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ABSTRACT

The goal of this present study was to derive a new estimate of the synaptic contribution
of the dorsal lateral geniculate nucleus (dLLGN) to the subdivisions of its main recipient layer,
layer 4C, of striate cortex of macaque monkey. The projection from the dLGN and its terminal
boutons within layer 4C were visualized by immunodetection of the calcium binding protein,
parvalbumin (PV), which is expressed in relay cells of the dLGN. The proportion of asym-
metric synapses formed by PV-positive boutons within the a and B sublayers of 4C was
estimated by using a nonbiased stereological counting method. The proportion of asymmetric
synapses contributed by the PV-positive boutons to layer 4Ca is 8.7%; to 4CB is 6.9%.
Assuming all the PV-positive asymmetric synapses derive from the dLGN relay cells, this
gives a ratio of dLGN synapses per neuron of 192 in layer 4Ca and 128 in layer 4CB. Thus,
the recurrent excitatory input from neighboring cortical neurons must play an important part
in responses of the neurons lying at the input stage of the cortical circuit. J. Comp. Neurol.
419:306-319, 2000. © 2000 Wiley-Liss, Inc.
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disector method

Physiological studies in the monkey primate visual
cortex have shown that most neurons in the main
thalamorecipient layer, (layer 4C) are not only the “sim-
ple” type found in layer 4 of the cat, but may resemble
more those of the dorsal lateral geniculate (dLGN) neu-
rons, particularly in layer 4CB3 (Hubel and Wiesel, 1968;
Blasdel and Fitzpatrick, 1984; Hawken and Parker,
1984; Livingstone and Hubel, 1984). However, some
simple and complex cells are found mixed with non-
orientated cells in layer 4C (Blasdel and Fitzpatrick,
1984; Hawken and Parker, 1984; Leventhal et al.,
1995). The reasons for this very marked difference be-
tween cat and monkey are unknown, but differences in
the convergence of the dLGN afferents may be a con-
tributing factor. In the cat, it is estimated that about
300 of the 5,000 excitatory synapses formed with each
layer 4 neuron originate from the dLGN (Peters and
Payne, 1993; Ahmed et al., 1997). In the monkey, Peters
et al. (1994) have estimated that only 18—-40 synapses
per layer 4Ca neuron originate from the magnocellular
layers of the dLGN, and between 37 and 191 synapses
per layer 4CB neuron originate from the parvicellular
layers of the dLGN. These remarkably low numbers
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correspond to a contribution from the dLGN of less than
2% of synapses in layer 4Ca and 4-9% of the synapses
in layer 4Cp.

The estimates by Peters et al. (1994) were derived by
calculation from a diverse collection of data. Unfortu-
nately, direct studies in the monkey are rare. Garey and
Powell (1971) used degeneration methods to determine
that between 5% and 10% of the synapses in layer 4C of
the macaque monkey originate from the dLGN. Their
sampling and counting methods and data were not re-
ported. The New World monkey has provided yet other
numbers. Tigges and Tigges (1979) reported that on aver-
age 16-19% of the boutons in layer 4 of the squirrel
monkey degenerated after making a lesion in the dLGN,
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but that individual patches could show as high as 29%,
which they thought was closer to the “real” number.

DeFelipe and Jones (1991) studied the mode of termi-
nation of the dLGN afferents in layer 4CB by exploiting
the fact that the relay neurons in the dLGN of the ma-
caque monkey contain the calcium-binding protein, parv-
albumin (PV; Jones and Hendry, 1989). They discovered
that the thalamic terminals concentrated in “microzones”
of 10-50 pm diameter, in which thalamic synapses formed
about 32% of the asymmetric synapses. Outside the mi-
crozones, the thalamic synapses contributed 9% of asym-
metric synapses. Their “preliminary quantitative analy-
sis” of the density of the microzones was that there were
3—8 microzones per 10,000 um? and that the patches were
10 X 20 um? in size, i.e., the microzones occupy ~11% of
layer 4CB. On the basis of these numbers, we calculate
that the higher density of PV in the microzones contrib-
utes to an overall mean proportion of dLGN synapses in
layer 4CB of 10.4% of asymmetric synapses. The equiva-
lent numbers for 4Ca were not given (DeFelipe and Jones,
1991).

An accurate determination of the proportion of dLGN
synapses in the monkey is important for a number of
reasons. We need to discover whether the physiological
differences in layer 4 receptive fields between cat and
monkey is related to the proportion of dLGN synapses
that single cells receive. In the monkey, single dLGN
afferents might provide more of the excitatory drive to
single neurons in layer 4 (Blasdel and Lund, 1983; Blasdel
and Fitzpatrick, 1984) so that the receptive field would
resemble more those of individual dLGN neurons. Against
this possibility, Peters et al. (1994) estimated that the 4Ca
cells receive a much smaller input from the dLGN than
the 4CpB cells. We need to find out whether the geniculo-
cortical projection in the monkey is quantitatively differ-
ent from the cat. If the percentage of dLGN synapses
formed on any neuron is high, then the dLGN should
dominate the responses of the neurons. Alternatively, a
low proportion of dLGN synapses in the monkey would
also indicate that other sources of excitatory synapses
must contribute significantly to the responses of layer 4
cells.

For these reasons, we have made a new electron micro-
scopic study of the geniculocortical projection to layer 4C
in the macaque monkey. Instead of using the conventional
methods of degeneration or anterograde tracers, we ex-
ploited the fact that the dLGN relay cells appear to be the
principal source of parvalbumin-positive (PV+) boutons
that form asymmetric synapses in layer 4C (Jones and
Hendry, 1989; DeFelipe and Jones, 1991). This meant that
the geniculocortical projection could be identified directly
in normal rather than experimental material obtained
from conventional tracing methods. Our results indicated
that about 8% of the asymmetric synapses in layer 4C
were formed by PV+ boutons. This percentage translates
to a convergence of dLGN synapses per layer 4 neuron for
both 4Ca and 4Cp that is comparable to the value found in
the cat.

