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Abstract 

Light and electron microscopic methods were used to 
examine the neurons in the monkey cerebral cortex labeled 
autoradiographically following the uptake and transport of 
[3H]-y-aminobutyric acid (GABA). Nonpyramidal cell somata 
in the sensory-motor areas and primary visual area (area 17) 
were labeled close to the injection site and at distances of 1 
to 1.5 mm beyond the injection site, indicating labeling by 
retrograde axoplasmic transport. This labeling occurred pref- 
erentially in the vertical dimension of the cortex. Prior injec- 
tions of colchicine, an inhibitor of axoplasmic transport, abol- 
ished all labeling of somata except those within the injection 
site. In each area, injections of superficial layers (I to Ill) 
produced labeling of clusters of cell somata in layer V, and 
injections of the deep layers (V and VI) produced labeling of 
clusters of cell somata in layers II and Ill. In area 17, injections 
of the superficial layers produced dense retrograde cell 
labeling in three bands: in layers IVC, VA, and VI. Vertically 
oriented chains of silver grains linked the injection sites with 
the resulting labeled cell clusters. In all areas, the labeling 
of cells in the horizontal dimension, i.e., on each side of an 
injection, was insignificant. Electron microscopic examina- 
tion of labeled neurons confirms that the neurons labeled at 
a distance from an injection site are nonpyramidal neurons, 
many with somata so small that they would be mistaken for 
neuroglial cells light microscopically. They receive few axo- 
somatic synapses, most of which have symmetric membrane 
thickenings. The vertical chains of silver grains overlie neu- 
ronal processes identifiable as both dendrites and myelin- 
ated axons, but unmyelinated axons may also be included. 
The clusters of r3H]GABA-labeled cells are joined to one 
another and to adjacent unlabeled cells by many junctional 
complexes, including puncta adherentia and multi-lamellar 
cisternal complexes. 

We conclude that groups of GABA-transporting neurons 
are likely to use GABA as a transmitter and form an inhibitory, 
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bidirectional system of connections that join together cells in 
superficial and deep layers of functional cortical columns; 
intrinsic, horizontal GABAergic connections are either far less 
significant in the organization of the cerebral cortex or are 
not labeled by this method. It is possible that the retrogradely 
labeled somata in both the superficial and deep layers are 
those demonstrated in other studies (Hendry, S. H. C., E. G. 
Jones, and P. C. Emson (1984) J. Neurosci. 4: 2497-2517) to 
show immunoreactivity both for neuropeptides and for 
markers of GABAergic transmission. 

Anatomical studies of the cerebral cortex in a wide variety of 
mammals have revealed two major patterns of intrinsic connectivity: 
vertical connections which join together cells in two or more laminae, 
and horizontal connections which link together cells within a single 
lamina (Nauta et al., 1973; Fisken et al., 1975; Butler and Jane, 
1977; Creutzfeldt et al., 1977; Colonnier and Sas, 1978; Jones et 
al., 1978; Rockland et al., 1982; Rockland and Lund, 1983). The 
vertical connections appear to form one of the principal bases of 
the columnar functional organization of the cortex (see Jones, 1981). 
Connections linking the principal thalamic receiving layers to layers 
above and below them are perhaps the major links in ensuring that 
all cells within a column share similar receptive field properties. 
Convergence of vertically organized inputs appears responsible, at 
least in part, for the additional functional properties that distinguish 
superficial and deep cortical cells from those lying at the heart of 
the thalamic terminal layers (e.g., Gilbert and Wiesel, 1979). Horizon- 
tal connections, in contrast, would form the basis for interactions 
between functional columns. 

Two major groups of cells make intracortical connections. Axons 
of pyramidal cells project out of the cortex (Gilbert and Kelly, 1975; 
Lund et al., 1975; Wise, 1975; Jones and Wise, 1977) but these 
axons also give rise to elaborate systems of horizontal and recurrent 
collaterals as they descend toward the white matter (Ramon y  Cajal, 
1911; Feldman, 1984). Recent experiments have shown that in the 
visual and sensory-motor cortex these collaterals can terminate at 
intervals in concentrated clusters (Gilbert and Wiesel, 1983; J. 
DeFelipe, M. Conley, and E. G. Jones, submitted for publication) 
and form complex lattice-like patterns (Rockland et al., 1982; Rock- 
land and Lund, 1983). The reverse of this pattern has been shown 
in studies of retrograde labeling from a single injection site in the 
sensory-motor cortex: multiple patches or strips of pyramidal cells 
project to a single cortical focus (Jones et al., 1978). 

Axons of nonpyramidal cells remain within the cortex in most 
areas. They make up the second group of elements that establish 
intracortical connections. The nonpyramidal cells can be subdivided 
into those with significant populations of dendritic spines and those 
without. In addition, the non-spiny type can be further subdivided 
into several classes, based on morphological criteria, in particular, 
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the shape and distribution of their axonal ramifications (Valverde, 
1971; Jones, 1975; Fairen et al., 1984). Because of their highly 
stereotyped axonal arborizations, each type of nonpyramidal cell 
can be predicted to exert its effects either locally, vertically across 
laminae, or horizontally within one or more laminae. 

Efforts to determine the functional characteristics of the horizontal 
and vertical circuit elements of the cortex have employed a number 
of techniques. Among these are the intracellular injection of markers 
into physiologically characterized neurons (Gilbert and Wiesel, 1979; 
Parnavelas et al., 1983; Martin and Whitteridge, 1984) and the 
immunocytochemical staining of neurons for specific neurotransmit- 
ter substances or their synthesizing enzymes (Emson and Hunt, 
1984; Houser et al., 1984). These studies have positively identified 
two morphological classes of non-spiny, nonpyramidal cells as 
GABAergic: chandelier cells, the axons of which terminate on axon 
initial segments of pyramidal cells, and basket cells, the axons of 
which terminate primarily on somata of pyramidal cells (Peters et al., 
1982; Hendry et al., 1983; Freund et al., 1983; DeFelipe et al., 
1985b). Another method for identifying transmitter-specific intrinsic 
neurons and their connections relies on the probably selective 
capacity of neurons to take up with high affinity and axoplasmically 
transport substances used by them as neurotransmitters (Cuenod 
et al., 1982). The cells of origin of certain putatively GABAergic 
pathways have thus been labeled by the retrograde transport of 
tritiated GABA (Streit et al., 1979) although the specificity of the 
method has sometimes been disputed (e.g., Zucker et al., 1984). 
The uptake of [3H]GABA in the cerebral cortex has been used to 
examine the distribution of GABAergic neurons (Hokfelt and Ljting- 
dahl, 1972; Chronwall and Wolff, 1978; Hendry and Jones, 1981; 
Wolff and Chronwall, 1982); and in a series of reports on presumed 
[3H]GABA transport, the idea has been advanced that systems of 
GABAergic axons synaptically link superficial and deep layers of the 
mammalian visual cortex (Somogyi et al., 1981, 1983a). In the 
present study we have used an inhibitor of axoplasmic transport in 
several experiments to prove unequivocally that many cortical neu- 
rons are indeed labeled by the axoplasmic transport of [3H]GABA, 
and we have used light and electron microscopic methods to 
examine the neurons in the first somatic sensory, primary motor, 
and primary visual areas of monkey cortex labeled by retrograde 
transport of [3H]GABA. We have looked for patterns of organization 
that are common to all areas as well as those that distinguish one 
functional area from the others. 

Materials and Methods 

Six adult cynomolgus monkeys (Macaca fascicularis) were used in this 
study. Each animal was anesthetized by an intramuscular injection of keta- 
mine and marntained on intravenous injections of Nembutal. A solution of 
[3H]GABA (specific activity, 40.2 Ci/mmol; New England Nuclear) in normal 
saline was injected by applying air pressure through glass micropipettes at 
multiple sites in the pre- and post-central gyri and in the occipital cortex. 
Three of the monkeys were injected intravenously with the GABA transamr- 
nase inhibitor, amino-oxyacetic acid (40 mg/kg of body weight), 40 min 
before the [3H]GABA injections. [3H]GABA for injection was evaporated and 
reconstituted in normal saline (final activity, 20 or 40 &i/PI). The injections 
were made at different angles and depths with respect to the central and 
lunate suici in order to affect particular layers wrthout contamination of the 
overlying layers of the cortex. As a further guide to localization, multiunit 
activity was recorded via a silver wire inserted in the [3H]GABA solution. 
Layer IV and the layer VI-white matter junction could usually be identified in 
this way. Single or multiple deliveries of isotope solution, each consisting of 
0.025 to 0.06 ~1, were made. Multiple injections were commonly made at 
intervals or continuously along a track as the pipette was withdrawn. 

