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We have studied the laminar organization of local long-range 
inhibitory connections within rat primary visual cortex (area 
17) by combining retrograde tracing of nerve cell bodies with 
glutamic acid decarboxylase immunocytochemistry. While 
most inhibitory connections are confined to within 0.4 mm 
of the injection site, a subset of neurons at the layer 516 
border provide long-range (> 1 mm) inhibitory connections 
within area 17. However, other cell layers that contain similar 
local long-range horizontal connections, that is, lower layer 
2/3, upper layer 5, and lower layer 6 (Burkhalter and Charles, 
1990), show a much more restricted distribution of inhibitory 
connections. This suggests that cells at the layer 516 border 
play a role in the direct inhibition of neurons at a distant point 
of the topographic map. 

Similar double labeling studies reveal long-range inhibi- 
tory connections between visual areas. Following injections 
of fluorescent tracers into area 17, in horizontal sections 
inhibitory connections can be identified that are up to 6 mm 
long, linking the extrastriate subdivisions 16a and 16b with 
striate cortex. Conversely, injections of fluorescent tracers 
into the cytoarchitectonic subdivision 16a reveal local long- 
range inhibitory connections within 16a, long-range inhibi- 
tory connections between 16a and the cytoarchitectonic 
subdivision 16b, and inhibitory forward connections from 
area 17 to 16a. These results suggest that the communi- 
cation between different cortical areas can be influenced by 
direct inhibitory connections. 

[Key words: intracodcal connections, glutamic acid de- 
carboxylase, visual cortex, rat, intracortical inhibition, 
GABAergic connections] 

The action of inhibitory neurons is critical for the function of 
cerebral cortex. This notion derives from single-unit recordings 
in visual and somatosensory cortex during blockade of GA- 
BAergic neurotransmission, which showed dramatic effects on 
the structure and selectivity of sensory receptive fields (Sillito, 
1975a,b, 1977, 1979; Tsumoto et al., 1979; Dykes et al., 1984; 
Alloway et al., 1989). It is well documented that these inhibitory 
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inputs originate from within the cortex and do not arise from 
the thalamus (Montero and Zempel, 1985; Gabbott et al., 1986; 
Montero, 1986). In visual cortex of mammals, approximately 
one-fifth of all neurons are GABAergic and can be stained with 
antisera against GABAor its biosynthetic enzyme, glutamic acid 
decarboxylase (GAD; Lin et al., 1986; Meinecke and Peters, 
1987). Although this population of neurons uses the same trans- 
mitter, the cells have different morphologies (Peters et al., 1982; 
Somogyi et al., 1984; Somogyi and Hodgson, 1985; Somogyi 
and Soltesz, 1986), colocalize different peptides (Hendry et al., 
1984) stain for different calcium binding proteins (Hendry et 
al., 1989) and express different cell surface molecules (Naegele 
and Katz, 1990; Zaremba et al., 1990). This diversity suggests 
that different GABAergic cell types are integrated into different 
functional circuits: cells with short (~400 pm) axons such as 
chandelier cells, spiderweb cells, and multipolar cells may par- 
ticipate in short-distance interactions, whereas cells with longer 
(>400 pm) axons, such as bitufted cells and basket cells, may 
mediate interactions across different layers (Kisvarday et al., 
1987) or between different cortical columns (Asanuma and Rose, 
1973; Hess et al., 1975; Martin et al., 1983; Hata et al., 1988). 

Considering the importance of inhibitory mechanisms, rela- 
tively little is known about the laminar origin and the vertical 
and horizontal organization of intracortical GABAergic con- 
nections, and our understanding is derived mainly from Golgi- 
stained projections of nonpyramidal cells. Although this has 
provided important insights into the arrangement of putative 
inhibitory connections (Jones, 1975; Valverde, 1976; Lund, 1987; 
Lund et al., 1988) there is reason to believe that the picture is 
incomplete because the Golgi technique only stains a small por- 
tion of the axonal arbor. Several studies, therefore, have taken 
an alternative approach and have used retrograde tracing of local 
connections with 3H-GABA. They showed that the majority of 
inhibitory connections are contained within single vertical col- 
umns (Somogyi et al., 1983a; DeFelipe and Jones, 1985) and 
that very few connections extend horizontally, parallel to the 
pial surface. The only exceptions were neurons in layers 5 and 
6 that project within their home laminae. Subsequently, how- 
ever, it was shown that some 3H-GABA-labeled neurons did 
not stain with an antibody against GABA (Kisvarday et al., 
1986) making it difficult to interpret the results obtained with 
the “transmitter-selective” (Streit, 1980) labeling technique. Be- 
cause of these limitations, we have reinvestigated the organi- 
zation of local GABAergic connections within rat visual cortex. 
For this purpose, we have combined GAD immunocytochem- 
istry with retrograde tracing with fluorescent beads (Katz et al., 
1984; Katz and Iarovici, 1990) which are known to label neu- 
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Figure I. A, Fluorescence photomicrograph of parasagittal section through rat area 17, showing distribution of neurons that are retrogradely 
labeled with beads via local axon collaterals. Brightly labeled column represents injection site that is centered in layer 5, but involves layers 2/3- 
6. Most cells are within -0.4 mm of the edge of the injection track. Many cells in layers 2-6 are distributed more widely. Cells with the most 
extreme tangential spread tend to lie at the bottom of layer 2/3 and the superficial and deep parts of layers 5 and 6. Anterior is to the left. B, 
Photomicrograph of GAD-immunoreactive neurons in area 17. Darkly stained neurons are distributed throughout all layers. C, Higher-power view 
of local labeling after a bead injection into area 17 (section adjacent to that shown in A). Retrogradely labeled neurons at bottom of layer 2/3 and 
top and bottom of layers 5 and 6 show widespread horizontal distribution. D, GAD-stained neurons and puncta in section adjacent to that shown 
in C. Notice that GAD-positive neurons and puncta can be detected in close proximity to the injection site (right margin; see C), suggesting that 
immunolabeling is unaffected by local injury. Scale bars, 0.5 mm. 

rons in nonselective fashion via local axon collaterals (Burk- 
halter and Charles, 1990). 

