

Fig. 10. Histogram of the distributions of postsynaptic areas (�m2)
formed by labeled V1 (n � 81) and V2 (n � 46) boutons in layer 4 of
area V5.

Fig. 11. Histogram of the synaptic targets of labeled V2 boutons in
area V5. For layer 2/3, n � 53; for layer 4, n � 46.

Fig. 12. Histogram of the number of synapses formed per labeled
bouton in layers 2/3 and 4 of area V5.
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Strips of tissue tended to give lower values (3.8%; 8 of 211)
than patches of tissue (6.2%; 13 of 211). This may indicate
that even the most prolifically innervated regions of layer
4 have another, local level of “ultrastructural” organiza-
tion.

Axons and myelin. The conduction times from V1 to
MT are known (1.0–1.7 msec, Movshon and Newsome,
1996), but those for the V2 projection are not. As the axon
diameter gives some indication of the relative conduction
velocities of the axons, we compared the diameters of
axons originating in V1 with those originating in V2. We
measured in the light microscope the axon diameters of
axons labeled from V1 and V2 as they entered MT but
before they branched in the gray matter (Fig. 13). Axons
originating in V1 and V2 have similar diameters. The
terminal arbors also show a reduction in diameter, and
this could also contribute significantly to the conduction
times. We used electron microscopy to examine the diam-
eters of the myelinated segments of the terminal arbors in
layer 4 (Fig. 14) and found that again the V1 and V2 axons
were comparable. These findings suggest that the axon
conduction velocities of the two projections may be quite
similar.

DISCUSSION

Both the V1 and the V2 projection to MT are classified
as “feedforward” projections in that their dominant target
is layer 4 of MT. However, they also differ in several
important respects, including the fact that the layers of
origin in the two areas are different. The V1 projection
originates from large pyramids in 5–6 and the spiny stel-
late and pyramidal cells of layer 4B (Elston and Rosa,
1997), whereas the V2 projection originates mainly from
pyramidal cells in layer 3B (Lund et al., 1981; Maunsell
and Van Essen, 1983; Ungerleider and Desimone, 1986;
Shipp and Zeki, 1989). Unlike the V1 axons, the V2 axons
did not innervate the deep layers, and unlike the V1
projection, V2 did innervate the superficial layers, includ-
ing layer 1. This finding confirms the pattern of the V2 to

MT described previously by Rockland (1995). At the ultra-
structural level, we discovered that the V2 axons did not
form the elaborated and large multisynaptic boutons of
the V1 projection to layer 4 (Anderson et al., 1998). The
smaller boutons of the V2 projection could reflect a com-
paratively diminished activity of the V2 vs. the V1 path-
way.

In some important respects, the differences between the
V1 and V2 projection to MT mirror those of the thalamic
projections to V1, where the relay cells in the parvicellular
and magnocellular layers of the dorsal lateral geniculate
nucleus provide the input to layers 4 and 6 through large
multisynaptic boutons (Winfield et al., 1982, Freund et al.
1989), whereas the koniocellular layers project to layers
1–3. As yet, however, we only know a fragment of physi-
ology of the V1 neurons that project to MT and nothing of
the neurons that project from V2. In a “rather trying”
study, Movshon and Newsome (1996) used antidromic ac-
tivation to identify 12 V1 neurons projecting to MT. Most

Fig. 13. Histogram of the distributions of diameters of labeled V1
and V2 axons near the border between the white matter and layer 6.
All measurements were made with the light microscope by using a
100� oil immersion objective.

Fig. 14. Relationship between axon diameter and the thickness
(�m) of the associated myelin sheath. All measurements were made in
layer 4. A: Nonlabeled (open squares) and V2 labeled (filled diamonds)
axons in area V5. B: Labeled axons in V5 originating from neurons
located in areas V1 (open squares) and V2 (filled diamonds).
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of these neurons were strongly directional, had special
complex receptive fields, and were unusually sensitive to
low contrast characteristic of the magnocellular pathway.
The equivalent study in V2 has yet to be done, but it seems
plausible that as with the different thalamocortical
streams, each path conveys different aspects of a given
stimulus to the target area. The difference in termination
pattern would then reflect the differences in local process-
ing required for the given signal, differences in the further
destinations of the signal, or both.

