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ABSTRACT There is considerable physiological evidence
for the compartmentalization of mammalian visual cortex into
functional columnar modules, representing features of visual
information processing such as eye and orientation specificity.
However, anatomical markers of visual cortical compartmen-
talization have been described only for primate visual cortex.
In this report, we describe an interdigitated mosaic of four
neuroactive molecules which demarcate two distinct columnar
systems in the kitten visual cortex. Serotonin 1C receptors and
synaptic zinc were found to demarcate columns within layer IV
ofkitten visual cortex, which were interdigitated with a second,
patchy system characterized by increased levels of cytochrome
oxidase and acetylcholinesterase. In primate visual cortex, as
well as in the kitten, synaptic zinc was periodically distributed
in a manner precisely complementary to cytochrome oxidase.
These findings provide an anatomical framework on which
unifying hypotheses of the functional organization of columnar
systems in mammalian visual cortex can be built.

The columnar arrangement of functionally similar elements
has long been considered to be a fundamental principle of
neocortical organization (1, 2). The demonstration that cy-
tochrome oxidase-enriched blobs overlie eye-specific col-
umns in primate visual cortex (3) has proven to be invaluable
in providing an anatomical reference point from which the-
ories regarding the functional compartmentalization ofmam-
malian visual cortex have evolved (reviewed in ref. 4). Since
this discovery, the distributions of several enzymes and other
molecules associated with the functions of neurotransmitters
have been shown to be either coincident with or complemen-
tary to cytochrome oxidase blobs in primate visual cortex (4).
Unfortunately, cytochrome oxidase blobs were reported to
be unique to primates (5, 6), leading to hypotheses which
constrained functional relationships ofthese blobs to features
of visual processing also unique to primates. Recent studies,
however, indicate the presence of a periodic distribution of
cytochrome oxidase in the visual cortex of carnivores (7-9),
thus providing an anatomical basis for columnar compart-
ments common to both orders.
The columnar parcellation of visual cortex into eye- and

orientation-specific domains emerges in development as a
result of input- and activity-dependent interactions between
cortical afferents and their postsynaptic targets (10-12). This
functional organization can be effectively modified by visual
experience during a discrete temporal window of develop-
ment (13-15). We have recently reported (16, 17) that several
anatomical markers of neurotransmitter specific-systems are
arranged in a columnar manner in layer IV of striate cortex
of cats and might, therefore, participate in the formation and
plasticity of its functional organization (16, 17). In this report,
we describe the topographical distribution of several neuro-
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active molecules which demarcate columnar domains in the
primary visual cortex of both cats and monkeys. Our iden-
tification of multiple markers for a columnar mosaic in
mammalian visual cortex provides a rationale for future
physiological studies, which will be required to understand
the functional importance of this neurochemical organiza-
tion. A preliminary account of these data has been presented
in abstract form (9, 18).

MATERIALS AND METHODS
Animals and Tissue Preparation. Ten kittens between the

ages of 50 and 75 days were used in this study. This age range
was selected because the columnar expression of zinc and
serotonin receptors is maximally defined within this devel-
opmental window (16, 17). Ocular dominance columns were
visualized autoradiographically in four kittens 12 days after
an intraocular injection of [3H]proline (2.0 mCi in 25 t4 of
saline; NEN; 1 mCi = 37 MBq) (19). The other eye was
injected with vehicle alone. All kittens were anesthetized to
effect with halothane. The saphenous vein was cannulated,
and an intravenous injection of sodium selenite (10 mg/ml in
water; 10 mg/kg of body mass) was administered at a rate of
1 ml/min. Following a 15- to 20-min survival period the
animals were killed with an overdose ofsodium pentobarbital
and perfused through the ascending aorta with 100 ml of 0.1
M Sorenson's buffer (pH 7.4). The brain was quickly re-
moved and the visual cortex from each hemisphere was
blocked, opened, and flattened. The tissue blocks were
quickly frozen in isopentane and cooled to -50°C on a bed of
dry ice. Sections were cut at a thickness of 20 ,um on a
cryostat at -20°C, thaw-mounted on gelatin-coated glass
slides, and stored dessicated at -30°C.
Two adult vervet monkeys (Cercopithicus aethiops) were

heavily sedated with ketamine and slowly administered an
intravenous injection of sodium selenite (10 mg/ml in water;
10 mg/kg of body mass). After 15 min, the monkeys were
administered an overdose of sodium pentobarbital and per-
fused transcardially with 0.1 M Sorenson's buffer (pH 7.4).
The brain was quickly removed and the visual operculum
from one hemisphere was dissected and flattened between
glass slides in order to cut sections tangential to the cortical
surface. The other hemisphere was left intact for coronal
sections. All tissue blocks were quickly frozen in isopentane
(-50°C). Prior to sectioning, pin holes were placed in the
flattened hemisphere to provide fiducial landmarks facilitat-
ing section alignment and reconstruction. Sections were cut
on a cryostat (-20°C), at a thickness of 25 ,um, and thaw-
mounted on gelatin-coated slides.