Some of these findings have been published in abstract form 
(McDonald and Burkhalter, 1990). 

Materials and Methods 
A total of 38 3-Sweek-old Long-Evans rats (75-150 gm body weight) 
were used in the experiments described here. Our basic strategy was to 
trace projection neurons retrogradely and to label these neurons im- 
munocytochemically with antibodies against GAD. Local projection 
neurons within area 17 were labeled by injecting fluorescent latex mi- 
crospheres (beads; Lumafluor, New City, NY, Katz et al., 1984; Katz 
and Iarovici, 1990) into area 17 and retrograde labeling of neurons 
though local axon collaterals. Area 17 injections were employed to reveal 
neurons that project from extrastriate cortex back to area 17. Injections 
into the cytoarchitectonic subdivision 18a in lateral extrastriate cortex 
were performed to visualize area 17 neurons that make forward pro- 
jections to extrastriate cortex. Specific extrastriate areas were identilied 
by retrograde labeling of callosal projections with bisbenzimide, and by 
using this pattern in conjunction with myeloarchitectonic features to 

delineate areal boundaries (Olavarria et al., 1987; Thomas and Espi- 
noza, 1987). 

Injections. To examine the local projections of GABAergic neurons 
within striate cortex, 26 rats received a single injection of rhodamine- 
or fluorescein-labeled beads into area 17. For this purpose animals were 
anesthetized with pentobarbital(40 mg/kg, i.p.) and secured in a head 
holder. A small hole was drilled in the skull (3.5 mm lateral to midline, 
0.5 mm anterior to lambda suture) overlying striate cortex. A glass 
micropipette (tip diameter, 20-30 pm) filled with beads was then low- 
ered through this hole, and small volumes (0.05 ~1 each) of beads were 
deposited in the brain, 0.5-l .5 mm below the pial surface, by applying 
pressure to the back of the pipette using a Picospritzer (General Valve). 
This resulted in injection sites that extended throughout the thickness 
of cortex (Fig. 1A). After 2-4 d, animals were deeply anesthetized (80 
mg/kg) and perfused through the left ventricle with 0.1 M phosphate 
buffer (PB) followed by periodate-lysine-paraformaldehyde fixative (PLP; 
McLean and Nakane, 1974). The brain was removed from the skull 
and postfixed for 1 hr in the PLP solution. Subsequently, coronal or 
parasagittal sections were cut on a Vibratome at 40 pm. 

Interareal projections were examined in 12 cases. In six animals the 
left area 17 was injected with beads (see above) to label neurons in the 
cytoarchitectonic subdivision 18a that project back to area 17. A second 
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Figure 2. Fluorescence photomicrograph of local bead labeling in GAD- 
immunostained parasagittal section through area 17 of rat visual cortex. 
Retrogradely labeled neurons are recognized by bright punctate bead 
labeling. Vertical column of bright clumps of beads at the left margin 
represents injection site. Notice that under epifluorescence illumination 
GAD-stained neurons appear as darkly stained profiles in the back- 
ground. Anterior is to the left. Scale bar, 0.2 mm. 

group of six animals was used for bead injections into 18a (5 mm lateral 
to midline, 1 mm anterior to lambda suture) to label forward-projecting 
cells in area 17. In both groups of animals, bead injections into the,left 
hemisphere were combined with 20-30 bisbenzimide injections (10% 
in H,O, 0.05 pl each) into the right occipital cortex to label callosal 
projections. After 2-4 d, animals were perfused with PLP fixative. Sub- 
sequently, the brain was removed from the skull and the cortex was 
separated from the rest of the brain and flattened between glass slides 
(Welker and Woolsey, 1974) in PLP fixative for - 1 hr. Flattened cortices 
were viewed under UV illumination to reveal the bisbenzimide-labeled 
callosal projection pattern, and photographed using a low-power ste- 
reomicroscope equipped with epifluorescence optics. The tissue was cut 
on a Vibratome in the tangential plane at 40 pm. 

Immunocytochemistry. For colocalizing GAD in bead-labeled neu- 
rons, we used immunoperoxidase and immunofluorescence techniques. 
Both of these approaches are complementary, and each has its strengths 
and weaknesses: the immunoperoxidase procedure revealed more GAD- 
labeled neurons but the reaction product tended to quench fluorescent 
beads, whereas the immunofluorescence procedure labeled fewer neu- 
rons, but double-labeled cells were easier to see. A quantitative com- 
parison of the two approaches showed that the immunoperoxidase tech- 
nique revealed, on the average, -25% more double-labeled cells. Thus, 
in most cases GAD was visualized with the immunoperoxidase tech- 
nique. However, each finding was double checked with at least two 
experiments in which immunofluorescence was used. 

For the immunoperoxidase reaction, floating sections were washed 
in PB and placed for - 1 hr in 10% normal horse serum in PB. Sections 
were incubated for 12-l 8 hr (4°C) in a 1:4000 dilution ofthe monoclonal 
antibody GAD-6 directed against the 59 kDa band of the GAD protein 
(Chang and Gottlieb, 1988). Subsequently, sections were washed in PB 
and incubated in biotinylated horse anti-mouse IgG (1:200 in PB, Vec- 

tor) for 90 min at room temperature. After a final wash in PB, the 
antigen was visualized using the Elite ABC immunoperoxidase tech- 
nique (Vector). Sections were mounted on gelatinized slides, air dried, 
dehydrated in absolute alcohol (30sec), cleared in xylene (30 set), and 
coverslipped with Krystalon (Harleco). 

