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ABSTRACT

The connection between the dorsal lateral geniculate nu-
cleus (dLGN) and area 17 of the cat is a classical model for
studying thalamocortical relations. We investigated the pro-
portion of asymmetric synapses in layer 4 of area 17 of cats
formed by axons of the dLGN, because this is an important
morphological parameter in understanding the impact of
dLGN axons on their target neurons. Although the present
consensus is that this proportion is small, the exact per-
centage remains in doubt. Most previous work estimated
that the thalamus contributes less than 10% of excitatory
synapses in layer 4, but one estimate was as high as 28%.
Two issues contribute to these widely different estimates,
one being the tracers used, the other being the use of
biased stereological approaches. We have addressed both

of these issues. Thalamic axons were labeled in vivo by
injections of biotinylated dextran amine into the A lamina of
the dLGN of anesthetized cats. After processing, the brain
was cut serially and prepared for light and electron micros-
copy. The density of asymmetric synapses in the neuropil
and the density of synapses formed by labeled dLGN bou-
tons were measured by using an unbiased sampling method
called the physical disector. Our counts indicate that, in the
fixed cat brain, there are 5.9 x 10® £ 0.9 x 10® asymmetric
synapses per cubic millimeter of layer 4 in area 17, and the
dLGN input provides only 6% of all asymmetric synapses in
layer 4. The vast majority of synapses of layer 4 probably
originate from other neurons in area 17. J. Comp. Neurol.
516:264-276, 2009. © 2009 Wiley-Liss, Inc.
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The major thalamic input to area 17 of the cat originates
from the relay neurons of the dorsal lateral geniculate nucleus
(dLGN). These neurons relay visual information mainly to vi-
sual areas: 17, 18, and 19 (Hollander and Vanegas, 1977;
Kawano, 1998; Laemle, 1975; Leventhal, 1979; Maciewicz,
1975). In their insightful model of layer 4 simple cells, Hubel
and Wiesel (1962) explained the simple cell structure by the
convergence of dLGN afferents on layer 4 neurons. This
model remains the textbooks’ favorite, and, following Hubel
and Wiesel’s lead, the thalamocortical projection to primary
visual cortex is now widely considered to be the cardinal
example of a feedforward “driving” input to cortex (Crick and
Koch, 1998; Sherman and Guillery, 1998).

Our own continuing concern, however, is for more precise
quantitative estimates of the contribution of the thalamic syn-
apses to visual cortex (Ahmed et al., 1994, 1997; Latawiec et
al., 2000), not just because they are needed for us to build
much more biophysically and anatomically accurate circuit
models (Banitt et al., 2007) but also because understanding
how the thalamus interacts with the cortical circuits is of
fundamental relevance for all of the neocortex. The visual
cortex of cat has been the most intensively studied, and it still
offers us the best opportunity to explore the causal links
between structure, biophysics, and circuit-level operations
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that produce the emergent properties of cortical neurons,
such as orientation selectivity.

The detailed anatomical knowledge that has accumulated
since Hubel and Wiesel published their model has revealed a
paradox: although the receptive fields of simple cells are
apparently determined entirely by the dLGN synapses, only a
small percentage of all the excitatory synapses in layer 4
actually seem to originate from dLGN neurons. The consensus
is that the dLGN provides less than 10% of all the excitatory
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synapses in layer 4 (with one outlier of 28%; LeVay and Gil-
bert, 1976). However, there were wide differences in experi-
mental methods for identifying thalamic synapses. Some
studies used degeneration methods (Garey and Powell, 1971;
Hornung and Garey, 1981); some used morphological criteria
(Ahmed et al., 1994, 1997) or axonally transported tracers
(LeVay, 1986; LeVay and Gilbert, 1976). When sampling meth-
ods were reported, the synapses were counted in single sec-
tions, which biases the sampling toward larger synapses. To
estimate the proportion of synapses originating in the dLGN,
the total number of synapses in layer 4 must also be known.
Here the counts of Beaulieu and Colonnier (1985) are the most
recent and most widely cited, but they have been criticized by
Mayhew (1996), because they were based on a flawed model.
Thus, for a number of methodological reasons, the proportion
of dLGN synapses in the cat may not be entirely reliable.

The situation in the monkey is somewhat clearer. Garey and
Powell (1971) applied the same degeneration and sampling
methods that they had used in the cat to the monkey and
found that 5-10% of the synapses in layer 4C were provided
by the dLGN. Later DeFelipe and Jones (1991) discovered that
the calcium-binding protein parvalbumin is present in dLGN
boutons in primary visual cortex of the monkey, and the con-
venient presence of this endogenous marker was exploited by
Latawiec et al. (2000) to count the dLGN synapses using the
unbiased sampling of the physical disector method. Their
estimates of 8.7% for layer 4Ca and 6.9% for 4Cp were
surprisingly close to those of Garey and Powell (1971). This
raises the interesting question of whether the “old-fashioned”
degeneration methods and sampling might actually give rea-
sonably accurate data.

Unfortunately, for the cat, there is no known endogenous
marker for the dLGN boutons, but we have revisited the prob-
lem of the dLGN fraction using more effective tracers and
unbiased sampling methods. Our results show that the dLGN
forms 6% of all the asymmetric synapses in layer 4 of area 17,
and that Beaulieu and Colonnier’s (1985) counts of total syn-
apses are reasonable.