Serotonin Receptor Autoradiography. The procedures used
to visualize serotonin 1C receptors have been described in
detail (16). Briefly, tissue sections were preincubated for 30
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min in 170 mM Tris HCl, pH 7.4/4 mM calcium chloride/5
,uM spiperone/10 ,AM pargylline/0.01% ascorbic acid and
then incubated for 120 min in the same buffer containing 4.5
nM [3H]mesulergine (Amersham) to label serotonin 1C sites.
The specificity of [3H]mesulergine binding to the serotonin
1C receptor subtype has been characterized previously (20,
21). Nonspecific binding was assessed in near adjacent sec-
tions which were processed identically, except that 10 ,uM
serotonin was added to the incubation solution as a nonra-
dioactive displacer. Following incubation, the sections were
washed twice for 10 min each in ice-cold buffer and then dried
under a cold stream of air. The sections were then apposed,
along with 3H standards, to radiation-sensitive film (Hyper-
film; Amersham) and exposed for 10 weeks, to visualize
[3H]mesulergine binding.
Cytochrome Oxidase Histochemistry. Cytochrome oxidase

was visualized by a modification of the method developed by
Wong-Riley (22). This modification, which employed nickel
enhancement of the 3,3'-diaminobenzidine reaction product,
allowed us to routinely demarcate cytochrome oxidase blobs
in cat visual cortex. Prior to staining, sections were fixed for
5 min in 4% paraformaldehyde in 0.05 M phosphate buffer
(pH 7.4) and then rinsed for 5min in buffer only. The sections
were incubated (37°C, 30-60 min) in a reaction medium
consisting of 1 g of sucrose, 50 mg of nickel ammonium
sulfate, 25mg 3,3'-diaminobenzidine, 15mg of cytochrome c,
10mg of catalase, and 250 !d of 1.0 M imidazole in 100 ml of
0.05 M phosphate buffer (pH 7.4). The reaction was stopped
by rinsing in the buffer solution for 10 min.

Zinc Histochemntry. Synaptic zinc was visualized by phys-
ical development as described (17). Briefly, slide-mounted
tissue sections were fixed in ethanol, coated with 0.5%
gelatin, and then incubated in 200 ml of freshly prepared
developer containing 120 ml of 50% gum arabic, 20 ml of 2.0
M sodium citrate buffer, 30 ml of 0.5 M hydroquinone and 30
ml of 37 mM silver lactate. In complete darkness, sections
were incubated in the developing solution at 26°C for 100-150
min.

Acetylcholinesterase Histochemistry. Sections intended for
the detection of acetylcholinesterase were fixed in 4% para-
formaldehyde in 0.05 M phosphate buffer (pH 7.4) for 10 min
and then rinsed in buffer. The staining procedure was as
described by Karnovsky and Roots (23). The fixed sections
were preincubated for 30 min in phosphate buffer containing
30 ,uM tetraisopropylpyrophosphoramide to inhibit butyryl-
cholinesterase activity. The cholinesterase-positive reaction
was visualized following incubation for 3-4 hr (at room
temperature) in 300 ml of 50 mM Tris maleate buffer (pH 6.0)
containing 150 mg of acetylthiocholine iodide, 441 mg of
sodium citrate, 225 mg of cupric sulfate, and 49 mg of
potassium ferricyanide.

Digital Imagig. Histochemically stained sections and au-
toradiographic images were digitally captured and aligned by
using a CCD camera (4915; Cohu, San Diego) and a frame-
grabber card (DT-2255; Data Translation, Marlboro, MA)
installed in a Macintosh IIfx computer running NIH IMAGE
software. Coincidence or complementarity of neurochemical
markers was ascertained by using the merge and arithmetic
features of ADOBE PHOTOSHOP (Adobe Systems, Mountain
View, CA).