For immunofluorescence, floating sections were incubated in a 1:2000 
dilution of GAD-6, followed by 1: 100 dilution of biotinylated secondary 
antibody. Texas red-labeled streptavidin (1: 100) was used to visualize 
the antigen. Sections were coverslipped in PB containing p-phenyle- 
nediamine (0.01%) to retard photobleaching. 

GAD-6 (Chang and Gottlieb, 1988) was chosen as the primary an- 
tibody following a quantitative comparison of cell body staining with 
the anti-GAD antiserum raised by Oertel et al. (198 1) and the polyclonal 
antibody against GABA (Immunonuclear), which both had slightly low- 
er sensitivity. The PLP fixative was chosen over several paraformal- 
dehyde solutions alone (4%, 2%, or 1%) or in combination with glutar- 
aldehyde (O.l%, 0.2%) based on its superior ability to reveal GAD+ 
labeled neurons. Addition of 0.1-0.3% Triton X-100, saponin, or dig- 
itonin to the primary antibody solution led to a decrease in cell body 
staining, and so detergents were not employed. Finally, the elite ABC 
peroxidase technique was judged to reveal approximately twice as many 
GAD-6-labeled neurons than the use of Texas red-labeled streptavidin 
to detect the biotinylated secondary antibody. 

Scoring. The distribution of bead-labeled, GAD-immunoreactive 
(GAD+/bead) neurons was studied by first tracing sections including 
blood vessels, etc., under a stereomicroscope with a drawing tube 
attachment at 40 x . Sections were then examined under a fluorescence 
microscope equipped with rhodamine and fluorescein optics. In the 
immunoperoxidase-stained material, double-labeled neurons were rec- 
ognized by switching between fluorescence and bright-field illumination. 
In the immunofluorescent material, double-labeled cells were detected 
by switching between rhodamine (GAD) and fluorescein (beads) optics. 
In both cases GAD+/bead cells were identified by the presence in the 
same focal plane of multiple clusters of beads in immunoreactive cell 
bodies. The distribution of GAD+/bead cells was scored onto the trac- 
ings, using blood vessels as reference markers. To assess the percentage 
of GAD-labeled projection neurons relative to the total number of pro- 
jection neurons, GAD+/bead and bead-only cells were counted in a 
100~pm-wide column that contained all layers of cortex. Average num- 
bers were obtained from three sections: one centered at the injection 
site, and two displaced 100-200 pm on each side of the injection center. 
Layers (Krieg, 1946) were determined from alternate sections stained 
for Nissl substance, or counterstained with bisbenzimide (0.0001%; 
Schmued et al., 1982) to reveal nuclei under UV fluorescence illumi- 
nation. The same coronal sections also served for identification of the 
cytoarchitectonic borders of area 17. In horizontal sections, the bound- 
aries of area 17 were determined by its distinctive myeloarchitecture 
(see Fig. 6A.B; Olavarria et al., 1987). For this purpose sections were 
mounted in PB and photographed under dark-field illumination. Sub- 
sequently, immunostained sections were projected onto photographs of 
the myelin pattern, using blood vessels as landmarks. Extrastriate cor- 
tical areas were identified with reference to the callosal labeling pattern 
(see Fig. 6C,D, Olavarria and Montero, 1984; Thomas and Espinoza, 
1987). 

Results 
Inhibitory connections within area 17 
Injections of fluorescent beads into area 17 produced vertically 
elongated injection sites that spanned all layers. In some cases 
they were solid cylinders with diameters of 75-l 50 Km; in other 
cases they were broken up into - 50-250~pm-wide clumps (Figs. 
lA, 2). Each injection revealed a stereotypical distribution of 
bead-labeled cells (Fig. 1A; see also Fig. 5.4) that was dependent 
on the depth of the injection only. In layer 1, labeled neurons 
were confined to the immediate vicinity of the injection site. 
Similarly, in layer 4 and the middle of layer 6, the majority of 
labeled cells were confined to a relatively tight column around 
the injection track, whose diameter in the parasagittal plane was 
0.4-0.8 mm. By contrast, the distribution in layers 2/3, 5, and 
6 was more widespread and labeled cells were found up to 1.6 
mm from the margin of the injection site. Typically, the spread 
was greatest in the lower half of layer 2/3 and at the top and 
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Figure 3. Fluorescence photomicro- 
graphs of GAD immunoperoxidase- 
stained local projection neurons in area 
17. Neurons are fluorescently labeled 
with beads after injection into area 17 
and retrograde transport of the tracer 
via local axon collaterals. Parasagittal 
sections. A, Pluorescence photomicro- 
graph of bead-labeled neurons. Dark 
profiles in background represent GAD- 
labeled neurons. Cell indicated with 
large arrow is labeled with beads and 
expresses GAD immunoreactivity. 
Double-labeled cell resides in layer 3, 
-0.5 mm from margin ofinjection site. 
B, Bright-field photomicrograph of sec- 
tion shown in A. Large arrow points to 
GAD-positive cell that is also labeled 
with beads (see A). Notice that although 
A and B are in the same focal plane, 
GAD-labeled profiles in A appear out 
of focus compared to B. The difference 
is due to the different modes of illu- 
mination: epifluorescence optics in A, 
bright-field illumination in B. Short ar- 
row points to ring of GAD-positive 
puncta that appear to surround the bead- 
labeled cell shown in A (short arrow). 
C, Photomicrograph taken under si- 
multaneous fluorescence and bright-field 
illumination. In this rare case, the flu- 
orescence signal was intense enough to 
reveal labeled beads in darkly GAD- 
immunoreactive cells (black arrows). All 
of these double-labeled neurons lie along 
the layer 5/6 border, -0.6 mm from 
the margin of the injection site. Notice 
that due to the nonuniform subcellular 
distribution of beads, the outlines of 
double-labeled cells seen under fluores- 
cence and bright-field illumination of- 
ten appear slightly different. White ar- 
row points to bead-labeled pyramidal 
cell that is decorated with GAD-im- 
munoreactive puncta. Scale bars, 0.1 
mm. 



