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ABSTRACT

Functionunl imaging studies of the human brain have suggested the involvement of the
cingulute gyrus in a wide variety of affective, cognitive, motor, and sensory functions. These
studies highlighted the need for detniled anatomic analyses to delineate its many cortical
fields more clearly. In the present study, neurofilament protein, and the calcium.binding
proteins parvalbumin, calbindin, und calretinin were used as neurochemical markers to study
the differences amonyg arens and subareas in the distributions of particular cell types or
neuropil staining patterns. The most rostral parts of the anterior cingulate cortex were
marked by & lower density of neurofilament protein.contnining neurons, which were virtually
restricted o layers V and VI Immunoveactive layer 1l neurons, in contrast, were sparse in
the anterior cingulate cortex, nnd reached maximal densities in the postersor cingulate cortex.
These neurons were more prevalent in dorsal than in ventral portions of the gyrus
Parvalbumindmmunoreactive neurons generally had the same distribution. Calbindin. and
calretinindimmunorenctive nonpyramidal neurons had o more uniform distribution along the
gyrus. Calbindindimmunoreactive pyramidal neurons were more abundant anteriorly than
posteriorly, and a population of calretinin-immunoreactive pyramidal-like neurons in layer V
was found largely in the most antersor and ventral portions of the gyrus. Neuropil lnbeling
with parvalbumin and calbindin wis most dense in lnyer Il of the anterior cingulate cortex.
In addition, parvalbumindimmunorenctive axonul cartridges were most dense in layer V of
uren 24n. Calretinin immunoreactivity showed less regional specificity, with the exception of
ureas 28 and 30. These chemoanrchitectonic features may represent cellular reflections of
functional specializations in distinct domains of the cingulate cortex. J. Comp. Neurol.
384:597-620, 1997, © 107 WibyLie, lze
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The diverse ¢ytoarchitecture of the human cingulate
cortex hns been assessed with Nissl-stained preparations
for almost n century. The early works of Brodmann (1809)
and \on Economo (1927) demonstrated that the human
cingulate cortex has a primary border between agranular
anterior and granular posterior regions that are referred
to as areas 24/23 and LALC, respectively, by these nu-
thors. Von Economo (1927) further divided these regions of

of evidence nbout the neurobiology of cingulate cortex and
required & number of modifications. Important new find.
ings include the observation of & gigantopyramidal field in
the depths of the cingulate sulcus by using pigmentoarchi-
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the cingulate gyral surfuce into three regions in the
dorsoventral axis, and Rose (1927) provided a very elabo.
riute parcellation of anterior cingulate cortex. These enrly

observations, however, did not fit well with a growing body
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tecture (Brank, 1978; Braak and Brank, 1976). This aren is
now known to contain corticospinul projection neurons
(Dum and Strick, 1991, 1992 1993), und projections to the
motor cortex (Morecraft and Van Hoesen, 1992; Nimchin.
sky et ul., 1996). Braunk (1979b) also observed o magnocel-
lular division of the perigenual cortex suggesting that
there may be rostral and caudal subdivisions of Brod.
mann’s area 24. Finally, a thorough modification of Brod.
mann’s original scheme has been made that includes
Bruak's observations as well ns those made in macaque
monkey cingulate cortex based on the connections of
anterior and posterior area 24 (Vogt et al., 1895). This
lntter annlysis of the human cingulate cortex was pre-
sented in flat map format and shows the full extent of
many more cytonrchitectural arens then were oryginally
described by Brodmann (1909).

In the human and the nonhuman primate, the most
obvious distinction is that the anterior portion of the
cingulate gyrus, dorsal to the corpus callosum, lacks n
lnyer IV, and is designated area 24, distinguishing it from
the posterior portion of the gyrus, area 23, which does have
o layer IV (Vogt et al., 1895). More subtle differences in
cortical architecture, such as the relative prominence of
lnyer 11, the thickness of lnyer 111, and the width, sublayer.
ing, und cellulur composition of layer V, help o divide
further these areas into consecutive strips of cortex begin.
ning close to the depth of the callosal sulcus with area 24n
and 23a (in the anterior and posterior parts of the cingu-
lnte gyrus, respectively), continuing onto the medinl wall
of the gyrus (24b and 23b), and extending to or even dorsal
to the depth of the cingulate sulcus (24¢ nnd 23¢; Vogt et
al, 1987, 1995; Vogt, 1993). The transition from anterior to
posterior cingulate cortex is not an abrupt one, and
occupies n distinet corticnl area designated 24°, which is
also subdivided in the ventrodorsal direction into areas
24n’, 24b', and 24¢'. The cortical nureas that lie immedi.
ately rostral and ventral to the genu of the corpus callosum
are also considered part of the cingulate cortex, nnd nre
desigmated areas 32 and 25, respectively (Vogt et al., 1987,
1996; Vogt, 1993). Finally, a cytonrchitectonically distine-
tive complex of cortical areas that lie caudally in the depth
of the callosal sulcus, laterally to area 23a, is designated
aren 289, which is subdivided into areas 290-d. and area 30,
which is located between aren 28 and 23a (Vogt et al., 1987,
1945; Voge, 1993).

Although Nissl stained preparations continue to be
useful to parcellate this region, immunohistochemical
annlyses of the distribution of several neuronal markers
show that many of these areas have phenotypical differ.
ences. Used jointly, they provide n more complete picture of
the different arens within the cingulate cortex. One such
marker is neurofilament protein, which has been visual.
ixed immunocytochemically by using an antibody that
recognizes a nonphosphorylated epitope on the neurofila.
ment protein triplet (Sternberger und Sternberger, 1983
Lee et nl, 1988). Neuarofilament protein is found in n
subpopulation of cortical neurons that vary in their distri.
bution in different regions of the cerebral cortex (Campbell
and Morrison, 1988; Hof and Morrison, 1995; Hof et al.,
19906n). A recent study in the mucagque monkey showed
that systematic variation in the distribution of neurofila.
ment protein could be used to identify all eytoarchitectur.
ally defined visunl areas, including many cortical regions
whose boundaries are not readily discernable on the basis
of the Nissl stain (Hof and Morrison, 1995). Another study
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used this marker to delineate chemonrchitectural subdivi-
sions of the human orbitofrontal cortex (Hof et al., 1995a).
Additionally, this marker has been shown to be & reliable
chemonrchitectonic indicator of the cingulate motor nreas
in the macaque monkey (Nimchinsky et al., 1996).

Another set of useful markers are the calcium-binding
proteins parvalbumin, calbindin, and calretinin. With the
exception of a population of pyramidul neurons that con-
tain calbindin, the neurons that contain these proteins are
GABAergic interneurons (Celio, 1990; DeFelipe and Jones,
1992; Résibois and Rogers, 1992). The distribution of
cortical neurons containing these calcium.binding pro-
teins has been shown to differ, in certain instances, from
area to aren in the primate cerebrul cortex (Ferrer et al.,
1992; Hof and Nimchinsky, 1992; Carmichuel and Price,
1994; Condé et al., 1994; Kondo et ul., 1994; Hof et al.,
1998a). In particular, gradients of in the density of calbin.
din-immunoreactive neurons has been reported in the
visual cortex of the mucaque monkey, where the primary
visual arens show much lower densities compared to visual
ussocintion areas located in the parietal and temporal
cortex {Kondo et al, 1984). Previous analyses of the
distribution of calcium-binding proteins in the macague
monkey cingulate cortex have shown that parvalbumin.
immunoreactive interneurons are codistributed with neu.
rofilament protein-immunoreactive pyrumidal cells nlong
the ventro.dorsal and rostro.caudal nxes of the cingulate
cortex, whereas calbindin nnd calretinin immunostaining
show & somewhat more monotonous laminar and regional
patterns (Hof and Nimchinsky, 1992; Carmichael and
Price, 1994). Comparably, the distribution of calcium.
binding proteinsin the human orbitofrontal cortex demon-
strates relatively homogeneous patterns for purvalbumin.
and calretinin.dmmunorenctive interneurons, whereas
parvalbumin immunoreactivity in the neuropil shows sub.
stuntinl varability nmong orbitofrontal cortex subareas
including patterns compatible with the distibution of
thalamocortical inputs (Hof et al., 1995a).