One monkey received multiple injections of colchicine (10 pg/rl) into the 
sensory-motor and primary visual areas of the cortex 2 days before injection 
of [3H]GABA. The subsequent injections of [3H]GABA were aimed at closely 
adjacent sates. This animal was also pretreated with ammo-oxyacetic acid. 

Fifteen minutes after the last injection of [3H]GABA and a maximum of 90 
min after the first injection, the monkeys were perfused with a solution of 
2.5% glutaraldehyde and 1 .O% paraformaldehyde in 0.1 M phosphate buffer, 
pH 7.2. The brains were removed and immersed in the same fixative at 4°C 
for about 4 hr. Then, blocks of cortex containing the injection sates were 

removed and processed in one of two ways. Thin blocks from four hemi- 
spheres were Golgi Impregnated and gold toned (Fairen et al., 1977). These 
blocks were then postfixed in 2% osmium tetroxide in phosphate buffer, 
stained in the block with 2% uranyl acetate in 70% ethanol, dehydrated, and 
flat-embedded In Spurr’s resin between microscope slides coated with 
silicone. Later, serial 1 .!I-wrn-thick sections were cut from these blocks with 
glass knives and were mounted by heating onto sheets cast from Spurr’s 
resin and having the same dimensions as a microscope slide. 

The second group of blocks was cut serially as 25.pm-thick frozen sections 
and mounted on gelatinized slides so that, for every patr of sections, the 
apposed cut surfaces faced upward. All of the semithin sections from gold- 
toned blocks and all of the frozen sections were coated with Kodak NTB2 
emulsion and exposed at 4°C for 4 to 12 weeks. The sections were then 
developed in Kodak D19 and fixed, and the frozen sections were stained 
through the emulsion with thionin. Semithin sections used for autoradiography 
were not counterstained, but additional semithin sections from parts of the 
blocks remaining after the original autoradiographic semithin sections had 
been taken were starned with methylene blue and azure II (Richardson et al., 
1960). The distribution of autoradiographically labeled cell bodies was plotted 
onto projection drawings of the sections and composite drawings were made 
by superimposing individual plots of 10 to 20 serial frozen section autoradi- 
ographs. Semithin section autoradiographs that displayed labeling of somata 
and neuropil were photographed, resectioned without removing the emulsion 
at 65 to 70 nM (DeFelipe and Fairen, 1982) on a Porter-Blum MT2B Ultrami- 
crotome, and then collected on Formvar-coated single slot grids. The new 
thin sections were stained with lead citrate (Reynolds, 1963) and examined 
on a Zeiss EM-9S or a Philips EM 300 electron microscope. Additional blocks 
of sensory and motor cortex from the animals injected with [3H]GABA were 
stained by the rapid Golgi technique without subsequent gold toning or 
autoradiography. These were examined light microscopically. 

Results 

Light microscopy 

General considerations 

As described previously (Chronwall and Wolff, 1980; Hendry and 
Jones, 1981) cortical injection sites of [3H]GABA can be divided 
into a central dense core in which many cells and the neuropil are 
heavily labeled, and a peripheral zone in which a relatively small 
number of labeled cells are surrounded by a progressively more 
lightly stained neuropii (Figs. 1 and 2). Outside the peripheral zone, 
separated from the injection site by distances of 1 to 1.5 mm, 
additional, heavily labeled cell bodies are often found. These cell 
bodies are frequently grouped together in dense clusters and are 

Figure 7. Camera lucida drawings of sagittal sections showing injections 
of [3H]GABA (stippling) into the superficial layers of the sensory-motor 
cortex. Many labeled cells (dots) are found adjacent to the injection site in 
St (A and C) and in the primary motor area (B). Vertical chains of silver 
grains (lines) run between the injectton sites and clusters of labeled cells in 
the deep layers in A to C. In D, both the vertical, autoradiographic labeling 
and the labeling of clusters of deeply situated cells are abolished by prior 
injection of colchicine (asterisk). Sections are from monkeys untreated (C) 
and pretreated (A, 6, and D) with amino-oxyacetic acid. Bar = 1 mm. 
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Figure 2. Photomicrographs of a [3H]GABA injection and retrograde cell labeling in motor cortex of a monkey pretreated with amino-oxyacetic acid. The 
injection of [3H]GABA is in layers I to IIIA (A). Many labeled cells are found around the injection and, at some distance, in layer V. Bar = 200 pm. /3 shows 
a hiaher maanification of the area bracketed in A. Small autoradiographically labeled cells (arrows) are intermingled with background-labeled, thionin- 
co&tersta&d pyramidal cells (p). Bar = 100 Frn. 

most apparent directly above or below an injection site and, rarely, 
to the sides of an injection site (Figs. 2 and 4). Because they lie well 
outside the zone of obvious diffusion of the injected [3H]GABA, 
these ceils are considered to be labeled by the retrograde transport 
and somal accumulation of the tritiated amino acid. Our experiments 
In which axoplasmic transport was inhibited support this interpreta- 
tlon (see below). In addition to labeling of cell bodies at a distance, 
many sections contained vertical aggregations of silver grains, as- 
cending from deep or descending from superficial injection sites 
(see Fig. 48). Chains of silver grains were also found parallel to the 
plal surface in layers I and II, but these were less conspicuous and 
occurred only when the superficial layers were, themselves, heavily 
involved in an injection. 

The same general pattern of labeling is seen in monkeys pre- 
treated with amino-oxyacetic acid as in those left untreated. The 
prior processing of the tissue used for semithin sections by Golgi 
impregnation with gold toning produced no changes in the autora- 
dlographic labeling pattern when compared with the frozen section 
autoradiographs. 

Identification of labeled neurons 

Outside the central dense core of an injection site, all neurons 
labeled autoradiographically possessed the morphological features 
characteristic of non-spiny nonpyramidal ceils. The vast majority of 
[3H]GABA-accumulating cells had rounded or oblong cell bodies, 
none gave rise to a typical apical dendrite, and no labeled dendritic 
spines were visible on labeled segments of their dendrites. By 
resectlonlng seinithin section autoradiographs and examining them 
in the electron mlcroscope, we found that somata and proximal 
dendrites of [3H]GABA-accumulating cells lacked spines and re- 
ceived both asymmetrical (type I) and symmetrical (type II) synapses 
(Gray, 1959; Colonnler, 1968), a feature that characterizes the 
majority of nonpyramidal cells (Jones and Powell, 1970; Sloper and 
Powell, 1979). 

Vertical connectivity 

Sensory motor cortex. Many injections of [3H]GABA were placed 
to affect maximally only two or three layers. When injections were 

made into the superficial layers (I to IIIA) of either the first somatic 
sensory area (SI) or the primary motor area (area 4), clusters of 
heavily labeled ceils were found in the layers deep to the injection 
site, as much as a millimeter from the zone of greatest diffusion 
(Figs. 1 and 2, A and B). These are considered to be labeled by 
retrograde axoplasmic transport. Vertically oriented chains of silver 
grains ran from the injection site to clusters of labeled cell bodies in 
layer V. A small number of [3H]GABA-labeled cells were also found 
in layer VI and scattered in layers 1118, IV, and in the white matter 
subjacent to layer VI. The number of cells in layers V, VI, and the 
subjacent white matter were greatest following large injections that 
included layer IIIA (Fig. 1, A and B), but labeled neurons were still 
found in layers V and VI below injections restricted to layers I and II 
(Fig. 1C). 

Injections of [3H]GABA that were placed close to the needle track 
left by a prior injection of colchicine produced intense labeling of 
neurons in the peripheral zone surrounding the densely labeled 
injection core and in the core itself (Fig. ID). This somal labeling 
was heavier than the somal labeling in the core and peripheral zones 
of the injection sites of non-colchicine-pretreated animals. However, 
in no case where the colchicine and [3H]GABA injections were made 
within a millimeter of one another in layers I to Ill did any labeling of 
cell somata occur in layers V or VI (Fig. 1 D). 

By introducing the injection pipette at an acute angle to the 
cortical surface or down the bank of the central sulcus, it was 
possible to make injections of [3H]GABA that affect the deep cortical 
layers without contamination of the layers lying immediately superfi- 
cial to the injection site. Injections in middle layers (Ill8 to V) of the 
sensory-motor cortex (Figs. 3A and 4A) resulted in retrograde 
labeling of somata mostly in layer II and in the adjacent part of layer 
IIIA (Fig. 4, B and C). A few cells were also labeled in layer I, but in 
contrast to the retrograde labeling seen after injections of layers I to 
IIIA, none were found in layers V or VI. With injections of layers V or 
VI clusters of heavily labeled cells were seen again in the overlying 
superficial layers, particularly layers II and IIIA (Fig. 38). Numerous 
chain-like aggregates of silver grains were again found to run along 
radial lines joining the injection site to the region of labeled cells in 
the superficial layers (Fig. 48). Figure 3C illustrates the labeling of 
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cell bodies resulting from three injections of [3H]GABA in the pos- 
terior bank of the central sulcus. The injection sites vary in depth: 
one includes layers IV and V, one includes layers V and VI, and one 
includes layer VI and subjacent white matter. In the composite.figure 
(Fig. 3C) it is clear that, regardless of depth, each injection results 
in labeling of cell bodies in layers II and IIIA. 

