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ABSTRACT 
The monosynaptic targets of different functional types of geniculocorti

cal axons were compared in the primary visual cortex of monkeys. Single thal
amocortical axons were recorded extracellularly in the white matter by using 
horseradish-peroxidase-filled pipettes. Their receptive fields were mapped 
and classified as corresponding to those of parvi - or magnocellular neurons in 
the lateral geniculate nucleus. The axons were then impaled and injected 
intraaxonally with horseradish peroxidase. Two magnocellular (MA) and two 
parvicellular (P A) axons were successfully recovered and reconstructed in 
three dimensions. The two MA axons arborised mainly in layer 4Ca, as did the 
two PA axons in layer 4Ct3. Few collaterals formed varicosities in layer 6. Both 
MA axons had two large, elongated clumps of bouton (approx. 300-500 x 600-
1,200 J!m each) and a small clump. One PA axon had two clumps (each with a 
core appr. 200 J!m in diameter); the other had only one (appr. 150-200 J!m in 
diameter). The PA axon with two clumps had 1)520 boutons; the other PA 
axon had 1,380; one MA axon had 3,200 boutons; and those of the more exten
sive MA axon were not counted. The distribution of postsynaptic targets as 
well as the number of synapses per bouton has been established for a sample of 
150 P A boutons and 173 MA boutons from serial ultrathin sections. The MA 
axons made on average 2.1 synapses per bouton compared to 1.79 for one PA 
axon and 2.6 for the other. The sample of boutons taken from the two physio
logical types ofaxons contacted similar proportions of dendritic spines (52-
68%), shafts (33-47%») and somata (0-3%). The postsynaptic elements were 
further characterized by immunostaining for GABA. All postsynaptic peri
karya and some of the dendrites (4.5-9.5% of all targets) were positive for the 
amino acid. Near the thalamic synapse GABA-negative dendritic shafts fre
quently contained lamellar bodies, an organelle identical in structure to spine 
apparatus. Dendritic shafts and spines postsynaptic to the thalamocortical 
boutons frequently received an adjacent synapse from GABA-immunoreac
tive boutons. 

The similarity between the magno- and parvicellular axons in their target
ing of postsynaptic elements, including the GABAergic neurons) suggests that 
the structural basis of the physiological differences between 4Ca and 4Ct3 neu
rons should be sought in other aspects of the circuitry of layer 4C, such as local 
cortical circuits) or in the far greater horizontal extent of the thalamocortical 
and GABAergic axons in layer 4Ca compared to those in the t3 subdivision. 

Key words: visual cortex, thalamus, geniculocortical, intracellular record
ing, GABA, immunocytochemistry 
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Fig. 1. A,C:Camera lucida reconstructions of two magnocellular ax
ons (MAl in A and MA2 in C) in the monkey striate cortex. They both 
had an off-centre receptive field. The centre size was 0.5° in diameter 
(MAl) and 1.6° x 1.1° (MA2) at a position of azimuth 7.5°, elevation 
-3.0° (MAl), and azimuth 0.9°, elevation -5.3° (MA2). Both axons 
were driven by the ipsilateral eye and responded well to low-contrast, 
broad-band stimuli. Surround antagonism was seen only for axon MA2. 
The terminal arbors are restricted to the upper part of layer 4C; only a 
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few collaterals terminate in layer 6. B: Computer-assisted three-dimen
sional reconstruction of MAL When viewed from the pia the boutons 
(dots) form three distinct clumps. D: Top view of axon MA2. Each line 
represents the extent of the arbor in a single 90 jLm-thick Vibratome sec
tion. The drawings of each section were aligned and then, with 90 jLm 

spacing, rotated 90° around the anterior-posterior axis. L, lateral; A, 
anterior; WM, white matter. Scales: 100 jLm. 
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Fig. 2, A: Camera lucida reconstruction of a parvicellular axon 
(PAl) in the monkey striate cortex. It had an on-centre receptive field of 
0.50 diameter in a position of asimuth 4.450 and elevation -3.850 and 
responded best to long-wavelength, high-contrast stimuli presented to 
the ipsilateral eye. No excitatory surround response could be elicited. 
The axon arborised mainly in layer 4CfJ, with only occasional collaterals 
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entering layers 4Ca and 6. Note that the innervation of the lower half of 
layer 4CfJ is denser. B: Computer-assisted three-dimensional recon
struction of the axon seen in A; view of the boutons from the pia. Two 
distinct clumps are seen; they both are about 200,:Lm in diameter, with a 
centre-to-centre distance of around 400-450 ,:Lm. A, anterior; L, lateral. 
Scales: 100 ,:Lm. 
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Fig. 3. Computer reconstruction of parvicellular axon P A2. It had an 
on-centre receptive field of 0.3° diameter in a position of asimuth 5.75° 
and elevation - 3.30 and responded best to long-wavelength, high-con
trast stimuli presented to the contralateral eye. No excitatory surround 
response or antagonism was detected. A, B: Two views as seen from 
directions parallel with the layers. Open arrow in A shows viewing direc
tion to obtain the image in B after rotating the axon 90° . Note the sharp 
limits of lateral spread in the whole thickness of layer 4CI1 and the 
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denser innervation of the lower half of the sublayer. Pia is to the top of 
figures in A and B. C, D: Views from the pia showing the arborisation 
pattern and the distribution of boutons, respectively. Arrows A and L 
show directions anterior and lateral respectively. Note that the majority 
of boutons are within a cylinder of around 150-200 j.Lm in diameter. 
Open arrow in C shows the viewing direction to obtain the image in A, 
after rotating the axon 900

• Scale: 100 j.Lm. 



THALAMOCORTICAL AXONS IN MONKEY VISUAL CORTEX 319 

Fig. 4. A-C: Light micrographs of the magnocellular axon (MA2) 
shown in figure lC. A small field of the arbor in layer 4Ca was photo
graphed at three different focal depths. The HRP filling of this axon was 
relatively light; therefore in osmium-treated sections at low magnifica
tion some collaterals appear to be discontinuous. Arrows label some of 

the HRP-filled boutons of the axon. D-F: Light micrographs of the par
vicellular axon (PAl) shown in Figure 2. A clump of the arbor in layer 
4C{3 was photographed at three different focal depths. The boutons (ar
rows) are more densely packed than in the case of the magnocellular 
afferents. A capillary (c) is labelled as a landmark. Scales: 100 ~m. 
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Figure 5 
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Ocular dominance columns, formed by the segregation of 
the left and right eye thalamic inputs to layer 4 of the visual 
cortex, thanks to studies of their organization, development, 
and modification by visual experience, have provided signif
icant insights into the columnar organization of cortex (Hu
bel and Wiesel, '72; Hendrickson and Wilson, '78; for review 
see Hubel and Wiesel, '77). A great deal is known about the 
structural and functional organization of layer 4C, the main 
recipient zone of thalamic afferents. In Nissl-stained mate
rial layer 4C appears as a band densely packed with small 
neurons, which gives this cortical area its characteristic 
granular appearance. Golgi studies (Ram6n y Cajal, 1899; 
Valverde, '71; Lund, '73, '87; Szentagothai, '73, '75; Lund 
and Boothe, '75; Mates and Lund, '83a) indicate that these 
neurons are spiny stellate cells and neurons with smooth 
dendrites. Pyramidal cells, the most common cell type in all 
other layers, are not found in layer 4C. 