Thus, variations in the distribution of calcium-hinding
proteins might reflect differences in the intrinsic organixa-
tion of various cortical areas that would have functional
implications for regional specialization in cortical process.
ing. Since these soluble cytoplasmic proteins are also
present in projection neurons in thalamic nuclei (Hashi.
kawa et ul., 1991; Rausell and Jones, 1891a.b; Rausell et
ul., 19920.b; Diamond et al., 1993; Blamcke et al., 1994;
Jones et nl, 1995; Molinari et al., 1995), the terminals of
these neurons in the cortex also contain them, producing
patterns of neuropil stuining that vary with cortical nreas
und define thalamocortical terminal fields (Blumke et al.,
1990, 1991, 1994; DeFelipe und Jones, 1891; Diamond et
nl., 1993; Carmichael and Price, 1994; Hof et al., 1995a;
Molinari et al., 1995). In this context, preliminary evidence
from our luboratory indicates that calretinin immunorenc.
tivity patterns in the neuropil of the human cingulate
cortex correlate well with the presence of calretinin in
thalamic nuclei that are known to project to specific fields
of the cingulate cortex in primates and indicate that
calretinin may be a relinble tool for studying select neuro.
nul systems in the human cerebral cortex (Vogt et al., 1993).

Such biochemical approaches to cytonrchitecture, or
chemonrchitectonics, are powerful tools for the definition
of cortical arens. The present study was designed to
determine whether differences in cortical eytonrchitecture
in the cingulate gyrus are nccompunied by variations in
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chemoarchitecture, and whether these differences respect
the borders defined on Nissl.stained materials, If this were
the case, these markers could facilitate the identification
of cortical areas that might otherwise be very difficult to
resolve. Furthermore, to the extent to which such markers
can be linked to aspects of thalumocortical connectivity,
staining patterns with these markers, combined with a
knowledge of the connections in the nonhuman primate,
could provide clues to the subcortical connectivity of these
cortical nreas in the human brain.

MATERIALS AND METHODS

Human brains were obtained at autopsy from seven
pirtients with no history of neurologic or psychiatric disor-
ders (five women, two men; 823 = 9.5 years old, range:
70-98). Clinical data on the cases were available from the
medical records of the Division of Neuropathology, Mount
Sinai Medical Center, New York, the Department of Psy-
chiatry, University of Geneva School of Medicine, Switxer-
land, and the Department of Anatomy, University of
Navarra, Pamplona, Spain. The materials were collected
recording to appropriate ethical guidelines and all proto-
cols were reviewed and approved by the relevant institu.
tional committees. In ull of the cases, neuropathological
eviluation revealed scarce neurofibrillary tangles re.
stricted to lnyer 11 of the entorhinal cortex. Neurofibrillary
tangles were not observed within the cingulate cortex, and
rure senile plaques or nmyloid deposits were found in the
hippocampal formation and neocortex. The post-mortem
delay ranged from 1 to 10 hours. In one case, the brain wis
perfused shortly after death through the carotid arteries
with 4% parnformaldehyde. A series was available from
this brain of the medial portion of the hemisphere from the
frontal pole through the entire cingulate gyrus. In all other
cuses, the brains were hemisected at autopsy, and one
hemisphere was fixed whole in 4 liters of cold 4% parafor-
maldehyde overnight.

The entire cingulate gyrus was dissected out of the
hemispheres and removed intact. The brain samples were
placed into fresh 4% parnformualdehyde nnd post.fixed for
up to 72 hours longer. The sumples of the cingulate gyrus
were then dissected either into 1 em thick coronal blocks
(in three cuses) or purasagittally (in three cases), separnt-
ing the medial face containing largely areas 24b and 23b
from the rest of the gyrus. The blocks were then cryopro-
tected by immersion in solutions of incrensing concentra.
tions of sucrose, from 12 to 30% in phosphate-buffered
sialine (PBS). Blocks were froxen on dry ice nnd cut at 40
pm on a cryostat or sliding microtome. Two series were
taken every 20 sections, with the result that the entire
gyrus was snmpled once every millimeter. After sectioning,
the sections were rinsed thoroughly in PBS, treated in o
solution of 0.75% hydrogen peroxide in 75% methanol for
20 minutes to eliminate endogenous peroxidase activity,
rinsed nguin, and then placed into & solution of primary
antibody in n diluent containing 0.9% Triton X-100 and 0.5
mg'ml bovine serum albumin. Four consecutive series of
sections were incubated with antibodies that recogmixe,
respectively, nonphosphorylated epitopes on the mid and
heavy molecular weight subunits of the neurofilument
protein triplet (SMIL.32, Sternberger Monocknals, Balti.
more, MD: dilution, 1:5000; Sternberger and Sternberger.
1983; Lee et al., 1988), or the calcium.binding proteins
parvilbumin, calretinin (Swant, Bellinxona, Switxerland;

dilution, 1:3000; Celio et al., 1888, 1890) or calbindin
{Swant; dilution, 1:1500; Schwaller et al., 1993). Tissue
was incubated for a minimum of 40 hours on a rotating
table at 4°C. Following incubation, sections were pro-
cessed by the avidin-biotin methed by using a Vectastain
ABC kit (Vector Laboratories, Burlingame, CA) and inten-
sified in 0.0067% osmium tetroxide. Another series was
stuined with cresyl violet to permit comparisons with the
cytonrchitecture of these arens (Vogt et al., 1995).

Analyses were performed by using n computer-nssisted
morphometry system consisting of n Zeiss Axsophot photo-
microscope equipped with a Zeiss MSP85 computer-
controlled motorized stage (Zeiss, Oberkochen, Germany),
n Zeiss ZNSATE video camern system (Zeiss, Thornwood,
NY), a Macintosh S40AV microcomputer, and custom
designed morphometry software developed in collaborn.
tion with the Scripps Resenrch Institute (La Jolla, CA;
Young et al., 1996; Bloom et al., 1997). For the generation
of unfolded cortical maps, every fourth section was mapped
ut low magnification. At the crests und fundi of all gyri and
sulci, the border between layers 111 and V or the middle of
layer IV was indicated as n landmark, and the distances
between ndjncent landmarks were measured. These men-
surements were plotted to make a flat rendering of the
cingulate gyrus so that the cortex buried in the callosal
und cingulate sulci was exposed. No attempt wis made to
flatten vertical sulci. Neurons were mapped by using
NeuroZoom (Nimchinsky et al., 1996; Young et al., 1996;
Bloom et al., 1997), and the kength of the cortex divided
into 100 uym wide bins. The mapped neurons in each bin
were counted, and the frequency distribution plotted on
the flattened map. Counts were not performed in n stereo-
logic manner, since the intention was only to represent the
distribution of these neurons in relative terms. The parcel-
lation and terminology of the cingulate gyrus used was
that of Vogt et al. (1995).

RESULTS

Distribution of neurofilament
protein-immunoreactive neurons

Immunecytochemical staining with an antibody to a
nonphosphorylated epitope on the neurofilament protein
yielded a staining pattern which differs in the anteroposte.
rior nnd ventrodorsal nxes. The most obvious chunge observed
wits between the anteror cingulate cortex, where neurofiln.
ment proteindmmunoreactive neurons were present only in
layers V and VI, and postersor cingulate cortex, where neuro.
filament proteindmmunoreactive neurons were found also in
layer 1L (Fig. 1). This rostrocaudal change occurred gradually,
with neurofilument proteindmmunorenctive lnyer I neurons
nppearing, sporadically at first, n the most dorsul portsons of
the gyrus, and then increasing in density more ventrally,
until layer [l neurofilument protein-immunorenctive neua-
rons were visible deep in the callosal sulcus.