In all cases of deep injections the cells labeled by retrograde 
transport lie along radial lines, directly superficial to the injection site. 
Few or no cells were retrogradely labeled in layers V and VI following 
injections largely confined to layers Ill and/or IV. The radial arrange- 
ment of the retrogradely labeled cells is particularly clear superficial 
to the large injection site shown in Figures 3B and 5A. After this and 

VI V IVlllB IIIA II I 

F/gure 3 Camera lucrda drawings of qectrons of [3H]GABA In the mrddle 
and deepest layers of the somatic sensory cortex. Injections (stippling) In 
area 1 (A and B) produce labeling of neuronal clusters (dots) in layers II and 
IIIA. C IS a composite drawing of three injections from a single penetratron 
down the posterior bank of the central nucleus. Each infection (sbppl/ng) IS 

In the deep layers and produces cell labeling (dots) in layers II and IIIA 
Sections are from monkeys pretreated (A and C) 
amino-oxyacetic acid. Bar = 1 mm. 

and untreated (B) with 

similarly placed and sized injections, no cells are labeled with [3H] 
GABA to the sides of the injections, at distances equal to the 
distance between the injection and the superficially placed, labeled 
somata (Fig. 5, B and C). 

Our results in the sensory-motor areas thus indicate that layer V 
is the main source of putative GABAergic inputs to layers I to IIIA, 
that layers II and IIIA are the main sources of putative GABAergic 
inputs to layers V and VI, and that layers IIIB and IV, although 
receiving inputs from layers I to IIIA, receive few or no putative 
GABAergic inputs from layers V and VI. 

Visual cortex. Injection of [3H]GABA into the primary visual area 
(area 17) gave rise to labeled cells in situations similar to those seen 
in the sensory-motor cortex: injections in deep layers (IV to VI) 
produced retrograde cell labeling in layer II and the upper half of 
layer Ill, and injections in the superficial layers (I to Ill) produced cell 
labeling in the deeper layers (V and VI) (Fig. 6). However, a major 
difference between the visual and sensory-motor areas was the 
presence of far more significant retrograde cell labeling in layer IV 
of the visual area after superficial injections. Unlike the sensory motor 
areas, injections located in layers Ill and IVA in area 17 not only 
resulted in heavy cell somata labeling in layers V and VI, as in the 
sensory motor cortices, but also led to cell somal and neuropil 
labeling in layer IVC (Fig. 7). An injection confined to layer IVA alone 
specifically labeled a small, dense patch of cell somata in layer IVC. 
The [3H]GABA-accumulating cells in layer IVC and in the adjacent 
part of layer V appeared uniform in size, with somata 8 to 10 pm in 
diameter, like those retrogradely labeled in other layers. 

All of the results in the three areas examined are summarized in 
Table I. 

Horizontal connectivity. In the sensory-motor cortex, some but 
not all injections of [3H]GABA in layers I to Ill produced fiber-like 
chains of autoradiographic labeling that spread laterally mainly in 

Figure 4. Photomicrograph (A) of an Injectron of [JH]GABA Into layers Ill6 to V of area 4 and the accompanyrng cell labeling (6 and C). Bar = 500 bm, 
B IS a higher magnrfrcatron of the area bracketed in A. Verttcal chains of silver grains (Large arrows) are found issuing from the rntectron site A large number 
of cells (small arrows) are found in layer II above a blood vessel (b) and are separated from the qectron by a gap In layer IIIA. Bar = 200 pm. C IS a hrgher 
magnrfrcatron of the upper part of B. showrng the same cluster of labeled cells (arrows) and the same blood vessel (b) as In B, from a monkey pretreated 
with amtno-oxyacetrc acid. Bar = 30 Frn. 
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Figure 5. Photomicrographs of a [3H]GABA injection and cell labeling in area 1. A, Photomicrograph of the injection in layers V and VI made along a 
vertical pipette track (arrows). Dorsal is up, and anterior is to the left. Labeled cells near the blood vessel (b) are shown in C. Bar = 500 pm. B is a higher 
magnification of the area bracketed in A. Only thionin-stained cells are found. Bar = 50 pm. C is a magnification of the part of A near the blood vessel (b), 
showing autoradiographically labeled cells (arrows). Bar = 50 pm. 

Figure 6. Camera lucrda drawrngs of Injections of [3H]GABA (stlpphng) 
in area 17 and the resultant labelrng of cell bodies (dots). lnjectrons In 
superficial layers (A) produce labeling of cells in layers IVC, VA, and VI. 
Injections into layers V and VI (B and C) produce labeling of cells in layers I 
and Ill. Injections into the whrte matter label nearby cells only (D). The anrmal 
was not pretreated with ammo-oxyacetic acid. Bar = 1 mm. 

layer I, just below the pial surface. Accompanying this labeling, 
scattered somata were also labeled in layers I and II. We consider 
that this lateral spread of labeling can be explained by the direct 
diffusion of [3H]GABA over the cortical surface during withdrawal of 

the mcropipette, because in these cases the pia mater showed a 
heavy accumulation of silver grains over a large extent. Horizontal 
fiber-like aggregations of silver grains sometimes spread out hori- 
zontally for short distances on either side of an injection site in 
deeper layers, but very few or no labeled cells could be detected 
among them. No labeled neurons in the lateral dimension could be 
found in any layer further than approximately 600 pm beyond an 
injection sate. Neurons labeled in the horizontal domain were relatively 
small (less than 15 pm somal diameter) and never formed clusters, 
as found for the cells retrogradely labeled in the vertical dimension. 
In order to examine further the lateral extent of retrograde labeling, 
we exposed serial semithin sections for autoradiography after trim- 
ming a block already known to contain an injection in layer IIIB of 
area 4. This layer is known to contain a large population of the large, 
GABAergic basket cells (Jones and Hendry, 1984) which have been 
described as having long horizontal axons (Jones, 1975). In this 
experiment we did not find labeled neurons farther than 600 pm 
from the core of the injection site in the horizontal dimension. 

In the visual cortex a pattern of lateral labeling similar to that in 
the sensory motor areas was seen. However, when injections of 
[3H]GABA were located in layers V and VI, the lateral spread of 
labeled cells was more extensive than in the superficial layers and 
the most extensive of the three areas studied. Some labeled somata 
in layer VI of area 17 were as much as 700 pm from the injection 
site, but they were relatively few and never formed clusters. 

Thus, the lateral extent of cell somata retrogradely labeled by 
uptake and transport of [3H]GABA is small. It appears that horizontal 
(intralaminar) connectivrty demonstrated by this method is insignifi- 
cant in comparison with the heavy vertical (interlaminar) connectivity 
established by cells with somata labeled in both superficial and deep 
layers. 



Figure 7. Photomrcrographs of [3H]GABA injectron and cell labeling in area 17. Brightfield (A) and darkfield (13) photomicrographs of an injection primarily 
in layers IIIB and IVA flanked by blood vessels (bl and b2). The rnjectron as seen in B (sing/e arrow) produces three very distinct bands of cell labeling 
rndrcated by arrows in layers WC, VA, and V/. Lamination is according to the system of Brodmann (1905) as modified by Lund (1973). Bars = 500 pm. 
Higher magnification photomicrographs (C and D) of A show few autoradrographrcally labeled cells around two blood vessels (b2) in layer IVB (C) and 
many labeled cells (arrows) in layer IVC (D). The animal was not pretreated with amino-oxyacetic acid. Bars (C and D) = 30 hrn. 
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TABLE I 

Summary of the laminar distribution of retrograde/y labeled somata after 
injections of rH]GABA in the three areas examined; first somaticsensory 

area (Sl), primary motor area (area 4), and primary visual area (area 17) 

Layers Contarnrng Retrogradely Labeled Somata 
Sate of Injection 

I II IIIA IIIB IV V VI 

SI 
I-II + + +++ + 

I-MA + ++ ++++ + 

IV-VA + +++ + 

IV-VI + ++++ ++ 

V-VI + +++ ++ 

Area 4 
I-IIIA ++ +++ + 

IIIB-VA + ++++ ++ 

Area 17 NC 

III-IVA ++++ +++ + 

MC-V + +++ ++ 

V-VI + ++ + 

*The relative numbers of labeled cells in each layer are indicated by the 

number of crosses. 