MATERIALS AND METHODS

Surgical procedures

All experiments, animal treatment, and surgical protocols
were carried out with authorization and under license granted
to K.A.C.M. by the Kantonal Veterinaeramt of Zurich. The
material presented here originates from three male and one
female cats. One of the cats was 9 weeks old; the other three
were adults with ages ranging from 9 to 19 months. All cats
were prepared for surgery after subcutaneous or intramuscu-
lar injection of xylazine (Rompun, Beyelar; 0.5 mg - kg™') and
ketamine (Narketan 10, Vetoquinol AG, CH; 10 mg - kg™);
additional gas anesthesia with 1-2% halothane (Arovet AG,
CH) in oxygen/nitrous oxide (50/50%) was also delivered.
After induction of anesthesia, some of the cats received a
subcutaneous injection of atropine (Graeub) of 0.05 mg - kg™,
to decrease secretions. All experiments were performed un-
der sterile conditions. The femoral vein was cannulated, and
alphaxalone/alphadalone (Saffan; Glaxo) was delivered to
maintain anesthesia during the remainder of the experiment.
Afterward, the cat was intubated and moved to a stereotaxic
apparatus, where it was respirated artificially with a mixture of
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oxygen/nitrous oxide (30%/70%). The end-tidal CO, was
maintained at ~4.5%. Lidocaine gel 4% (G. Streudi and Co.,
AG) was applied to all pressure points. Anesthesia was sup-
plemented with halothane gas during the remainder of the
experiment.

Electroencephalogram (EEG), electrocardiogram (ECG),
end-tidal CO,, and rectal temperature were monitored contin-
uously during the entire experiment. A thermister-controlled
heating blanket maintained the cat’s rectal temperature at
37°C. Topical antibiotics (Voltamicin; Novartis) and atropine
1% (Novartis; to paralyze accommodation) were applied to
the eyes before they were covered with gas-permeable con-
tact lenses. One drop of phenylephrine 5% (Blache) was ap-
plied to each nictitating membrane in order to retract them.

After surgery, the cats were given an intravenous injection
of the muscle relaxant gallamine triethiodide (12 mg induction
dose, 5 mg - kg™' - hour™ thereafter; Flaxedil; May Balces).
This low dose of muscle relaxant was enough to reduce eye
movement during the short period of time when the cat was
paralyzed. To allow recovery of the animal, delivery of the
muscle relaxant was stopped 2-3 hours before the end of the
recording and iontophoresis.

After iontophoresing the tracers into dLGN, the cranioto-
mies were closed by gluing back the original bone flap to the
skull with dental cement. A prophylactic dose of antibiotics
was administered to the cat both intramuscularly (10 mg -
kg™'; Clamoxyl; GlaxoSmithKline) and topically on the skull
(Soframycin; Aventis). The skin and head muscles were su-
tured, and respiration and muscular tonus were monitored to
assess the animals recovery. A dose of analgesic (0.01 mg -
kg~ buprenorphinum; Tengesic; Essex Chemie AG.) was ad-
ministered, and in the 2 days that followed surgery the cat
received a subcutaneous injection 10 mg - kg~' Clamoxyl per
day. During the survival period that lasted from 5 to 22 days,
the cat was monitored daily to assess whether any signs of
pain or infection were visible.

Injections of biotinylated dextran amine in the A
lamina of the dLGN

A craniotomy was performed with a trephine centered at
Horsley-Clark coordinates anteroposterior (AP) 8-9 and
medial-lateral (ML) 5-6. A tungsten electrode insulated with
epoxy was positioned in the center of the craniotomy, and,
after opening a slit in the dura mater, was lowered into the
brain. The position of the dLGN was confirmed electrophysi-
ologically in two ways: first, by the responses of neurons to
light flashes to the ipsilateral or contralateral eye, confirming
the eye specificity of the different lamina of the dLGN, and,
second, by making several penetrations and confirming the
map of visual space described by Sanderson (1971). When the
A lamina of the dLGN was located, the depth was noted, and
the tungsten electrode was replaced by a glass micropipette
filled with a solution of biotinylated dextran amine (BDA; MW
10,000; Molecular Probes, Leiden, The Netherlands). The pi-
pette tip diameter varied from 10 um to 18 um. The A lamina
was then found again by recording through the injection pi-
pette. Injections were made iontophoretically, lasting for
15-20 minutes, with current pulses of 3 seconds on/3 seconds
off, with an amplitude of 2-4 pA. The BDA was delivered as a
10% solution in 0.01 M phosphate buffer (PB), pH 7.4; or 0.01
M PB and 0.2 M KClI, or 0.05 M Tris and 0.2 M KCI. Injections
were separated by at least 500 um, and usually more, so that
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the retinotopic progression could be distinguished in the cor-
tex. Most of the injections were aimed at locations near the
visual representation of the vertical meridian (<10°), which
corresponds to the medial edge of the dLGN.

Perfusion

After the survival period, anesthesia was again induced with
ketamine/xylazine and the cats were deeply anesthetized with
i.v. Saffan (20 mg/kg) until the EEG became flat and the
end-tidal CO, was lowered to 3.5%. Then, the cat was per-
fused transcardially with normal 0.9% NaCl solution, followed
by a warm solution of 4% paraformaldehyde (w/v), 0.3% glu-
teraldehyde (v/v), and 15% saturated solution of picric acid
(v/v) in 0.1 M PB, pH 7.4. After fixation, the cat was perfused
with a solution of 10% and 20% solution of sucrose in 0.1 M
PB. The brain was cut stereotaxically, and blocks containing
the injected dLGN and area 17 were removed.