In anterior arens 256 and 24, neurofilument protein.
immunoreactive neurons were more scarce overnll than in
nreas dorsal to the cingulate sulcus (Fig. 2). As shown in
Figure 3A, most were in lnyer Va and some were in layers
Vb und VI A few lightly lubeled neurons were in layer LI,
und intensely labeled stellate neurons appeared periodi-
cally in lnyer IL In layer VI, there was o large number of
medium-tolight neurofilament protein-immunoreactive
neurons whose sizes manged from small to medium and
whaose shapes runged from truly pyramidal to multipolar,
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Fig. 2 Distributicn of sonphesphorylated ssurofibument protuin-
oontaining neurons in 4 coreeal section through the human anterior
dngulate cortex. Note the near abesnoe of neurfiliment protuin.
oontaining sewrons in layer Hin the ventral portion of the gyrus, asd
the iscrense doraally. Arval boedors arv indicated by armows laer Va
i indicated by as asterisk. This figume was pevparad eloctreaically by
sesnnieg the photogruphic sagstive on a high ssolution Sathed
trunsilleminatisg scanesr (Microtek, Redondo Beach, CAL The digi-

601

tized imuage was importad ited, and labeled with Adobe
Fhotmahop softwars (version 3.0 1, Adobe Syatesss, Meuntain View,

CAL The rvauling digital file was then printed on & Fujix leegmphy
3000 aystem (Fuji Pheto Film, Elmsford, NYL Only minor contrust
sdjustments werw made foe optimal peinting quality, which did not
uluf le appaarancs ol Lhu odghal dum (\ogt et al, 1995). CS,
Jeus: HSS, b ¥ wul Scale bar ~ 1

o
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Fig. &  Distributicn of sonphesphorylated seurolibument protuin.
oontuining newrees in sres 240 (A) snd 24¢° (B) of the humas
dngulate cortux. Aren 24a s marked by the virtual steesce of
ewurolila L protedn.i Live neur in supsrficial layers,
apd a4 compact laywr Vi densely lated witk i ive

e Y

horixontal or fusiform. The most prominent population
was found in layer Vi, where clusters of immunoreactive
typical pyrumids were found. Layer Vb was sparser, and

neurons aed their proximal desdrites. Laysr Vi is msrkodly sparsar,
and costaies sumeress lmmunsevnclive apindle neurces. Arvs 24627, in
conlraal, contuiss & substantial population of immunoractive neu-
rorss in layer DI and Bas g sparser layer Vi, Scale har ~ 150 g,

contained numerous immunoreactive spindle neurons
{Nimchinsky et al, 1995). In the most anterior portions of
nrea 24, this pattern was the same for all the subdivisions
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of aren 24. More caudally, immunoreactive neurons ap-
peared in layer L1, first in the most dorsolateral portions
of the gyrus, then progressively more ventrally and medi.
ally. Area 24" between areas 24 and 23 was characterized
by an increasing frequency of layer llI neurofilument
protein-immunoreactive pyramidal neurons (Fig. 3B). How-
ever, the aren marked anteriorly by the appearance of the
first of these neurons and posteriorly by a densely popu-
lnted lnyer I was much lnrger than that cccupied by the
transition zone between anterior and posterior cingulate
cortex as defined by Nissl stain. Thus, aren 24n’ contained
very few immunoreactive layer 11 neurons, subarea 24b°
contained n few, and subarea 24¢’ contnined a considerable
number.

In urea 23, all three subdivisions contained immunorenc-
tive neurons in layer 1IL. These neurons were more promi.
nent in arens Z3a and 2d¢ than in 23b. In area 23a, the
immunoreactive pyramidual neurons formed clusters and
were distributed throughout the thickness of layer LI (Fig.
4B). In contrast, in areas 23b and 23, the layer [11
pyramidal neurons were nrranged in rows, and tended to
be located in the d t portion of layer 111 (Fig. 4C). In
the caudal portion of the callosal sulcus, area 28 contained
two lnyers with immunoreactive neurons: layers 11l and V
(Fig. 4A). Aren 30 had progressively more immunoreactive
neurons in layer Il in the lateromedial direction and an
increase in the number of immunoreactive neurons in
lnyer VL. Relative to area 23a, there were few immunoreac-
tive neurons in lnyer V.

Distribution of calcium-binding protein
immunoreactivity

Immunoreactivity for culcium-binding proteins guve rise
o two distinct types of labeling: neurons and neuropil.
They will be described separately in the following para-
graphs. In general, immunorenctive neurons had distribu.
tions that respected cytoarchitectural boundaries to some
degree, while most neuropil labeling patterns changed
more gradually along the gyrus, resulting in the trends
described below.

Parvalbumin. Immunoreactive nenrons. In the most
anterior portions of area 24, purvalbumin immunorenctiv.
ity for both neurons and neuropil was much more intense
dorsully than ventrally (Fig. 5). In most of nrea 24,
parvilbumindmmunoreactive neurons were found prines-
pully in layer V. In anterior area 24n, however, virtually
none were found, even in layer V (Fig. 6A), as was the case
in areas 25 and 33. More caudally in area 24n and in aren
24b, more layer V neurons appeared, und still more were
found in aren 24c¢ (Fig. 6B.C). These neurons were fre-
quently clustered, giving the neuropil lnbeling of layer V a
putchy, discontinuous quality (Fig. 6B.C). Parvalbumin.
immunoreactive layer LIl neurons began to appenr in aren
24, but these were very sparse. More were apparent in
aren 24c (Fig. 6C). In nddition, parvalbumin-dmmunoreac-
tive layer Il neurons appeared in aren 24¢ (Fig. 6C). In
aren 24b, there was a zone between the layer [l and layer
V parvalbuminimmunoreactive neurons that was virtu.
ally devoid of immunorenctivity. This zone did not appear
in the lateral portion of area 24c, where immunoreactive
neuronil somatn were found throughout layers I1I-VL
Vertically oriented parvalbumin.mmunoreactive car-
tridges, possibly representing the terminals of chandelier
neurons on the initial segments of layer V pyramidal cell
axons (DeFelipe et al, 1989: Lewis and Lund, 1990;
Willinms et al., 1992: Kalus and Senitz, 1998) were

nbundant in layers V and VI in the anterior cingulate
cortex, in all of its subdivisions (Figs. 6C, 8D), while fur
fewer were found in layers 11 und I11. In areas 24a’ and 33,
layer II was charncterized by n populntion of cccasionally
large immunorenctive somata (Fig. TA). In addition, in
nreas 33 and 24a’, labeled neurons were very scarce in the
deep portion of layer VI, whereas in areas 24b' and 24c¢”,
clustered immunoreactive neurons were frequently encoun.
tered in this layer. These patterns continued into area 23,
where, as described above, layer [V contained parvalbumin.
immunoreactive neurons (Fig. 8A B).

Neuropillabeling patterns.  In area 25, there was very
light neuropil labeling (Fig. 6A). Most of the labeling
uppeared to be due to the presence of axons and dendrites
of immunoreactive neurons in layer V. Increased neuropil
labeling was observed in layers Il and V of aren 24a (Fig.
6B). In areas 24b and 24c, n band of parvalbumin.
immunoresctive neuropil appenred in the deep portion of
layer 111, and it was more intense dorsally, such that in
nrea 24c, it was very intense (Fig. 8C). This band coincided
with the presence of immunoreactive layer III neurons,
but it was also evident ventrally, where immunoreactive
neurons were very raure. More caudally within area 24, in
area 247, this immunorenctive band nppeared more ven.
trully, until it renched area 24a’, and even area 33 in the
depth of the cullosal sulcus (Fig. TA). In aren 33, the caudal
portion of arens 24a’ and 2da, the neuropil was lnbeled
from layer I through layer V (Fig. 8A), in contrast to the
pattern more rostrally, where the neuropil immunorenctiv.
ity was restricted to lnyers III and Vb (Fig. TAB). In
particular, layer I1 was charncterized by very dense neuro.
pil labeling, from which fibers extended into layer 1 (Fig.
BA). In one case, the pattern of immunoresctivity in area
24" extended onto the gyral surface, stopping at the
dimple parallel to the cingulate sulcus, which delineated
the border between nrea 24a” and 24b', as described by
Vogt et al. (1995). In area 24°, the emphasis of the neuropil
labeling shifted gradually from dorsal to more ventral
regions. These patterns continued into area 23, where the
deep portion of layer III and layer IV was occupied by
dense parvalbumindmmunoreactive neuropil labeling (Fig.
EB). In areas 28 and 30, layer IV contained immunorenc.
tive neurons, but there was no obvious neuropil labeling to
demarcate these arens from area 23 (Fig. 8C). The varia.
tions in parvalbumindmmunoreactive nearopil labeling
nre summarized schematically in Figure 9. On a eytoarchi.
tectonic flattened map of the cingulate cortex (Fig. 9A), the
patterns of neuropil labeling with parvalbumin can be
seen to vary in & manner largely irrespective of sulcal and
cytonrchitectonic boundaries (Fig. 9B.C).