Electron microscopy of rH]GABA-accumulating cells 

Cell bodies. In the somatic sensory cortex 5 neurons in layer IIIB 
(Fig. 8) and 22 in layer V, all labeled by retrograde transport of [3H] 
GABA from injections in layers I and II (Fig. 9A), were identified in 
autoradiographs of serial semithin sections. All were from animals 
pretreated with amino-oxyacetic acid. These neurons were then 
resectioned as ultrathin sections and examined in the electron 
microscope. All of the labeled cell bodies were small (7 to 12 pm in 
diameter) (Figs. 8A, 9, B and C, 11, A and B, and 12C) and 
possessed nuclei containing clumped chromatin and with highly 
folded nuclear envelopes (Figs. 1OA and 11 E). A general lack of 
cytoplasmic organelles, especially of rough endoplasmic reticulum, 
was a conspicuous feature of the cells, causing them to closely 
resemble astrocytes. However, unlike astrocytes, axon terminals 
formed synaptic contacts on the labeled cells and the somata gave 
rise to obvious dendrites. The number of terminals was small, rarely 
larger than 1 or 2 on a single thin section, and in some cases more 
than 10 serial ultrathin sections had to be examined to identify a 
single synaptic contact. All of the axosomatic synapses onto the 
labeled cells were of the symmetrical type (Figs. 8C and 11 D). No 
unequivocal asymmetrical synapses were found on the cell bodies. 

Of the 27 cells labeled in layers V or VI by superficial layer 

Figure 8. Light and electron micrographs of two cells (7 and 2) in layer IIIB of area 1 labeled autoradiographically by an injection of pH]GABA into layers 
I and II. A, Photomicrograph of a semithin section from which the thin section shown in D was cut, showing the labeled cells, a Golgi-impregnated 
nonpyramidal cell (L) and an unlabeled pyramidal cell (P). The small arrows indicate a chain of silver grains. The large arrow indicates an artifact. Bar = 30 
pm. 6, Higher magnification of cell 1 as seen in A and D and its association with the apical dendrite (d) of a pyramidal cell also seen in A and D. The 
junction between the two is characterized by puncta adherentia (arrowheads) and an additional zone of specialized contact (arrow). Bar = 0.5 pm. C, 
Synapse (arrow) of an axon terminal onto the soma of cell 1. The synapse was clearly symmetric when compared with axodendritic asymmetric contacts 
(e.g., Fig. 12E). Bar = 0.5 pm. D, Electron micrograph of 60-nm-thick sections cut from the semithin section in A. The two [3H]GABA-labeled cells (7 and 
2) and the unlabeled pyramidal cell (P) seen in A are all indicated. Arrows indicate the part of the neuropil seen labeled as a chain of grains in A and 
revealed in D as a small myelinated axon. Note the small size of cells 7 and 2 and their superficial similarity to neuroglial cells. Bar = 200 pm. 
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Figure 9. Serial lrght and electron mrcro- 
graphs of a cluster of neurons In layer V of area 
1, labeled by the qectron of [3H]GABA in layers 
I and II. A, Semithin section containing numer- 
ous labeled neurons (small arrows) around the 
qectm site in layer II and others labeled by 
retrograde transport In layer V; one other labeled 
cell occurs In layer Ill (large arrow), near a Golgr- 
stained nonpyramidal cell (L). Bar = 100 pm. 8 
and C, Consecutrve 1.5.pm semithin sections 
of the region shown boxed in A. SIX [3H]GABA- 
labeled neurons (3 to 8) and radially onented 
chains of silver grains are found in each section. 
Bars (6 and C) = 30 pm. D and E, Electron 
mrcrographs of the cells 3 and 4 after resec- 
tioning the semithin sections rllustrated in 8 and 
C. In D, arrows indrcate the same two unlabeled 
myelrnated axons Indicated by small arrows in 
B. b, same blood vessel. A dendntic process 
arising from the lower part of cell 4 in E was 
also radrolabeled (arrow In C). For the boxed 
area, see Frgure 10, C and D. Bars (D and E) 
=5pm. 

injections and examined in the electron microscope, 19 were mem- 
bers of clusters made up of two or more neurons having membranes 
which were closely apposed over a considerable distance. Within a 
cluster, the [3H]GABA-labeled neurons were often associated with 
the somata or dendrites of other unlabeled nonpyramidal cells and 
with the somata or dendrites of pyramidal cells (Figs. 8D, 9D, lOA, 
and 1115). In Figure 9, serial light and electron micrographs are 
shown of neurons in layer V of area 1 of the first somatic sensory 
cortex labeled .autoradiographically following an injection of [3H] 
GABA into layers I and II. The labeled neurons in this group (Figs. 9, 
B and C, and 12C) were closely associated with one or more other 
neurons. In Figure 9, D and E, labeled neuron 3 was found to be 
part of the cluster that included a second, labeled neuron (neuron 
4) and two large unlabeled neurons. 

Although we did not find typical gap junctions between any of the 
elements of a cluster, in all cases the apposed plasma membranes 
of adjacent elements showed contacts resembling puncta adher- 
entia (Figs. 88 and 10/3) and other junctional specializations that 
consisted of a close apposition bet,veen membranes, with particu- 

larly narrow (5 to 9 nm wide) clefts containing electron-dense 
material. In some cases a thin electron-dense coating was associ- 
ated with the cytoplasmic face of one or both of the membranes 
(Figs. 86 and IOB) and sometimes a multilamellar subsurface 
cisternal complex (Fig. 10, C and D) was associated with one of the 
plasma membranes. 

Processes. Dendrites (either directly labeled or traced in continuity 
with the somata of cells labeled by retrograde transport of [3H] 
GABA) were examined in the electron microscope and were found 
to contain large bundles of microtubules (Fig. 11, E and F). The 
cytoplasm of the dendrites is electron dense in comparison with that 
of the dendrites of unlabeled neurons. Although we did not make a 
quantitative survey, there appeared to be a larger number of syn- 
apses on the more distal dendrites (those greater than 20 pm from 
the cell body). In both distal and proximal dendritic regions the 
synapses were of both symmetrical and asymmetrical types (Fig. 
11 F), but there was a predominance of asymmetrical synapses on 
the distal portions of the dendrites. None of the labeled dendrites 
possessed dendritic spines in the series of sections examined. 
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F/gure 70. Electron mrcrographs of specralrzed junctions formed by [3H]GABA-labeled neurons. A, Junctton (arrow) between a dendrite (d) and labeled 
neuron 5 of Frgure 9. Bar = 2 pm. B, Hrgher magnification of the junctional complex rndrcated by the arrow in A. Thts complex Includes a punctum adherens 
(arrow), Bar = 0.1 grn. C and D, Low (C) and high (D) magnification electron micrographs of a multrlaminar subsurface complex at the junction formed 
between cell 4 (boxed area in Fig. 9E) and an unlabeled neuron (N). The extracellular space is rndrcated by an arrow in D. Bars = 0.5 pm in C and 0.1 pm 
in D. 

Semithin sections displaying vertically oriented chains of silver 
grains running between an injection site and cell somata retrogradely 
labeled in superficial or deep layers were resectioned and examined 
in the electron microscope after carefully noting the position of 
individual chains in relation to other landmarks. Two types of auto- 
radiographic labeling could be distinguished, one consisting of a 
single row of grains (Fig. 12, B and C) and the other of multiple 
parallel rows of grains (Fig. 13A). As shown in Figure 12, directly 
beneath the emulsion containing single rows of silver grains we 
found either myelinated axons (Fig. 124) or unmyelinated profiles, 
either demonstrably dendrites (Fig. 12, D and E) or not distinguish- 
able as either dendrites or unmyelinated axons. The same- two 
groups of profiles were found both in labeled bundles descending 
from a superficial injection and in labeled bundles ascending from a 
deep injection. Multiple rows of silver grains were found to overlie 
bundles of profiles consisting of dendrites and myelinated axons 
and processes not distinguishable as either dendrites or unmyelin- 
ated axons (Fig. 13C). The myelinated axons of the labeled bundles 
were all of small caliber, measuring 0.5 to 1.3 pm in diameter. They 
could not be followed to their terminations or to their origins. The 
dendrites of the labeled bundles possessed the same characteristic 
bundles of microtubules, dense cytoplasm, and sparse distribution 
of symmetric and asymmetric synaptic contacts on dendrites seen 
to arise directly from labeled cell bodies, and they lacked dendritic 
spines (compare Fig. 12, D and E, with Fig. 11, E and F). Thus, the 
vertically oriented labeling seems to be formed, in part, by dendrites 
arising from the retrogradely labeled cells, but whether the myelin- 
ated axons of the bundles also arise from the retrogradely labeled 
cells could not be determined. Furthermore, it is not clear what 
contribution to the bundles is made by unmyelinated axons. 