The upper portion of layer 4C (sublayer a) receives its 
input from the magnocellular layers of the lateral geniculate 
nucleus of the thalamus, whereas the lower portion {sub
layer {3) receives its input from the parvicellular layers (Hu
bel and Wiesel, '68; Hendrickson and Wilson, '78). The 
receptive field properties of neurons in these two divisions 
reflect their source of thalamic input (Hubel and Wiesel, '68, 
'72, '77; Dow, '74; Bullier and Henry, '80; Blasdel and Fitz
patrick, '84; Hawken and Parker, '84; Livingstone and Hu
bel, '84). The 4Ca cells are not sharply tuned to the stimulus 
wavelength and have high-contrast sensitivity, whereas 
many of the 4C(3 cells are wavelength -tuned and are less sen
sitive to contrast. All the layer 4C neurons tend to be 
strongly dominated by one eye. Originally it was thought 
that all neurons in layer 4C had nonoriented receptive fields 
resembling those of the lateral geniculate nucleus (Hubel 
and Wiesel, '68). Subsequently, a number of studies found 
orientation-selective cells in layer 4C with simple and com
plex receptive fields (Livingstone and Hubel, '84; Blasdel 
and Fitzpatrick, '84; Hawken and Parker, '84; Kennedy et 
al., '85). It now appears that most neurons in 4Ca are orien
tation sensitive. The nonoriented receptive fields in layer 4C 
are found for neurons in the (3 division. There is increasing 
evidence that these two subdivisions of layer 4C are part of 
at least two separate and parallel functional paths through 
the cortical areas (see rev. by Livingstone and Hubel, '87; 
Zeki and Shipp, '88; De Y oe and Van Essen, '88). 

Much less detail is available about the synaptic organiza
tion of ocular dominance columns and layer 4C. The connec
tions of different types of thalamic afferents are still poorly 
understood both in terms of their structure and in their con
tribution to the microcircuitry of layer 4C. Differences 
between layers 4Ca and 4C{J have been found in the synaptic 
connections made by thalamic boutons in degeneration ex
periments (Winfield et al., '82; Winfield and Powell, '83). 

Fig. 5. Postsynaptic targets of HRP-filled boutons of axon MAl in 
layer 4Ca (A, C, E) and boutons of axon PAl in layer 4Cp. Note the 
asymmetrical synaptic specializations (arrows). The postsynaptic den
dritic shafts belonged to two major types. Dendrites of one type (in A, B) 
were of medium to small caliber, had small dark mitochondria, and often 
contained lamellar bodies (arrowheads in A, B). Occasionally, they bore 
spines. The other type of shafts (ds, C, D) contained large mitochondria, 
did not possess lamellar bodies or spines, and were occasionally varicose. 
E, F: The predominant targets of both the magnocellular (E) and the 
parvicellular (F) boutons were dendritic spines. A single bouton often 
contacted several spines. Scales: A-F, 0.5 /lm. 

Magnocellular axons, on average, appeared to provide more 
synapses per bouton than parvicellular axons. Spiny stellate 
cells in layer 4C(3 have been shown to receive thalamic 
synapses (Kisvarday et al., '86), but only a few contacts have 
been identified, and cells in 4Ca have not been examined. 
Only one study has reported the distribution of physiologi
cally identified arbors of the thalamic afferents in old-world 
monkeys (Blasdel and Lund, '83), but the synaptic connec
tions made by single axons have not been studied. 

The present study extends previous work on the arborisa
tion patterns of single physiologically and morphologically 
identified afferents and in addition focuses on the synaptic 
connections made in the magno- and parvicellular recipient 
layers of 4C. Subtle differences have already been revealed 
in the cat in the synaptic organization of thalamic axons 
with different physiological properties (Freund et al., 
'85a,b). One would expect that the physiological differences 
between the a and (3 sub laminae might also be reflected in 
differences in the local circuitry within the laminae. In par
ticular, GABA-mediated inhibition is thought to be impor
tant in controlling the response selectivity of cortical neu
rons to certain parameters of stimuli (for review see Sillito, 
'84). Therefore, we used immunocytochemical methods to 
determine the input from parvi- and magnocellular axons to 
GABAergic neurons in the cortex. The data provide new 
insights into the circuitry of layer 4C and will form a starting 
point for further studies on the development and plasticity 
of the microcircuitry of ocular dominance columns. 

MATERIALS AND METHODS 
Preparation of the animals, recording, and 

HRP injections 
The material derives from two adult (weight: 5-6 kg) 

female monkeys (Macaca nemestrina). Anaesthesia was in
duced with ketamine hydrochloride (Ketalar, Parke-Davis). 
The saphenous vein and femoral artery were cannulated. 
Anaesthesia and analgesia were then maintained during 
sterile surgery with alfadolone acetate plus alfaxalone 
(SAFFAN; Glaxo) and a gas mixture of 1-2% halothane in a 
70:30 mixture of N20 and O2, EEG, heart rate, blood pres
sure, temperature (38°C), and end-tidal CO2 (5 %) were con
tinuously monitored. After paralyzing with 2 mg of pancu
ronium bromide (Pavulon, Organon Teknika) anaesthetic 
levels were assessed by using the EEG (slow-wave sleep) and 
blood pressure (approx. 100/70). Afocal contact lenses were 
placed over the corneas and correcting lenses were used to 
focus the eyes on the tangent screen, 1.14 m away. During 
electrophysiological recording the halothane was stopped 
and anaesthesia was maintained with sodium pentobarbital 
(minimum 2 mg/kg/hour). Pavulon was continuously in
fused at 0.5 mg/kg/hr. 