Histology

The blocks of brains were allowed to sink in sucrose solu-
tions of 20% and 30% in 0.1 M PB to provide cryoprotection.
The blocks were then freeze-thawed twice in liquid nitrogen to
enhance the penetration of the avidin-HRP by mechanically
disrupting the tissue. The brain blocks were then washed in
0.1 M PB for at least 2 hours to allow them to recover from the
shrinkage provoked by the incubation in sucrose solution.
Sections were cut from the blocks at 80 um in the coronal
plane and collected in 0.1 M PB. After cutting, the sections
were washed several times in buffer to remove any remaining
fixative. To reveal BDA, the sections were washed in TBS and
then incubated overnight (5°C) with an avidin-biotin complex
(Vector ABC Elite kit). The peroxidase activity was identified
by using 3-diaminobenzidine tetrahydrochloride (DAB) with
nickel intensification. After assessment by light microscopy
(LM), regions of tissue were selected for subsequent electron
microscopy (EM) analysis. These sections were treated with
1% osmium tetroxide in 0.1 M PB, dehydrated through alco-
hols (1% uranyl acetate in the 70% alcohol) and propylene
oxide, and flat mounted in Durcupan (Fluka) on glass slides.
Regions with dense dLGN labels were blocked and cut into
ultrathin sections of 60 nm; the sections were then collected
on Pioloform-coated single slot copper grids. Sections not
selected for EM were air dried, dehydrated through alcohols,
and mounted with DPX (Fluka). Sections including the dLGN
were stained with neutral red to visualize the different laminae.
Shrinkage resulting from the histological procedure was ac-
cessed by measuring the cut edge of the osmicated and
nonosmicated parts of the section.

Synapse classification

Synapses and associated structures were classified by con-
ventional criteria (Colonnier, 1968; Gray, 1959). Synapses
were considered as “asymmetric” (Grays’s type 1) when they
showed round or spheroidal synaptic vesicles in the presyn-
aptic terminal and a postsynaptic density (PSD), separated by
a synaptic cleft. Appositions in which the synaptic cleft was
not visible, but where a PSD was present and where synaptic
vesicles were in close proximity or in contact with the presyn-
aptic membrane, were considered to be synapses.
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Physical disector

The density of asymmetric synapses was estimated by us-
ing the physical disector method (Sterio, 1984). Reference and
lookup section were separated by one intervening section so
that the disector z dimension was 0.120 um. The density of
synapses (N,) was calculated by using the following formula:

n
Ny

Vdisector

where n is the number of synapses counted, and Vsoctor iS
the volume of a single disector. The section thickness was
measured from approximately half of the reference sections
by using Small’s fold method (Small, 1968; described by
Royet, 1991) to verify that the average section thickness was
60 nm.

Sampling of physical disectors for the density of
dLGN synapses

Disectors were sampled by using rare-event systematically
optimized random sampling (RESORS; da Costa et al., 2009).
The sampling sites are chosen with a systematic random
sampling (SRS) scheme (Gundersen and Jensen, 1987; Slo-
mianka and West, 2005), but we photographed and made
synaptic counts and measurements only at sampling sites
that had a labeled bouton or had a labeled bouton forming a
synapse. The density of labeled synapses in the neuropil is
then calculated by taking into account the volume of all the
sampling sites (i.e., photographed and not photographed). We
can also calculate the density of all asymmetric synapses in
the neuropil by counting the number of labeled and unlabeled
synapses on the photographed sampling sites. The disectors
had a size of 5 x 5 um and were collected by taking photo-
graphs at a magnification of x13,500 with a digital camera (11
megapixels, Morada; Soft Imaging Systems).

Sampling of physical disectors for the density of
asymmetric synapses in the neuropil

Three sampling methods were used. In the first method,
serial sections were photographed in the EM with an analog
camera at a magnification of x11,500 and stitched together.
The different disector pairs had different sizes but usually
formed a strip. In the second method, the location of the
disector reference frame within the ultrathin section was taken
using a uniform random sampling scheme. Serial sections
were photographed in the EM with a digital camera (1.3
megapixels, MegaView lll; Soft Imaging Systems) at a magni-
fication of x 25,000 and merged together in Adobe Photoshop
CS and CS2. The disector frame had a size of approximately
30 pm X 30 pum.

In the third sampling method, the location of the disector
reference frame was chosen with a systematic random sam-
pling scheme. The disectors were collected from every nth
grid, the starting grid was chosen randomly from 1 to n, using
the Matlab Rand function initialize to a different state every
time. On each copper grid, the first section was chosen as the
reference of the disector. A sampling grid indicating the loca-
tion of the several disectors was then randomly positioned on
a low-power photograph of the reference section. The disec-
tors had a size of 5 X 5 um and were collected by taking
photographs at a magnification of x13,500 with a digital cam-
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Figure 1.

Description of the steps taken to calculate the contribution area (dot-
ted line) of dLGN axons to the region of the cortex (rectangle) sampled
with physical disectors. This figure shows a surface view of the cortex.
Only axons inside the cluster of dLGN axons representing one eye
(gray line) and located at a distance inferior to the radius of its
coverage can contribute (axon 1) with boutons to the gray region.

era (11 megapixels, Morada; Soft Imaging Systems). Adobe
Photoshop CS4 was used for histogram equalization and con-
trast enhancement in digital photomicrographs. Adobe Illus-
trator CS4 was used to prepare the figures.

Estimation of number of dLGN neurons
contributing boutons to the volume sampled by
the physical disectors

Because our injections were punctate, they did not label all
cells of the A lamina of the dLGN. We thus assessed the
proportion of labeled relay dLGN cells that formed boutons in
the region of area 17 where we counted synapses. The
method we used was similar to that used by Freund et al.
(1985a), Friedlander and Martin (1989), and Peters and Payne
(1993) to calculate how many dLGN axons contribute boutons
to a single point in cortex and is illustrated in Figure 1. A single
dLGN axon has an arbor of a finite diameter that covers a
region of the cortex, dLGN axons separated from a sample
site by less than the mean radius of their arbor (thus, axon 1
but not axon 2 in Fig. 1) will contribute boutons to that sample
site. The surface area of the cortex around a given sample site
that has axons contributing boutons to that sample site is
called the contribution area (region delimited by the dotted
line in Fig. 1). This contribution area was calculated separately
for X and Y axons. The radius of the dLGN arbor was calcu-
lated from the surface area (row 5 and 6 in Table 1). To obtain
an estimate of the number of axons, the contribution area was
then multiplied by the area density of dLGN axons. The area
density was calculated by dividing the total number of relay
neurons in A lamina of the dLGN (rows 3 and 4 in Table 1) by
half of the surface area of area 17 (row 7 in Table 1).