If the retrogradely filled cells in V1 included those that
project to MT, they might have contributed to the labeling
in V2. However, PHA-L or BDA did not give Golgi-like
filling of the local axon collaterals of the retrogradely
labeled neurons. Together with the above observations of
the key differences between the V1 and V2 projections to
MT, it was highly unlikely that retrogradely filled cells
contributed to the axonal labeling in MT. The proportion
of synapses contributed by the injected area in V2 was
tiny, only approximately 4–6% of all excitatory synapses
in the densest portions of the terminal arbors. However, it
is clear that this underestimates the contribution of V2 to
MT, because there is extensive convergence of V2 neurons
upon MT (Shipp and Zeki, 1985) and our localized injec-
tions would label only a subset of these.

The ultrastructural features of the synapses and their
targets indicate that the V2 axons in layer 4 form putative
excitatory synapses with spiny (putative excitatory) neu-
rons. The electron microscopic analysis showed that, in
layer 2/3, there was a decrease in the number of dendritic
shafts that were targets. This may simply reflect a differ-
ent selectivity of the presynaptic axons in the different
layers. Alternatively, there may simply be fewer spines
in layer 4 with which they can form synapses. Some
support for this idea comes from the studies of Elston
and Rosa (1997), which indicate that pyramidal cells in
layer 3 of MT have larger basal dendrites and slightly
higher peak spine densities (7.95 spines/10 �m) than
the equivalent layer 3 (4B) pyramids in area 17 (5.79
spines/10 �m). This increased density may provide for
more spine targets for the V2 projection to the superfi-
cial layers of MT.

The more complicated geometry of the postsynaptic den-
sity on spine synapses, which we first noted for the V1
projection to MT, was repeated in the V2 projection, albeit
in a less florid form. The reason for the frequent appear-
ance of a doughnut or horseshoe-shaped postsynaptic den-
sity on spines, in particular, remains unclear, but one
possibility is that it constitutes some optimal geometry for
the diffusion of neurotransmitter to both synaptic and
possibly extrasynaptically located receptors (see Discus-
sion section in Anderson et al., 1998). Thus, an analysis of
the spatial distribution of the various receptor subtypes in
these synapses might be fruitful.

The clustering of terminals in layer 4 of the V2 projec-
tion is typical of many cortical projections. The projection
from V1 to MT also clusters in layer 4 (Rockland, 1989)
and so might interdigitate with the V2 projection, but, as
yet, there is no evidence for this. Earlier studies on the
cells of origin of the V1 projection in layers 4B and 6
indicated that the cells were not clearly organized in slabs
or blobs (Lund et al., 1975; Shipp and Zeki, 1989), but
recent work of Boyd and Casagrande (1999) does show the
projection cells co-aligned with cytochrome blobs in three
species, including macaque. The V2 projection to MT

arises from clusters of neurons that lie within regions of
intense cytochrome oxidase staining, known as the “thick
stripes” (Livingstone and Hubel, 1983). MT itself shows
indications of clustered physiology in the macaque, e.g.,
neurons with common direction preference are clustered
together (Albright et al., 1984). In MT of the owl monkey,
distinct functional and anatomic columns exist for pro-
cessing local vs. wide field motion (Berezovskii and Born,
2000). This parallelism is a familiar picture in V1 and V2
and evidently is found even in apparently more special-
ized visual areas like MT.