A small craniotomy was made over area 17 and a plastic 
cylinder was cemented onto the skull. The dura was 
removed and the micropipette containing 4 % horseradish 
peroxidase (HRP, Bohringer) and Tris-buffered 0.2 M KCI, 
with an impedance of 100 Mf2, was lowered onto the surface 
of the brain. The cylinder was filled with agar and sealed 
with wax to reduce pulsations. Neurons and axons were 
stimulated with hand-held stimuli. The wavelength of the 
stimulus was adjusted with gelatine or interference filters. 
Eye position was monitored with a reversible ophthalmo
scope, which was used to project the position of the fovea 
onto the tangent screen. 
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In classifying the neurons and fibres we concentrated on 
those properties that could be assessed by using hand-held 
stimuli. For the afferent fibres we drove the pipette into the 
white matter underlying the cortex. Axons were first re
corded extracellularly and their receptive fields were plot
ted. Parvicellular axons were identified by their monocular 
nonoriented receptive fields, their sensitivity to the wave
length of the stimulus, and by their poor response to stimuli 
of low contrast (Shapley et al., '81) and to large, fast-moving 
stimuli of opposite contrast to the centre. Magnocellular 
axons were identified by their monocular non oriented re
ceptive fields, their good response to a wide range of wave
lengths, and by their ability to respond briskly to low-con
trast stimuli and to large, fast-moving stimuli of opposite 
contrast to the centre. Both magno- and parvicellular axons 
had high spontaneous activity that could usually be inhib
ited by stimulating the centre with a stimulus of inappro
priate contrast or wavelength. The spatial extent of the 
receptive field centre was plotted by using flashed light 
spots to which both magno- and parvicellular axons re
sponded briskly. After mapping the receptive field the axon 
was repeatedly stimulated with an optimal stimulus while 
the pipette was advanced in an attempt to impale the fibre. 
On the occasions when the fibre was impaled, as indicated 
by a sharp drop in the DC potential of about 40 m V, the 
receptive field was remapped and the fibre was then 
injected with HRP by using depolarizing current pulses (2-4 
nA) for several minutes, or as long as it was possible to retain 
intraaxonal recording. 

Perfusion, peroxidase histochemistry, and 
embedding 

Two to 12 hours after the injection of HRP the monkey 
was given an overdose of barbiturate and perfused through 
the heart with saline followed by 2.5 % glutaraldehyde and 
1 % paraformaldehyde. Blocks of area 17, thought to contain 
the HRP-filled afferents, were dissected and sectioned on a 
Vibratome (Oxford Instruments) at 80 J,Lm. The histochem
istry for HRP was performed according to Hanker et al. 
('77) by using the pyrocatechol/p-phenylene diamine reac
tion with cobalt and nickel intensification (Adams, '81). 
W ell-filled axons were selected from wet sections under the 
light microscope and treated with 1 % osmium tetroxide for 
40 minutes. The sections were then dehydrated in ethanol 
(1 % uranyl acetate was included in the 70% ethanol step for 
40 minutes), embedded in resin (Durcupan ACM, Fluka), 
mounted on microscope slides under a coverslip, and cured 
at 56°C for 2 days. 

Fig. 6. A, B: Light micrographs of somatic contacts established by 
magnocellular (A) and parvicellular (B) axon terminals. A: Two boutons 
(bi> bz) of the magnocellular axon are in contact with a large cell body 
(S). The arrow points to a main axon trunk. A small cell body (asterisk, 
see also in C) serves as a landmark for correlation with the electron 
micrograph shown in C. C: One of the boutons (b l ) establishes an asym
metrical synaptic contact (arrow in D) with the cell body. The framed 
area is shown in D. E: The other bouton (b2), also shown in A, is in asym
metrical synaptic contact (arrow) with the cell body. B: Two boutons 
(arrows) of the parvicellular axon are in contact with a small cell body 
(asterisk), Electron microscopy showed that there were no synaptic con
tacts between the HRP-filled terminals and this cell body. Scales: A, B, 
10 /.Lm; C, 5 /.Lm; D, E, 0.5 /.Lm. 

Two- and three-dimensional reconstruction of 
HRP-filled axons 

The HRP-injected axons were drawn first by using a 
drawing tube and then digitized by using two different 
three-dimensional neuron reconstruction systems. Axon 
PA2 (Fig. 3) was digitized by feeding the X, Y, and Z coordi
nates with 0.5 J,Lm accuracy (100 x oil immersion objective) 
into an IBM AT computer by using a neuron reconstruction 
system (Neutrace) and software programs NEURON, 
NEUMER, NEUROT, and NRNllA and statistical pro
grams (Zsuppan, '84). Two other axons (PAl and MAl) were 
reconstructed by using the Neuroscience Research Centre 
Cell Reconstruction Facility, University of Alabama in Bir
mingham. The system employs a VAX 11/750 computer, 
Evans & Sutherland PS 300 display unit, and software 
developed in house. Processes were digitized in three dimen
sions with 0.1 J,Lm accuracy at 1,000x magnification (100x 
oil objective) by using a drawing tube attachment and a bit
pad. Section alignment of the 80 J,Lm-thick sections was 
achieved by using a docking program that allowed simulta
neous display of serial sections from any viewpoint. An 
interactive program was then used to align the section by 
using fiducial marks such as the cut ends of the HRP-filled 
processes. 

Electron microscopy and postembedding 
immunogold staining for GABA 

Selected portions of the HRP-filled axon arborisations 
were photographed in the light microscope, re-embedded 
(Somogyi et al., '79), and serially sectioned for electron 
microscopy. The serial ultrathin sections were mounted 
alternately on Formvar-coated copper and gold grids (four 
to six sections on a copper and two or three sections on a 
gold grid). The copper grids were stained with lead citrate 
(Reynolds, '63) and the gold grids were processed for post
embedding immunogold staining by using an antiserum 
against GABA. 

The procedure followed that of Somogyi and Hodgson 
('85) with modifications (Somogyi and Soltesz, '86). Briefly, 
the following steps were carried out at room temperature on 
droplets of solutions (all Millipore filtered, pore size 0'.22 
J,Lm) placed on Parafilm in petri dishes unless otherWIse 
stated: 1 % periodic acid for 7-10 minutes; three washes in 
distilled water by dipping followed by 5 minutes on drops; 
1 % sodium metaperiodate for 7-10 minutes; 2 x 10 minutes 
in Tris (10 mM)-phosphate (10 mM)-buffered isotonic sa
line (TPBS), pH 7.4; blocking of nonspecific reaction with 
1 % ovalbumin in TPBS for 30 minutes; quick rinse in 
dd.H20; 1 % normal goat serum (NGS, in TPBS) for 5 min
utes; antiserum to GABA for 1-2 hours (code No. 9, Hodg
son et aL '85) diluted with 1 % NGS in TPBS at 1:1,000 to 
1:3,000; i x IS-minutes wash in 1 % NGS; 5 minutes in 1 % 
polyethylene glycol (moL wt. 15,000-20,000, Sigma) dis
solved in 50 mM Tris buffer (pH 7.0); Goat antirabbit IgG
coated colloidal gold (15 nm, Janssen Life Sci. Prod.) 
diluted at 1:10 to 1:40, for 2 hours; three dips plus 10 min
utes in dd· H20; staining with 1 % uranyl acetate in distil~ed 
water for 30 minutes; three dips in dd· H20; staining WIth 
lead citrate; three dips in dd· H20. 