MATERIALS AND METHODS
Tissue preparation

Material was obtained from six adult macaque monkeys
(Macaca fascicularis) that had been used in prior physio-
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logical experiments, which involved single unit recording
from one hemisphere. All tissue used here was taken from
the opposite hemisphere. Monkeys were deeply anesthe-
tized with a dose of Nembutal (80-100 mg/kg) and per-
fused transcardially, first with physiological saline, fol-
lowed by a fixative made up in 0.1 M phosphate buffer
(PB) pH 7.4. The fixatives used were: (1) 4% paraformal-
dehyde with 0.025% glutaraldehyde (one monkey), (2)
2-2.5% paraformaldehyde with 0.3—-0.6% glutaraldehyde
(two monkeys), (3) 4% paraformaldehyde, 0.3% glutaral-
dehyde, and ~ 0.2% picric acid (one monkey), or (4) 2.5%
paraformaldehyde, 0.05% glutaraldehyde, and ~ 0.2%
picric acid (two monkeys). The 3 monkeys perfused with-
out picric acid in the fixative were used for the electron
microscopy study of synapses within layer 4C of striate
cortex. The other 3 monkeys were used in single and
double immunocytochemical labeling experiments on sec-
tions of the dLGN.

Blocks of striate cortex and the dLGN were taken from
the intact hemispheres of all experimental monkeys, and
cut in the sagittal and frontal planes, respectively, and
washed overnight in 0.1 M PB. The blocks were cryopro-
tected first in 10% and then 20% sucrose made up in 0.1 M
PB, frozen in liquid nitrogen, and thawed in 0.1 M PB in
an attempt to improve penetration of immunoreagents.
Sections were cut on a vibratome (70 wm) and washed in
repeated changes of 0.1 M PB (5 X 30 minutes). In some
cases, alternate sections of striate cortex were stained for
cytochrome oxidase (CO; Wong-Riley, 1979). The pattern
of the cytochrome oxidase distribution was used to aid in
defining the laminar borders (Fitzpatrick et al., 1985).
These experiments were carried out under an animal re-
search license granted by the Cantonal Veterinary Au-
thority of Zirich.

Parvalbumin immunocytochemistry

Free-floating sections from both the striate cortex and
the dLGN were first incubated in 20% normal goat serum
(NGS) for 40 minutes at room temperature (RT), followed
by a 3-day incubation at 4°C in a mouse-anti-PV antibody
(SWant, Bellinzona, Switzerland; 1:20,000) diluted in 2%
NGS in 0.05 M Tris-buffered saline (TBS) pH 7.4. After
extensive washing in TBS (3 X 30 minutes), the sections
were incubated overnight at 4°C in a biotinylated goat
anti-mouse antibody (Vector Laboratories, Peterborough,
England; 1:200) followed by a 6-hour incubation at RT in
an avidin-biotin-peroxidase complex (ABC; Vector Labo-
ratories, Peterborough, England; 1:100). Antigenic sites
were visualized with standard 3-3'-diaminobenzidine tet-
rahydrochloride (DAB; Sigma, Buchs, Switzerland) histo-
chemistry. Sections for light microscopy were mounted
onto gelatinized slides, air-dried, dehydrated, and cover-
slipped in Entellan (Merck, Dietikon, Switzerland). Sec-
tions for electron microscopy were postfixed in a solution
of 1% osmium tetroxide in 0.1 M. PB, contrasted with 1%
uranyl acetate dissolved in 70% ethanol for 1 hour, dehy-
drated, and flat-embedded onto slides in Durcupan ACM
resin (Fluka, Buchs, Switzerland).

CaM II kinase immunohistochemistry

In addition, free-floating sections of the dLGN were
immunoreacted for the type II calmodulin-dependent pro-
tein kinase (CaM II kinase). In the macaque dLGN, this
kinase has been shown to be expressed by the population
of koniocellular (K) cells. The “K” cells largely occupy the
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“S” and “interlaminar” layers (Hendry and Yoshioka,
1994) and project to the cytochrome oxidase puffs in layers
II and III (Hendry and Yoshioka, 1994; Hendry and
Calkins, 1998). Moreover, some cells are found randomly
scattered throughout the principal layers or in the form of
“bridges” (Hendry and Yoshioka, 1994).

After incubation of sections in 20% NGS for 40 minutes,
sections were incubated for 2 days at 4°C in a mouse-anti-
CaM II kinase antibody (Béehringer Mannheim, Rot-
kreuz, Switzerland; 1:100). A biotinylated goat-anti-
mouse antibody (Vector Laboratories, Peterborough,
England; 1:200) was used as the secondary link antibody
before incubation of the sections for 1 ¥4 hours at RT in the
ABC complex. Antigenic sites were revealed with stan-
dard DAB histochemistry. Sections were postfixed in 1%
osmium tetroxide, dehydrated, and flat-embedded onto
slides in Durcupan ACM. The distribution of the CaM II
kinase-immunoreactive cells in the dLGN were analyzed
and drawn under a microscope with drawing tube attach-
ment (Fig. 2A).