Calbindin. Immunoreactive neurons. Inaren 25 cal
bindin-immunoreactive neurons were mostly in superficinl
cortical layers (Fig. 10A). Intensely immunoreactive nonpy-
ramidal neurons were concentrated in layer 1l and the
superficial portion of layer III. Their somata were gener-
ully round.to.oveid, and were comparnble in size to those
immunoreactive for calretinin. In layer VI, & separate
population of neurons was present, and these tended to be
multipolar and somewhat less intensely immunorenctive.
Lightly immunorenctive pyramidal neurons were visible
in layers Il and 1L In aren 24, immunoreactive neurons
uppeared in layer 111 and, to a lesser extent, layers V and
VI (Fig. 10B,C). The cellular patterns were comparnble
nmong areas 24a, 24b, and 24c. However, in ventral area
24n, there were very foew immunoreactive neurons in the
labeled neuropil of the deep portion of layer 111 (Fig. 10B).



Fig. 4. Distribution of ssurofil Lp Laining seurons
in the luteral aspect of area 29 (A), and areas 234 (B) and 236 (C) of
the human cingulate cortex. In arva 29, two msjor luyers sre cliarly
disesrnsble, 1T and Va. Laywr 11 is sot present is area 201, but it isis
the adjacint srea 30, Layer [ contuiss sestiured lange sewrons,
which fragquently appesr sbio in layer IV, Lagves Vb oand VI oare
euuron-sparse. The star inds the corpas calliaum. Arvss 284 and
23b both centain a well-defned layer IV on Nisal-stained matarials,

Dt

wective s
Detwwen luywrs Hle and V. In srea 234, the lerge pyramidal neurons in
Layer Hle arv scattornd throughout the thickness of the layvr, whervas
in area 23h, the luyer 1le sourons sre morv rvatricted W the dospest
portion of the layer. Nete the immuncevactive apical dendrites of luyer
V sewrons that cas be seee weenndieg through kayer 1V in sren 230
Scale haer ~ 150 .

which s reprosunted berv us an i
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Fig. 5. Distribution of parvalbemin immunoreutivity in a corceal
section through the human anterior cingubite cortex. Note the inten-
Wity of immuncevnctivity is dorsal portices of the gyrus, and the
wxtrvme redoction of immunoreactivity vestrally. Layer I s indi-
cated by the large asterisk Patebos of immunorective neuropil s

layer Vi sre avident even st this low mageification (small asterizha).
Arvesd boadurs arv indicated by arrowa. Ses Figure 2 logeed for detsils
on photegraphie procssaing. [CD, Intracisgulste dimple; C8, dangulate
sudeus. Scale bar < 1 mm.



Fig. 6. Daatribution of parvalbumin immsusoresectivity in areas 25
(A), 24a (B), and 24c (C) in the human degulale cortex. Ares 25

oontaing the fewest i Live and the lightest newrepil
walning is the degulste oortex. Most i ctivm arw
found is layers Voasd VI, and meet of the immunoractive fibees arv
localized o layer V. Area 240 contaiss immunoreadive neurons from
Taywra I through VI but moat sre conountrated in kayers 11 and Vi,
Layer [ s charnctorized by g tund of seuropil saising in its dewpeat

A few appenred in area 24b, but aren 24¢ was character-
ixed by n considernble number of nonpyramidal neurons in
this sublayer (Fig. 10C). Aren 33 contnined very few
immunoreactive nonpyramidal neurons, and virtually no

abali

portion, and kayer Vb ira patehis of § elive
Layur Va is relativedy lghtly stained. 1 v pr plive
cartridges of chandulivr peurons sre most abundsnt in layer VI
(erved arrows), sod sreskown st higher magnification is Figure 8D.
Arvs 24e contuing a very intensely immunoractive band of neuropil
labeding that extends throughout the dewper Ball of layer 1L Immueo-
rvactive cluaters in laywr Vb sre aleo evident i this area, and
cartridges arv reduced is number. Scale bar ~ 150 pm.

immunoreactive pyramidal neurons. In aren 247, immuno-
reactive pyramidal neurons were somewhat reduced in
comparison with aren 24 (Fig. 11AB). With the appear-
unce of layer 1V in area 23, this lnyer became populated
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Fig. 7. Distribution of parvalbumin immunoreadivity in areas
240" (A) and 24¢" (B) is the humsmsn cingulate cortex. Note the pevasncs
of large parvalbumin-conatining seurons (arrows in A) and the
inervase in i Live il lubeding in kayer 11 of arves 2407

with immunorenctive neurons (Fig. 12A-C). Aren 23 con-
tained the fewest calbindin.immunoreactive pyramidal
neurons in the cingulate gyrus (Fig. 12B).

Neuropil labeling patterns.  Arvea 20 was character-
ixed by the lightest neuropil staining in the cingulate
gyrus (Fig. L10A). In aren 24, the neuropil was stained from
lnyer I through the deep portion of lnyer 111, This lubeling
was incremental, with layer II lightest and the lnbeling
increasing in intensity with the cortical depth (Fig. 10B,C).
Layers 1, V, and VI were largely unstained, except for
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compared with that feund in ams 24a (Fig. 6B). Area 24¢" haa 2
wull-chefnd luyer Vi sbowing & lower labeling inteasity thas ams 24¢
(Fig. 6O snd sl patehios Gamall arrows) of immunoractive labal-
ing in layer Vi, Scale tar ~ 150 g,

immunoreactive patches in lnyer V. The neuropil staining
was not homogencous. Intensely lnbeled beaded fibers
were visible in the deep lnyers, and could often be attrib.
uted to immunoreactive nonpyramidal neurons. The inten-
sity of the staining in the neuropil increased from nrea 24a
through area 24c, und what appeared in area 24a as an
increasing superficinl-to-deep gradient of neuropil immu-
noreactivity became resolved in area 24c as an immunore-
nctive band in layer [1I (Fig. 10C). The neuropil in area 33
was also very lightly labeled. In area 247, the patches of



Fig. &  Distribatice of pasvalbamin immunoreactivity inanas 235
(A), 230 (B), and 28 (C) in the humas dogulate ortex. Area 234, and
parts of ares 23 more esudally, arva chanctarizd by moderato-te-
int fuirly 1 il lakeling e Layrs 11 through VI
No distinet bard i visitie (A). I cuntrast, muck of area 21, and ll of
arvs 23¢ contains an intessification in neuropil lebeling in the deep

immunorenctive fibers in layer V became more pro-
nounced, especially in area 242’ (Fig. 11A). The neuropil in
lnyers V and VI became labeled, leaving only layer 1
unstained (Fig. 11B). Within area 24, the band of immuno-
reactive neuropil gradually extended ventrally until it
reached the depth of the callosal sulcus, thus lnbeling
arens 33 and 24n’. In area 23n, the band of neuropil
occupied layers I1 through V (Fig. 12A), and was thus
reminiscent of the pattern observed with parvalbumin
(Fig. SA). Aren 2ic contnined an immunoreactive band
only in layers II and I, not throughout its thickness (Fig.
12B). In areas 29 and 30, the staining pattern resembled

partion of laywr 111 snd in laywr IV (B). Area 29 (C) ressmnblis area 23a,

but is sigeificantly thi Parvalbemin-i ive p

Live eartridges (arvows) of chandalior nourons in luyee VI of area 244"
arw shown in (D) These atructuns ware most abundsnt in yer V1
(Fig. 68), and varied is length from s than 20 pm to over 50 um.
Scaks har ~ 150 g in A-C snd 25 pm (DL

that in area 23a. No distinctive neuropil staining was
observed in these nreas (Fig. 12C).