To estimate how many neurons are labeled by the injection
in the dLGN, we reconstructed the core of the injection site
and the complete contralateral A lamina of the dLGN in the
software Reconstruct (Fiala, 2005). The core was defined as
the region of the injection site where almost all neurons are
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labeled (over 85%, judged in sections that were counter-
stained with neutral red, Fig. 2). There were labeled cells
outside of the core of the injection site, but these were under
15% of cells.

We then calculated the proportion of the volume of the A
lamina occupied by the core of the injection site and thereby
the proportion of labeled vs. the total number of relay cells in
the A lamina of the dLGN estimated by Madarasz et al.
(1978a,b; row 1 in Table 1).

Calculation of the error of the estimation

The error of each of the values entering the calculation of
the percentage of dLGN synapses was propagated in quadra-
ture in order to obtain the error of the final estimation. For
each value, the error was expressed as the SEM. Whenever
the SEM was not explicitly mentioned, it was calculated from
the data in the given publication. In the case of the total area
of area 17 (Anderson et al., 1988), the authors only reported
the mean and the range of values. The estimation of the error
was done by calculating the mean distance between the
maximum/minimum and the mean divided by the square root
of the number of hemispheres. We estimated the error for the
volume of the A lamina of the dLGN and of the volume of
injection sites by reconstructing them by two individuals.

RESULTS
Light microscopy

Four cats were used, and 14 injections into the A laminae
were recovered. All the ionophoretic injections of BDA into the
dLGN were clearly visible in the light microscope after appro-
priate histology (Fig. 2). The reaction end-product at the in-
jection site was too dark to be able accurately to count all
neurons. The sections of the dLGN were counterstained with
neutral red to make the lamina borders visible. All of the dLGN
injections used for analysis were largely contained within the
contralateral A lamina. Because the dLGN axons project reti-
notopically to area 17, each injection in the dLGN could be
assigned to a specific region with labeled axons in area 17.
The axons from each A lamina injection could be identified in
area 17, where they formed a dense cluster of terminals and
boutons in layer 4 (Fig. 3), and a few collaterals in layer 6.
Rarely were retrogradely labeled corticothalamic cells found
in layer 6, but, to prevent any possible contamination of la-
beled axon from retrogradely labeled corticothalamic cells,
we made sure that none of the layer 4 sampling sites chosen
for synapse counting was located above layer 6 neurons.
Boutons and unmyelinated axons could be followed undimin-
ished in the intensity of staining through the thickness of the
section (Fig. 3D), indicating complete penetration of the re-
agents.

Densities of asymmetric synapses in layer 4 of
area 17

We counted all asymmetric synapses, BDA labeled and
unlabeled, and obtained an estimation of the density of asym-
metric synapses in layer 4 that varied from 5 x 1080 7.7 x 108
synapses/mm?. All the counts of asymmetric synapses were
made using the physical disector method and are shown in
Table 2. The shrinkage correction used in Table 2 is not
obtained from each of the tissue samples but is the average
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TABLE 1. Summary of Numerical Data on the Number of dLGN Relay Neurons and the Size of Their Arbor in Area 17°

1 Number of relay neurons in the contralateral A lamina of the dLGN (+SEM) 186,900 + 1,430 Madarasz et al., 1978a,b

2 Ratio X:Y neurons 2:1 Friedlander et al., 1981; LeVay and Ferster, 1977

3 Number of X relay neurons in A lamina 124,600 2/3 x row 1

4 Number of Y relay neurons in A lamina 62,301 1/3 x row 1

5 Mean = SEM surface area of X arbors (only boutons, no gaps, in mmz) (range) 0.8 + 0.04 (0.6-0.9) Humphrey et al., 1985a

6 Mean = SEM surface area of Y arbors (only boutons, no gaps, in mmz) (range) 1.1 = 0.08 (0.7-1.2) Humphrey et al., 1985a

7 Total area of area 17 (+xestimated SEM) (mm®) 399 + 124 Anderson et al., 1988

1The means and error were used for the calculation of the estimations presented in Table 4.

Figure 2.

Light micrographs of BDA injection in the contralateral A lamina. A:
Coronal section through the dLGN of the cat counterstained with
neutral red. The asterisk indicates the BDA injection site located in
lamina A. Laminae are indicated to the right. B: High-power micro-
graph of the injection site. The region inside the dotted line is defined
as the core of the injection site. Scale bars = 1 mm in A; 100 um in B.

shrinkage measured repeatedly in our standard laboratory
protocols.

The number of synapses per disector obtained with the URS
and “strips” scheme followed a normal distribution (verified
with the Lillie test), and the distribution of synapses counted
using SRS was not significantly different from an array of
random numbers chosen from a Poisson distribution with the
same mean and size. The latter case was a result of the small
size of the disector frame, which produced many disectors in
which few or no synapses disappeared between the reference

and the lookup sections. In both animals, the medians of the
samples collected with URS/strips were not different from
those collected with SRS (cat 2003, P = 0.59; cat 1804, P =
0.94; Wilcoxon two-sampled test). Although the results obtain
with the several sampling schemes produce similar results,
the higher efficiency of the SRS allows us to sample more
uniformly from each section and from a larger number of
sections within a reasonable time.

