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ABSTRACT
The cholinergic innervation of the hippocampal formation of Macaca fascicularis (cynomolgus) and Mucuca mulattu (rhesus) monkeys was investigated by immunohistochemical
procedures using a monoclonal antibody directed against choline acetyltransferase. The
distribution of choline acetyltransferase in the monkey demonstrated both similarities and
differences with the staining patterns observed in the rat or with acetylcholinesterase in the
monkey. While both of these latter preparations demonstrated labeled cells, for example, no
choline acetyltransferaselabeled neurons were observed in the monkey hippocampal formation.
Choline acetyltransferaseactivity was restricted to fibers which varied in thickness and number
of varicosities and in their regional and laminar distribution. The highest densities of labeled
fibers were observed in the uncal portion of the hippocampus, in the parasubiculum, and in the
entorhinal cortex; the lowest densities of labeled fibers were observed in CA1 and in
midrostrocaudal levels of the dentate gyrus. In the dentate gyrus, immunoreactive fibers were
densely distributed in the molecular layer and in an infragranular plexus. One of the few
striking noticeable interspecies differences was observed in the dentate gyrus. In the rhesus
monkey, labeled fibers in the molecular layer were divided into a superficial denser and an inner
lighter lamina, whereas in M . fascicularis, the cholinergic fibers were distributed more
homogeneously throughout the molecular layer. In the hippocampus proper, there was a
progressive decrease in the density of ChAT-immunoreactive fibers from CA3ICA2 into CA1.
The subiculum also demonstrated modest labeling which was nonetheless higher than in CA1;
the border of these fields demonstrated increased fiber labeling. The density of choline
acetyltransferase staining was high in the presubiculum and parasubiculum. In the entorhinal
cortex, a relatively clear boundary was observed between the more heavily stained superficial
layers (I, 11, and 111) and the more weakly labeled deep layers (V and VI), especially in the
intermediate and caudal fields. A transverse decreasing gradient was observed with the densest
plexus of cholinergic fibers found in the medially situated olfactory field of the entorhinal cortex
and the lowest density in the laterally located caudal and lateral fields. D 1996 Wiley-Liss, Inc.
Indexingterms: dentate gyrus, entorhinal cortex, hippocampus, immunohistochemistry,primate

The primate hippocampal formation comprises several
cytoarchitectonically distinct cortical areas in the medial
temporal lobe including the dentate gyrus, the hippocampus, the subiculum, presubiculum and parasubiculum, and
the entorhinal cortex. The basic organization of the hippocampal formation is remarkably conserved in mammalian
There are'
Some striking differences in
cytoarchitectonic and connectional characteristics when
O
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one compares the hippocampal formation of rodents with
that of primates, or compares the organization of the
nonhuman primate hippocampal formation with that of
Accepted September 9, Igg4.
Address reprint requests to Dr. David G . Amaral, Center for Behavioral
Neuroscience, Psychology Building A, Third Floor, State University of New
yo& at stony
Brook, StonyBrook, ~y 11794.2515.

J.R. ALONSO AND D.G. AMARAL

136
man (Frotscher et al., 1988; Amaral and Insausti, 1990). It
is not currently known, therefore, to what extent observations on the cholinergic innervation of the rat hippocampal
formation may be extrapolated to the primate brain. As in
the rat, the bulk of the cholinergic input to the monkey
hippocampal formation appears to arise from the medial
septal nucleus and from the nucleus of the diagonal band of
Broca (Amaral and Cowan, 1980). In the rat, the cholinergic
fibers extend to the hippocampal formation via at least
three different dorsal routes, the fimbriaifornix, dorsal
fornix and supracallosal stria, and a ventral route, via the
external capsule (Gage et al., 1984; Milner and Amaral,
1984). The distribution of putative cholinergic fibers in the
rat and primate hippocampal formation has been studied
using acetylcholinesterase (AChE) histochemistry (rodents: Storm-Mathisen and Blackstad, 1964; Lewis and
Shute, 1967; Geneser-Jensen and Blackstad, 1971; GeneserJensen, 1972a,b; Mellgren, 1973; Mellgren and Srebro,
1973; Nadler et al., 1974a,b; Vijayan, 1979; Milner et al.,
1983; monkeys: Bakst and Amaral, 1984; Mesulam et al.,
1984; Kordower et al., 1988; Kordower and Fiandaca, 1990,
and humans: Okinaka et al., 1961; Friede, 1966; Mellgren
et al., 1977; Kelovic and Kostovic, 1981; Green and Mesulam, 1988; Mesulam and Geula, 1988). However, AChE is
not a reliable marker for cholinergic structures since it is
present in noncholinergic as well as cholinergic neurons
and processes (see Fibiger, 1982; Butcher and Woolf, 1984,
for reviews). More selective immunohistochemical analyses
of the cholinergic innervation of the hippocampal formation
have been carried out with antibodies directed against the
specific metabolic enzyme, choline acetyltransferase (ChAT;
Houser et al., 1983; Matthews et al., 1983, 1987; Levey et
al., 1984; Wainer et al., 1984; Frotscher and Leranth, 1985,
1986; Blaker et al., 1988; Frotscher, 1988) or to the nerve
growth factor receptor (NGFr) which is present in many,
but not all, cholinergic basal forebrain neurons in monkeys
(Kordower et al., 1988, 1989; Kordower and Fiandaca,
1990). While the distribution of ChAT-immunoreactive
fibers has been described in certain hippocampal fields of
the New World monkey (Kordower et al., 1989) and in the
human hippocampal formation (Ransmayr et al., 1989,
1992; Mesulam et al., 1992) there is no published comprehensive description of the cholinergic innervation of the
hippocampal formation of the macaque monkey.