Discussion 

Several lines of evidence suggest that GABAergic neurons of the 
cerebral cortex are selectively labeled by the high affinity uptake of 

[3H]GABA: ( 7) [3H]GABA is taken up preferentially by cortical ter- 
minals that contain glutamic acid decarboxylase (GAD), the enzyme 
marker of GABAergic neurons (Neal and Iversen, 1969); (2) cortical 
neurons takrng up [3H]GABA in tissue culture are also GAD immu- 
noreactive (Neale et al., 1983); (3) many of the morphological cell 
types in the intact mammalian cerebral cortex that are labeled by 
[3H]GABA uptake (Hokfelt and Ljiingdahl, 1972; Chronwall and Wolf, 
1978; Hendry and Jones, 1981; Somogy et al., 1981,1983a; Hamos 
et al., 1983; Harondi et al., 1983) have also been demonstrated to 
be GAD immunoreactive (Ribak, 1978; Hendrickson et al., 1981; 
Hendry et al., 1983; Houser et al., 1983); (4) axon terminals accu- 
mulating [3H]GABA in situ (Hamos et al., 1983; Harondi et al., 1983) 
and those stained immunocytochemically for GAD (e.g., Ribak, 
1978; Hendry et al., 1983) both form symmetric synaptic contacts 
in the cortex; and (5) [3H]GABA is selectively accumulated and 
retrogradely transported in the axons of known populations of 
GABAergrc neurons such as those in the pars reticulata of the 
substantia nigra (Streit et al., 1979). Both the light and electron 
microscopic findings of the present study demonstrate only nonpyr- 
amidal neurons lacking dendritic spines to be labeled, a finding that 
is consistent with those made on GABAergic neurons identified 
immunocytochemically. We conclude, provisionally, that the neurons 
labeled directly and by retrograde transport in the present study are 
probably GABAergic. However, our data do not exclude the possi- 
bility that some population of GABAergic neurons is left unlabeled 
by the injection of [3H]GABA or that certain non-GABAergic neurons 
may be positively labeled by our methods. The observation that 
injections of [3H]GABA into the visual cortex produce labeling of 
cells above or below the site of injection has been reported by 
Somogyi et al. (1981, 1983a). This labeling was attributed to the 
uptake by axon terminals and retrograde axoplasmic transport of 
[3H]GABA to the cell bodies of putatively GABAergic neurons. Such 
a mechanism of transmitter-specific transport has been strongly 
suggested to exist for several populations of neurons including those 
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Figure 7 1. Light and electron micrographs of two [3H]GABA-labeled cells. A and 13, Labeled neurons (9 and 70) found in layer V outside the boxed area 
of Figure 9. Bar = 20 hm. C and D, Electron micrographs of labeled neuron 9. The cell body 9 was identified by reference to the blood vessel (b) seen in 
A and C. Bar = 10 pm. The synaptic contacts (13) formed by axon terminals onto the cell body are symmetric (arrow). Bar = 0.2 pm. E and F, Electron 
micrographs of labeled neuron 70 giving rise to a dendrite (arrow in E). Bar(E) = 5 pm. F, Higher magnification of E showing a synapse onto the dendrite 
(arrow). The arrowhead indicates a punctum adherens. Bar = 0.5 pm. 

thought to use transmitters other than GABA (Cuenod et al., 1982). 
In the present study, neurons in the subdivisions of the sensory- 
motor area in addition to those in the primary visual area were 
labeled by injections of [3H]GABA at distances of 1 to 1.5 mm 
superficral or deep to an injection site. When axoplasmic transport 
was blocked by prior local injection of colchicine, the distant labeling 
of cells was abolished. These experiments, therefore, provide a 
strong measure of support for the idea that labeling of cell bodies 
above and below the site of [3H]GABA injection results from retro- 
grade transport of the amino acid. The electron microscopic findings 
of this study indicate that the radial fasciculi of the cortex between 
the site of the injection and the patches of distant labeled cells are 
labeled and that the labeled fasciculi contain bundles of dendrites, 
myelrnated axons, and possibly unmyelinated axons. Although no 
myelinated axon was traced to its parent soma, the consistent 
presence of these elements indicates that they are probably a route 
through which the [3H]GABA is transported. It is also possible that 
some of the cells may have been labeled by retrograde dendritic 
transport srnce dendrites, too, were elements of the labeled fasci- 
cles. Apart from the colchicine experiments, perhaps the strongest 
evidence in our study for retrograde transport of [3H]GABA is 
furnished by the experiments in which labeling of somata occurred 

in layers V and VI after injections of layers I to IIIA but not after 
injections of layers MB and IV. This would imply that more significant 
amounts of [3H]GABA for retrograde transport are taken up by the 
terminal ramifications of ascending axons than by these axons de 
passage or by vertical dendrites. 

Labeling of cell bodies at close proximity to the injection site 
persisted when colchicine was administered and appears, then, to 
arise from a mechanism independent of axoplasmic transport. Direct, 
high affinity uptake of [3H]GABA by cell bodies is the most likely 
explanation, although high affinity uptake by local axon terminals 
and dendrites, with diffusion to local somata, could account for 
some of the residual somal labeling. 

In the postcentral gyrus, where the radial arrangement of the cells 
is particularly clear, labeling of neurons always occurred superficial 
to injections of [3H]GABA placed in deep layers and deep to those 
placed in superficial layers but never at distances equivalent to these 
distances on each side of the injection (e.g., Fig. 5). We regard this 
as indicative of the fact that the retrograde labeling is constrained 
by a columnar anatomical substrate. This is supported by the 
common occurrence of radiolabeled vertical profiles that proved on 
resectioning of semithin autoradiographic sections to be single and 
bundled dendrites, and myelinated and possibly unmyelinated ax- 
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Figure 72. Correlative light and electron micrographs of elements in the neuropil labeled by an injection of [3H]GABA. A, Electron micrograph of myelinated 
axon (arrows) underlying the single chain of silver grains indicated by arrows in the semithin section autoradiograph shown in B. Underlying the three chains 
of silver grains (arrowheads in B) were dendritic profiles (not shown); b, same blood vessel as in B. Bars = -5 pm microns (A) and 20 pm (13). C lies 
between semithin autoradiographic sections shown in Figure 9, B and C. Radially oriented chains of silver grains are seen in all three sections (arrows, 
arrowheads, and r). Bar = 30 pm. D, A dendritic process (arrows) found underlying the radiolabeled neuropil beneath rat upper right in C. A similar dendrite 
was found beneath r’ at middle right in C. Bar = 5 pm. E, Higher magnification of an asymmetric synapse on the dendrite shown in D. Bar = 0.5 pm, 

ons. This intense vertical labeling contrasts strongly with the lack of Under our experimental conditions, only nonpyramidal cells were 
similar labeling in the horizontal dimension. Some of the dendrites labeled retrogradely after injections of [3H]GABA. Of the morpholog- 
of the labeled vertical bundles clearly arise from retrogradely labeled ically distinct classes of nonpyramidal cells (Valverde, 1971; Jones, 
cell somata, and this, in turn, appears to indicate that the cells of 1975; Fairen et al., 1984) several have been identified as GABAergic 
both the superficial and deep groups also have preferred radial by their immunoreactivity for GAD or GABA (Peters et al., 1982; 
dendritic as well as axonal arborizations. Freund et al., 1983; Hendry et al., 1983; DeFelipe et al., 1985) and 

Our results in the sensory-motor areas indicate that there are two by their high affinity uptake of [3H]GABA (Hendry and Jones, 1981; 
main populations of putatively inhibitory interneurons that project Somogyi et al., 1981). It has been suggested (by Somogyi et al., 
vertically: one population, mainly in layer V, is a source of inputs to 1981) that cells with somata in the superficial cortical layers labeled 
layers I to IIIA; the second population in layer II and the adjacent part by [3H]GABA injections in deep layers are the class of double 
of layer IIIA is a main source of input to layers V and VI. The same bouquet cells (Ramon y  Cajal, 1911; Jones, 1975). This interpretation 
two populations are seen in area 17, but in this area, there is a third is based on Golgi data showing the double bouquet somata to exist 
population in layer IVC which projects vertically to layers Ill and IVA. in layers II and Ill and to give off tightly bundled vertical axons that 
These putatively inhibitory vertical connections must now be seen terminate in layer V. The double bouquet cell is thus a prime 
as a system of interlaminar connections additional to those formed candidate for the type labeled by specific retrograde transport of 
by the putatively excitatory spiny nonpyramidal neurons (e.g., Lund, [3H]GABA from the deep layers. It has to be pointed out, however, 
1984) and by the collaterals (also thought to be excitatory) of that the evidence for this is at best circumstantial: double bouquet 
pyramidal cell axons. cells can only be positively identified by their axons (Jones, 1975) 
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F/gure 13. Correlatrve light and electron micrographs of elements In the neuropil labeled by an njectm of [3H]GABA tn layers I and II of area 1. A, 
Photomrcrograph of a semrthrn section autoradiograph, 1.5 rrn thick, from layer V. Arrows rndrcate radiolabeled vertical neuroprl. p, a gold-toned pyramidal 
cell. bl,b2, blood vessels. Bar = 50 pm. B, Photomicrograph of the same semithin section shown in A but taken at a focal plane deep to the silver grains 
In order to facrlrtate further the identification of profiles in the electron microscope. m, an unlabeled myelrnated axon. bl, b2, same blood vessels shown in 
A. Bar = 50 pm. C, Electron micrograph taken after resectioning of the same semrthrn section shown in A and B. m, the same large unlabeled myelinated 
axon shown In B. Underlyrnq the chains of silver grains of the bracketed regrons in A and B are found a bundle of small myelinated axons (between arrows). 
Bar = 5 pm. 