The results in Table 2 indicate that the younger cat (cat
2003) had a higher density of asymmetric synapses than did
the adults, but statistically this was not significantly different
from the values for adult animals. The fact that cats at the age
of 9 weeks have higher densities of synapses in layer 4 than
adults has been shown in previous studies (Cragg, 1975;
Winfield, 1981, 1983). We wanted to compare our total counts
with the data in the adult cat from Beaulieu and Colonnier
(1985), so we calculated the mean density of asymmetric
synapses only from adult cats (cats 0904, 1604, and 1804).
The mean density of asymmetric synapses in the adult was
5.9 x 10® £ 0.9 x 108 synapses/mm® (mean = STD, n = 4
sampled regions, from three cats). When the sampled volume
is corrected for shrinkage (resulting from fixation) of 11%, the
density of asymmetric synapses was 4.1 x 10® = 0.8 x 108
synapses/mm® (mean = SD, n = 4 sampled regions, from
three cats). The postfixation histological procedures may also
induce shrinkage of the tissue; however, with our protocols
this was negligible.

Estimation of the density of dLGN
synapses in layer 4

In three of the cats, the four most strongly labeled sites in
layer 4 were selected for the disectors (Fig. 3A). We assumed
that all synapses formed by labeled boutons (Fig. 4) in the EM
physical disectors were provided by the dLGN axons. The
physical disectors were collected from the region in layer 4
where the densest dLGN label was found. This region was
chosen qualitatively by two observers or, in case of doubt, by
performing bouton counts with optical disectors.

The location of sampling sites was selected by using the
RESORS scheme (da Costa et al., 2009) so that the only
sampling sites photographed were those with labeled bou-
tons (cat 0904 sample 1) or those where the labeled bouton
formed a synapse (cat 0904 sample 2, cat 1804, cat 2003). The
latter strategy produced an overestimation of the total number
of asymmetric synapses in the neuropil, so we used instead
the SRS sampling scheme to obtain this density.

Figure 5A shows a reference section of one of the disectors,
with arrowheads indicating all the asymmetric synapses ap-
pearing in the section. Figure 5B is a magnified portion of
Figure 5A and shows in more detail the synapses formed by a
labeled bouton. Also indicated are the synapses that were not
present in the lookup section (open arrowheads) and the
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Cat 2003 Cat 0904 Cat 0904 Cat 1804
sample region 1 sample region 2

Figure 3.
dLGN axons in area 17. A: Outline of coronal sections of cat area 17. For each cat, the black dot indicates the region of area 17 from which the

dLGN input was quantified. B,C,E: Light micrographs of a coronal section of area 17 showing the clusters of dLGN axons at three different
magnifications. D: LM reconstruction of all the dLGN axons in a volume of 30 um x 30 um X 80 um. The dots indicate the location of axon

varicosities. Scale bars = 100 pm.
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TABLE 2. Densities of Asymmetric Synapses in Layer 4 of Area 17 [Shrinkage Correction (SC) of 11%]

Cat No. of Density mean = SEM (x108) Density (SC) mean = SEM Sampling
(sample region) disectors (synapses/mm?) (x108) (synapses/mm?) method
2003 1 6.6 = 0.4 4.7 0.3 Strips
2003 72 7.7+0.6 54+ 0.4 SRS
0904 (1) 12 5304 3.7x0.3 Strips/URS
0904 (2) 60 71 x£0.7 5%04 SRS
1604 4 5.0+ 0.3 3.5+0.2 URS
1804 4 58 +0.3 41 +0.2 URS
1804 80 6.3+ 0.5 4.4 =04 SRS

Figure 4.

Electron micrographs of labeled dLGN boutons (Bt) and their targets
in layer 4 of area 17. A: Bouton forming synapse with a dendritic spine
(Sp). B: Bouton targeting the dendritic shaft of a putative inhibitory
neuron. Postsynaptic densities are indicated by arrowheads. Scale
bars = 0.5 pm.

synapses that were present in both sections (solid arrow-
heads), which were thus not counted. The density of dLGN
synapses investigated in three cats varied between 0.09 x 102
and 0.21 x 108 synapses/mm?® (Table 3). This is 1.4% and
2.1% (cat 0904), 2.4% (cat 0904), and 2.8% (cat 2003) of all
asymmetric synapses in layer 4.

Estimation of number of dLGN neurons in
injection site

In the previous section, we calculated the percentage of
asymmetric synapses formed by the dLGN axons in layer 4.
We then needed to estimate whether the dLGN injections
labeled all the relay neurons projecting to the sampled site in
area 17. We started by estimating the number of labeled
neurons in the injection site in the dLGN by reconstructing in
3-D the core of the injection site and also the contralateral A
lamina (Fig. 6).

From the 3-D reconstructions, we calculated the volume of
the injection site and of the A lamina (Table 4). We then
calculated the proportion of the volume of the contralateral A
lamina that was labeled by the injection. By using the number
of relay cells in the A lamina determined by Madarasz et al.
(1978a,b; Table 1), we could estimate what proportion of these
cells was present in the volume of the core of the injection
site.

The estimation of the number of LGN relay neurons that
are expected to form boutons in the region from which we
sampled the disectors was calculated using the numerical
data shown in Table 1. We estimated the mean expected
number of X cells contributing boutons to our sample region
to be 531 + 31 (+SEM) and the mean expected number of Y
cells to be 361 = 31 (+SEM).