772 McDonald and Burkhalter * Long-Range Inhibitory Connections 

Figure 4. GABAergic projection neurons with long-ranging projections within area 17. A, Fluorescence photomicrograph of bead-labeled 
(arrow) at layer 5/6 border, -0.9 mm from the margin of the injection site in area 17. B, GAD immunofluorescence in section shown in 
indicated by arrow expresses GAD immunoreactivity. The same cell is also labeled with beads (arrow in A). C, Bead-labeled cell (urrow) in su] 
layer 6 of area 17, -0.8 mm from the margin of the injection site in area 17. D, Colocalization of GAD immunofluorescence in neuron sl 
C (arrow). Notice that although A and B, and C and D are photographed in identical focal planes and beads are distributed throughout 
bodies, the subcellular compartments labeled with beads and GAD are not in perfect register. Scale bars, 50 pm. 
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the bottom of layers 5 and 6. The distribution in upper layer 
2/3 and the middle of layers 5 and 6 was much tighter and 
labeled cells tended to be closer to the injection site. Higher- 
power pictures of this sublaminar labeling pattern are shown in 
Figures 1 C and 2. 

GAD-immunostained, parasagittal sections revealed a large 
number of darkly labeled cells and puncta in all layers of primary 
visual cortex (Fig. l&D). In agreement with previous findings 
(Lin et al., 1986), GAD-labeled neurons were uniformly dis- 
tributed throughout the visual cortex. Similar pictures were ob- 
tained with immunofluorescence (not shown). In all cases that 
allowed classification, GAD-immunoreactive cells had nonpyr- 
amidal morphologies and some resembled the “double bou- 
quet” cells (see Figs. 8B,C, 1OD) described by Feldman and 
Peters (1978). The GAD staining pattern within area 17 was 
unaffected by local injections of beads, and despite the lesion 
caused by the injection pipette, GAD labeling in adjacent sec- 
tions appeared normal (Fig. 1 C, 0). This point is reinforced in 
Figure 2, which shows GAD-immunoreactive neurons next to 
a bead injection site in the midst of fluorescently labeled cell 
bodies. It is also important to note that in this immunoperox- 
idase-stained section the laminar pattern of bead-labeled cells 
is indistinguishable from that observed in sections that were not 
immunostained (e.g., Fig. 1A). This indicates that the immu- 
noperoxidase staining does not noticeably reduce the number 
of detectable retrogradely labeled neurons. Examination at high- 
er power of double-labeled sections revealed numerous bead- 
labeled neurons that were also immunoreactive for GAD. An 
example of such a double-labeled cell found in layer 3, -0.4 
mm from the injection site, is shown in Figure 3, A and B, which 
both depict the same frame phctographed at the same focal 
plane under fluorescence and bright-field illumination, respec- 
tively. It is evident that GAD+/bead-labeled cells (Fig. 3A, large 
arrow) contain slightly fewer beads than bead-only neurons (Fig. 
3A, small arrow). This may pose a problem for detecting cells 
that express weak GAD staining. However, it is important to 
stress that the punctate appearance of bead-labeled neurons is 
distinctive even if labeling is relatively weak. 

Interestingly, GAD-immunoreactive, bead-labeled cells were 
not only encountered near the injection site but were frequently 
located up to 1.2 mm from the injection. GAD-staining cells 
with such long-ranging projections were most commonly found 
along the layer 5/6 border. Several examples of double-labeled 
layer 5/6 cells are shown in Figure 3C. Similar to Figure 3A, 
the fluorescence signal in double-labeled cells is weaker than in 
bead-only neurons. However, because of the punctate appear- 
ance of beads, in most cases it was easy to identify double- 
labeled cells unequivocally. In spite of this, we felt compelled 
to confirm the existence of long-range GABAergic connections 
by visualizing GAD with immunofluorescence. Examples of 
double-labeled layer 5/6 cells that were found between 0.8 and 
1 .O mm from the edge of the injection site are shown in Figure 4. 

It is important to point out that due to the nonuniform sub- 
cellular distribution of beads, the fluorescence and bright-field 
images of double-labeled cells are often not in perfect register. 
This is true even in cases in which double labeling is assessed 
in a single picture, taken under simultaneous fluorescence and 
bright-field illumination (Fig. 3C). Although in all other cases 
double-labeled cells are illustrated by pairs of pictures, they were 
always taken in the same focal plane. For independent verifi- 
cation, it is instructive to look at the immunoperoxidase-stained 
material and to compare GAD-labeled profiles under both types 
of illuminations (e.g., Fig. 3A,B). Although under fluorescence 
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Figure 5. A, Plot of distribution of retrogradely bead-labeled cells (dots) 
within area 17. Single parasagittal section. Injection site is highly elon- 
gated and extends throughout layers l-6. B, Reconstruction of distri- 
bution of GAD+/bead double-labeled neurons. The dots represent dou- 
ble-labeled cells from three parallel sections: section shown in A, and 
two sections 0.2 mm medial and lateral to it. GABAergic cells at the 
layer 5/6 border have the most wide-ranging axon collaterals that reach 
up to 1.2 mm in the tangential plane. a, anterior; d, dorsal. Scale bar, 
0.5 mm. 

optics nonfluorescent profiles, if visible (e.g., see Fig. 7B,C), 
appear out of focus, it is easy to pick out the same GAD-positive 
puncta in both images. This strongly indicates that both pictures 
were taken in very similar focal planes. 