Double labeling parvalbumin/GABA
immunohistochemistry

To verify whether all relay cells projecting to layer 4C
were PV+, an antibody for gamma-aminobutyric acid
(GABA) was used in conjunction with a PV antibody to
differentiate relay cells from local circuit neurons in the
dLGN. Free-floating sections of the dLGN were preincu-
bated in 20% NGS for 40 minutes at RT, before a 3-day
incubation at 4°C in a mixture of rabbit-anti-PV antibody
(SWant, Bellinzona, Switzerland; 1:3,000) and rat-anti-
GABA antibody (NT 103, Eugene Tech. International Inc.;
1: 250), which had been diluted in 2% NGS. After exten-
sive washing in TBS (3 X 30 minutes), sections were
incubated overnight at 4°C in a mixture of goat-anti-
rabbit antibody (ICN, Basingstoke, England; 1:50) and
biotinylated goat-anti-rat antibody (Vector Laboratories,
Peterborough, England; 1:200). Antigenic sites for GABA
were revealed after further incubation in the ABC com-
plex (1:100) by using a method of heavy metal intensifica-
tion of DAB (Hsu and Soban, 1983) which resulted in a
blue/black reaction end product. Antigenic sites for PV
were revealed by further incubation of sections in a rabbit
anti-peroxidase complex (Dakopatts, Ely, England; 1:100)
and standard DAB histochemistry, which resulted in a
brown reaction end product. The sections were mounted
onto gelatin-coated slides and air-dried overnight, prior to
light counterstaining of sections with toluidine Dblue.
Staining the tissue with toluidine blue served to identify
and separate the unlabeled neurons and glial cells from
neurons labeled immunohistochemically.

Sections from both the posterior and more central por-
tions of the dLGN were analyzed for nonimmunolabeled
somatic profiles. Vertical strips, extending from dorsal to
ventral, through all layers, were taken from the central
region of the sections. These covered an area of approxi-
mately 2 mm? On two sections, one from the posterior
portion, the other more central to this, all immunolabeled
somatic profiles and histochemically labeled profiles on
the cut surface of the tissue lying within the strip, were
drawn and analyzed at X40 magnification on a microscope
with camera lucida attachment. Any somatic profile that
appeared to be nonimmunolabeled was verified with oil
immersion at X100 magnification.
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Control incubations

As controls for specific immunoreactivity, sections of
both the dLGN and striate cortex were incubated with the
omission of the primary antibodies or secondary link an-
tibody. Under these conditions, immunoreactivity resem-
bling those obtained by using the specific antibodies could
not be detected.

Quantification of synapses

Tissue was taken from each sublayer of layer 4C (4Ca
and 4Cp) of the striate cortex, from the opercular region of
the parafoveal representation and reembedded into
blocks. The sublayers were delineated according to the
scheme of Fitzpatrick et al. (1985). Layer 4C was divided
into two equal halves; the upper half was defined as layer
4Caq, and the lower as layer 4CB. Due to limited antibody
penetration, serial ultrathin sections were only taken
from the cut surface of the tissue to a depth of 5 pm and
collected on single slot pioloform coated copper grids.

Synapses were quantified based on the physical disector
method (Sterio, 1984; Gundersen, 1986; Coggeshall and
Lekan, 1996; Geinisman et al., 1996). The method entails
using two randomly chosen sections to make a “disector”
pair. The first section is referred to as the “reference
section,” the second as the “look-up” section. In this study,
the “look-up” section of the disector was always the second
section after the reference section. Disectors were taken
only in areas from the upper part of layer 4Ca and lower
part of layer 4CpB. Disectors were not taken from the
middle of layer 4C to avoid any possible overlap between
the sublayers. Sections were analyzed on a Philips CM 100
electron microscope and photographed at xX11,500 magni-
fication. Only synapses that “disappeared” in the “look-up”
section were identified and counted.

The numerical density of synapses (number per unit
volume, Nv) was derived using the disector method, and
calculated according to the formula:

2Q-
Nv = a X h
where Q- is the number of synapses appearing in the test
area of the reference section but absent in the look-up
section. The volume reference corresponds to the area
sampled (a) multiplied by the disector height (&), which is
the distance between the two sampling sections (Gun-
dersen, 1986; Coggeshall, 1992). For determination of the
distance between the reference and the look-up sections,
the section thickness was measured by using Small’s
method of minimal folds (Small, 1968) as described by
Weibel (1979) and Royet (1991). This method provides
accurate estimates of section thickness compared with
other techniques (Calverley et al., 1988; DeGroot, 1988;
Hunter and Stewart, 1989). Minimal folds lie perpendic-
ular to the section plane and have a width that equals
twice that of the section thickness. Minimal folds were
identified in the disectors and photographed at X 21,000
magnification. The minimal fold width was measured di-
rectly on the micrographs and the values were averaged to
obtain a section thickness of 56 * 3 nm from 30/32 disec-
tors.
Synapses were classified independently by all three
authors into one of the following three categories: (1) non-
immunoreactive (non-ir) asymmetric; (2) parvalbumin-
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Fig. 1. Light and electron micrographs showing the immunoreac-
tivity of parvalbumin in the dorsal lateral geniculate nucleus (ALGN)
of macaque monkey. A: In the dLGN, parvalbumin (PV) immunore-
activity was revealed in all principal layers, 1-6. B and C: Correlated
light and electron micrographs of a group of PV-immunoreactive (ir)
cells from parvicellular layer 4. In B, a higher-power micrograph of
PV-ir cells in osmicated material revealed PV-ir to be “variable” even
between cells from the same area and section depth. In this group of

immunoreactive (PV-ir) asymmetric; and (3) non-ir and
PV-ir symmetric. Classification of a synapse was based on
the criteria and nomenclature of Peters et al. (1990, 1991).
A synapse was identified by the apposition of two profiles
with a clustering of synaptic vesicles near the presynaptic
membrane and either by the presence of a pronounced
postsynaptic density (asymmetric) or a lack of an obvious
postsynaptic density (symmetric). The presence of
electron-dense peroxidase reaction end product in a pre-
synaptic axonal bouton forming an asymmetric synapse
with its postsynaptic target was assumed to identify a
bouton from a dLGN afferent (Figs. 4A, 5A,B, 7TA-C, filled

cells, cell 1 was most strongly labeled, whereas cell 2 was the lightest
labeled for PV. bv, blood vessel. C: A low-power electron micrograph of
the same group of cells confirmed all the cells in B were PV-ir. D: A
higher-power electron micrograph of the boxed area in cell 2, revealed
the electron-dense peroxidase reaction end product (which indicates
PV immunoreactivity) deposited throughout the cell cytoplasm. Ar-
rows indicate the plasma membrane of cell 2. ¢, cytoplasm; n, nucleus.
Scale bars = 400 pm for A; 10 pm for B, C; 1 pm for D.

arrows). Occasionally, classifying a synapse in a disector
from the electron micrographs of the reference and
look-up section proved difficult and required examination
of adjacent serial sections to make the classification. How-
ever, nine synapses still could not be classified into any
category and were thus excluded.