Some of the osmium is removed from the sections during 
the immunostaining procedure, and the HRP-filled profiles 
lose their electron density. Therefore, HRP-filled boutons 
had to be identified on alternate grids, which were not pro
cessed for immunogold staining. The same boutons were 
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Postsynaptic elements of geniculocortical afferents 

Spines 
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D.shafts 
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E21 Afferent PA 1 
121 Afferent PA2 
8 Afferent MA1 
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El Afferent PA2 
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~ Afferent MA2 
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Fig. 7. Quantitative distribution of the types (A) and number (B) of postsynaptic elements for the 
nocellular (MAl and MA2) and the parvicellular (PAl and PA2) axons was established by reconstruction 
boutons (113 of MAl, 60 ofMA2, 125 of PAl, and 25 ofPA2) in the electron microscope from serial ultrathin 
sections. 
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Dendritic shafts postsynaptic to geniculocortical afferents 
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Fig. 8. Distribution of GABA-negative, GABA-positive, and uncategorized dendritic shafts postsynaptic 
to axons MAl (108 dendritic shafts, 47.2% of total targets), MA2 (45 dendritic shafts, 35.7% of total tar
gets), PAl (74 dendritic shafts, 33.0% of total targets), and PA2 (28 dendritic shafts, 43.1 % of total tar
gets). 

then searched in sections on neighbouring immunostained 
grids by using capillaries, somata, or other large profiles as 
landmarks. 

RESULTS 
Electrophysiological features of 

geniculocortical axons 
The axons were electrophysiologically identified on the 

basis of criteria outlined in the Materials and Methods sec
tion. Both parvicellular axons had on-centre receptive fields 
that responded best to long-wavelength stimuli. The mag
nocellular axons had off-centre receptive fields and could be 
activated by broad-band stimuli. One of the parvicellular 
axons (PAl) and both magnocellular axons were driven by 
the ipsilateral eye, and the other parvicellular axon (P A2) 
was driven by the contralateral eye. Further details of the 
receptive fields are given in the figure legends for the indi
vidual axons. 

Light microscopic features and 
three-dimensional reconstruction 

Two magnocellular (MA) and two parvicellular (P A) ax
ons, well filled with HRP, were used for the light and elec
tron microscopic analysis. 

The MA axons arborised in a dense narrow band within 
layer 4Ca; the innervation of layer 6 was very sparse (Fig. 1). 
The main axon trunks branchep. to several major collaterals 

before leaving the white matter. Even these collaterals were 
large in diameter, approximately 3-4 J,lm at the point of 
entry to the cortex (not corrected for tissue shrinkage). Only 
a few of the collaterals gave short side branches in layer 6. 
Occasional collaterals appeared to enter layers 4C~ and 4B, 
but even these remained restricted to the laminar boundary 
regions (Fig. 1). The exact boundary between 4Ca and 4C~ 
was estimated to be at half the width of layer 4C. In layer 
4Ca the axons gave rise to finer branches, which were stud
ded with large en passant boutons (average diameter 1-2 
J,lm). Clusters of boutons, or obvious associations with any 
particular target profiles, were rare. A few somata (three to 
five per axon) were nevertheless seen to receive multiple 
contacts. The terminal fields in layer 4Ca of both MA axons 
appeared homogeneous on the camera lucida drawings (Fig. 
1A,C); however, the three-dimensional reconstructions re
vealed that each arborisation consisted of three clumps best 
seen when viewed from the pia (Fig. 1B,D). The two large 
clumps were clearly separate, but the third clumps of both 
axons were very small and could be regarded as extensions 
of the large clumps. The two larger clumps were 300-500 x 
600-1,200 J,lm in size, elongated obliquely in the anterior
posterior direction, and had a centre to centre spacing of 800 
J,lm. The dimensions and spacing of these clumps suggest 
that they correspond to ocular dominance columns. Axon 
MAl had 3,200 boutons; those of MA2 were not counted, but 
there appeared to be approximately twice as many. 

The P A axons formed a very dense arborisation in layer 
4C~, and a few collaterals were seen in layer 6 as well, 
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Fig. 9. A, B: A bouton (framed area in A, shown at higher power in B, 
bpA) of axon PAl is in asymmetrical synaptic contact (arrows in B) with 
a cell body (P). C: The GABA immunoreactivity of the perikaryon was 
tested on alternate grids by the immunogold technique and is shown 
here a few sections away in the series. The high concentration of gold 
particles over the cell body and its dendrite (ds) shows that it is positive 
for GABA. The HRP-filled bouton is much less electron-dense in this 

T.F. FREUND ET AL. 

section because of the partial removal of osmium during the immuno
staining procedure. The parvicellular bouton (bpA) in this section con
tacts a spine (arrowhead). D: An HRP-filled terminal (bMA) of a magno
cellular axon (MAl) in asymmetrical synaptic contact (arrow) with a cell 
body, which is immunoreactive for GABA as shown by the accumulation 
of gold particles. Another bouton not labelled with HRP (asterisk) is 
also GABA-positive. Scales: A, 2 /lm; B-D, 0.5 /lm. 
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Fig. 10. A-C: A parvicellular axon terminal (bpA) in asymmetrical 
synaptic contact (arrow) with a dendritic shaft. Serial sections of the 
same area were immunostained for GABA (B, C). The accumulation of 
gold particles shows that the dendritic shaft is immunoreactive for 

GABA. D-F: A magnocellular axon terminal (bMA) forming an asymmet
rical synaptic contact (arrows) with two dendritic shafts. The upper 
dendritic shaft is immunoreactive for GABA, as shown by the accumula
tion of gold particles in serial sections in E and F. Scales: A, D, 0.5 !lm. 
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Figure 11 
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radially below the layer 4 arbor (Figs. 2, 3). The layer 4Ct3 
clump had sharp borders with layers 5 and 4Ca, and collat
erals entering the lower half of layer 4Ca were sparse. On the 
camera lucida drawings both PA axons appear to have a tan
gentially homogeneous distribution of collaterals in layer 
4C/3 (Figs. 2A, 3A,B). However, the top views obtained by 
computer-assisted three-dimensional reconstructions re
vealed that one of the PA afferents (PAl) arborised in two 
distinct clumps (Fig. 2B); each clump was about 150-200 J,Lm 

in diameter and had a centre-to-centre spacing of 450 J,Lm. 

The other axon (P A2) had a single clump of 150-200 J,Lm 

diameter with sharp limits of lateral spread, giving it the 
box-like appearance seen on the computer rotation (Fig. 
3B). The density of collaterals and varicosities was higher in 
the lower than in the upper half of 4C/3. The parvicellular 
arbor had fewer boutons (PAl: 1,520; PA2: 1,380) than the 
magnocellular arbors. Interestingly, the number of boutons 
formed by the two P A axon is very similar in spite of the 
difference in the number of clumps they formed. 

The main axons were thinner (1-3 Mm) than those of the 
MA axons. The P A axons appeared to have far more bou
tons per unit volume than the MA afferents (Figs. 2, 3, 4D
F). In layer 4Ct3 the main axons gave rise to several fine col
laterals that were studded with en passant boutons with 
interbouton intervals smaller than those of the MA axons. 
Associations of the boutons with particular target profiles 
were not seen. Contacts on cell bodies were frequent, but 
this was the result of the high packing density of somata in 
this layer. The majority of these somatic appositions were 
found to lack synaptic specializations, as shown by electron 
microscopy (see below). 