We then calculated a correction factor to our densities in
the following way:

531 361

Y
Correction Factor =

where X is the estimated number of labeled X relay neurons in
the injection site, and Y is the estimated number of Y relay
neurons. The correction factor was 1.12 for cat 2003, 4.59 for
sample region 1 of cat 0904 and 4.93 for sample region 2, and
2.09 for cat 1804 (Table 4). After correction, the mean percent-
age of synapses in layer 4 of area 17 formed by the dLGN was
6% =+ 2.7% (+SD). Note that, for every value used in the
estimation, we also estimated the accompanying error. The
errors were then combined in quadrature. The mean error of
the estimation (mean of the SEMs in line 8 of Table 4) was 2%.
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Figure 5.
A: Electron micrograph of the reference section of a physical disector. The disector frame is show in black; the solid lines represent the

forbidden edges and the dashed lines the acceptance edges. Synapses disappearing from the reference to the lookup section are indicated by
solid arrowheads. Synapses present in both sections are indicated by open arrowheads. B: Magnification of a portion of the reference section

in A showing synapses formed by a dLGN. Scale bars = 1 um.
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TABLE 3. Density of Labeled dLGN Synapses in the Neuropil of Layer 4 of Area 17
Density of dLGN synapses
Cat No. of Mean No. of dLGN mean = SEM (x10°%)
(sample region) disectors synapses per disector (synapses/mm?®)
2003 279 0.0645 0.21 = 0.05
0904(1) 351 0.0285 0.09 = 0.03
0904(2) 328 0.0305 0.10 = 0.03
1804 367 0.0463 0.15 = 0.04
DISCUSSION from the eye to the primary visual cortex (Grafstein and Lau-

The major goal of this study was to determine the propor-
tion of asymmetric synapses formed by the dLGN boutons in
layer 4 of area 17 of the cat and to avoid the methodological
shortcomings of all previous estimates by using an unbiased
stereological method and correcting for the size of the injec-
tion. Our new estimate of 6% falls within the values of previ-
ous studies that indicate that the thalamic input contributes a
small proportion of the asymmetric synapses in layer 4 (Garey
and Powell, 1971; Hornung and Garey, 1981; LeVay, 1986).
Although our procedure addresses previous problems of ac-
curacy, it is dependent on the coverage factors of X and Y
axons (Humphrey et al., 1985) and on the densities of cells in
the dLGN (Madarasz et al., 1978a,b). Thus, together with our
estimate of the thalamic input, we made an estimate of the
uncertainty of our measure, which combines the standard
errors of our sampling and of the values used from the liter-
ature. It is also quite remarkable that studies that are based
not on neuronal tracers but on numerical analysis of quanti-
tative neuroanatomy (Peters and Payne, 1993), or morpholog-
ical identification of different presynaptic terminals (Ahmed et
al., 1994), produce results very similar to ours.

In previous experiments addressing this same question,
LeVay (1986), like ourselves, used local injections of an an-
terograde neuronal tracer, in this case wheat germ agglutinin
(WGA), rather than degeneration methods. However, if the
injection in the dLGN is not large enough to label all the relay
neurons, it will lead to an underestimate of dLGN synapses in
the cortex. Thus, we have measured the size of the tracer
uptake zone in the dLGN and scaled our estimates propor-
tionally. The histological procedure used by LeVay (1986) to
reveal the WGA-HRP induces voids in the boutons, which is
the indication that the tracer is present. Because these voids
are smaller than the boutons, and because LeVay used single
sections to count synapses, we would expect some underes-
timation. The degeneration method used by Garey and Powell
(1971) and Hornung and Garey (1981) avoids the use of a
tracer but has the disadvantage that the survival time after
lesion has to be timed correctly so that some degenerating
terminals do not undergo phagocytosis while others are still
degenerating (for review see Ralston, 1990), which will lead to
an underestimation. In all of the above-described work,
counts were performed in single sections, and this can lead to
a bias toward larger synapses. EM autoradiography combined
with the uptake of radioactive labeled amino acids has the
advantage of being very sensitive (for review see White, 1979).
However, the L-[2,3-®H]proline used in the work of LeVay and
Gilbert (1976) is also transported retrogradely (LeVay and
Sherk, 1983) and thus may possibly label terminals from layer
6 pyramidal neurons, which also arborize in layer 4. This would
lead to an overestimation of the dLGN synapses. Moreover,
L-[2,3-H]proline has been used to investigate the projection

reno, 1973; Wiesel et al., 1974), because it is transported
transneuronally (Grafstein, 1971). Thus, after injections into
the dLGN, one cannot rule out that the L-[2,3-*H]proline
passed across the thalamocortical synapse in layer 4 of area
17 and labeled cortical neurons and their axons, thus inducing
an overestimation of the percentage of dLGN synapses. An-
other source of overestimation with this technique is that
there is some scatter of the radioactivity, giving rise to a
background of silver grains that might lead to false positives.
These three defects most likely led to an overestimation of the
number of dLGN boutons in layer 4 of area 17 by LeVay and
Gilbert (1976). In fact, in a later publication, LeVay (1986)
acknowledges that the 28% reported in his study with Gilbert
might be an overestimation, because no procedure was used
to subtract background label.