Postsynaptic targets were classified on the basis of be-
ing either PV-ir or non-ir. By using the ultrastructural
criteria of Peters et al. (1990, 1991), targets were further
classified into spine, dendritic shaft, or soma. Ambiguous
targets were verified by examination of the serial sections
adjacent to the disector sections.
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Fig. 2. A camera lucida drawing and light micrograph of a trans-
verse section of the dorsal lateral geniculate nucleus (dLGN) of ma-
caque monkey showing the pattern of type II calmodulin-dependent
protein kinase (CaM II kinase) immunoreactivity. A: CaM II kinase
immunoreactivity was present in all layers of the dLGN. The most
intense staining was confined to the “S” layer and the “interlaminar

RESULTS
Dorsal lateral geniculate nucleus

In the dLLGN, PV-ir clearly delineated the magnocellu-
lar (layers 1 and 2) and the parvicellular layers (layers
3-6) from the interlaminar zones (Fig. 1A). The intensity
of PV-ir was consistently stronger in the parvicellular
layers compared to the magnocellular layers, although
within the layers themselves, PV-ir was variable (Fig. 1B).
Analysis at the electron microscopy level confirmed this
observation (Fig. 1C). In the interlaminar layers, PV-ir
was low (Fig. 1A). As reported previously by Hendry and
Yoshioka (1994) however, CaM II kinase immunoreactiv-
ity was confined mainly to the S and interlaminar layers,
in particular the layers dorsal to magnocellular layers 1
and 2 (Fig. 2A). Occasional clusters of CaM II kinase-
immunoreactive cells formed bridges through the width of
the principal layers (Fig. 2A and B).

As DeFelipe and Jones (1991) mentioned, they could
not rule out the possibility that the PV-ir thalamocor-
tical axons may originate only from a subpopulation of
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layers”; in particular, the interlaminar layers which lie ventral to
magnocellular layers 1 and 2 and parvicellular layer 3. A and B: In the
principal layers (1-6), CaM II kinase-immunoreactive neurons were
rare. Arrowheads in B indicate examples of the randomly scattered
CaM II kinase-immunoreactive cell population. Triangles locate the
same area of the dLGN in both A and B. Scale bars = 200 pm.

the dLGN relay cells. We examined this by immunore-
acting sections of dLGN for GABA and PV. This proce-
dure labeled the dLGN interneurons, which are all
GABA-immunoreactive (GABA-ir; Montero and Zempel,
1986) and all PV-ir relay cells. If there were a signifi-
cant population of non—-PV-ir relay cells, these would
remain unlabeled. Extensive examination of 5 immuno-
reacted sections gave no indication that there were sig-
nificant numbers of unlabeled neurons. Practically all of
the neuronal profiles in the dLGN were labeled with
either antibody to GABA or PV or both. Quantitative
counts on 2 sections, one from the posterior portion of
the dLGN and the other more central to this section
(from 2 monkeys), confirmed this. Only 12 of 3,123 so-
mata examined in the magno- and parvicellular layers
were unlabeled and presumably these were the neurons
of the K pathway, which do not stain for GABA or PV
and which project outside layer 4C (Jones and Hendry,
1989; Hendry and Yoshioka, 1994; Hendry, personal
communication). From this, we conclude that there is no
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Fig. 3. Light micrographs showing the immunoreactivity of parv-
albumin in area 17 of primary visual cortex in macaque monkey.
A: Cytochrome oxidase stained sagittal section of area 17, adjacent to
the parvalbumin (PV)-immunoreacted section in B, which reveals the
laminar distribution pattern of PV immunoreactivity. Note the distri-

significant number of non PV-ir relay neurons in the
dLGN that project to layer 4C. Additionally, after visu-
alizing the sections firstly for PV, some neurons with
small somata were also observed to label strongly for
PV. On grounds of their small size, these are likely to be
GABAergic neurons (Jones and Hendry, 1989).

Electron microscopy of synapses within
layer 4C of striate cortex

The distribution pattern of PV-ir in striate cortex was
compared with a section reacted for CO (Fig. 3A,B). The
CO staining has been shown to match the location of
lateral geniculate terminations in layer 4C (Blasdel and
Fitzpatrick, 1984; Fitzpatrick et al., 1985) and so was used
here for defining the laminar borders. Consistent with
this, the distribution of PV-ir has also been shown to
match the distribution patterns of CO staining in ma-
caque monkey (Kennedy et al., 1985; Van Brederode et al.,
1990; Blumcke et al., 1990). In layer 4C, PV-ir in the
neuropil appeared to be nonhomogenous, but densely dis-
tributed between unlabeled (Fig. 3C, filled arrows) and
PV-labeled somata (Fig. 3C, open arrowheads). No layer 6
pyramidal cells, some of which have axonal terminations
in layer 4C (Lund and Boothe, 1975; Anderson et al., 1993;
Wiser and Callaway, 1996), expressed PV at detectable
levels.