Calretinin. Immunoreactive neurons. In the anterior
cingulate cortex, ns described elsewhere in the primate
neocortex, intensely immunorenctive calretinin.contain.
ing neurons were found mostly in layer I and the superfi.
cial portion of layer 111 (Hof et al., 1993b; Condé et al.,
1994). These were nonpyramidul neurons, whose morphol-
ogy resembled that of bitufted neurons. Occasionally,
immunorenctive neurons resembled bipolar neurons. Their
somata were ovoid-to-fusiform, and their dendrites, fre
quently beaded. could often be seen coursing radially
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Fig. 9. Flattessd roprvssntation of the cingulate cortix in o human
beuin, abowing the localizatice of subarvss hused on Nisal stais
acoordieg o Vogt ot al, 19856 (A; regioes arv shown by differunt gray
tonws), and changes in parvalbumin-immunomactive newrepdl labul-
g olusrved slong the gyras (B, C). Oaly the part of the cingulate
oortex dorsal o the body of the corpas callosum s sbown in (AL The
Wiguntopyramidal fedd (area 24¢°g) is outlined with dotted lises, and «
vertieal broken lise indicates the beedur Batwenn sreas 24 and 23 as
determined wiing the Nisal atsin. The depth of the callisal (CsS) and
dngulate (CS) aulei is indicated by deahod lisss, The gvri erowes arv
shown by ceatinuous lines In (B) asd (C), the gray scsbe indicales
rwlative intensity of neuropil stsiniong, and is not quastitativee Nete
the presence of twe gradnets Firal, cee of incrvsaing intessity of
Immusoreeetivity in kayer T of the deesal and posterior dirsctice
asturiorly in the gyrus (B seoond, o paettern indicated by the dark
outlizs in (C), rvpresenting the labuling gradient in coetical layers 11
through VI cbeervod in sreas 230 and parts of Z36 (Fig. 8A). The dark
ewgion s the lower eight corner of the map rvpressets the gradual sbift
in neuropil labeding startisg in srea 24°, and continuing inte area 23,
where the desp portion of laywrs 1T and IV was ocoupiod by derse
parvalbemin-dimmunoractive sewropil labeling. The position of the
suleal snd gyral landmsrk lines on the flatlessd map (a-0) s
indicated in the st
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through the cortex. Calretinindimmunoreactive neurons
were occasionally encountered in layer I, and were pre-
sumed to represent Cajul-Retzius cells (Vogt Weisenhorn
et ul., 1994; Fonseca et al., 1995). Scattered immunoreac-
tive neurons could be seen in the deep portions of layer 111
und layers V-VL In layer VI, calretinin.immunoreactive
neurons assumed numerous morphologies, including mul.
tipolar and horizontal forms. In addition, both areas 25
and 24 contained a unique population of calretinin.
immunoreactive pyramidal-like neurons in layer V (Figs.
13A B, 15). This population was most numerous in area 25,
and in anterior and ventral portions of nrea 24. These
neurons were more lightly labeled than the nonpyramidal
neurons, and only their somata and most proximal den.
dritic arborizations were visible (Fig. 13C).

One significant difference in the laminar patterns of
immunolabeled neurons between areas 24 and 24’ con.
firmed this cytonrchitectural distinction. This was the
presence of calretinin-immunoreactive layer V pyramidal-
like neurons in area 24 (Fig. 14A). These neurons were
present in large clusters in layer V. and their density
dropped markedly in area 24°. In addition, there was
another, sparser, population of calretinin.immunoreactive
pyrumidal.like neurons in aren 24¢'g (Fig. 13D). In the
postersor portion of the gyrus, n few immunoreactive
pyrumidal.like neurons were found in layers V and V1 in
nreas 28 and 30. Area 23 contnined essentinlly no calretinin.
immunoreactive pyramidallike neurons (Fig. 14C). The
density distribution of calretinindimmunoreactive pyrami.
dal-like neurons is represented in Figure 15, Scattered
calvetinin-immunorenctive pyramidal-like neurons were
nlso found through much of the anterior cingulate cortex
up to the border with aren 23, but their distributions were
o sparse to appear on the fluttened figure, since 100
pm-wide bins containing fewer than 10 such neurons were
discounted (Fig. 15A). Aren 25 also contained large num-
bers of these neurons (Fig. 15B), and these neurons
occupied dorsal positions more caudally in the gyrus (Fig.
15C D). With the appenrance, in area 23, of layer IV,
calvetinin-immunorenctive nonpyramidal neurons were
found in layer IV (Fig. 14C), but they were not as numer-
ous us those labeled in this lnyer with parvalbumin.

Neuropil labeling patterns. Layer V of area 24 con.
tained n meshwork of immunorenctive neuropil which lent
n multilaminar appenrance to the cortex. This meshwork
was very dense, und appeared to be nssociated with the
presence of calretinindmmunoreactive pyramidal neua.
rons. With the disnppearance of these neurons, the immu-
noreactive band of neuropil in layer V became less in.
tensely lubeled (Fig. 14A B). In areas 29 and 30, there was
un intensificntion of the neuropil labeling in layer IV (Fig.
14D). In cross-section, the immunoreactive band in layer V
was patchy, and could be seen to shift from n more lnteral
position rostrally to a more medial position caudally.

DISCUSSION
Comparison with the Nissl stain

The present study demonstrates that the human cingu.
late cortex is, indeed, a region of considerable neurochemi.
cal heterogeneity. This variation along the gyrus is evident
in the immunoreactivity of neuropil and of select neuronal
populations, and the observed patterns were very consis.
tent among the cases analyzed. In contrast with the areal
borders described in Nissl-stained materials (Vogt et al.,



Fig. 10. Diatribution of calbindis immunoreadivity is sreas 25
(A), 24a (B), and 24¢ (C) of the buman cisgulate gyrus. In srea 25,
calbindis i clivity s Iy neuronal, and largely coesists of
Immusoresctive nonpyrsmidal and pyramidal secroes in loer I asd
the superficial portice of layer I A). Arva 244 is charcturioed by the

19495, 1997), the boundaries defined by different distribu.
tions of neurofilament or calcium-binding proteins do not,
as u rule, correspond to the parcellation of the cingulate
cortex discretely into areas 24n-24¢ and 230-23¢. This is
especinlly true of the neuropil labeling patterns, which
vary in the dorsoventral axis irrespective of cytoarchitec.
tonic houndaries, and in the anteroposterior axis show
gradients ruther than blocklike nreal patterns. Even cellu-
lur markers have distributions that taper along the gyrus,
riuther than showing abrupt changes. However, neuro.
chemically defined cell populations can have distributions
that correlate with cytonrchitectonic boundnries. For in.
stance, neurofilament protein.immunoreactive layer 111
neurons are notably absent in areas 25 and 24, but are
present in areas 24" and 23. Spindle neurons are virtually

addition of a baed of i

<ivw

pil in the diep portion of
layer 111, which is morw compect snd intinse doraslly s srea 24c
Thewe neuropil labeling patterns arv similar to those oluerved with
parvalbumin (Fig 68,CL Sceale bar ~ 150 um.