The aim of this study, therefore, is to provide a detailed
description of the distribution of ChAT immunoreactivity
in each division of the macaque monkey hippocampal
formation. We will compare the results of these studies
with published data on the distribution patterns of AChE,
NGFr, and ChAT in the rodent, monkey, and human
hippocampal formation. Observations are presented on
rhesus and cynomolgus monkeys since there are a number
of subtle cytoarchitectonic differences in the organization of
the hippocampal formation in these allopatric species (Amaral et al., 1987). These observations will provide the baseline material for future studies on the effects of fornix
transection on the hippocampal cholinergic system and on
the potential for sprouting of cholinergic fibers in the
monkey brain following entorhinal lesions.

MATERIALS AND METHODS
Animals and tissue preparation
Twelve mature, male Macaca fascicularis monkeys each
weighing approximately 3.5 kg, and four mature, female
rhesus monkeys (Macaca mulatta), with weights between
4.7 and 9.6 kg, were used in the present study. Material
from several of the M. fascicularis monkeys had been
previously used in a study of the distribution of ChAT
immunoreactivity and AChE in the amygdaloid complex
(Amaral and Bassett, 1989). Material from the rhesus
monkeys was used as the “young” age group in a study on
the effects of aging on the cholinergic neurons of the medial
septal nucleus (Stroessner-Johnsonet al., 1992).
After deep anesthesia (KetamineHC1,16 mgikg, i.m. and
Nembutal 35-50 mgikg, i.p.), animals were transcardially
perfused with 500 ml of a fixative containing 1%paraformaldehyde in 0.1 M phosphate buffer, pH 7.3 (PB) at 4“C,
followed by 4% paraformaldehyde in PB (250 mliminute for
10 minutes and 100 mliminute for 50 minutes). Excess
fixative was removed with a final perfusion of a 5% sucrose
solution in PB (100 mliminute) for 20 minutes. The brain
was stereotaxically blocked in the coronal plane, removed
from the skull and cryoprotected in solutions of 10% and
20% glycerol in PB with 2% dimethyl sulfoxide.
Serial coronal sections (30 ym or 50 ym) were cut on a
freezing, sliding microtome and stored in a cryoprotectant
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solution until processed. Sections processed for the visualization of AChE were stained within 24 hours following
cutting.

was stained with 0.25% thionin for the demonstration of
cell bodies.

ChAT immunohistochemistry

Sections through the full rostrocaudal extent of the
hippocampal formation were analyzed using brightfield and
darkfield optical systems. Low power photomicrographs
were taken from representative adjacent sections stained
for C U T , AChE, and thionin using a 4 x 5-inch photographic system (Nikon Multiphot) and a darkfield base
(Nikon BD-2).Higher magnification photomicrographs were
made with a Leitz Dialux 20 photomicroscope and Wild
MPS55 35 mm camera system.