Parvalbumin labeling of synaptic boutons in layer 4C,
identified by the presence of the electron-dense peroxi-

bution of PV-immunopositive neurons through all layers. C: A high-
power light micrograph of layer 4C shows PV-immunoreactive (ir)
puncta densely distributed between non-ir (filled arrows) and PV-ir
(open arrowheads) somata in the neuropil. Scale bars = 200 pm for A
and B; 50 pm for C.

dase reaction end product, revealed two distinct popu-
lations, one forming asymmetric synapses and the other
forming symmetric synapses (Figs. 4,5).The PV-ir bou-
tons that formed asymmetric synapses were assumed to
originate from relay neurons of the dLGN (Figs. 4A,
5A,B, 7TA-C). The density of the peroxidase reaction end
product appeared mainly to be higher in neurons that
form symmetrical synapses regardless of the sublayer.
Previous studies in macaque monkey have indicated
this to be a subclass of the cortical GABAergic inhibi-
tory neurons, i.e., the basket cell (Hendry et al., 1989;
Blimcke et al., 1990; Van Brederode et al., 1990) and
chandelier cell (DeFelipe et al., 1989; Lewis and Lund,
1990). By contrast, the PV-ir boutons that formed asym-
metric synapses revealed that the density of the reac-
tion end product seemed to be higher in boutons in layer
4CB than in layer 4Ca. (Compare boutons 1 and 2 in Fig.
5 with boutons 1 and 2 in Fig. 4.) This confirmed obser-
vations seen at the light microscopy level.

The proportion of asymmetric synapses
formed by afferents of the dLGN

From the 3 monkeys, 10 disector pairs were made from
one monkey, 13 from another, and 9 from the third mon-
key, to satisfy the requirements of the sampling method
(Sterio, 1984; Coggeshall and Lekan, 1996; West, 1999). In
total, 389 synapses were classified in layer 4C. In layer
4Ca, we counted 193 synapses and in 4CB 196 synapses.



Fig. 4. Electron micrographs of synapses formed by parvalbumin-
immunoreactive (PV-ir) boutons in the magno-recipient layer 4Ca of
macaque monkey. A: Two large PV-ir boutons (b1, b2) putatively from
dorsal lateral geniculate nucleus (dLGN) afferents form asymmetric
synapses (filled arrows) with their non—-PV-ir targets. The star iden-
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tifies non-ir boutons forming asymmetric synapses (open arrowheads)
with their targets. B and C shows two PV-ir boutons (b3, b4) forming
symmetric synapses (filled arrows) with non-ir targets. s, soma. In C,
the postsynaptic target of b4 also forms an asymmetric synapse with
a non-ir bouton (star). Scale bars = 0.5 pm.
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Fig. 5. Electron micrographs of synapses formed by parvalbumin-
immunoreactive (PV-ir) boutons in the parvi-recipient layer 4Cf of
macaque monkey. A and B show two large PV-ir boutons (b1, b2) from
putative dorsal lateral geniculate nucleus (dLGN) afferents forming
asymmetric synapses (filled arrows) with their non-ir targets. Notice
that b1 appears to almost totally wrap itself around its postsynaptic

The mean density of all asymmetric synapses (labeled and
unlabeled) for the 3 monkeys was 183 X 10° per mm?
(159-221) for layer 4Ca and 274 X 10° per mm?® (219-357)
for 4CB (uncorrected for shrinkage, ranges in brackets).

target. C and D show two PV-ir boutons (b3, b4) forming symmetric
synapses with their postsynaptic targets (filled arrows). In addition,
the postsynaptic target of b4 also forms an asymmetric synapse (cut
obliquely, open arrowhead) with a non-ir bouton (star). d, dendrite.
Scale bars = 0.5 pm.

For the symmetric synapses, the comparable densities and
ranges were 22 X 10° per mm?® (9—-43) for layer 4Ca and
38 X 10° per mm?® (26-55) for 4CB. Thus, although the
absolute density of synapses varied between sublaminae,
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TABLE 1. Summary From Three Monkeys of the Mean Percentage
Distributions and Targets of the Synapse Categories

Synapse category

Non-ir +
Non-ir2 PV-ir3 PV-ir
asymmetric asymmetric symmetric
(%) (%) (%)
Recipient layer
Magno-recipient layer 4Ca (n = 193) 81.8 7.8 (8.1} 104
Parvi-recipient layer 4CB (n = 196) 81.9 6.1(6.9) 12.2
Postsynaptic targets (layer 4C)
PV-ir:Non-ir targets (n = 39:350) 10:90 8:92 10:90
PV-ir targets only (n = 39) 82 8 10
PV-ir targets contacted by 91 9

asymmetric synapses only (n = 35)

Percentage value in parenthesis is the mean percentage of the asymmetric synaptic
Eopulation only.

Non-ir, non-immunoreactive.
3PV-ir, parvalbumin-immunoreactive.

the estimates of the relative proportions of the two syn-
apse types for each of the 3 monkeys was similar for both
the magno-recipient and parvi-recipient layers 4Ca and
4CB (these figures are summarized in Table 1). A z-test
indicated that there were no significant differences (P <
0.05) between monkeys within each synapse category for
the same sublayer. Therefore, data from the three mon-
keys for each synapse category were pooled.

From the total of 389 identified synapses in layers 4Ca
and 4Cp, the majority of these synapses (89%) were asym-
metric, the remainder being symmetric. The histogram in
Figure 6 summarizes the principal findings with respect to
the PV-ir of the presynaptic boutons. Most of the asym-
metric synapses were formed by non-ir boutons. PV-ir
boutons formed 8.7% of the asymmetric synapses in layer
4Ca (the magno-recipient layer) and 6.9% in layer 4CR
(the parvi-recipient layer).