To obtain a more complete view of the arrangement of GA- 
BAergic connections within area 17, the distribution of double- 
labeled cells was plotted in immunoperoxidase-stained sections. 
Figure 5A shows the pattern of bead-labeled cells in a parasa- 
gittal section following an injection into area 17 involving layers 
l-6. Figure 5B shows the distribution of bead-labeled neurons 
that also showed GAD immunoreactivity. This plot was ob- 
tained by pooling double-labeled cells from three parallel sec- 
tions: the section shown in Figure 5A and two sections 0.2 mm 
medial and lateral to it. While the majority of double-labeled 
cells were confined within 0.3-0.4 mm of the injection site, the 
distribution of cells at the layer 5/6 border was more widespread 
and cells were found up to 1.2 mm from the injection site. The 
spread in the coronal plane was less extreme. The overall dis- 
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Figure 6. A, Dark-field photomicro- 
graph of unstained horizontal section 
through flattened cerebral hemisphere 
of rat. Light areas represent regions of 
dense myelination. Area 17 resembles 
a parabola-shaped region located in 
medial occipital cortex. Arrow indicates 
bead injection site (bright spot) in area 
17. Anterior is to the top; lateral is to 
the left. B-D are the same orientation 
as A. B, Dark-field photomicrograph of 
horizontal section showing myeloar- 
chitecture of rat cerebral cortex. Arrow 
indicates bead injection site into the cy- 
toarchitectonic subdivision, 1 Sa. C, 
Fluorescence photomicrograph of bis- 
benzimide-labeled callosal projections 
in flattened cerebral cortex of same rat 
as shown in A. Arrow indicates bead 
injection into area 17. The callosal-free 
zones within the cytoarchitectonic sub- 
division 18a, lateral to area 17 (mye- 
loarchitectonic borders indicated by 
broken line), contain area AL (antero- 
lateral), area LM(lateromedial), and PX 
(posterior extrastriate complex). D, 
Fluorescence photomicrograph of bis- 
benzimide-labeled, callosal projection 
in a flattened cerebral cortex of same 
rat as shown in B. Bead injection (ar- 
row) is identified in EL Myeloarchi- 
tectonic borders of area 17 are indicat- 
ed by broken line. 

tribution of cells was elliptical, with the long axis parallel to the 
parasagittal plane and the short axis in the coronal plane (Burk- 
halter and Charles, 1990). Remarkably, other layers and sub- 
laminae that contain similar long-range projections, that is, low- 
er layer 2/3, upper layer 5, and deep layer 6, show much more 
restricted distributions (-0.4 mm wide) of double-labeled cells. 

Inhibitory connections between visual areas 

To examine whether connections between different cortical ar- 
eas express GABAergic properties, fluorescent beads were in- 
jected into area 17 and the cytoarchitectonic subdivision 18a. 
Based on the distinctive myeloarchitecture of primary visual 
cortex, which was revealed as a whitish parabola-shaped area 
in unstained sections viewed under dark-field illumination (Fig. 
6A,B), six injection sites were identified in area 17 (Fig. 6A, 
arrow) and six additional injections were recovered in area 18a 
(Fig. 6B, arrow) near the lateral border of area 17. Because the 

cytoarchitectonic area 18a is composed of several distinct visual 
areas, it was necessary to trace in each case the interhemispheric 
connections for delineating area1 boundaries (Olavarria and 
Montero, 1984; Thomas and Espinoza, 1987). The callosal pro- 
jection patterns for the cases illustrated in Figure 6, A and B, 
are shown in C and D, respectively. It is evident from the com- 
parison of A and C that the injection shown in Figure 6A was 
confined to the callosal-free region of area 17 (Fig. 6C). By 
contrast, the injection shown in Figure 6B lies lateral to the 
callosally connected strip that demarcates the 17/l 8a border 
and is located at the posterior tip of the lateromedial area (LM), 
immediately in front of the posterior complex (PX; Fig. 60). In 
five cases, extrastriate injections were recovered in LM. A single 
case showed an injection into PX (not shown). 

Area 17 injections produced a stereotypical distribution of 
bead-labeled neurons both within area 17 and in different ex- 
trastriate areas that border striate cortex laterally and medially 
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Figure 7. GABAergic projections from extrastriate visual cortex to area 17. A, Fluorescence photomicrograph of horizontal section through rat 
visual cortex. Extrastriate projection neurons in areas LM (lateromedial area) and AL (anterolateral area) are retrogradely labeled with beads (bright 
cell bodies) after injection into area 17 (bright spot in upper right corner). GAD immunoperoxidase-stained cells (black dots) are seen in background. 
Hatched area indicates the callosally connected zone, marked after bisbenzimide injections into opposite hemisphere. Arrow points to a GAD+/ 
bead-labeled neuron in area LM. Anterior is toward the top; lateral is to the left. B, High-power fluorescence photomicrograph of boxed area shown 
in A. Arrow indicates GAD-stained projection neuron (dark profile) in area LM. Bright dots in dark cell body represent retrogradely transported 
beads. Notice that double-labeled cell lies on top of an densely bead-labeled pyramidal cell. Although the fluorescence signal of the double-labeled 
cell is quenched by the reaction product, the dark profile of the cell body is outlined by bright bead labeling (see inset). This indicates that double 
labeling is not an artifact and that bead labeling of GAD-positive cell does not represent fluorescence signal from cell below. Because the section 
was not cleared and was mounted in buffer, GAD-labeled puncta in background (see C) are not resolved under epifluorescence illumination. C, 
Bright-field photomicrograph of GAD-labeled cell (arrow) depicted in B. Scale bars: A, 0.25 mm; B and C, 50 pm. 