and these axons have not yet been specifically shown to be stained 
immunocytochemically for GAD or GABA nor to be specifically 
involved in the retrograde transport of [3H]GABA. As demonstrated 
in Golgi preparations, the long descending bundles of axon collat- 
erals formed by double bouquet cells in the monkey cortex give off 
multiple terminal boutons as they descend (Jones, 1975). This 
suggests that the axons are unmyelinated in their descent. It is 
possible that such axons are included in the unmyelinated profiles 
labeled in descending bundles after injections of [3H]GABA in the 
superficial layers. If  this is so, however, the labeled myelinated axons 
in the bundles remain unaccounted for. 

Golgi studies on the cortex of primates have revealed few non- 
spiny, non-pyramidal neurons with somata situated in the deep 
cortical layers, and with ascending axonal systems comparable to 
those descending from the double bouquet cells. The classical cell 
type of layers V and VI, with a vertical ascending axon, is that 
described originally by Martinotti (1889) and Ramon y  Cajal (1891) 
and shown in a drawing from one of our own preparations in Figure 
14B. The laminar position, small somal size, and ascending axon of 
this cell make it a candidate for that labeled by retrograde axoplasmic 
transport of [3H]GABA. It is not known, however, whether the axons 
of such cells are myelinated, or whether the cells are immunoreactive 
for GAD or GABA. Small cell somata immunoreactive for markers of 
GABA transmission have been observed, however, in layers V and 
VI of the monkey cortex (Hendry et al., 1983). 

An additional non-spiny cell type whose soma may be labeled by 
retrograde transport of [3H]GABA has been observed by us in the 
monkey sensory-motor cortex (Fig. 14A). The somata of these cells 
are found in layers IIIB and IV and the axon forms a tight bundle of 
ascending collaterals ending in a focused tuft of terminal branches 
in layers II and IIIA. Such cells might be represented by the population 
of somata retrogradely labeled in small numbers in layers Ill and IV 
of the sensory-motor cortex and in larger numbers in layer IVc of the 
visual cortex, after injections of [3H]GABA in superficial layers. Again, 
however, there is no direct correlation of this cell type with GABA- 
or GAD-immunoreactive cells, and it is not known whether its axon 
is myelinated or not. 

A major group of cells that needs to be considered as candidates 
for [3H]GABA-specific retrograde labeling in both the superficial and 
deep conical layers IS demonstrably immunoreactive for both GAD 
and GABA. These are the peptide-containing neurons of the monkey 
cortex (Hendry et al., 1984a, b; Somogyi et al., 1984; Jones and 
Hendry, 1985). Neurons immunoreactive for the peptides cholecys- 
tokinrn octapeptide, somatostatin, and/or neuropeptide Y have small 
somata situated in all layers but concentrated in layers II and IIIA and 
in layer VI and the subjacent white matter. All of the peptide- 
containing cells that we have studied in monkeys have elongated 
processes, not readily distinguishable as axons or dendrites at the 
light microscoprc level, that extend vertically across several laminae 
and form distinct plexuses in the supra- and infragranular layers. We 
have pornted out the essential similarity of all peptidergic cortical 
cells, despite superficial differences in their morphology (Hendry et 
al., 1984a). In many respects the deeply situated cells of this type 
resemble the Martinotti cells (Fig. 148). Virtually all of the cells 
immunoreactive for the three peptides mentioned above are also 
immunoreactive for GAD or GABA (Hendry et al., 1984b). The 
likelihood that the somata of some or all of these cells can be 
retrogradely labeled by [3H]GABA transported through their elon- 
gated processes (whether they be dendritic or axonal) seems strong. 
It has to be noted, however, that more peptidergic cell somata are 
found in layer VI than in layer V in which the larger number of 
retrogradely labeled somata is found after supragranular injections 
of [3H]GABA. 

The very small number of neurons labeled by horizontal (intralam- 
inar) transport of [3H]GABA was surprising because of the clear 
evidence that the large basket cells of the sensory-motor cortex are 
GABAergic (Hendry et al., 1983). These cells possess long, horizon- 
tally oriented axon branches stretching across the cortex for 1 to 3 
mm (Marin-Padilla 1969; Jones, 1975). The failure to label these 
neurons by injections of [3H]GABA at a distance of 1 mm could 
result from one of the finer details of the cells’ axonal morphology: 
collaterals of intracellularly injected basket cells in the visual cortex 
are richly distributed within the dendritic field of the cells, but outside 
that field they give rise to relatively small terminal arborizations 
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Figure 74. Camera lucida drawings of two examples of cells with ascend- 
ing axons (A and 6) in area 1-2. Note that the axon of cell A gives rise to a 
very focal axonal arborization in layers above the cell body. Cell B resembles 
the peptidergrc neurons described by Hendry et al. (1948a) in the same 
areas. Material is from rapid Golgi impregnations of adult monkey cortex. 
The inset IS a camera lucida drawing of the section to illustrate the localization 
(dots) of cells A and 6 (arrows). Large bar, 100 pm (drawings). Small bar; 
1 mm (inset). 

(Gilbert and Wiesel, 1979; Somogyi et al., 1983b) which might, 
therefore, accumulate relatively insignificant amounts of [3H]GABA 
for retrograde transport. Alternatively, these cells may simply not be 
retrogradely labeled by the method because of differences in uptake 
mechanisms. 

Physiological studies in the visual cortex of the cat suggest that 
the tangential spread of intracortical inhibition following afferent 
stimulation extends across only a small number of orientation col- 
umns (Toyama et al., 1981) or over a distance of no more than 400 
pm (Hess et al., 1975). This tangential, intracortical, inhibitory spread 
is similar to the extent of monosynaptic inhibitory effects described 
with intracortical microstimulation by Asanuma and Rosen (1973) in 
the motor cortex of the cat, although polysynaptic effects occurred 

over distances up to 1 mm from the stimulation site. Similar horizontal 
inhibitory effects have not been described in the cortex of the 
primate, although activation of one place- and modality-specific 
column in the monkey somatic sensory area is accompanied by 
inhibition of neighboring columns (Mountcastle and Powell, 1959). 

Another obvious feature of the cells retrogradely labeled in the 
vertical dimension by [3H]GABA was their tendency to form clusters 
in which cell somata were linked by appositional specializations, 
Gap junctions have been reported to exist between neuronal 
processes in the monkey sensory-motor cortex (Sloper, 1972; Sloper 
and Powell, 1978). Although we did not find typical gap functions 
between the labeled cells, the functional specializations observed 
were consistently found in large numbers. These specializations 
adopted several configurations which included puncta adherentia, 
close contacts, and a specialization associated with subsurface 
cisternal complexes. We know of no data to indicate how these 
specializations contribute to neuronal function nor whether they are 
specifically associated with neuronal groups that include GABAergic 
interneurons. 

The vertical (or columnar) anatomical organization of the cortex 
first suggested by Lorente de No (1938) and Mountcastle (1957) 
has tended to dominate thinking on the intrinsic organization of the 
cortex, and our findings are strongly supportive of this type of 
organization. Recently, the horizontal intrinsic organization of the 
cortex has also received attention (Fisken et al., 1975; Ktinzle, 1976; 
Creutzfeldt et al., 1977; Jones et al., 1978; Rockland and Pandya, 
1979; Rockland et al., 1982; Rockland and Lund, 1983). I f  our 
findings on the rather restricted horizontal extent of putatively GA- 
BAergic cells implies that the known GABAergic basket cells have 
less significant long distance connections than previously assumed 
from the anatomy, then pyramidal cells, the excitatory, output cells 
of the cortex, may have an important role in the formation of 
intracortical horizontal connectivity. Many pyramidal cells have pro- 
fuse horizontal collaterals that have probably rarely been satisfacto- 
rily revealed in Golgi studies (e.g., Gilbert and Wiesel, 1983; J. 
DeFelipe, M. Conley, and E. G. Jones, submitted for publication); 
injections of horseradish peroxidase or of [3H]leucine and [3H]proline 
in the cerebral cortex reveal, by retrograde or anterograde axonal 
transport, a pattern of intracortical connectivity characterized by 
multiple clusters of pyramidal cells or of terminal axonal ramifications 
separated by gaps. Long-range horizontal activity, therefore, may 
be primarily effected by axon collaterals of excitatory pyramidal cells. 
Of course, pyramidal cell axons traverse many layers in the vertical 
dimension as they descend toward the white matter, giving off 
collateral ramifications as they do so. In this sense they are also 
interlaminar neurons. However, their collaterals usually spread very 
widely within a lamina, so that the effect is presumably widely 
dispersed in the horizontal dimension. 