Targets of dLGN afferents

The 389 identified synapses were made with both PV-ir
(n = 39) and unlabeled (n = 350) profiles (Figs. 4, 5, 7).
Table 1 summarizes the distribution of the PV-ir and
unlabeled synapses with their postsynaptic targets. Bou-
tons that formed symmetrical synapses were not sepa-
rated into PV-ir and unlabeled populations, because the
number encountered in this study was too small for sta-
tistical analysis. The majority (90%) of synapses formed
with the postsynaptic PV-ir profiles in layer 4 were asym-
metric. Of this asymmetric population, PV-ir boutons
formed only 9% of their synapses with PV-ir targets (Fig.
7B,C), the remainder being non-ir targets. The proportion
of shafts and spines amongst the target structures was
quite comparable between the two divisions of layer 4C. In
layer 4Ca, 60% of the PV-ir boutons forming asymmetric
synapses were formed with spines and 40% with dendritic
shafts, whereas in layer 4CB, the comparable percentages
were 58% and 41%, respectively.

DISCUSSION

The main aim of our anatomical study was to determine
the contribution of the magno- and parvicellular layers of
the dLGN to the population of asymmetric synapses in
layer 4C of the macaque monkey. Previous estimates of
the proportion of thalamocortical synapses in layer 4C of
the primate ranged from 1.3% to 32%, depending on spe-
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Fig. 6. Histogram showing the synaptic contribution of the dorsal
lateral geniculate nucleus (ALGN) relay cells to the sublayers of layer
4C; layer 4Ca, and 4CpB. Data are presented as means and S.E.M.
values. For layer 4Ca, n = 193; for layer 4CB, n = 196. Non-ir,
non-immunoreactive; PV-ir, parvalbumin-immunoreactive.

cies, sublayer, and microzone within layer 4C (Garey and
Powell, 1976; Tigges and Tigges, 1979; DeFelipe and
Jones, 1991; Peters et al., 1994). There are many potential
problems inherent in the estimates derived from conven-
tional tracing studies, where differences in the uptake of a
tracer, or the rate of degeneration of terminals, or the
sampling methods used, can make large differences in the
results. Such problems are also apparent in the cat corti-
cal literature where the different methods used, of degen-
eration, anterograde transport of wheat germ agglutinin
or radioactive proline, have produced estimates in the
range of 5-30% (Garey and Powell, 1971; LeVay and Gil-
bert, 1976; LeVay, 1986). The proline result has given the
highest value (LeVay and Gilbert, 1976), but is the least
reliable, because proline is transported both antero-
gradely and retrogradely by both the dLGN afferents and
layer 6 pyramidal cells that project to layer 4 (LeVay,
1986) and it leaks from the axons and boutons to produce
additional transneuronal labeling (Peters and Payne,
1993). The methods used for sampling and counting syn-
apses were also not specified in previous studies in the
monkey (Garey and Powell, 1971; Tigges and Tigges,
1979; DeFelipe and Jones, 1991). Garey and Powell (1971)
qualified their estimates by pointing out that they did not
make corrections for possible differences in the rates of
degeneration of the terminals arising from magno- or par-
vicellular layer, shrinkage, or phagocytosis, or the varia-
tion in the extent of the lesion between different layers of
the dLGN.

Many of these difficulties are overcome in our approach,
which followed the method of Jones and Hendry (1989) and
DeFelipe and Jones (1991), in using the calcium-binding
protein, parvalbumin, to identify the thalamocortical bou-
tons in layer 4. Due to the high solubility of the protein, PV
may be found throughout the cytosol (Baimbridge et al.,
1992). Parvalbumin distributes within dendrites, and pro-
jecting axons of the thalamic relay cells as well as in the
terminal boutons in the visual cortex (Jones and Hendry,
1989; DeFelipe and Jones, 1991). As seen previously in stud-
ies on macaque by Bliimcke et al. (1991) and DeFelipe and
Jones (1991), PV-ir cortical cells within striate cortex form
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Fig. 7. Electron micrographs of parvalbumin-immunoreactive
(PV-ir) boutons from putative dorsal lateral geniculate nucleus
(dLGN) afferents found within layer 4C. The large PV-ir boutons (b1,
b2) in A and B were located in the parvi-recipient layer 4CB, whereas
b3 in C was located in the magno-recipient layer, 4Ca. A shows a
putative dLGN bouton (b1) that forms more than one synapse (filled
arrows). B and C show dLGN afferent boutons (b2, b3) that formed

symmetric (GABAergic) synapses (Figs. 4B,C, 5C,D). These
were distinguishable from the PV-ir asymmetric synapses
formed putatively by the terminal boutons from thalamic
afferents within layer 4C of striate cortex (Figs. 4A, 5A,B). In
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asymmetric synapses (filled arrows) with PV-ir and non-ir postsynap-
tic targets. In addition, the PV-ir targets (d, dendrite) formed syn-
apses with non-ir boutons (star). In B, the synapse formed by the
non-ir bouton ( star) with the PV-ir postsynaptic target is asymmetric
(open arrowhead). In C, the synapse formed by the non-ir bouton
(star) is symmetric (open arrowhead). Scale bars = 0.5 pm.

addition, we used one of the nonbiased sampling procedures
to count the synapses (Sterio, 1984).

An important consideration in using this method was
whether all relay cells in the magno- and parvicellular
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layers of the dLGN contain PV. The relay neurons that
form part of the K pathway are located mainly in the
interlaminar layers and project outside layer 4C (Hendry
and Yoshioka, 1994). DeFelipe and Jones (1991) were
uncertain whether all relay cells that project to layer 4C
contain PV. Our analysis suggested that almost all neu-
rons in dLGN layers 1-6 contain either PV and/or GABA,
the exception being a small fraction of K neurons, which
project outside layer 4C (Hendry and Yoshioka, 1994). The
thalamic GABA-ir neurons are local circuit neurons and
do not project to the cortex. Thus, we can be confident that
there is not a significant population of non—-PV-ir neurons
that project from the dLGN to layer 4C. A further consid-
eration is whether there are PV-ir projections to layer 4C
from other nuclei. Although many neurons in nuclei out-
side the dLGN are PV-ir (Jones and Hendry, 1989), an
extensive literature search failed to detect any likely can-
didates that project to layer 4C apart from the visual
claustrum (Kennedy and Bullier, 1985; Perkel et al., 1986;
Reynhout and Baizer, 1999). As in the cat (LeVay, 1986),
the claustrum in the monkey probably projects to layer
4C, although this has not been specifically examined. In
the cat, the dLGN terminals “probably greatly outnum-
ber” the claustrocortical terminals in layer 4 (LeVay,
1986). For the purposes of our discussion, we have as-
sumed the same applies in the monkey and that although
there may be a minor contribution from claustrum, our
estimates do reflect an upper limit on the possible propor-
tion of dLGN synapses.