restricted to areas 25, 24, and 24°', and calretinin.
immunoreactive pyramidal neurons are largely restricted
to aren 26 and 24, and arens 24n’ and 24b°. Thus, cell
distributions, whether based on the Nissl stain or nearo-
chemical markers, may yield parcellations that are to
some extent comparnble, whereas neuropil labeling, which
reflects in part afferent systems and not cellular architec.
ture, may provide other information nbout the connections
of these arens. In this respect, the human cingulate cortex
is characterixed by neurochemical differences that reflect
those found in the macaque monkey (Hof nnd Nimchinsky,
1992; Hof et al, 1993a; Vogt et al., 1993; Gabbott and
Bucon, 1996h). There are certain cellular features, how-
ever, that distinguish the human from the nonhuman
primate.
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Fig. 11, Distribution of calindin immsmunorsctivity in areas 24a°
(A) aed 26" (B) of the human cingulate & Note the murkod
incrvase in neuropil ldwling is layer I is the dorsal peetion of the

Wyrus (B) cempared o the wntral ana (A). Seaw patehy sewropdl

Neurofilament protein-immunoreactive
neuron distribution varies along both
the human and macaque monkey
cingulate cortex

The chunges described nlong the anteroposterior axis in
the expression of neurofiliment protein are globally compa-
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labeding, similar to that oluerved with parvalbumin (Figs. 68.C. TAB)
s cbemrvid e layer VI in area 2407, but & oot evident is arva 26,
Scaks har ~ 150 pm.

rable in the two species. Anteriorly, neurofilament protein.
containing neurons are largely in deep layers and posteri.
orly, they are also in layer 1II. As in the monkey, the
trunsition from the pattern found most anterior to that
which characterizes the posterior cingulate cortex occupies
u significant portion of the gyrus in the rostrocaudal axis
{Hof and Nimchinsky, 1992). However, in the human,



Fig. 12 Distributice of calbindin immunorenctivity in arvas 234
(A), 2ie (B), and 29 (C) of the buman degulste gyros. Area 23 ix

charscturized by opil lbuling throughout layers 11 through VI,
bet moatly in layers I through Vo Do contrast, in srea 25, souropil
lakeling is ot interse in layer IV, and much weakor elmwwbery. e

layer 11l neurofilament protein.immunoreactive neurons
appear relatively more rostrally in the dorsal portions of
the gyrus, so that area 24b contains these neurons,
whereas in the monkey it does not. Other differences

lude the pr ce, in the human, of immuno-
reactive spindle neurons in layer Vb of the anterior
cingulate arens 24 and 24" (Nimchinsky et al., 1995). and n
distinet population of multipolar neurons in layer 1L In
addition, in the human, the population of neurofilument
protein.contnining neurons is much denser than in the
monkey, although the overall staining pattern in the
cingulate cortex is remarkably consistent in the two
species.

through V. and 10 a eser extent in layer VL In ares 29, « alight
increnss in the density of lmmuncevnsclive neurons & obssrved in luyer
IV, bet no i in opil lnbeling intersity s sen in aress 29
und 30, Seale bar ~ 150 um.

Calcium-binding proteins label characteristic
cellular features of the macaque monkey
and human cingulate cortex

Parvalbumin-immunoreactive neurons manifest a pat-
tern of distribution comparable to that observed in the
nonhuman primate (Hof and Nimchinsky, 1992). Specifi-
cally, parvalbumin-immunorenctive neurons in the human
cingulate cortex, as in the monkey, correlate with the
presence of neurofilument protein.containing neuronson a
regional basis. On the laminar level, however, this is not
strictly true, since layer 1 frequently contains substantinl
numbers of parvalbumindmmunoreactive neurons,
wherens this lnyer is generally devoid of neurofilament



Fig. 13, Distribution of calrvlinie immuncevnctivity in arvss 25
(A) and 244 (B) of the b ingulste gyras. 1 Lk
eonpyrambdal seurons arv most abundsnt is otk arves in layer [asd
the supeeficial peetion of layer [IL Most ble double bouguet
eeurons and have dendritic srbees oriented radisdly is the cortux
Thesss srens also contain the highest dersity of calretinin-dmmusore-

Live pyrumidal newrces, which arv fownd largedy in luyer V. Examphos
of thesw nuurons are shown in (C). A vury large calretisin-immunces-
ctive mouron in arvs 24c'y, presumably one of the ggastopyramidal
neurons that charsctorize this arves is showe in (D). Scale bar ~ 150
pom in AB and 40 pm is CD.



Fig. 14, Distribation of calretinin immunoractivity in arvas 24¢
(A), 24" (B), ZIL(C), snd 204D oﬂlm humas dnguhun gyrus Isall
Uliae srens, calredinin-g bedad nourons are fousd
mostly is layur I and the aupufnelul pamm o(lq\ir IL Note the
pe of calrwtinie-i inlsyer V

-y

protein.containing neurons. One unusual finding is the
presence in layers V and VI of large numbers of parvalbu.
min-immunoreactive structures that may represent the
cartridges of chandelier neurons. Similar findings have
been recently described (Kalus and Senitz, 1996). These
structures represent the terminations of chundelier neu-
rons along the nxon initial segment of pyramidal neurons,
and ns such, signify a powerful inhibitory influence on
pyramidal neuron firing. They have been described else-
where in the monkey und human cerebral cortex, but they
are usunlly located preferentially in superficial layers
(DeFelipe et al., 1989; Lewis and Lund, 19890; Williams et
al, 1992). An exception was a study in the human tempo-
ril neocortex that found n higher density of parvalbumin.
immunoreactive cartridges in lnyers IV through VI than in
lnyers Il and 111 In that study, which demonstrated a close
assocvintion between parvalbuminammunorenctive chande-
lier neurons and neurofilament proteindmmunoreactive
pyramidal neurons, it was suggested that the predomi.
nance of cartridges in superficial layers represented an
assovintion of this form of inhibitory control with corticocor.
ticully projecting neurons {Del Rio and DeFelipe, 1994).
The findings reported in the present study are in accord

of arva 24c (arrowa in A) asd their aluence in arvas 24e" snd 235 Area

29 containg somewhat fewer i Live nonpyr e
than the other arvss, and is distisguiskod by 2 hand ol immunoreadiv-
ity bn daywr V. Seale bar « 150 pm.

with this concept, since in the anterior portions of the
primate cingulate gyrus, corticocortically projecting neu.
rons take origin preferentially in deep cortical layers
{Barbns, 1986; Hof et al., 1995b; Nimchinsky et al., 1993,
1996). Thus the presence of neurofilament protein.
containing pyramidal neurons and of parvalbumin.immu-
noreactive chandelier neurons and their cartridges in deep
layers in the anterior portions of the cingulate gyrus
suggest that this location as the preferred site of origin of
corticocortical projections in the human ns well.
Calbindin-immunoreactive nonpymmidal neurons in ma.
caque monkey and human have a relatively consistent
pattern of distribution throughout the cingulate gyrus
{Hof and Nimchinsky, 1892; Gabbott and Bacon, 1998b;
the present study). Calbindin-immunorenctive pyramidal
neurons, in contrast, are much more frequent in anterior
than in posterior portions of the cingulate gyrus. This
observation is similar to that described in the monkey
cingulate cortex (Hof and Nimchinsky, 1992). Comparable
heterogeneities in the distribution of these neurons have
been reported in the visunl areas of the temporal lobe
{Kondo et ul, 18994). Both the temporal kobe and the
cingulate gyrus ure characterixed by progressive cytoarchi.
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Fig. 15, A Flattenaed reprosentation of the human anterior cingu-
late cortex abowing the semi-quantitative distribution of layer V
calretinin-dmmusorsctive pyrumidal-like ssurons The giguntopyra-
mbclal fiedd (arem 24e'y) i outlined with detted lines, and 0 vertical
beuken line indicates the bordur betwenn srems 24 snd 23 as doter-
mined using the Niasl stain. Note that eslndinin-immunorencdive
pyramidsl neurons sre found lurgely in the most anterior and venteal
portions of the dingulate gyrus Elsowhare, thuy aee scatlered, mostly
in the wentral bask of the degulste subeus Thay are slio found is
dunsitios comparsble 10 arva 24 in srea 25, which is not induoded is
this rvprvssentation. B-D: Computer geserutod map of thrwe corosal
sctions through anas 25 snd 24 showing the distributice of calrvtinie-