References 

Asanuma, H., and I. Rosen (1973) Spread of mono- and polysynaptic 
connections within cat’s motor cortex. Exp. Brain Res. 76: 507-520. 

Brodmann, K. (1905) Beitrage zur histologichen Lokalisation der Grosshirn- 
rinde. Dritte Mitteilung: Die Rinderfelder der neireden Affen. J. Psychol. 
Neurol. 4: 177-226. 

Butler, A. B., and J. A. Jane (1977) lnterlaminar connections of rat visual 
cortex: An ultrastructural study. J. Comp. Neurol. 174: 521-534. 

Chronwall. B. M.. and J. R. Wolff (1978) Classification and localization of 
neurons taking up [3H]-GABA in the &al cortex of rats. In Amino Acids 
as Chemical Transmitters, F. Fonnum, ed., pp. 297-303, Plenum Press, 
New York. 

Chronwall, B. M., and J. R. Wolff (1980) Prenatal and postnatal development 
of GABA-accumulatrng cells in the occipital neocortex of the rat. J. Comp. 
Neurol. 790: 187-208. 

Colonnier, M. (1968) Synaptic patterns on different cell types in the different 
laminae of the cat visual cortex. An electron microscope study. Brain Res. 
9: 268-287. 

Colonnier, M., and E. Sas (1978) An anterograde degeneration study of the 
tangential spread of axons in areas 17 and 18 of the squirrel monkey 
(Saimiri sciureus). J. Comp. Neurol. 179: 245-262. 



The Journal of Neuroscience GABA Transport in Monkey Cortex 3259 

Creutzfeldt, 0. D., L. J. Garey, R. Kluroda, and J. -R. Wolff (1977) The 
distribution of degenerating axons after small lesions in the intact and 
isolated visual cortex of the cat. Exp. Brain Res. 27: 419-440. 

Cuenod, M., P. Bagnoli, A. Beaudet, A. Rustioni, L. Wiklund, and P. Street 
(1982) Transmitter-specific retrogrde labeling of neurons. In Cytochemical 
Methods in Neuroanatomy, V. Chan-Palay and S. L. Palay, eds., pp. 17- 
44, Alan R. Liss, New York. 

DeFelrpe, J., and A. Fairen (1982) A type of basket cell in superficial layers 
of the cat vrsual cortex. A Golgi-electron microscopic study. Brain Res. 
244: 9-16. 

DeFelipe, J., S. H. C. Hendry, E. G. Jones, and D. Schmechel (1985) 
Variability in the terminations of GABAergic chandelier cell axons on initial 
segments of pyramidal cell axons In the monkey sensory-motor cortex. J. 
Comp. Neurol. 231: 364-384. 

Emson, P. C., and S. P. Hunt (1984) Peptide-containing neurons of the 
cerebral cortex. In Cerebra/ Cortex, E. G. Jones and A. Peters, eds., Vol. 
2, pp. 141-169, Plenum Press, New York. 

Fairen, A., A. Peters, and J. H. Saldanha (1977) A new procedure for 
examining Golgi Impregnated neurons by light and electron microscopy. 
J. Neurocytol. 6: 31 l-337. 

Fairen A., J. DeFelipe, and J. Regidor (1984) Nonpyramidal neurons. General 
account. In Cerebral Cortex, A. Peters and E. G. Jones, eds., Vol. 1, pp. 
201-253, Plenum Press, New York. 

Feldman, M. L. (1984) Morphology of the neocortical pyramidal neuron. In 
Cerebral Cortex, A. Peters and E. G. Jones, eds., Vol. 1, pp. 123-200, 
Plenum Press, New York. 

Fisken, R. A., L. J. Garey, and T. P. S. Powell (1975) The intrrnsic association 
and commissural connections of area 17 of the vrsual cortex. Philos. Trans. 
R. Sot. Lond. (Biol.) 272: 487-536. 

Freund, T. F., K. A. C. Martin, A. D. Smith, and P. Somogyi (1983) Glutamate 
decarboxylase-immunoreactive terminals of Golgi-impregnated axoaxonic 
ceils and of presumed basket cells in synaptic contact with pyramidal 
neurons of the cat’s visual cortex. J. Comp. Neural. 227: 263-278. 

Gilbert, C. D., and J. P. Kelly (1975) The projections of cells in different layers 
of the cat’s visual cortex. J. Comp. Neurol. 163: 81-106. 

Gilbert, C. D., and T. M. Wiesel (1979) Morphology and intracortical projec- 
tions of functionally identified neurons in cat visual cortex. Nature 280: 
120-125. 

Gilbert, C. D., and T. M. Wresel (1983) Clustered intrinsic connections in cat 
visual cortex. J. Neurosci. 3: 1116-l 133. 

Gray, E. G. (1959) Axo-somatrc and axe-dendritic synapses of the cerebral 
cortex: An electron microscopic study. J. Anat. 93; 420-433. 

Hamos, J. E., T. L. Davis, and P. Sterling (1983) Four types of neuron in 
layer IVa, b, of cat cortical area 17 accumulate [3H]-GABA. J. Comp. 
Neural. 27 7: 449-457. 

Harondi, M., A. Nieoullon, and A. Calas (1983) High resolution radioauto- 
graphic investigatron of [3H]-GABA accumulating neurons in cat sensori- 
motor cortical area. Brain Res. 260: 306-312. 

Hendrickson, A. E., S. P. Hunt, and J. -Y. Wu (1981) lmmunocytochemical 
localization of glutamic acid decarboxylase in monkey striate cortex. Nature 
292: 605-607. 

Hendry, S. H. C., and E. G. Jones (1981) Sizes and distributions of intrinsic 
neurons incorporating tritiated GABA in monkey sensory-motor cortex. J. 
Neurosci. 7: 390-408. 

Hendry, S. H. C.. C. R. Houser, E. G. Jones, and J. E. Vaughn (1983) 
Synaptic organization of immunocytochemically identified GABA neurons 
in the monkey sensory-motor cortex. J. Neurocytol. 12: 639-660. 

Hendry, S. H. C., E. G. Jones, and P. C. Emson (1984a) Morphology, 
distribution, and synaptic relations of somatostatin- and neuropeptide Y- 
rmmunoreactive neurons in rat and monkey neocortex. J. Neurosci. 4: 
2497-2517. 

Hendry, S. H. C., E. G. Jones, J. DeFelipe, D. Schmechel, C. Brandon, and 
P. C. Emson (198413) Neuropeptide-contarning neurons of the cerebral 
cortex are also GABAergic. Proc. Natl. Acad. Sci. U. S. A. 87: 6526-6530. 

Hess, R., K. Negishi, and 0. Creutzfeldt (1975) The horizontal spread of 
intracortical inhibition in the visual cortex. Exp. Brain Res. 22: 415-419. 

Hokfelt, T., and A. L. Ljungdahl (1972) Autoradiographic Identification of 
cerebral and cerebellar cortical neurons accumulatinq labeled gamma- 
amrnobutyric acid [3H]-GABA. Exp. Brain Res. 74: 3541362. - 

Houser, C. R., S. H. C. Hendry, E. G. Jones, and J. E. Vaughn (1983) 
Morphological drversrty of immunocytochemically identified GABA neurons 
in the monkey sensory-motor cortex. J. Neurocytol. 72: 617-638. 

Houser, C. R., J. E. Vaughn, S. H. C. Hendry, E. G. Jones, and A. Peters 
(1984) GABA neurons In the cerebral cortex. In Cerebra/ Cortex, E. G. 
Jones and A. Peters, eds., Vol. 2. pp. 63-89, Plenum Press, New York. 

Jones, E. G. (1975) Varieties and distribution of non-pyramidal cells in the 
somatic sensory cortex of the squirrel monkey. J. Comp. Neurol. 760: 
205-268. 

Jones, E. G. (1981) Anatomy of cerebral cortex: Columnar input-output 
organization. In The cerebra/ cortex, F. 0. Schmitt, F. G. Worden, G. 
Adelman, and M. Dennis, eds., pp. 199-235, MIT Press, Cambridge, MA. 