Although the properties of neurons in different cortical
areas have been extensively studied, the role of the mul-
tiple interareal connections remains obscure. Rostral
visual areas receive convergent projections from the pos-
terior areas, which themselves are extensively intercon-
nected. Thus, for example, area MT receives direct projec-
tions from all the caudal visual areas, including V1, V2,
V3, V3A, VP, PO, and V4 (see Felleman and Van Essen,
1991). These same areas also receive feedforward connec-
tions from their more caudal relations. Neurons in MT, in
common with other rostral areas, receive feedforward in-
puts that are temporally staggered in onset and can be
tens to hundreds of msec in duration. The earliest activa-
tion is found in V1; subsequently, neurons in V3 and MT
become active; and then, even later, neurons in V2 and V4
become active (Raiguel et al., 1989, 1999; Munk et al.,
1995; Nowak et al., 1995; Schmolesky et al., 1998).

In all of these areas, the latency and duration of the
response also varies according to laminar location of the
neurons. Part of the differences of latency of response may
be due to conduction times. As yet, the transmission times
of the intra-areal axons have only been measured, with
difficulty, for the feedforward projection from V1 to MT
(Movshon and Newsome, 1996). An additional clue to the
conduction times comes from measurements of the diam-
eter and myelination of the axons.

Rockland (1995) commented on the much smaller cali-
ber of the myelinated axons originating in V2 compared
with those originating in V1 (�1 �m vs. �3 �m). The
largest pyramidal cells in V1, the Meynert cells, project to
MT (Fries et al., 1985) and are likely to have very large
axons. Our light microscopic measurements of the diam-
eter of the axons in the white matter beneath MT indi-
cated that, although there are indeed some very large
axons, they can arise from both V1 and V2. Sampling from
this population indicates that, on entering MT, the V2
axons have similar diameters to the V1 axons (mean di-
ameter: V2 � 1.6 �m, V1 � 1.7 �m). Because a significant
length of an axon is also contained in its terminal arbor,
where the axons branch extensively and become thinner,
the terminal arbor might contribute significantly to the
total conduction time. A comparison at electron micro-
scope level of the myelinated portions of the terminal
arbors in layer 4 indicated that the diameter of V1 and V2
collaterals were also comparable. Taken altogether, its
seems that whatever differences of axon diameter might
exist at their source, these differences are virtually
washed out by the time the axons reach MT. This find-
ing means that the spread of visual latencies in MT is
probably more due to the times of processing within the
antecedent visual areas and not in the transmission
times.

The role of the multiple projections to single extrastri-
ate cortical areas remains speculative. Of course, it is
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supposed that the different streams bring different com-
ponents to the computation being carried out by local
circuits. Functionally, however, it has been difficult to
separate out the different sources of input to MT. When
the input to MT from V1 is removed, by ablation (Rodman
et al., 1990) or cooling (Girard et al., 1992), some function
remains. However, this residual function cannot be car-
ried by the V2 projection, because V2 itself is silenced by
inactivation of V1 (Schiller and Malpeli, 1977; Girard and
Bullier, 1989), thus, it is possible that the V2 projection to
MT provides some overlapping functions with the projec-
tion from V1.

Interesting evidence for the V2 pathway to MT has
emerged from human studies. For example, Vaina et al.
(2000) have studied a patient with a selective lesion in V2.
He was found to be impaired in several motion tasks,
including those involving first order, but not second-order
motion. One possible interpretation is that the loss of the
V2 input to MT produces this effect. One human model
that uses the V2 connection as the major drive to MT is
that of Friston and Buchel (2000). Their evidence from
human functional magnetic resonance imaging was that
the hemodynamic responses recorded in the human MT
and in posterior parietal cortex are enhanced by attention
during visual motion, but the responses in pulvinar and
V2 are not. They proposed a model in which the connection
between V2 and MT was modulated by afferents of the
parietal cortex. In their model, V2 and pulvinar provided
“driving” inputs to MT, whereas the posterior parietal
cortex provided an attentional signal that augmented the
V2 input in a nonlinear way. Their model indicates that
the activity in the posterior parietal cortex could account
for a significant component of the V5 responses under
conditions of attention. In this model, the V2 afferents
have no different role from “driving” inputs from any other
cortical area, e.g., V1. Nevertheless, such models offer a
means of exploring this interesting question in other pri-
mate species.
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