(see Fig. 94. A fluorescence photomicrograph of bead-labeled 
cells in LM and anterolateral (AL) areas is shown in Figure 7A 
(injection site in area 17 shown in Fig. 6A). Much to our surprise, 
a small number of the bead-labeled cells in extrastriate cortex 
were also GAD immunoreactive. The example shown in Figure 
7 was found in an immunoperoxidase-stained horizontal sec- 
tion. It lies in the area LM, 1.2 mm posterolateral to the margin 
of the injection site (Fig. 7A). At higher power (Fig. 7B,C), the 
cell can be recognized as a darkly GAD-stained neuron that 
contains - 10 fluorescent beads. The cell lies on top of another 
neuron that is labeled with beads only, and partially covers it. 
Although both cell types lie in very similar focal planes, it is 
nevertheless easy to distinguish the two by the shape outlined 
with beads: the double-labeled cell is oval with the long axis at 
10 o’clock, the bead-only cell is triangular with the apex pointing 
to 11 o’clock (Fig. 7B, inset). This clearly shows that the GAD- 
positive neuron is indeed double labeled, and that the bead 
labeling is not an artifact of seeing attenuated fluorescence through 
the dark soma from the cell underneath. Two additional ex- 
amples of fluorescently stained GABAergic feedback-projecting 
neurons from LM are shown in Figure 8. The cell in Figure 8, 
A and B, was found in layer 2/3, whereas the neuron depicted 
in C and D derives from layer 5. Both cells have a bipolar 
morphology and are clearly nonpyramidal. 

Although the proportion of double-labeled cells was small 
compared to bead-labeled cells (-OS%), one or two examples 
were consistently found in each section. Figure 9B represents a 
reconstruction of a single case in which double-labeled cells from 
six sections from layers 2/3-6 were pooled. It shows that GA- 
BAergic intracortical projections arise not only from LM, but 

also from AL, PX, the rostrolateral area (RL), the medial ex- 
trastriate complex (MX), and the cortex lateral to area LM. All 
of these projections originate from GAD-labeled cells that are 
distributed uniformly throughout all layers. Because it was tech- 
nically difficult to examine layer 1 in horizontal sections, it 
remains unresolved whether it contributes to interareal GA- 
BAergic connections. 

Injections into the cytoarchitectonic subdivision 18a revealed 
bead-labeled neurons in area 17 and in many extrastriate areas 
of the occipital and temporal lobes, including entorhinal cortex 
and the retrosplenial cortex. After an injection into LM, GAD- 
stained sections revealed GAD-t/bead double-labeled neurons 
in all layers of area 17. An example of a double-labeled layer 
2/3 cell next to GAD-only and bead-only labeled neurons is 
shown in Figure 10. In reference to Figure 10, A and B, it is 
important to point out again that both panels derive from very 
similar focal planes. Because Figure 1OA was taken under epi- 
fluorescence illumination, GAD-labeled profiles appear blurred 
and the image seems to represent a different focal plane than 
that shown in Figure 10B. Nevertheless, to control for false- 
positive identifications of double-labeled cells, we used im- 
munofluorescence. Figure 10, C and D, shows GAD-labeled 
forward-projecting neurons in area 17 that terminate in area 
PX of extrastriate cortex. 

Similar to feedback-projecting cells, the number of GA- 
BAergic forward-projecting neurons is small and constitutes less 
than 0.5% of the striate cortical projection to LM. GABAergic 
corticocortical connections were also found within extrastriate 
cortex. The result of an injection into the PX is shown in Figure 
11. PX receives input from area 17, LM, AL, MX, the temporal 
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Figure 8. GABAergic neurons in extrastriate area LM that project back to area 17. A, Bead-labeled neuron (arrow) in layer 2/3 of area LM after 
tracer injection into area 17. B, GAD immunofluorescence colocalized in bead-labeled cell depicted in A. C, Bead-labeled neuron (arrow) in layer 
5 of area LM after tracer injection into area 17. D, GAD immunofluorescence colocalized in bead-labeled cell shown in C. Scale bars: A and B, 50 
pm; C and D, 25 pm. 

cortex, the entorhinal cortex, and the retrosplenial area (Fig. 
11A). The distribution of double-labeled cells (Fig. 11B) shows 
that a small fraction of the input from most of these areas 
originates from GAD-immunoreactive neurons. 

Discussion 
Combining retrograde tracing of connections within rat primary 
visual cortex with immunocytochemistry of GAD, the rate- 
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limiting synthetic enzyme for GABA, we have obtained two 
main results. First, we have identified a subpopulation of GA- 
BAergic neurons lying at the border of layers 5 and 6 that make 
long-range connections within primary visual cortex. Second, 
we found a small but significant number of GABAergic neurons 
that make forward and feedback projections between different 
cortical areas. Because GABA is the main inhibitory transmitter 
in the cortex, these results support the notion that within pri- 
mary visual cortex direct inhibitory interactions occur between 
different points of the visuotopic map. In addition, monosyn- 
aptic inhibitory interactions may also play a role in reciprocal 
circuits between different cortical areas. 

The current understanding of the organization of intracortical 
GABAergic connections derives principally from the combi- 
nation of HRP-filled neurons with GABA immunocytochem- 
istry (Martin et al., 1983; Somogyi and Soltez, 1986; Kisvarday 
et al., 1987) and retrograde tracing with 3H-GABA (Somogyi et 
al., 198 1, 1983b; DeFelipe and Jones, 1985). These investiga- 
tions in cat and monkey visual and somatosensory cortex have 
stressed that GABAergic neurons make interlaminar connec- 
tions, and that they may provide for inhibitory interactions 
within individual cortical columns that represent a single point 
in space. However, although Somogyi et al. (198 1) have focused 
on intracolumnar connections, they found 3H-GABA-labeled 
cells in layer 6 that spread far beyond individual columns. This 
is similar to what we have observed in layers 5 and 6 of rat area 
17. Thus, the horizontal range of these GABAergic connections 
strongly suggests that deep layers may provide for direct inhib- 
itory interactions between distant points of the topographic map. 
Most interestingly, these interactions seem to arise exclusively 
from cells at the layer 5/6 border, whereas cells in deep layer 6, 
superficial layer 5, and deep layer 2/3, which all contribute to 
long-range connections within area 17 (Burkhalter, 1989; Burk- 
halter and Charles, 1990; present results), appear not to partic- 
ipate in direct long-range inhibitory interactions. 