Ultrastructural characteristics of 
geniculocortical axons and their postsynaptic 

targets 
Thick sections containing large numbers of HRP-filled 

boutons from different parts of the MA and PA arborisa
tions were re-embedded and sectioned for electron micros
copy (EM). All smooth branches of the axons were heavily 
myelinated. The finer collaterals only lost their myelin 
sheath just before the formation of the first synaptic bou
ton. The boutons along these fine collaterals seen in 
the light microscope were invariably found to form synapses 
when examined in the EM. They contained several rather 
small-diameter mitochondria and were filled with round 
synaptic vesicles (Figs. 5A,E, 6D,E). All synaptic contacts 
established by these identified thalamic axons were clearly 
asymmetrical (Gray's type 1) when studied in serial sec
tions. Occasionally, in single sections, the postsynaptic 
membrane specialisation appeared very thin near the edge 
of the synaptic specialization and could have been misinter
preted as a symmetrical (Gray's type 2) synapse. A total 
number of 150 P A and 173 MA boutons were studied in 

Fig. 11. A, B: A magnocellular bouton (bMA) of axon MAl in asym
metrical synaptic contact (arrows) with a large proximal dendrite (ds) 
and a spine (lower thick arrow). The dendritic shaft as well as two axon 
terminals (asterisks) is positive for GABA on a consecutive immuno
stained section (B). C-E: A small-caliber dendrite (ds, upper right) and 
a spine (lower left) receive asymmetrical synapses (arrows) from an 
HRP-filled bouton (bMA) of a magnocellular afferent (MAl). The thin 
dendritic shaft (ds) and two boutons (asterisks) are strongly immunore
active for GABA, whereas the spine is immunonegative. Scales: A-E, 0.5 
Mm. 

serial sections and reconstructed in the electron microscope. 
The number of synapses per bouton and the types of post
synaptic targets have been established for each bouton (Fig. 
7) from serial section reconstruction. The postsynaptic tar
gets were also tested for the presence or absence of GABA by 
using immunocytochemistry (Fig. 8). All postsynaptic pro
files lacking mitochondria and microtubules were classified 
as dendritic spines, and all those that contained mitochon
dria and/or microtubules were classified as dendritic shafts, 
irrespective of their diameter. A large proportion of the tar
get dendritic shafts had small diameters and looked like 
spines, especially those containing lamellar bodies (see be
low). In order to confirm that the presence or absence of 
mitochondria can be used as a criterion to distinguish spines 
and shafts, we reconstructed in serial EM sections 36 spine 
heads of five Golgi-impregnated spiny stellate cells from 
area 17 of a monkey. None of these spines contained mito
chondria. 

The MA and P A axons terminated on a similar range of 
postsynaptic targets, which included dendritic spines and 
shafts and cell bodies (Fig. 7 A). Axon PAl contacted a 
slightly higher proportion of dendritic spines (68.9%) and 
fewer dendritic shafts ) than the other P A axon (P A2, 
55.4 % spine and 43.1 % shaft). The MA axons also differed 
from each other, MA2 contacting a higher proportion of 
spines (64.3 %) and lower proportion of dendritic shafts 
(35.7 ) than axon MAl (51.5% spines and 47.2% shaft). 
Thus, there is a greater similarity in the distribution of post
synaptic targets between MA2 and PAl or between MAl 
and P A2 than between axons of the same physiological 
type. 

When a bouton contacted dendritic spines, it usually con
tacted several of them (Fig. 5E,F). Most of the spines con
tained a spine apparatus. The target dendritic shafts were of 
two distinct types. One type was of larger diameter and, in 
general, contained larger mitochondria (Figs. 5C,D, 10, 11), 
whereas the other type had smaller diameter, smaller mito
chondria, and frequently contained a lamellar body, which 
is an organelle similar in structure to the spine apparatus 
(Figs. 5A,B, 12). 

Perikarya accounted for a very small proportion of the 
targets of both types of afferent (3.1 % of the PAl, 1.5% of 
the P A2, 1.3 % of the MAl, and none of the examined MA2 
targets). Most postsynaptic perikarya showed the ultra
structural features of nonpyramidal cells: e.g., high nucleus/ 
cytoplasm ratio; abundance of large mitochondria, rough 
endoplasmic reticulum, and free ribosomes; and both sym
metrical and asymmetrical synaptic input (Figs. 6C, 9A). 
The eight somatic synapses given by one of the P A axons 
(P A1, Fig. 2) were distributed on five perikarya, four of 
which were in the clump studied in greater detaiL The posi
tion of these somata was rather peculiar; two of them were at 
the anterior and the other two at the posterior edge of the 
clump. The other P A axon (PA2, Fig. 3) contacted a single 
cell body, the fine structural features of which were indistin
guishable from those of spiny stellate cells. Only a single cell 
body was contacted by three boutons of the 125 sampled 
from one of the MA axons (MAl, Fig. lA), and none of the 
60 boutons sampled from MA2 (Fig. lC) terminated on 
somata. 

There was a large scatter among the axons also with 
respect to the number of synapses per bouton. Axon PAl 
established less synapses per bouton (1.79) than the MA 
axons (2.03 for MAl and 2.1 for MA2). The other parvicellu
lar axon (PA2), however, established far more synapses per 
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bouton (2.6) than any of the other three axons. The propor
tion of boutons establishing one, two, three, and four or 
more synapses is shown in a histogram in Figure 7B. The 
majority of boutons of both types of afferents established 
one or two synapses, but giant boutons (up to 3 J1m in diame
ter) contacting four to six postsynaptic targets (mostly small 
spines) were also seen. 

Identification of postsynaptic targets by 
GABA immunocytochemistry 

The pattern of GAB A immunoreactivity was similar to 
that described earlier in the visual cortex of cats and mon
keys (Hendrickson et aI., '81; Freund et aI., '83; Fitzpatrick 
et aI., '87; Hendry et aI., '87). The majority of the boutons 
containing fiat vesicles and making symmetrical synapses 
were positive for GABA, as were dendritic shafts and 
somata showing the characteristics of nonpyramidal neu
rons (see above). The difference in gold particle density 
between positive and negative profiles was so striking that 
quantification was unnecessary. The level of background 
staining varied from incubation to incubation, but even at 
relatively high background levels the accumulation of gold 
particles above the immunoreactive structures was distinct 
(Fig. 9C). Grids with poor immunostaining were excluded 
from the sample. The HRP-filled terminals lose their elec
tron density during the sodium periodate treatment of the 
immunostaining procedure. Therefore, the boutons were 
mapped first in a nonimmunostained section, and then, 
using capillaries, somata, or other large-diameter profiles as 
landmarks, they were identified in the neighbouring immu
nostained sections. HRP -filled boutons of both the MA and 
PA afferents were always negative for GAB A (Figs. 9-13). 