RESULTS AND DISCUSSION
Using in vitro autoradiographic methods, we found that the
serotonin 1C receptor subtype was expressed in columns
within layer IV of kitten visual cortical area 17 only between
4 and 12 weeks postnatally (16). The periodic pattern of
serotonin 1C receptors labeled with [3H]mesulergine is
shown in coronal (Fig. 1A) and tangential (Fig. 1B) planes
through the visual cortex of a 50-day-old kitten. Patches of

FIG. 1. Multiplicity of markers for columnar domains in kitten
visual cortex at postnatal day 50. The columnar distributions of
serotonin 1C receptors (A and B) and synaptic zinc (C and D) in layer
IV of area 17 were apparent even in the frontal plane (A and C). The
registration of several columns was apparent in the frontal plane
(arrowheads). The distributions of cytochrome oxidase (EandF) and
acetylcholinesterase (G and H), which were also cytochemical
markers of the columnar architecture in primate striate cortex, did
not appear patchy in frontal sections (E and F) but clearly demar-
cated columnar domains in the tangential plane (F and H). Although
the most marked columnar distribution of each of the four markers
was found in different layer IV substrata, their organization into
patches of increased density all exhibited the same periodicity in area
17 (center-to-center distance, 900-1000 pm). Directions in D: A,
anterior; P, posterior; M, medial; L, lateral. (Bars = 3.0 mm.)

increased receptor density, -400,um in diameter, were found
to be distributed in layer IV, throughout area 17, with an
average center-to-center spacing of 900-1000,um.
The distribution of zinc, which is enriched in a subset of

glutamatergic terminals (24, 25), also exhibited column-
specific labeling in layer IV of area 17 of kitten visual cortex
(17). In coronal (Fig. 1C) and tangential (Fig. 1D) sections
through visual cortex of 50-day-old kittens, the distribution of
zinc was densest, and homogeneous, in layers I-III and V.
The patchy distribution of zinc was visible in layer IV in the
coronal plane (Fig. 1C, arrowheads) but was much more
obvious in sections cut tangential to the cortical surface (Fig.
1D). When compared with the distribution of serotonin 1C
receptors in a serially adjacent section, patches of increased
levels of zinc and serotonin 1C receptors were found to be
precisely overlapped and localized to the same vertical
column (Fig. 1 A and C; note arrowheads).
We compared the distribution of these markers with that of

cytochrome oxidase in serially adjacent sections. As in the
adult cat (8), the patchy distribution of cytochrome oxidase
in 50-day-old kittens was not readily apparent in coronal
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sections (Fig. 1E) but was clear in the tangential plane (Fig.
1F). We also found acetylcholinesterase to exhibit a periodic
pattern in tangential sections (Fig. 1H), which was not
apparent in the coronal plane (Fig. 1G). Acetylcholinest-
erase-rich patches were limited to a thin band at the layer
III/IV border (Fig. 1H); those patches were aligned with
cytochrome oxidase blobs but complementary to zinc/
serotonin 1C receptor columns (data not shown). The com-
plementary relationship between cytochrome oxidase/
acetylcholinesterase-enriched blobs and the zinc/serotonin
1C receptor patches in layer IV can be seen in Fig. 2. Digitally
captured images showing the patchy distribution of cy-
tochrome oxidase (Fig. 2A) and zinc (Fig. 2B) are shown
individually and then are superimposed and summed (Fig. 2
C and D). The homogeneous image resulting from the sum-
mation of carefully aligned zinc- and cytochrome oxidase-
stained sections (Fig. 2C) contrasted with the reappearance
of the distinct periodicity when the overlying image was
shifted to the right by a distance equal to half of the average
patch spacing (450 ,um) and then summed (Fig. 2D), indicat-
ing that these two systems were precisely complementary in
the tangential domain.
The distributions of several enzymes and other molecules

associated with the functions of neurotransmitters have been
shown to be either aligned with or complementary to cy-
tochrome oxidase blobs in primate visual cortex (4). These
data, and those reported here, suggest that column-specific
molecules might demarcate common functional domains in
the visual cortex of phylogenetic orders as diverse as carni-
vores and primates. Indeed, we found that the laminar-
specific distribution of zinc (Fig. 3 B, D, and G) in striate
cortex of adult primates (C. aethiops) was exactly comple-
mentary to that of cytochrome oxidase (Fig. 3 A, C, and F),
just as it was in the cat. In the tangential plane of section,

FIG. 2. High-magnification digital images of cytochrome oxidase
(A) and zinc (B) staining in serially adjacent sections through area 17
of kitten visual cortex at postnatal day 50. The periodic, patchy
distributions of both cytochrome oxidase and synaptic zinc are
evident in layer IV. When the two sections were superimposed and
summed, the precise laminar and columnar complementarity ofthese
two markers was manifested by the disappearance of the patchy
pattern in layer IV (C). Only the microtome blade scratches showed
an increased density following their spatial summation (C, diagonal
streaks). When the overlying cytochrome oxidase image was shifted
to the right by 450 ,m and then summed (D), the patchy pattern
reappeared, indicating that synaptic zinc and cytochrome oxidase are
distributed with precise laminar and intralaminar complementarity.
White arrows indicate fiducial landmarks used for section alignment.
The dotted lines and Roman numerals in C outline and indicate
laminar boundaries. (Bar = 1 mm.)