Long-range GABAergic connections within area 17 

Long-range inhibitory interactions in visual cortex are polysy- 
naptic and are thought to be mediated indirectly by excitatory 

Figure 9. A, Distribution of bead-la- 
beled neurons (dots) in single horizontal 
section through rat cerebral cortex ret- 
rogradely labeled after injection into 
area 17. Bead-labeled neurons are found 
in area 17, areas LM, AL, RL (rostro- 
lateral), PX, and MX(media1 complex), 
and in unidentified regions of temporal 
lobe. Hatched areu.s represent callosally 
connected regions determined from 
bisbenzimide labeling pattern after in- 
jection of the opposite hemisphere. B, 
Distribution of GAD+/head cells (dots). 
Same case as A. Data are pooled from 
six sections through depth of cerebral 
cortex. A small number of GAD+/bead 
neurons are seen in all areas that con- 
tain bead-labeled cells. Notice that the 
distributions of bead-labeled cells in A 
and of GAD+/bead cells B are not per- 
fectly overlapping. This is because A 
represents a single section, whereas B 
is a composite from six sections. ENT, 
entorhinal cortex. A, anterior; L, lat- 
eral. Scale bar, 5 mm. 

contacts on local inhibitory neurons (Ts’o et al., 1986; Gabott 
et al., 1987; McGuire et al., 199 1). Although there are no reports 
of monosynaptic long-range inhibitory interactions (but see As- 
anuma and Rosen, 1973), numerous studies suggest the presence 
of long-ranging inhibitory connections within visual cortex: (1) 
GABAergic basket cells make extensive axonal projections in 
cat areas 17 and 18 (Martin et al., 1983; Somogyi et al., 1984; 
Kisvarday et al., 1987; Eysel and Kisvarday, 199 l), (2) GABA- 
immunoreactive cells in cat area 18 have long-ranging local axon 
collaterals (Matsubara et al., 1987; Matsubara, 1988), and (3) 
retrograde tracing of local GABAergic projection neurons in area 
18 with 3H-nipecotic acid labels neurons that are > 1 mm from 
the injection site (Crook et al., 1992). From Golgi studies (Wer- 
ner et al., 1979, 1985) and intracellular HRP injections (Berman 
and Martin, 1990) of basket cells in rat area 17, it seems rea- 
sonable to assume that similar connections also exist in rat 
primary visual cortex. Although little is known about the axonal 
arbors of basket cells in rodents, similar cells in cat striate cortex 
clearly contribute to local long-range projections (Kisvarday et 
al., 1987). In cats, basket cells reside in layer 2/3 and 5. The 
laminar distribution in rat visual cortex is not known, but it is 
intriguing that the examples shown by Werner et al. (1979) and 
Berman and Martin (1990) are in lower layers and thus lie in 
the lamina from which GABA-immunoreactive neurons project 
wide-ranging axon collaterals. 

Using nonselective tracers, we have shown previously that 
the layer 5/6 border contains cells with long-ranging axon col- 
laterals that extend within layers 5 and 6, but also project to 
layers 2/3 and 4 (Burkhalter, 1989; Burkhalter and Charles, 
1990). More recently, we have found that many neurons in this 
layer can be labeled by retrograde transport of 3H-D-aSpartate 

after injections into layers 2/3-6 of area 17 (Johnson and Burk- 
halter, 1992). Thus, cells at the layer 5/6 border contribute to 
excitatory and inhibitory long-range projections. Based on the 
morphology of basket cells, it appears that both cell types have 
different local projection targets: long-ranging fibers of GA- 
BAergic neurons may be confined to the layers 5 and 6, while 
excitatory long-range projections include targets in middle and 
upper layers. The most likely targets of inhibitory projections 
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Figure 10. GABAergic neurons in area 17 that project to areas LM and PX. A, Fluorescence photomicrograph showing bead-labeled neurons in 
layer 2/3 of area 17 retrogradely labeled after injection into area LM. Dark profiles in background indicate GAD-positive cell bodies and puncta. 
Cell indicated by arrow is GAD+/bead double labeled. B, Bright-field photomicrograph of picture shown in A. Immunoperoxidase-labeled GAD- 
positive cell marked with arrow represents the bead-labeled cell arrow in A. C, Bead-labeled neurons in layer 213 ‘of area 17, after tracer injection 
into area PX. Bipolar cell indicated by arrow expresses GAD immunoreactivity (0). D, GAD immunofluorescence of neurons in area 17. Cell 
marked with arrow represents bead-labeled neuron depicted in C. Scale bars, 50 pm. 
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within layer 5 are colliculus-projecting and corticocortically pro- 
jecting cells (Burkhalter and Charles, 1990). Indeed, powerful 
inhibitory postsynaptic potentials were recorded in cells that are 
morphologically similar to intracortically projecting neurons 
(Hallman et al., 1988; Chagnac-Amitai et al., 1990). Although 
similar responses were also recorded from cells that are mor- 
phologically similar to corticotectal neurons, the inhibition was 
much less potent (Schofield et al., 1987; Chagnac-Amitai et al., 
1990). If one assumes that this inhibition arises at least in part 
from cells at the layer 5/6 border, this finding suggests that the 
inhibitory input may derive from two different types of inhib- 
itory neurons: chandelier cells with short axons (Peters et al., 
1982) whose axoaxonic contacts may exert the powerful inhi- 
bition on corticocortically projecting neurons (Freund et al., 
1983; DeFelipe et al., 1985) and basket cells with long-ranging 
axons whose axosomatic contacts may provide for the more 
subtle inhibition of corticotectal neurons (Gabott et al., 1988). 
In cat visual cortex, basket cells in layer 4 receive direct thal- 
amocortical input (Freund et al., 1985). This may be a general 
feature of thalamocortical organization. Thus, in rat visual cor- 
tex in which geniculocortical input is sent to layer 4 and the 
layer 5/6 border (A. Burkhalter, unpublished observations), 
thalamocortical fibers may terminate on basket cells in deep 
layer 5. This organization would allow direct thalamocortical 
access to a wide-ranging intracortical system that may serve to 
suppress corticotectal neurons at distant points of the topo- 
graphic map. Although this could also be achieved by a circuit 
in which geniculate inputs to distant corticotectal cells are me- 
diated via a chain of long-ranging intracortical collaterals of 
pyramidal cells and short inhibitory neurons, transmission would 
be (1) slower because of additional synaptic delays and (2) dis- 
torted by the nonlinear discharge properties of pyramidal cells, 
which unlike nonpyramidal cells show marked spike frequency 
adaptation (McCormick et al., 1985). 