All postsynaptic spines were negative (Figs. 11, 13C-F) 
and all postsynaptic somata were positive for GABA (Fig. 
9C,D). The GABA immunoreactivity of dendrites is usually 
weaker than that of synaptic boutons or perikarya. There
fore, the immunoreactivity of target dendrites was always 
assessed from several (two to six) consecutive ultrathin sec
tions of the same profile. The proportion of all postsynaptic 
dendritic shafts and, of these, the proportion of GABA-posi
tive, GABA-negative, and unidentified (i.e., because of un
successful immunostaining of the alternate sections) den
drites is shown in a histogram (Fig. 8). GABA-positive 
dendritic shafts represented 6.2% (14 out of 229) of the total 
number of targets of MAl, 9.5 % (12 out of 126) of MA2, 
4.5 % (ten out of 224) of one clump of PAl, 3.8 % (two out of 
53) of the other clump of PAl, and 6.2 % (four out of 65) of 
P A2. Thus, MAl contacted exactly the same proportion of 
G ABAergic dendrites as P A2 and differs from PAl not more 
than from MA2. From all the postsynaptic targets the pro
portion of GABA-negative dendrites was 36.2% for MAl, 
35.7% for MA2, 22.8% for PAl, and 36.9% for PA2. The 
remaining small proportion of the postsynaptic dendritic 

Fig. 12. Lamellar bodies (arrows), an organelle similar to the spine 
apparatus in structure, in GAB A-negative dendritic shafts postsynaptic 
to either magnocellular or parvicellular afferents. The GABA-immuno
gold reaction is shown in F and H for dendritic shafts contacted by a 
magnocellular (bMA) and a parvicellular terminal (bpA), and their nonim
munostained neighbouring sections in E and G, respectively. The lamel
lar bodies were usually apposed to a mitochondrion, whereas their other 
sides were facing the thalamic synapse (A-E, G). GABA-positive bou
tons (asterisks) of unknown origin are also indicated in F and H as a 
control for the quality of immunostaining. Scales: A-H, 0.5 p.m. 

shafts were not categorized as GABA-positive or -negative 
(Fig. 8). 

The proportion of GABA-positive dendritic shafts should 
be considered as a minimum number, since the possibility of 
false negativity cannot be excluded in immunostaining. 
Nevertheless, the GABA-negative shafts had other features 
in common; e.g., they often contained lamellar bodies (see 
below) or gave rise to spines. This suggests that the lack of 
GABA immunoreactivity in these dendrites was genuine. 
The GABA-positive dendritic shafts also had ultrastructu
ral features in common. In general, the mitochondria in 
GABA-positive profiles were larger and appeared to have a 
light matrix compared to the mitochondria in non-GABAer
gic profiles (Figs. 6, 9, 10D-F, 11A,B). The GABA-positive 
dendritic shafts were often thick proximal dendrites (Fig. 
llA,B) but thin distal dendrites were also found (Fig. llC
E). 

Dendritic shafts containing lamellar bodies were never 
found to be immunoreactive for GAB A (Fig. 12E-H). The 
lamellar bodies were similar in structure to the spine appa
ratus; they were usually positioned between a mitochon
drion and the postsynaptic specialization of the thalamic 
synapse; and they were apposed to the membrane of the 
mitochondrion (Figs. 5A,B, 12). Often the membrane-lim
ited saccule facing the thalamic synapse was more swollen 
than the inner saccules, and electron-dense material could 
be seen between the outer saccule and the postsynaptic 
membrane specialisation (Figs. 5B, 12E,G). 

The synapses established by either P A or MA boutons 
onto small-caliber dendrites or spines were frequently asso
ciated with a symmetrical synapse terminating on the same 
structure, and these symmetrical synapses were always posi
tive for GABA (Fig. 13). Such a synaptic arrangement was 
seen in case of 10-20% of the thalamocortical synapses. 
However, this should be considered as a minimum number, 
since the postsynaptic targets were not reconstructed over 
sufficient length, and only those symmetrical synapses were 
noted which contacted the postsynaptic profile in the same 
sections as the thalamic terminal. 

DISCUSSION 
Origin and arborisation pattern of 

thalamocortical axons 
Direct evidence that the axons described here, as in ear

lier studies (Blasdel and Lund, '83; Florence and Casa
grande, '87), originated from the magno- and parvicellular 
layers of the lateral geniculate nucleus (LGN) cannot be 
given. However, if taken together, their receptive field prop
erties, laminae of termination, and the clustering of their 
terminal boutons are consistent only with their origin being 
the magno- and parvicellular layers of the LGN. Even in the 
small sample of the present study it is clear that there is con
siderable variability in the size and extent of the terminal 
arbors. One parvicellular axon (PAl) formed two clumps; 
the other (P A2) formed one clump. Both magnocellular 
axons formed clumps, but in one of them the two clumps 
fused; in the other the clumps were quite separate but dif
fered in size. In general, the injected axons were more exten
sive and contained more boutons than those reported by 
Blasdel and Lund ('83). There may be several reasons for 
this, including intrinsic variability in the axonal morphol
ogy, methodological differences, and differences in the re
gion of area 17 in which the injected axons arborized. 
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Fig. 13. A, B: Alternate sections of a parvicellular (bpA) and magno
cellular (bMA) axon terminals in asymmetrical synaptic contact (arrow
heads) with dendritic shafts (A, Band E, F) or a spine (C, D), which also 
receives a symmetrical synapse (arrow) from a GABA-immunoreactive 
bouton (asterisk). Sections in B, D, and F have been stained for GABA 
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by the immunogold procedure; thus the accumulation of gold particles 
identifies the GABAergic structures (asterisk). The thalamic synapses 
are always asymmetrical (arrowheads), while the GABAergic synapses 
are symmetrical (arrows) . Scales: A-F, 0.5 !lm. 
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It was notable that for all the axons the dominant pro
jection was to layer 4C. Layer 6 received only a tiny input by 
comparison. In this respect the axons in the monkey are 
similar to the X and Y axons of the LG N of the cat, where 
the dominant projection is also to layer 4 (LeVay and Gil
bert, '76; Ferster and Le Vay, '7S; Gilbert and Wiesel, '79; 
Freund et al., 'S5a,b; Humphrey et al., 'S5). However, elec
trophysiological studies show that in both cat (Bullier and 
Henry, '79; Ferster and Lindstrom, 'S3; Martin and Whitter
idge, 'S4) and monkey (Bullier and Henry, 'SO) the neurons 
in layer 6 are monosynaptically activated from the thala
mus. The anatomical data from the present study and oth
ers (White and Hersch, 'S2; Blasdel and Lund, 'S3; Freund 
et al., 'S5b) suggest that this activation may well occur via 
the apical dendrites of layer 6 neurons as they pass through 
layer 4. 