Assuming layer 4C is equally subdivided into 4Ca and
4CB (Blasdel and Fitzpatrick, 1984; Fitzpatrick et al.,
1983; Livingstone and Hubel, 1984), we estimate that the
thalamic contribution to the total excitatory input to layer
4C is 7.9%. This is subdivided into 8.7% of synapses in the
magno-recipient layer 4Ca and 6.9% in the parvi-recipient
layer 4CB. Compared with previous studies, our estimate
of the dLGN contribution to layer 4C is in the range
5-10% obtained in degeneration studies in monkey (Garey
and Powell, 1971; Winfield and Powell, 1983). This simi-
larity is remarkable, given that we derived our data based
on the stereological nonbiased physical disector method,
which had not been developed at the time of the previous
studies. This stereological method should give a more
precise estimate (Sterio, 1984; Coggeshall and Lekan,
1996; West, 1999), because it allows all profiles of interest
to have an equal chance of being sampled, and will not be
influenced by shape, size, distribution of the profile of
interest, or even section thickness of the tissue being
sampled (Sterio, 1984; Coggeshall and Lekan, 1996, West,
1999). Moreover, the number of disectors taken ensured
that we obtained an average value for the contribution,
despite local inhomogenetities in density (DeFelipe and
Jones, 1991). DeFelipe and Jones (1991) found patches of
about 10-50 pm diameter in layer 4CB where PV-ir bou-
tons formed 32% of the asymmetric synapses compared to
only 9% outside the puncta. However, their preliminary
quantitative analysis indicated that these puncta occur at
low density, about 3—8 patches per 10,000 wm?. From
their data, we have calculated that the average proportion
of PV-ir asymmetric synapses in 4CB is ~10.5%, which is
surprisingly close to our estimate, given the approxima-
tions involved.

Several studies have suggested that the magnocellular
and parvicellular axonal input to these layers could have
approximately equal proportions of the thalamic synaptic
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input to its sublayer (Winfield et al., 1982; Freund et al.,
1985). However estimates by Peters et al. (1994) indicated
that the parvicellular dLGN afferents could form as much
as 6 times more asymmetric synapses in layer 4CB than
did the magnocellular input in layer 4Ca. From their
estimates, between 3.7% and 8.7% of the asymmetric syn-
apses arise from thalamic afferents in layer 4Cg, but only
between 1.3% and 1.9% in layer 4Ca. Their estimate was
based on data from horseradish peroxidase (HRP)-filled
axons reported by Blasdel and Lund (1983), and by
Freund et al. (1989) who found that each magnocellular
axon formed about 3,000 boutons, which is about double
the number formed by parvicellular axons. Freund et al.
(1989) examined 2 magnocellular axons, which formed 2.1
synapses per bouton compared to 1.8 for one parvicellular
axon and 2.6 for another. A more representative sample
was obtained by Winfield et al. (1982), who serially recon-
structed single dLGN boutons, identified by the degener-
ation technique. Each parvicellular bouton formed 1.5
synapses on average, whereas each magnocellular bouton
formed 2.5 synapses per bouton on average. There is a
clear amplification of the magnocellular input to primary
visual cortex, as was also found in the cat (Winfield and
Powell, 1983; Freund et al., 1985).

A simple estimate of the number of synapses per layer
4C neuron provided by the magno- or parvicellular path-
ways can be derived from the data of Beaulieu et al.
(1992). Their data indicates that an average of 2,138
asymmetric synapses are formed with each neuron in
layer 4CB. From this and other sources, Peters et al.
(1994) estimated that about 3.7—8.7% of the asymmetric
synapses were provided by the parvicellular layers of the
dLGN. This corresponds to 37-191 dLGN synapses per
neuron for layer 4CB. Our estimate of 148 dLGN synapses
per neuron (i.e., 6.9% of 2,138) lies within this range.
Blasdel and Fitzpatrick (1984) calculated that these syn-
apses would be contributed by 20—40 convergent dLGN
afferents in 4CB.

In layer 4Ca, about 2,135 asymmetric synapses are
formed with each neuron (Beaulieu et al., 1992; note that
the density of neurons and synapses is lower in layer 4Ca
than in 4CB). We estimated that 8.7% of these asymmetric
synapses are provided by the magnocellular layers of the
dLGN. This corresponds to 185 dLGN synapses per neu-
ron. However, a very different estimate of 40 dLGN syn-
apses per 4Ca neurons was obtained by Peters et al.
(1994) on the basis of magnocellular arbor sizes (Blasdel
and Lund, 1983; Freund et al., 1989) and the same cell and
synapse density measurements of Beaulieu et al. (1992)
that we have used here. We are unable to reconcile the
fivefold discrepancy between our present results and the
estimates of Peters et al. (1994). There are several areas of
uncertainty that could affect their estimates, including
the precise number of magnocellular relay cells and the
number of synapses formed by each magnocellular axon.
For our part, we cannot entirely rule out the possibility
that there is an unidentified source of parvalbumin-
positive boutons that form a large number of asymmetric
synapses with layer 4Ca neurons. For reasons outlined
above, the claustral projection to cortex, which probably is
PV-positive, is likely to contribute few synapses to layer
4C. The major sources of asymmetric synapses in layer
4C, i.e., the local spiny stellate cells and the layer 6 pyra-
midal cells (Lund and Boothe, 1975; Saint Marie and
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Peters, 1985; Anderson et al., 1993; Wiser and Callaway,
1996), do not contain parvalbumin.