immunoreuctive pyramidallike neurces. Nourons were counted in
100 pan-wide bins aed their Jocal densitios sre coded is gray soale. The
threw aectioes abown bare e 15 em apart from each otbar. Although,
i & result of their low density, lm do not appesr on the Cattened
map, CR-immunorenctive pyramidal-like sewroes arv foued sporsdi-
caully throughout srea 24, and only dissppear complicaly in area 23,
CaS, callosal suleus: OC, eorpus callesum; C8 degulate subous LT,
lamins termisalis. The position of the suleal snd gyral admark lisss
on the Cattined map (2-0) s indicstod i the et on top of paned A
Sow Figrure 9A for cytearchi dari imgulate cortec
subarvis.
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tectonic changes, with the anterior portions of each de-
scribed as “dysgranular” or "agranular” for, nmong other
characteristics, lacking & well-defined lnyer 1V, and their
p ior portions *i tical”, containing six well.defined
cortical lnyers (Gulaburda and Pandya, 1983; Pandyn and
Yeterian, 1985). In dysgranular parts of both cingulate
gyrus and the temporal lobe, there were more calbindin.
immunoreactive pyramidal neurons in layers 11 and II1. In
addition, the dysgranular nnd agranular regions are char.
acterized by n considerable reduction in the number of
parvilbumindmmunorenctive neurons (Kondo et al., 1994).
These two populations of neurons, of course, represent
functionally distinct clusses, and the significance of the
expression or lack of expression of n calcium.binding
protein is still unclear. One possibility is suggested by the
observation that the rostral portions of the temporal lobe
and of the cingulate cortex represent two of the few cortical
regions known to project directly to the amygdala. In both
cases, the neurons furnishing this projection are found
mostly, if not exclusively, in layer III (Aggleton et al.,
1980). The calbindin.containing pyramidal neurons are
thus positioned to participate in this projection. However,
the more common role of layer [1I neocortical neurons, the
furnishing of corticocortical projections, remuins a distinet
possibility (Jones, 1984). Nonetheless, such recurring gra.
dients in different regions of the brain suggest that
cytonrchitectonic variations may represent more than
merely alternate shuffling of the same cell types found
throughout the cortex.

Calretinin-immunorenctive nonpyramidal neurons popu-
lnte superficinl layers preferentinlly, as described both for
the cingulate cortex in the monkey and other cortical
regions in the monkey nnd human (Hof et al., 1993a. b;
Condé et al., 1994). This pattern varies little through the
numerous different cingulate cortical regions examined in
the present study. However, the presence and distribution
of calretinin.containing pyramidal-like neurons set the
cingulate cortex apart from other cortical areas. While it
was not possible in the present study to unanmbiguously
identify these neurons as pyramidal neurons, as a result of
their relatively light labeling that was usually restricted to
the soma, & number of fentures suggest that they may,
indeed, be pyramidal neurons. Firse, their overall morphol.
ogy is unambiguously pyramidal, in layers that are domi.
nated by this cell type. Second, their labeling is qualita.
tively different from that seen in the nonpyramidal neurons,
which are labeled very intensely, throughout their cyto.
plasm, suggesting that they may belong to a completely
different cell cluss. This is in contrast to the pyramidallike
neurons described by Condé et al. (1894) in the macaque
monkey prefrontal cortex, which were well enough labeled
o follow their dendrites for considerable distances. Fi.
nally, culcium-binding protein-containing pyramidal neu-
rons are not without precedent, as calretinin is found in n
subgroup of Betz cells in the human (Nimchinsky et al.,
1992), purvalbumin is present in layer V pyramidal neu-
rons in primate sensory and motor cortex (Preuss and
Kaas, 18996), and in CAL pyramidal neurons in the dog (Hof
et al, 1998), and calbindin.containing pyramidal neurons
populate Inyers Il and III in many cortical nreas in both
the monkey and human (Hof and Morrison, 1991; Ferrer et
al, 1992: Hof and Nimchinsky, 1992: Kondo et al., 1994;
present study). However, until retrograde lnbeling or Golgi
staining in the human is combined with immunoecytochem-
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istry, this question may remain unanswered, since compi-
rable neurons ure not observed in the nonhuman primate.

Regurdless of the cell type to which calretininadmmuno.
renctive pyramidal-like neurons belong, they are re.
stricted to the cingulate gyrus in general, and to areas 32,
25,24, 247, and 29 in particular, and this suggests a unigue
functional role. Their unusual nature is underscored by
the fact that they are not seen in the human orbitofrontal
cortex, a region that bears numerous cyto-and chemoarchi-
tectonic similurities to the cingulate cortex (Hof et al.,
1995). Calretinin.immunorenctive pyramidal neurons have
been described in the newborn rat, but they disappear
early in postnatal life (Vogt Weisenhorn et al, 1984;
Fonseca et al., 1995; Schierle et al., 1897). It is possible
that in the human cingulate cortex, these particular
neurons continue to express this protein throughout life.
These neurons appear to be u churacteristic feature of the
cingulate cortex, nnd are useful in the parcellation of these
ureas. The localixation of these neurons almost exclusively
in lnyer V does not help to define their connectivity, since
this layer in the nonhuman primate gives rise not only to
striatal and spinal cord projections, but also to corticocorti-
cal and corticopontine projections, ns mentioned ahove
{Barbns, 1986; Hutchins et al, 1988; Dum and Strick,
1991, 1992: Van Hoesen et ul., 1993: Kunishio und Haber,
1994; He et al, 1985). It is notable, however, that the
distribution of this cell type overlaps extensively. at the
species level, und on a regional and laminar basis, with
that of the spindle neurons that characterize these nreas
in the human (Nimchinsky et al, 1885). Unusual cell
types, then, appear with much greater than average
frequency in these parts of the human neocortex, and may
represent a local neuronal specialization unique to the
human brain.

Calcium-binding protein immunoreactivity
defines distinctive neuropil staining patterns
in the monkey and human cingulate cortex

With parvalbumin immunorenctivity, three separate
gradients were observed. One consisted of the sheet-like
labeling of the neuropil of layer I1I which began rostrally
in the dorsolateral portions of the cingulate gyrus, and
which gradunlly extended caudally, medially and ven.
trully, eventually to lnbel lnyer 111 throughout the gyrus.
Another consisted of the discrete lnbeling of the neuropil of
ureas 24a’ and 23a, which marked these nreas in layers 11
through V. The third was the lnbeling of lnyer IV, wherever
present. The combination of these three lubeling patterns
in cingulate cortex gives rise to n complex staining pattern,
which in many respects resembled that of the monkey (Hof
und Nimchinsky, 1992). Unlike the case in the monkey,
calbindin immunoreactivity gave rise to staining patterns
that resembled those found with parvalbumin, especially
the first two patterns described above. In area 29, a
slightly incrensed density of calbindin.immunoreactive
neurons is observed in layer IV, but, in contrast with the
pattern in the mucague monkey, no increase in neuropil
labeling intensity characterixes area 29 or 30. Calretinin,
however, with the exception of the immunoreactive band
in areas 29 and 30, exhibited only minor changes in
neuropil lnbeling nlong the cingulute gyrus. The sources of
these lubeling patterns are unclenr. Some is clearly due to
the immunoreactive nonpyramidal neurons that populate
these arens. This is most likely the explanation for the
patchesin lnyer V of nreas 24 and 24°, which correlate well
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with layer Vb pyramidal and spindle neurons in these
arens (Vogt et al, 18995). The concentration of immunorerc.
tive terminals in the immediate vicinity of a certain cell
population indicates & differential distribution of inhibi.
tory control. For instance, the somata and proximal den-
drites of layer Vb neurons appear to be surrounded by the
presumably inhibitory terminals of parvalbumin. and
cilbindin-immunoreactive basket und pessibly double bou.
quet cells. Layer Va neurons in the anterior cingulate
cortex, in contrast, appear to be removed from such
structures. It is possible that the neurons in this sublayer,
which are notable for being particularly dense in the
cingulate cortex, are subject to the inhibitory control of n
discrete population of neurons which do not appear with
any of the antibodies used in the present study, or are
modulated not by terminals surrounding their somata, but
by influences located more distally located on the dendritic
arbor.