FIG. 3. The distribution ofcytochrome oxidase (A, C, and F) and
synaptic zinc (B, D, and G) in striate cortex of an adult vervet
monkey. The precise complementarity of cytochrome oxidase blobs
within a zinc-stained matrix in laminae II/III of Vl was clearly seen
in the near-adjacent sections which were cut tangential to the cortical
surface (A and B). The complementary relationship was maintained
in lamina IVa, but in this layer, zinc-stained blobs were, instead,
surrounded by a cytochrome oxidase matrix. The periodic patterns
of cytochrome oxidase and zinc were not robust in coronal sections
(C, D, F, and G; note arrows), but these panels demonstrate that the
laminar-specific distributions of these two molecules also exhibited
a high degree ofcomplementarity in Vi and V2 (C and D). In contrast
with cytochrome oxidase (A, C, and F), the highest levels of zinc (B,
D, and G) were found in layers I, IVb, and VI, while layers II/III and
V were moderately stained. Nissl-stained sections (E) were used to
establish laminar boundaries. The white arrows in A and B indicate
fiducial landmarks, used to facilitate section alignment. Roman
numerals in B and E indicate the relative locations of cortical
laminae. [Bars = 2.0 mm (A-D) or 50 ,um (E-G).]

cytochrome oxidase-rich blobs (Fig. 3A) were clearly shown
to be interdigitated within a zinc-stained matrix (Fig. 3B) in
layers II and III of primate cortex. This precise complemen-
tarity was evident, in the frontal plane, between laminae as
well (Fig. 3 C, D, F, and G). Our preliminary results indicate
that this complementary relationship between zinc and cy-
tochrome oxidase patches in vervet monkeys is present as
early as 4 weeks of age. The distribution of serotonin recep-
tors in visual cortex of developing primates has not yet been
examined, although previous studies have shown the distri-
bution of serotonergic afferents to be more abundant in
interblob zones (26).

In primates, the cytochrome oxidase-rich zones are asso-
ciated with (i) centers of eye dominance columns, (ii) areas
of high color selectivity, (iii) zones of broad orientation
selectivity, and (iv) preferential input from particular pro-
cessing streams originating in the lateral geniculate nucleus
(4, 27). To begin to examine the cross-species generality of
these functional relationships, we compared the distribution
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FIG. 4. The relationship between the neurochemically defined
columnar architecture in layer IV of kitten visual cortex and ocular
dominance columns was determined in the same section stained first
for synaptic zinc (C and D) and then processed for [3H] proline
autoradiography (A and B). In C, the outline of the pattern of
ipsilateral-eye projections is superimposed on the zinc patches in
layer IV, and the zinc-patch outline is superimposed on the ocular
dominance distribution in B. There does not appear to be an explicit
relationship between these columnar systems. Fiducial landmarks
used for image alignment are indicated by the arrows in A and D.
(Bars = 4 mm and 1 mm.)

of zinc patches with ocular dominance columns in kitten
cortex. Fig. 4 illustrates the tangential distribution of zinc
patches (Fig. 4 C and D), compared with ipsilateral eye-
specific patches labeled autoradiographically (Fig. 4 A and
B), in the same section through layer IV ofkitten area 17. The
dotted lines in Fig. 4C indicate the outline of the ocular
dominance pattern superimposed on the zinc-stained section,
and the outlines of zinc-rich patches are indicated on the
ocular dominance map of Fig. 4B. Although some overlap
between the two patchy patterns was evident, they were not
aligned and showed no systematic relationship with one
another.

This finding demonstrates that the relationship between the
cytochrome oxidase/zinc system and eye-specific innerva-
tion observed in primates is not obligatory in cats. Likewise,
the association with color is unlikely to be obligatory, given
the cat's poor color-vision capacities (28) and the presence of
cytochrome oxidase blobs in primates without color vision
(29). Our findings are consistent with at least two of the
remaining functional interpretations. (i) Previous studies
have indicated singularities in the cat and monkey cortical
orientation maps, zones where different orientation bands
coalesce and which contain broadly tuned neurons (30-32).
These singularities are thought to be associated with cy-
tochrome oxidase blobs in monkeys (33) and may well have
the same association in cat cortex. (ii) In primates, the
cytochrome oxidase blob/interblob system has been re-
ported to receive geniculate inputs representing different
processing streams (4). This is consistent with our findings in
kitten striate cortex, which indicate, on the basis of temporal
and spatial characteristics of serotonin receptor expression,
that 5-serotonin 1C receptors may be preferentially associ-
ated with X inputs (ref. 34 and unpublished work).
The results presented here provide anatomical evidence of

phylogenetically homologous processing streams in visual

cortex. Further studies on the comparative physiology of
these columnar systems are needed to determine their precise
relationship with the processing of visual information.
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