Our finding of a similarity in numbers of dLGN syn-
apses between the subdivisions of layer 4C is anticipated
by the data of Winfield et al. (1982), who found that the
magno- and parvicellular afferents contribute approxi-
mately equal numbers of synapses to their subdivisions of
layer 4C. One thing that does emerge from all these cal-
culations is that the dLGN magnocellular pathway cannot
possibly contribute more than 5-10% of the synapses in
layer 4Ca: there are simply too few magno-relay cells
available even on the most favorable estimates of dLGN
cell numbers (Ahmad and Spear, 1993; Malpeli et al.,
1996) and boutons per terminal arbor (Blasdel and Lund,
1983; Freund et al., 1989).

Our new estimates of the contribution of the thalamic
afferent synapses to single neurons in the subdivisions of
layer 4C, raise again the puzzle of the striking difference
between cat and monkey in respect of the physiological
properties of the neurons that receive direct input from
the dLGN. In the monkey the estimates of the proportion
of different receptive field types in layer 4C varies be-
tween studies (Hubel and Wiesel, 1968; Bullier and
Henry, 1980; Blasdel and Fitzpatrick, 1984; Hawken and
Parker, 1984; Livingstone and Hubel, 1984; Leventhal et
al, 1995), but all agree that neurons with nonoriented
receptive fields, which occur only rarely in the cat layer 4
(Hubel and Wiesel, 1962), are found in significant num-
bers in the monkey, particularly in layer 4C8 where many
of the receptive fields resemble more those of parvicellular
dLGN neurons. Our new estimates indicate that this
physiological difference is not explained by large differ-
ences in the number of dLGN synapses in layer 4 between
cat and monkey, because the numbers of thalamocortical
synapses per neuron in the monkey are comparable to
those of the cat. It is unlikely that there would be a quite
different rule for the way in which the dLGN afferents
map onto the dendritic trees of neurons in 4Ca vs. 4CB in
monkey. This implies that other aspects of the circuitry
must create the physiological differences between the sub-
laminae, the most obvious aspect being the great differ-
ence in the way that the layer 4 spiny stellate axons are
distributed in layer 4. The layer 4Ca spiny stellates have
extensive lateral projections, whereas the projections of
the layer 4CB spiny stellates are vertical (Fisken et al.,
1975; Fitzpatrick et al., 1985; Anderson et al., 1993). In
this respect, the layer 4Ca spiny stellate in the monkey
are much more like the layer 4 spiny stellates in the cat
(Gilbert and Wiesel, 1979; Lund et al., 1979; Martin and
Whitteridge, 1984; Peters and Payne, 1993) and are phys-
iologically more alike. The differences in the lateral extent
of spiny stellate axons in layer 4Ca compared to 4CR
might thus contribute to the differences in the receptive
field properties. Worgotter and Eysel (1991) have shown,
for example, that lateral connections in the cat visual
cortex can contribute to the generation of orientation and
direction selectivity.

Several studies have shown that layer 4C neurons re-
ceive inputs from sources other than the dLGN. Kisvarday
et al. (1986) examined the dLGN synaptic input to smooth
and spiny neurons in layer 4C by combining degeneration
and Golgi-impregnation techniques. They found that tha-
lamic synapses formed only a few percent of the total
synapses formed with the dendrites of these neurons.
Saint Marie and Peters (1985) provided evidence that
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other spiny stellate cells are a major source of input to
each other. Although their study was based on a small
sample of Golgi-stained cells, their reconstruction of the
axonal projections of layer 4C spiny stellates indicated
that their axons projected significantly within the layer of
origin. Measurements of the profiles of the presynaptic
boutons and the dimensions of the synapses indicated that
their size overlapped almost completely with the size of
the boutons formed by spiny stellate axons. The largest
boutons, however, could not have originated from spiny
stellate cells and they suggest that they probably origi-
nated from dLGN afferents.

Although these data point to the conclusion that the
dLGN afferents and the spiny stellates between them
provide the major excitatory input to layer 4, there is
another major contribution to layer 4 from the layer 6
pyramidal cells, about which little is known at ultrastruc-
tural level in the monkey. In the cat, nearly half the
asymmetric synapses formed with spiny stellate cells orig-
inate from layer 6 pyramidal cells (Ahmed et al., 1994,
1997). It is evident from Golgi studies, intracellular HRP,
and bulk tracing studies that there is a substantial pro-
jection to layer 4 from layer 6 pyramidal cells in the
macaque and that the axons have the same distinctive
bottle-brush morphology seen in the cat (Lund and
Boothe, 1975; Anderson et al., 1993; Wiser and Callaway,
1996). The synaptic targets of these projections have not
been examined in the monkey, but in the cat the layer 6
pyramidal axons form synapses with the shafts of spiny
and smooth neurons in layer 4 (McGuire et al., 1984;
Ahmed et al., 1994, 1997). In the cat striate cortex, indi-
vidual layer 6 pyramidal cells evoke small amplitude,
facilitating excitatory postsynaptic potentials (E.P.S.P.s)
in their layer 4 targets (Stratford et al., 1996), and similar
physiology might apply in the monkey. Clearly, an expla-
nation for the receptive field physiology of layer 4 in the
monkey remains speculative. More quantitative and de-
tailed studies, both at a physiological and anatomical
level, need to be made of the synapses in layer 4 of the
monkey if we are to unravel this intricate and interesting
problem.
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