In layer 4C the extent of the individual axonal arborisa
tions of intracellularly filled axons is greater than that of the 
dendritic spread of the recipient neurons. Thus both the 
parvicellular and the magnocellular axons will innervate 
many neurons. Blasdel and Fitzpatrick (,S4) have calculated 
on the basis of similar data that 20-40 parvicellular affer
ents overlap at each point in layer 4C{3. Our data suggest 
that this figure may be even higher. If dendritic spread is 
taken into consideration then each neuron in layer 4C{3 
could potentially receive input from a hundred or more par
vicellular thalamic neurons. Whether the degree of conver
gence is as high as this we have been unable to establish, but 
that some convergence does occur is suggested by the fact 
that a large proportion of layer 4C{3 neurons are not strongly 
selective for wavelength (Bullier and Henry, 'SO; Blasdel 
and Fitzpatrick, 'S4; Livingstone and Hubel, 'S4), whereas 
the majority of parvicellular layer neurons in the LGN are 
wavelength tuned (Wiesel and Hubel, '66; De Valois, '73; 
Dreher et al., '76; Kruger, '77). 

Thalamocortical axons and retinotopic 
precision 

There are relatively fewer LGN neurons available to 
innervate the cortical representation of the central visual 
field than to innervate the peripheral representation in the 
calcarine sulcus (Connolly and van Essen, 'S4). Thus, if the 
same coverage factor (axonal arbors covering a point in cor
tex) is to be maintained throughout the striate cortex, the 
axonal arbors in the foveal representation will have to be 
larger than those located in the periphery. This would not be 
compatible with the mapping precision if the grain of the 
map were determined by the size of the afferent arbor. As 
yet there are too few complete axons available, and there is 
too much variability in size even at a single eccentricity for 
reasonable comparisons to be made. 

It has been suggested that "intrinsic processing" might 
serve to sharpen the topographical precision of the map in 
layer 4C (Blasdel and Lund, 'S3; Blasdel and Fitzpatrick, 
'S4). The physiological data that led to this suggestion come 
mainly from extracellular recordings from postsynaptic 
neurons. These measurements of the size of the receptive 
fields and their ordering would only reflect the afferent 
organization precisely if one or a few afferents from the 
LGN provided the excitatory drive to a single neuron. The 
alternative view, that the receptive field is formed by the 
contribution of many afferents, allows the possibility for 
subthreshold excitation to extend beyond the borders of the 
field mapped extracellularly. In this view, the extracellular 
field would not give a precise estimate of the afferent distri-

bution. Instead, it could produce a less precise mapping of 
the afferents. The extracellular receptive field would repre
sent only the peak statistical effect of a large number of 
afferents, with each afferent making only a minor contribu
tion. The contribution of the periphery may not be visible in 
the extracellular record but would appear as a subthreshold 
depolarization in an intracellular record. Such subthreshold 
events have been seen in cat visual cortex (Benevento et al., 
'72), but similar experiments have yet to be performed in 
the monkey. Inhibitory connections-involved in "intrinsic 
processing" mechanisms-may be important here in ensur
ing that only the peak response reaches threshold for spike 
discharge. This hypothesis may explain that both in the 
visual (Tsumoto et al., '79) and in the somatosensory cortex 
(Dykes et al., 'S4) the size of receptive fields increases when 
GABAergic inhibition is antagonised by bicuculline. This 
inhibition would not have to be tonic but could be activated 
by the incoming volley. 

The clumps of terminals separated by unoccupied spaces 
can disrupt the retinotopic map, but as shown by Blasdel 
and Lund (,S3) for one axon, the most likely reason for the 
patchy distribution is that individual axons can contribute 
to several ocular dominance columns. The contribution to 
several ocular dominance columns by axons which have 
their cortical position at the edge of an ocular dominance 
slab will ensure the continuity of the map for each eye sepa
rately. This is probably true for both the magnocellular and 
the parvicellular afferents. Furthermore, ordering within 
the ocular dominance slabs as detected by extracellular 
recording (Blasdel and Fitzpatrick, 'S4) is also possible 
because at least in one dimension the axonal arbors in 4C{3 
are smaller than the ocular dominance columns. 

Parvicellular and magnocellular axons 
contact a similar range of postsynaptic 

elements 
The identity of the postsynaptic targets has been estab

lished in serial sections. Dendritic shafts and spines were 
distinguished on the basis of the presence of mitochondria 
and microtubules in dendritic shafts and their absence from 
dendritic spines. Using these criteria and serial reconstruc
tion, we found a higher proportion of postsynaptic dendritic 
shafts and fewer dendritic spines than in earlier reports in 
the macaque (Garey and Powell, '71; Winfield et al., 'S2; 
Winfield and Powell, 'S3) and squirrel monkey (Tigges and 
Tigges, '79). In a preliminary study we have reconstructed 
the heads of 36 spines of five Golgi-impregnated spiny stel
late cells in area 17 of the macaque monkey, and none of 
these contained mitochondria. Furthermore, to our knowl
edge, no identified spines with mitochondria have yet been 
published. The postsynaptic profiles containing both mito
chondria and lamellar bodies must be therefore dendritic 
shafts. 

Both the MA and P A afferents establish more synapses 
on dendritic shafts (30-40%) and fewer on dendritic spines 
than either the X- or Y -type geniculocortical axons in the 
cat (Freund et al., 'S5a). This correlates well with the obser
vation that spiny stellate cells in the monkey have fewer 
spines than those in the cat (Lund et aL, '79; Peters and 
Regidor, 'SI; Mates and Lund, 'S3a,b,c; Saint Maire and 

'S5). The functional correlates of these differences 
are not known, but the biophysical properties of spiny stel
late cells are likely to be different in the cat and monkey. 
Pyramidal cells with densely spiny dendrites were also a 
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major target for geniculocortical axons in the cat (Hornung 
and Garey, '81; Freund et al., '85b). In the monkey pyrami
dal cells are absent from layer 4C, and many of the apical 
dendrites passing through from infragranular layers have 
reduced density of spines in layer 4C. Thus the available 
spine population is probably smaller in the monkey. 

The distribution of postsynaptic elements of the P A and 
MA afferents is similar; one MA and one P A axon estab
lished more synapses on dendritic shafts and less on den
dritic spines than the other two axons. The proportion of 
GABAergic target elements, including all postsynaptic cell 
bodies and some of the dendritic shafts, is also similar. This 
striking similarity in the choice of basic types of postsynap
tic elements suggests that the two parallel streams use a 
similar strategy at the first stage of information transfer to 
cortical circuits; i.e., the same basic types of neurons with 
similar relative frequencies are used as monosynaptic tar
gets. 