It has been suggested that long-range inhibitory intracortical 
interactions are important for the generation of direction selec- 
tivity (Eysel et al., 1988) or for providing for “cross orientation 

Figure Il. A, Distribution of bead-la- 
beled neurons in single horizontal sec- 
tion through rat cerebral cortex, follow- 
ing injection into PX(posterior complex) 
of cytoarchitectonic subdivision 18a. 
Bead-labeled neurons are found within 
areas LM, AL, PX, MX,, entorhinal cor- 
tex @NT), retrosplenial cortex (KS), and 
in unidentified sites ofthe temporal lobe. 
Hatched regions represent callosally 
connected zones, determined by bis- 
benzimide labeling from opposite 
hemisphere. B, DistributionofGAD+/ 
bead-labeled cells of same case shown 
in A. Dots represent GAD+/bead neu- 
rons. Reconstruction from five parallel 
sections taken at different depths of ce- 
rebral cortex. Double-labeled neurons 
are seen in small numbers in all areas 
that contained bead-labeled cells except 
for retrosplenial cortex. AI, primary 
auditory cortex; SI, primary somato- 
sensory cortex; A, anterior; L, lateral. 
Scale bar, 5 mm. 

inhibition,” which may underlie orientation tuning in cat visual 
cortex (Matsubara et al., 1987; Crook and Eysel, 1992). We 
have argued that in rat visual cortex long-ranging inhibitory 
connections may preferentially terminate on corticotectal neu- 
rons. Because these cells are not directionally selective (Lemmon 
and Pearlman, 1981), basket cell input must serve a different 
function. Although a role in “cross orientation inhibition” can- 
not be ruled out, this seems a remote possibility, as there is no 
evidence for orientation columns in rodent visual cortex (DrC 
ger, 1975; Tiao and Blakemore, 1976). Thus, it is most likely 
that long-range GABAergic neurons play a role in the lateral 
inhibition of corticotectal neurons. This mechanism may facil- 
itate the guidance of quick head movements to small visual 
targets. 

Long-range connections between d$erent areas 

We have identified a small population of neurons that provide 
long-distance connections between different visual areas. These 
cells arise from all layers, with the possible exception of layer 
1. They make forward projections from area 17 to at least two 
extrastriate areas: the LM and the PX. GABAergic feedback 
projections originate from multiple representations in the cy- 
toarchitectonic subdivision 18a (i.e., areas LM, AL, PX, RL) 
and 18b (i.e., MX). In addition, there are long-distance inhib- 
itory connections between different extrastriate areas. 

The presence of long-distance GABAergic connections that 
link different cortical areas is a matter of contention. In a direct 
test ofthe question, Voigt et al. (1988) have looked at the callosal 
connection but they failed to find GABAergic projection neu- 
rons. Typically, GABAergic neurons have nonpyramidal mor- 
phologies, do not have dendritic spines, and their axons form 
symmetric synaptic contacts. Interestingly, cells with similar 
attributes were found to project across the corpus callosum (Buhl 
and Singer, 1989; Hughes and Peters, 1989; Peters et al., 1990). 
Thus, it is possible that some GABAergic neurons remained 
undetected in the immunological study of Voigt et al. (1988). 
However, based on reports that - 15% of cortical neurons are 
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nonpyramidal (Peters and Kara, 1985) and that of these lo- 
32% project across the corpus callosum (Peters et al., 1990), we 
estimate from our results that there must be 3-10 times more 
transcallosally projecting nonpyramidal cells than what we have 
estimated for GABAergic connections between areas of the same 
hemisphere. This suggests that most of the interhemispheric, 
and possibly also most of the interareal projections made by 
nonpyramidal neurons are non-GABAergic. Nevertheless, our 
results show that some of these cells express GABAergic prop- 
erties and may provide for inhibitory interareal interactions 
(Miller and Vogt, 1984). 

There are numerous examples of long-range inhibitory inter- 
actions in the cortex. Perhaps the best-documented cases are 
those that are mediated across the corpus callosum (Swadlow, 
1974; Innocenti, 1980; Diao et al., 1983). Similar interactions 
take place between primary and secondary visual cortex. Sandell 
and Schiller (1982) have shown that cooling of V2 renders some 
striate cortical neurons more responsive to visual stimulation. 
This may be the result of disinhibition. The functional changes, 
however, provide little insight into the underlying circuitry. Pre- 
viously, these effects were thought to be due to the elimination 
of excitatory feedback to inhibitory intemeurons in V 1 (but see 
Vogt and Gorman, 1982). The results of this study indicate that 
interactions between different areas can also be controlled by 
monosynaptic inhibitory circuits. 
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