The major drawback with all tracer techniques is that they
do not guarantee that all the dLGN neurons that contribute
boutons to a sampling site in area 17 are completely labeled.
In the monkey, the dLGN relay cells contain parvalbumin, and
this can be used as an intrinsic marker of thalamic boutons in
primary visual cortex (Latawiec et al., 2000), where they form
6-10% of the layer 4 asymmetric synapses. However, no
intrinsic marker has been found for cat thalamic relay neurons,
so tracers remain the only effective means of labeling the
dLGN afferents in the cat. It is clear from reconstructions of
single dLGN axons in area 17 (Freund et al., 1985b; Humphrey
et al., 1985) that, although X axons form single clusters, Y
axons can form more than one bouton cluster, so the terminal
arborization spreads over millimeters. From our own injec-
tions, we can see one main cluster of boutons in layer 4 and,
around it, less dense clusters. These less dense clusters could
be the lateral projections of Y-axons or, if our injection was
large enough, of X-axons innervating the “next” ocular dom-
inance column. Both seem likely, because layer 4B, which
receives input only from X-axons (Freund et al., 1985b; Hum-
phrey et al., 1985), was also labeled in multiple clusters. The
problem was to estimate the proportion of unlabeled neurons.
We estimated this fraction by obtaining a ratio between the
number of dLGN relay neurons that would contribute boutons
to our sampling area based on their coverage area and the
number of neurons that were expected to be labeled in the
volume of our injection site in the dLGN. We then scaled our
estimation of dLGN synapses in area 17 by this ratio.

Density of synapses in layer 4 of area 17 of the
cat

To discover the proportion of dLGN synapses in the neuro-
pil of layer 4 of area 17 also requires that we know the number
or proportion of the non-dLGN asymmetric synapses. We
found that the density of the asymmetric synapses in layer 4 of
area 17 is 5.9 x 108 synapses/mm® when no correction for
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Reconstruction of the contralateral A lamina of the dLGN from light micrographs taken from serial 80-um sections. The contours of the A lamina
are indicated in red. We show the reconstruction of one injection site (in blue) inside the A lamina. A: Front view. B: Side view. C: Top view. The
arrows indicate the orientation of the reconstruction: green indicates dorsal; blue indicates posterior; yellow indicates lateral. Scale bar = 1 mm.

shrinkage is applied, but this falls to 4.1 x 108 synapses/mm?®

when a correction for fixation shrinkage is applied. We give
both values, because, although the second is the more correct
description of the in vivo situation, this type of shrinkage
correction is rarely used in morphological and topographic

descriptions of reconstructed neurons. Because of this the
value of 5.9 x 108 synapses/mm? is the more useful for com-
parison with published data.

Previous estimates of the number of asymmetric synapses
in area 17 of the cat (Beaulieu and Colonnier, 1985; Cragg,
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TABLE 4. Volume and Number of Neurons in the Injection Sites'
Cat 0904 Cat 0904
Cat 2003 (sample 1) (sample 2) Cat 1804

1 Volume of injection site (+SEM) (mm?3). 0.034 = 0.0001 0.007 = 0.002 0.007 = 0.0004 0.019 = 0.004

2 Volume of contralateral A lamina of the dLGN 7.614 = 0.016 6.670 = 0.014(a) 6.670 = 0.014(a) 7.987 = 0.017(a)
(£SEM) (mm?).

3 Proportion of A lamina occupied by injection 0.0045 = 0.00002 0.0011 = 0.0004 0.0010 = 0.0001 0.0024 = 0.0004
site (=xSEM). line 1/line 2

4 Estimation of relay cell number in injection site 844 £ 8 205 = 68 191 =12 450 = 83
(=SEM). line 3 x Table 1, line 1

5 Estimation of X cell number in injection site 563 = 5 137 = 45 127 =8 300 = 56
(£SEM). line 4 x 2/3

6 Estimation of Y cell number in injection site 281 £ 3 68 = 23 64 x4 150 = 28
(£SEM). line 4 x 1/3

7 Correction factor (+SEM) 1.12 £ 0.06 4.59 = 1.11 4.93 £ 0.35 2.09 = 0.30

8 Percentage of asymmetric synapses formed by 28 0.7 9.2 3.7 71 £26 51+1.6

dLGN boutons xline 7 (+SEM).

Estimation of the number of neurons in the injection sites that generated the cortical clusters analyzed with the disector method. In cats 0904 and 1804, the injection site was
formed by two injections in close apposition. The volume was not corrected for any shrinkage.

2In cats 0904 and 1804, the very posterior tip of the dLGN was not reconstructed.

1975; Winfield, 1981) have been challenged as being biased
(Mayhew, 1996). In the present study, we used the unbiased
physical disector method (Sterio, 1984), now considered to be
the “gold standard” technique for counts, because it is inde-
pendent of the size, shape, and distribution of the synapses
counted (for review see Mayhew, 1996) The estimated density
of asymmetric synapses presented in this work is higher that
of Beaulieu and Colonnier (1985) for the same region of area
17 of the cat. Even though there are obvious advantages of
the disector technique compared with the model-based
counting methods used by Beaulieu and Colonnier (1985), the
closeness of the two estimates and the variance in sampling
and between animals suggest that the biases inherent in the
counts of Beaulieu and Colonnier (1985) are not significant.
DeFelipe et al. (1999) actually performed an experimental
comparison between the two techniques in human cerebral
cortex and found no significant differences between the two.
We have also applied the methods of Beaulieu and Colonnier
(1985) to some of the single section counts performed in the
reference and lookup sections in two animals, and, even
though the densities were both lower, they were not signifi-
cantly different from the disector results.

A potentially important difference in the detail of the meth-
ods used by Beaulieu and Colonnier (1985) is that of the
shrinkage correction. Beaulieu and Colonnier (1985) observed
and corrected for shrinkage resulting from histological proce-
dures that varied between 12% and 19%, but their tissue did
not undergo any shrinkage from perfusion with fixative. The
brains of the cats used in the present study did shrink slightly
during perfusion, but the shrinkage resulting from histological
procedures was found to be negligible. Even though the pro-
tocols used by Beaulieu and Colonnier (1985) and ours induce
shrinkage of the tissue in different steps of the procedure, the
net shrinkage is very similar in the two studies.