The dense and very intense lnbeling in the deep portion
of layer III and of layer IV seen with antibodies to
parvilbumin and calbindin may be due to labeled thalamo-
cortical terminals. The three calcium-binding proteins
examined in the present study are known to be present in
various thalamic projection neurons in the rodent and
nonhuman primate (Stichel et al, 1987; Celio, 1990;
DeFelipe and Jones, 1991; Hashikawa et nl., 1891; Jacobow-
itz and Winsky, 1991: Rausell et ul., 18920 b; Résibois nnd
Rogers, 1992; Diamond et al., 1993; Arai et ul., 1994). Since
these are soluble proteins, they nre distributed throughout
the cytosplusm, and are thus present in the terminal fields
of the thalamocortical neurons that contnin them. This in
turn gives rise to distinctive cortical labeling patterns
(DeFelipe and Jones, 1991; Del Rio and DeFelipe, 1994).
Thus, the parvalbumindmmunoreactive band in the deep
portion of layer 1II may derive from a projection from the
mediodorsal nucleus, which projects to this layer and aren
in the macnque monkey (Giguére and Goldman.Rakic,
1988) and which contains numerous parvalbumin.immuno.
reactive neurons in the human thalumus (E.A. Nimchin.
sky, unpublished observations). The other major site of
parvalbumin neuropil immunoreactivity, including all of
aren 238 and n considerable extent of area 23b, appears to
coincide well with the regions in the monkey that receive
projections from the medial pulvinar nucleus (Baleydier
and Mauguiere, 1985, 1987), which is also characterized in
the human by parvalbumin immunoreactivity (E.A.
Nimchinsky, unpublished observations). Similarly, the cal-
retinindimmunoreactive band in arens 289 and 30, previ.
ously described in the macnque monkey (Hof and Nimchin.
sky, 1992) may derive from a thalamocortical projection
from the laterodorsal nucleus, which projects to this layer
in the macaque monkey und which, in the human, contains
calretininiimmunoreactive neurons (Bentivoglio et al.,
1993; Vogrt et al., 1993). Of course, other structures project
upon the cingulate cortex, such as the amygdaln, but these
prajections do not have the particular regional and lami.
nar charncteristics expressed by the neuropil staining
putterns described here (Porrino et al., 1981),

Functional implications

The cingulate motor areas. A recent study in the
muackque monkey combining retrograde transport and
immunoecytochemistry demonstrated the utility of neuro.
filament protein as n marker for the cingulute motor areas
(Nimchinsky et al., 1996). In particular, the appearance of
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immunoreactive neurons in layer 111 and o broad layer VI
indicated the presence of the rostral cingulate motor area,
CMAr, and the increased density of these neurons sig.
nilled the presence of the cnudal cingulate motor area,
CMAc. The subsequent lower density and thinning of layer
V1, in addition to the presence of layer IV on the Nissl
stain, indicated aren 23, which was located caudally to the
motor areas. In the monkey, these chunges are relatively
obvious, since the density of these neurons is significantly
lower than in the human. Based on overall patterns, and
by nnalogy to the nonhuman primate, it may be possible to
approximute the locations of the human cingulate motor
areas, with the CMAr located where the neurofilament
protein-immunoreactive neurons first appear, and the
CMAc located canudal to this aren, and rostral to aren 23,
This represents a fuirly lnrge aren of cortex, occupying
roughly the middle third of the gyrus, but one that is
proportionul to the size of these areas in the mucaque, and
which ngrees with the functional localization of these
areas in the human (Grafton et al., 1993). Another poten.
tinl clue is the calretinindmmunoreactive pyramidal neu-
rons in layer Vin the gigantopyrumidal fields which were
described by the Branks (1978). The significance of calreti.
nin immunoreactivity is that outside of the cingulate
cortex, the only areas in the human cerebral cortex that
have been described as containing calretinin-immunorenc-
tive pyramidal neurons is the primary motor cortex, where
nsubpopulation of Betz cells contains calretinin (Nimchin.
sky et al, 1992), and the entorhinal cortex that contains a
population of layer V calretinin.immunoreactive pyrami.
dal cells (Nimchinsky and Morrison, unpublished observa.
tions). While not confirming n motor role, this represents
unother similarity between these neurons and the giant
cells of Betz in the primary motor cortex. It is possible,
then, that like the giant layer V cells of the primary motor
cortex, some of the large pyramidal neurons in the cingu.
late cortex may be invelved in motor function. In fact, it
hans been proposed that the gigantopyramidal area coin.
cides, nt least in part, to the cingulate motor areas
described in the nonhuman primate (Dum and Strick,
1991, 1992, 1993). The present study lends further support
to this hypothesis.

Other functions of the cingulate cortex. In nddition
to somatomotor function, numerous functions have been
nscribed, completely or in part, to the cingulate gyrus in
the human. (For review, see Devinsky et ul, 1995) These
include nutonomic (Pool nnd Ransohoff, 1849; Pool, 1954)
und oculomotor (Talanirnch et ul, 1973; Petit et al., 1993)
functions, sensory functions, including pain processing
{Foltz and White, 18962; Talbot et ul., 1891; Rosen et al.,
1994, Vogt et ul., 18996), response selection (Petersen et al.,
1988), and the manifestation of emotion (Hausser-Huuw
und Bancaud, 1987; Arroyo et al., 1993). The present study
suggests some possible anatomic correlates for some of
these functions. For instance, one feature that appears
fairly specific to the cingulate cortex is calretinindmmuno-
renctive pyramidal neurons in lnyer V. These are found
wlmost exclusively in the anterior portions of the cingulate
gyrus, and are most numerous in areas 25 and 24. The
region thus delinented corresponds closely to the areas
whose stimulation gives rise to autonomic effects and
vocalization in both macaque monkey and human (Smith,
1945; Pool and RansohofT, 1949; Kaada, 1951; Pool, 1854;
Showers and Crosby, 1958; Dua and MacLean, 1864;
Robinson and Mishkin, 1988; Jurgens and Ploog, 1970;



Jorgens, 1983). Studies that have analyzed other systems,
such as response selection, spatial memory and selective
attention have used functional imaging technigues, whose
resolution limited the precise localization of function (Pe.
tersen et al., 1988; Pardo et al., 1990; Corbetta et al., 1991;
Deiber et al., 1991; Bench et al., 1993; Hsieh et al., 1994;
Luang et al., 1994; Larrue et ul, 1994; Raichle et al., 1994).
However, the consensus appears to be that these roles are
subserved by cortical regions in the anterior half of the
cingulate gyrus. Interestingly, this region is charncterized
by lower numbers of parvalbumin. and neurofilument
proteinammunereactive neurons, and greater numbers of
calbindin.immunoreactive pyramidal neurons.

It is of note that none of the cytoarchitectonic regions
described in the present study is delinenble by sharp
chemoarchitectonic borders, a fuct that must be borne in
mind when attempting to assign a cortical aren to & region
of functional activation. The anatomic boundaries in the
cingulate gyrus may best be described ns areas of transi.
tion from one staining pattern to another. The neuropil
staining patterns, in particular, vary largely indepen.
dently of cytoarchitecture. It would not be surprising,
therefore, to find that the same holds true for the func.
tional divisions of the human cingulate cortex. Further
studies using markers with connectional or physiological
symificance may thus prove more practical than cytonrchi.
tecture alone for the functionnl parcellation of this com.
plex cortical region.
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