Selective presence of lamellar bodies in 
non-GABAergic dendrites 

Lamellar bodies were found only in GABA-negative den
dritic shafts; thus they can serve as ultrastructural markers 
of spiny, non-GABAergic dendrites. The possible role of the 
lamellar body is not known, but its structural similarity to 
the spine apparatus suggests that it may be involved in simi
lar functions. The spine apparatus in Purkinje cell spines in 
the cerebellum was recently shown to accumulate calcium 
from the extracellular space, and the amount of calcium 
taken up is dependent on activation of parallel-fibre syn
apses terminating on these spines (Andrews et al., '88). We 
suggest that lamellar bodies in dendritic shafts of spiny cells 
may function in the same way, i.e., accumulate calcium 
which invades the dendrites via the synaptically activated 
calcium channels. Lamellar bodies preferentially occur at 
thalamic synapses since they were frequently found when 
studying targets of thalamocortical boutons but were rarely 
seen in random serial sections through dendrites of spiny 
cells. Their position within the dendrite (e.g., between the 
thalamic synapse and a mitochondrion, with a larger or 
swollen saccule facing the thalamic synapse) suggests that 
the site of entry of calcium may be at the thalamic synapse. 
Lamellar bodies have not been reported in the cat, even 
when dendritic shafts postsynaptic to thalamocortical affer
ents were studied (Freund et al., '85a, b). In the cat, in con
trast to the monkey, the overwhelming majority (over 90%) 
of thalamic synapses to spiny cells terminated on dendritic 
spines (Freund et al., '85a,b), most of which contain a spine 
apparatus. In the monkey the GABAergic neurons, although 
they receive substantial thalamic inputs, have never been 
found to contain lamellar bodies. If our hypothesis for the 
role of lamellar bodies was correct the GABAergic neurons 
would have to use other means of buffering intracellular cal
cium, e.g., by calcium-binding proteins, one of which, par
valbumin, was shown to be selectively present in GABAergic 
neurons in the neocortex (Celio, '86). 

Receptive field properties and activation of 
GABAergic interneurons 

An aspect of cortical organization which could involve 
GABAergic inhibition is orientation selectivity (for review 
see Sillito, '84; Martin, '88). If inhibition plays a major role, 
then the relationship of the afferents to inhibitory interneu
rons will be important. In the cat cortex there is evidence 
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that inhibition, involved in shaping of receptive field prop
erties, is mediated by GABAergic inter neurons (see Sillito, 
'84). Inhibitory circuitry in the monkey is likely to follow a 
similar design given that at least 15-20% of layer 4 cells con
tain GABA (Fitzpatrick et al., '87; Hendry et al., '87), and 
the neuronal types are similar (Szentagothai, '73; Lund et 
al., '79; Kisvarday et al., '85, '86; Lund, '87), However, if the 
elaboration of orientation selectivity was a major role for 
GABAergic neurons in layer 4C, one would expect differ
ences between the magnocellular sublayer, where oriented 
cells predominate, and the parvicellular sublayer where 
most cells have nonoriented receptive fields (see above), We 
have examined two aspects of the GABAergic neuronal cir
cuitry in layer 4C. Firstly, we compared the innervation of 
the GABAergic neurons in layers 4Ca and 4CfJ. There was 
no difference between the two afferent types in the propor
tion of GABAergic neurons contacted, nor in their target 
sites. Secondly, we examined the relationship between the 
thalamic input and GABAergic input to the same neuron. 
Here we found that GABAergic synapses were frequently 
located in close proximity to both parvi- and magnocellular 
axonal synapses. The implication is that the inhibitory 
synapse is located in this position so that it can effectively 
control the excitatory current with a degree of selectivity for 
the particular thalamic synapse. However, again there ap
peared to be no clear difference between the magno- and 
parvicellular axons in this respect, Thus, we found nothing 
in these aspects of the GABAergic circuitry that explained 
the difference in the orientation tuning of layer 4Ca vs. 4C{3 
neurons (Bullier and Henry, '80; Blasdel and Fitzpatrick, 
'84; Hawken and Parker, '84; Livingstone and Hubel, '84). 

An alternative explanation of the difference in the orien
tation tuning of layer 4Ca neurons compared to those of 4CfJ 
may lie in the tangential organization of cortical connec
tions. These connection are much more extensive in the a 
than in fJ subdivision (Fitzpatrick et al., '85) for the thalamic 
afferents (Blasdel and Lund, '83; present study), for the 
excitatory spiny stellate axons within layer 4C (Kisvarday et 
al., '89), and for the inhibitory basket cell axons (Lund, '87). 
The longer lateral connections may allow the elongation of 
cortical receptive fields from geniculate cell fields, as origi
nally proposed (Hubel and Wiesel, '62), boosted by long
range intracortical excitatory connections and sharpened by 
long-range inhibition. The more extensive lateral connec
tions of the spiny stellate axons may support more boutons; 
thus for layer 4Ca cells a larger proportion of their synapses 
may come from intracortical sources. 

The proportion of thalamic synapses on spiny stellate 
cells is not known in the monkey. The only study that 
addressed this question, using a degeneration method in the 
monkey, estimated that even in 4CfJ, only a few percent of 
synapses come from the lateral geniculate nucleus for any 
single neuron (Kisvarday et al., '86). With the same method 
the proportion of thalamocortical synapses on a spiny stel
late cell in the mouse somatosensory cortex was estimated to 
be around 13% (White and Rock, '80), These low figures 
indicate that intracortical connections provide the majority 
of synapses for layer 4 neurons. The most obvious source is 
from other spiny stellate cells which form type 1 synapses in 
layer 4C (Saint Maire and Peters, '85; Kisvarday et al., '86) 
and by their sheer number provide a substantial contribu
tion to their own layer. 

The types of GABA-containing neurons innervated by PA 
or MA afferents in this study cannot be directly established 
even from serial electron microscopic sections. There is a 
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large variety of cells with smooth dendrites in layer 4C 
(Lund, '87), anyone of which could be a target ofthe genicu
late afferents. The most frequent type of all layer 4C 
GABAergic cells appears to be the clutch cell (clewed cell of 
Valverde, Kisvarday et al., '86; type of Lund, 
'87) with axon arborisations matching those of the parvicel
lular thalamic afferents. The diameter of its terminal field 
in layer is about 100-150 Jlm and gives a small pro-
jection to 6 (Lund, '73, '87; Kisvarday et al., '86), as do 
P A afferents. Clutch cells have been shown to be GABAergic 
and to establish symmetrical synaptic contacts mainly with 
dendritic shafts and spines of spiny stellate cells (Kisvarday 
et al., '86). This cell type is the most likely candidate for the 
origin of the GABAergic boutons making symmetrical syn
apses with thin dendritic shafts and spines in close associa
tion with the thalamic synapses (Fig. 13). 

It may be speculated that if the GABAergic neurons were 
monosynaptically driven by inputs from the LGN, as our 
results they would produce a feed-forward inhibi-
tion, may be able to interact selectively with the tha-
lamic input in the dendritic region. The function of such a 
feed-forward inhibition may be to control the influence of 
subthreshold excitatory inputs under certain conditions. 
Most cortical cells, including those in layer 4C, have antago
nistic subregions in their receptive fields. Both in the mon
key (Schiller, '82) and in the cat (see Sillito, '84) inhibitory 
interactions have been demonstrated between the subre
gions. As suggested earlier (Kisvarday et al., '86) the 
strengthening of the antagonism between subregions may be 
a role for some cortical inhibitory cells in all layers, and it 
could be of particular importance in layer 4C, where the 
receptive fields of different geniculate cells are combined for 
the first time. 
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