The shrinkage is potentially a major confounding variable in
estimating the density of synapses, which is a crucial number
underlying experimental and theoretical work dedicated to
solving the circuit diagram of the cortex (see, e.g., Binzegger
et al., 2004, regarding area 17 of the cat). Even though den-
sities are commonly reported in the literature, this measure is
not optimal for two reasons. First, density is sensitive to
volume artifacts (such as shrinkage). A better practice would
be to indicate the total number of synapses in layer 4 of area
17. Second, theoretical models tend to use the total numbers

instead of densities, and usually one needs to compile data
from different laboratories with different histological procedures
(and hence potentially different tissue shrinkages) to obtain such
numbers. Although the well-publicized advances in the automa-
tion of EM promise that problems such as counting synapses will
be revisited with less effort, these methods will be confined to
very small volumes of tissue and the difficulties of obtaining
quantitative data on long-distance connections, such as the
thalamocortical or corticocortical, remain.

Functional implications

In their original model of layer 4 simple cells in the cat, Hubel
and Wiesel (1962) assumed that all the excitation arises from
the dLGN afferents. Support for their interpretation has come
from cross-correlation studies by Reid and colleagues (Alonso
et al., 2001; Reid and Alonso, 1995), in which, by implication,
all the postsynaptic spikes could be accounted for by a spike
in a presynaptic dLGN relay cell. Another, basically concor-
dant study estimated that the dLGN provides of 35-46% of
the functional visual input to layer 4 simple cells (Chung and
Ferster, 1998; Ferster et al., 1996). Their indirect estimate was
made on the basis of changes in the amplitude of intracellular
potentials during periods when cortical activity was sup-
pressed either by cortical cooling or by electrical stimulation.
Although functionally dominant during visual simulation, the
thalamic input is nevertheless represented by a small fraction
of layer 4 synapses, as the present study confirms. The ana-
tomical maps of the synapses on the dendrites of the spiny
stellate cells in layer 4 made by Ahmed et al. (1994) indicated
that the dominant excitatory input in layer 4 arises from local
pyramidal neurons in layer 6 (~45%) and other layer 4 spiny
stellates (~28%). This experimental result agrees with esti-
mates of cortical connectivity based on the known anatomical
data (Binzegger et al., 2004; Peters and Payne, 1993), which
also point to the fact that most of the input to any cortical
neuron comes from its neighbors. Slice recordings from neu-
rons in layer 4 of cat area 17 (Stratford et al., 1996; Tarczy-
Hornoch et al., 1999) provided a comparison of the ampli-
tudes, efficacy, and dynamics of thalamocortical and
corticocortical synapses. The conclusion from these in vitro
studies was that the predominant excitatory input to simple
cells in layer 4 came from other cortical neurons, not from the
dLGN (Douglas et al., 1996).
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Douglas and Martin (1991) and Douglas et al. (1989) pro-
posed a reconciliation of the model of Hubel and Wiesel (1962)
with the experimental data of a small thalamic input to layer 4.
They emphasized the importance of the recurrent circuits
formed by the local cortical neurons in amplifying the dLGN
input. In their view, the number of dLGN synapses is neces-
sarily small, because otherwise a stimulus of nonoptimal ori-
entation will also drive the simple cells, since the dLGN inputs
are not orientation sensitive. Douglas and Martin (2007) pro-
posed that the dLGN input is “just enough” to drive their
targets in layer 4 only when the correctly oriented stimulus is
presented, as required by the Hubel and Wiesel model, and
that this input is then amplified by the recurrent circuits of the
cortex. Recently, Banitt et al. (2007), developed a detailed and
biophysically realistic model of a spiny stellate cell and
showed that the small numbers of dLGN synapses formed on
each layer 4 spiny stellate cell are, on their own, insufficient to
drive them adequately. However, the model showed that, if
the simple cells were depolarized by spontaneous excitatory
input from cortical neurons and the dLGN synapses were
activated synchronously, then they were indeed “just enough”
to drive the cortical neurons.

These studies indicate that, if the concept of “just enough”
(Douglas and Martin, 2007) is to be properly modeled and then
tested experimentally, accurate numbers are essential. Our
count is another step toward an accurate determination of the
input to layer 4 neurons in cat visual cortex. However, knowing
the number of dLGN synapses a neuron receives is not
enough: we still have to determine whether these synapses
are equally distributed across all the dendrites in a “Peters-
rule” manner (Binzegger et al., 2004; Braitenberg and Schiiz,
1991; Peters and Feldman, 1976) or whether different cell
types receive more or less of the thalamic input, as in “White’s
exceptions” (Benshalom and White, 1986; Braitenberg and
Schiiz, 1991; White and Hersch, 1981; White and Rock, 1981).
Peters Rule predicts that each spiny stellate cell receives
about 100 dLGN synapses (Binzegger et al., 2004; Peters and
Payne, 1993). On the basis of a combination of cross-
correlation data and the coverage factor of the dLGN recep-
tive, Alonso et al. (2001) estimated that ~30 dLGN neurons
project to a spiny stellate cell. To achieve the 100 synapses
estimated from the Peters rule means that the 30 single affer-
ents would have to make multiple synapses with each spiny
stellate cell. Structural evidence for multiple synapses comes
from Freund et al. (1985a), who found as many as eight syn-
apses from a single afferent to single cortical neurons. How-
ever, their method confined them to the analysis of single
80-um-thick sections and so most likely underestimated the
number of multiple synapses each afferent forms.

Our knowledge of the location of the dLGN synapses on the
dendritic tree, their size, and their receptor composition re-
mains surprisingly fragmentary. However, the data presented
here strongly support a general principle of cortical connec-
tivity, where wiring is optimized by making dense local con-
nections and sparse long-distance connections. Inevitably,
this places the weight of cortical computation on the local
circuits (Douglas and Martin, 2007).
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