Jones, E. G., and S. H. C. Hendry (1984) Basket cells. In Cerebra/ Cortex, 
A. Peters, and E. G. Jones, eds., Vol. 1, pp. 309-336, Plenum Press, New 
York. 

Jones, E. G., and S. H. C. Hendry (1985) The peptide-containing neurons of 
the primate cerebral cortex. Res. Publ. Assoc. Nerv Ment. Dis., in press. 

Jones, E. G., and T. P. S. Powell (1970) Electron microscopy of the somatic 
sensory cortex of the rhesus monkey. I. Cell types and synaptic organi- 
zation. Philos. Trans. R. Sot. Lond. (Biol.) 257: l-l 1. 

Jones, E. G., and S. P. Wise (1977) Size, laminar and columnar distribution 
of efferent cells in the sensory-motor cortex of monkeys. J. Comp. Neural. 
175: 391-438. 

Jones, E. G., J. D. Coulter, and S. H. C. Hendry (1978) lntracortical connec- 
tivity of architectonic fields in the somatic sensory, motor and parietal 
cortex of monkeys. J. Comp. Neurol. 787: 291-348. 

Ku&e, H. (1976) Alternating afferent zones of high and low axon terminal 
density within the macaque motor cortex. Brain Res. 706: 365-370. 

Lorente De No, R. (1938) The cerebral cortex: Architecture, intracortical 
connections and motor projections, In Physiology of the Nervous System, 
Ed. 2, J. F. Fulton, ed., pp. 291-321, Oxford University Press, New York. 

Lund, J. S. (1973) Organization of neurons in the visual cortex, area 17, of 
the monkey (Macaca mulatta). J. Comp. Neurol. 747: 455-496. 

Lund, J. S. (1984) Spiny stellate neurons. In Cerebra/ Cortex, A. Peters and 
E. G. Jones, eds., Vol. 1, pp. 255-308. Plenum Press, New York. 

Lund, J. S., R. D. Lund, A. E. Hendrickson, A. H. Bunt, and A. F. Fuchs 
(1975) The origin of efferent pathways from the primary visual cortex, 
areas 17, of the macaque monkey as shown by retrograde transport of 
horseradish peroxidase. J. Comp. Neural. 764: 287-303. 

Marin-Padilla, M. (1969) Origin of the pericellular baskets of the pyramidal 
cells of the human motor cortex: A Golgi study. Brain Res. 74: 633-646. 

Martin, K. A. C. and D. Whitteridge (1984) Form, function and intracortical 
projections of spiny neurons in the striate visual cortex of the cat. J. 
Physiol. (Lond.) 353: 463-504. 

Martrnotti, C. (1889) Contributo allo studio della corteccia cerebrale, ed all 
origine centrale der nervi. Ann. Freniatr. Sci. Affini. 7: 314-381. 

Mountcastle, V. B. (1957) Modality and topographic properties of single 
neurons of cat’s somatrc sensory cortex. J. Neurophysiol. 20: 408-434. 

Mountcastle. V. B.. and T. P. S. Powell (1959) Neural mechanisms subservina 
,  

cutaneous sensibility, with special reference to the role of afferent inhibition 
in sensory perception and discrimination. Bull. John Hopkins Hosp. 705: 
201-232. 

Nauta, H. J. W., A. B. Bulter, and J. A. Jane (1973) Some observations on 
axonal degeneration resulting from superficial lesions of the cerebral 
cortex. J. Comp. Neurol. 705: 349-360. 

Neal, M. J., and L. L. lversen (1969) Subcellular distribution of endogenous 
and [3H]y-aminobutyric acid in rat cerebral cortex. J. Neurochem. 76: 
1245-l 252. 

Neale, E. A., W. H. Oertel, L. M. Bowers, and V. K. Weise (1983) Glutamate 
decarboxylase immunoreactivity and [3H]y-aminobutyric acid accumula- 
tion within the same neurons in dissociated cell cultures of cerebral cortex. 
J. Neuroscr. 3: 376-382. 

Parnavelas, J. G., R. A. Burne, and C. -S. Lin (1983) Distribution and 
morphology of functionally identified neurons in the visual cortex of the 
rat. Brain Res. 267: 21-29. 

Peters, A., C. C. Proskauer, and C. E. Ribak (1982) Chandelier cells in rat 
visual cortex. J. Comp. Neural. 206: 397-416. 

Ramon y Cajal, S. (1891) Sur la structure de I’ecorce cerebrale de quelques 
mammiferes. Cellule 7: 3-54. 

Ramon y Cajal, S. (1911) Histologic du Systhme Nen/eux de I’Homme et 
des Vert6br&, Vol. 2, S. Azoulay, transl., Malorne, Paris. 

Reynolds, E. S. (1963) The use of lead citrate at high pH as an electron- 
opaque stain in electron microscopy. J. Cell Biol. 7 7: 208-212. 

Ribak, C. E. (1978) Aspinous and sparsely-spinous stellate neurons in the 
visual cortex of rats contain glutamic acid decarboxylase. J. Neurocytol. 
7: 461-478. 

Richardson, K. D.. L. Jarett, and E. H. Finke (1960) Embedding in epoxy 
resins for ultrathin sectioning in electron microscopy. Stain Technol. 35: 
313-323. 

Rockland, K. S., and J. S. Lund (1983) Intrinsic laminar lattice connections 
in primate visual cortex. J. Comp. Neurol. 276: 303-318. 



3260 DeFelipe and Jones Vol. 5, No. 12, Dec. 1985 

Rockland, K. S., and D. N. Pandya (1979) Laminar origins and terminations 
of cortical connections of the occipital lobe in the rhesus monkey. Brain 
Res. 179: 3-20. 

Rockland, K. S., J. S. Lund, and A. L. Humphrey (1982) Anatomical banding 
of intrinsic connectrons in striate cortex of the tree shrews (Tupaia g/is). 
J. Comp. Neurol. 209: 41-58. 

Sloper, J. J. (1972) Gap functrons between dendrites in the primate neocor- 
tex. Brarn Res. 44: 641-646. 

Sloper, J. J., and T. P. S. Powell (1978) Gap functrons between dendrites 
and somata of neurons In the primate sensori-motor cortex. Proc. R. Sot. 
Lond. (Biol.) 203: 39-47. 

Sloper, J. J., and T. P. S Powell (1979) Ultrastructural features of the sensori- 
motor cortex of the primate. Philos. Trans. R. Sot. Lond. (Biol.) 285: 123- 
139. 

Somogyi, P., A. Cowey, N. HalaSz, and T. F. Freund (1981) Vertical organi- 
zation of neurons accumulating [3H]-GABA in visual cortex of rhesus 
monkey. Nature 294: 761-763. 

Somogyr, P., A. Cowey, 2. F. Kisvarday, T. F. Freund, and J. Szentagothai 
(1983a) Retrograde transport of y-amino t3H]-butyric acid reveals specific 
interlaminar connections in the striate cortex of monkey. Proc. Natl. Acad. 
SCI. U. S. A. 80: 2385-2389. 

Somogyi, P., Z. F. Kisarday, K. A. C. Martin, and D. Whitterridge (1983b) 
Synaptic connections of morphologically identified and physiologically 

characterized large basket cells in the striate cortex of cat. Neuroscience 
10: 261-294. 

Somogyi, P., A. J. Hodgson, A. D. Smith, M. G. Nunzl, A. Corio, and J. -Y. 
Wu (1984) Different porpulations of GABAergic neurons in the visual cortex 
and hippocampus of cat contain somatostatin- or cholecystokinrn-immu- 
noreactive material. J. Neurosci. 4: 2590-2603. 

Streit, P., E. Knecht, and M. Cuenod (1979) Transmitter specific retrograde 
labelltng in the striatonigral and raphe-nigral pathways. Science 205: 306- 
308. 

Toyama, K., M. Kimura, and K. Tanaka (1981) Organization of cat vrsual 
cortex as investigated by cross-correlation technique. J. Neurophysiol. 46: 
206-214. 

Valverde, F. (1971) Short axon neuronal subsystems in the visual cortex of 
the monkey. Int. J. Neuroscr. 7: 181-197. 

Wtse, S. P. (1975) The laminar organization of certain afferent and efferent 
fiber systems in the rat somatosensory cortex. Brain Res. 90: 139-142. 

Wolff, J. R., and B. M. Chronwall (1982) Axosomatic synapses in the visual 
cortex of adult rat. A comparison between GABA-accumulating and other 
neurons. J. Neurocytol. 7 1: 409-425. 

Zucker, C, S. Yazulla, and J. -Y. Wu (1984) Non-correspondence of [3H]- 
GABA uptake and GAD localization in goldfish amacrine cells. Brain Res. 
298: 154-l 58. 