Material analyzed for this study was prepared with either
a monoclonal antibody or a polyclonal antiserum directed
against ChAT. Most of our observations, and all of the
illustrations, were drawn from preparations using monoclonal antibody AB8 (generously provided by Dr. Bruce
Wainer, Department of Pathology, Albert Eistein College of
Medicine. This antibody has been exhaustively characterized (Levey et al., 1983; Wainer et al., 1984) and demonstrated to be highly specific for ChAT. Sections from five M .
fusciculuris monkeys were processed with a polyclonal
antiserum against ChAT (generously provided by Dr. Felix
Eckenstein, Department of Neurology, OHSU, Portland,
OR). While the general distribution of labeling was similar
with both reagents, the sensitivity of fiber and terminal
labeling was somewhat higher with the AB8 antibody. This
prompted the decision to carry out our analysis primarily
with this material.
The free-floating sections were sequentially incubated in
the following solutions: (a) AB8 primary antibody diluted
1 5 0 0 in phosphate-buffered saline (PBS) or Tris-buffered
saline (TBS),pH 7.4, containing 2% bovine serum albumin
(BSA), 20% normal rabbit serum, and 0.5% Triton X-100,
for 48 hours at 4°C; (b) rabbit anti-rat IgG secondary
antiserum (Cappel Labs, Durham, NC) diluted 1 5 0 in TBS
containing 2%BSA, 20% normal rabbit serum, 10% normal
monkey serum, and 0.2% Triton X-100, for 1 hour; and (c)
rat peroxidase-antiperoxidase (PAP; Sternberger Monoclonals, Jarretsville, MD) diluted in the same solution as
the secondary antiserum, for 2 hours. The sections were
processed following a double-bridging procedure by returning them to the secondary antiserum solution for 1 hour
and then PAP complex for 90 minutes. Steps b and c were
carried out at room temperature. After incubation, the
sections were carefully washed and the distribution of
ChAT visualized by exposing the sections to 0.05% diaminobenzidine (DAB, Cappel Labs) solution containing 0.015%
hydrogen peroxide, for 15 minutes. The sections were
mounted onto gelatin-coated slides, air-dried overnight,
defatted in a 1:l solution of chloroform and absolute
ethanol for 1 hour, and rehydrated. The DAB reaction
product was intensified by placing sections in 0.005%
aqueous osmium tetroxide for 30 minutes, running water
for 30 minutes, 0.05% aqueous thiocarbohydrazide (EMS,
Ft. Washington, PA) for 15 minutes, running water for 30
minutes, and again in the original osmium solution for 30
minutes. Thereafter, the slides were rinsed in running
water for 30 minutes, dehydrated in ascending alcohols to
xylene, and coverslipped. Controls consisted of staining
sections in an identical manner without the primary antibody in step a. In these sections, only minor background
labeling was present.

AChE histochemistry
A series of sections adjacent to that prepared immunohistochemically for ChAT was processed for the demonstration of AChE using a modification (Hedreen et al., 1985) of
the Koelle method (Geneser-Jensen and Blackstad, 1971)
as described elsewhere (Bakst and Amaral, 1984; Amaral
and Basset, 1989).A third series of sections from each brain

Analysis

RESULTS
Nomenclature and cytoarchitectonic divisions
of the monkey hippocampal formation
The nomenclature and cytoarchitectonic divisions of the
monkey hippocampal formation have been presented previously (Amaral et al., 1987; Pitkanen and Amaral, 1993; see
Fig. 1). Briefly, the dentate gyrus is divided into three
layers: the relatively cell-free molecular layer, the densely
cellular granule cell layer, and the polymorphic cell layer
(polymorphic layer for short), which harbors a variety of
neuronal cell types. The hippocampus proper is divided into
three distinct fields: CA3, CA2, and CA1. Each field of the
hippocampus has a laminar organization consisting of four
or five layers oriented parallel to the pyramidal cell layer.
From the alveus to the hippocampal fissure the following
laminae can be distinguished: stratum oriens, the pyramidal cell layer, stratum lucidum, where some but not all
mossy fibers travel within CA3, stratum radiatum, and the
stratum lacunosum-moleculare (see Fig. 3). Following from
the CAI field are the subiculum, presubiculum, and parasubiculum. The subiculum has a wider pyramidal cell layer
than CA1 and a narrower molecular layer. The angled
border between CA1 and the subiculum (Fig. 1) is located
roughly at the point where stratum radiatum ends. A
narrow layer of small cells deep to the subicular pyramidal
layer obscures the space that in CA1 constitutes stratum
oriens; we have previously labeled this layer I11 of the
subiculum (Bakst and Amaral, 1984). The presubiculum
and parasubiculum have a cell-free layer I and a densely
cellular layer 11. In the presubiculum, layer I1 can be
differentiated into a thinner superficial and a thicker deep
sublayer. In the parasubiculum, dorsal, medial, and lateral
subdivisions of layer I1 have been described based on Nissland acetylcholinesterase-stained material (Bakst and Amaral, 1984).The entorhinal cortex is subdivided as previously
described (Amaral et al.,1987). The seven divisions of the
entorhinal cortex (Fig. 5 ) are: olfactory (Eo), rostral (ER),
lateral (EL; with rostral [ELI-] and caudal parts [ELc]),
intermediate (EI), caudal (Ec), and caudal limiting (EcL).
The entorhinal cortex is a multilaminate structure in which
we recognize six layers (see Figs. 6-8; Amaral et al., 1987).
In order to discuss the relative distribution of ChAT at
different levels of the hippocampal formation, it is useful to
define terms that indicate positions along the rostrocaudal
axis. The most rostral portions of the hippocampus and
dentate gyrus are located medial to the main body of the
hippocampus at its rostral pole and this region is referred to
as the uncal portion. At the rostral pole, the uncal portion
joins the main body of the hippocampus at the genu. The
body of the hippocampus and dentate gyrus makes up the
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major portion of these fields and can be subdivided into
rostral, intermediate or midbody, and caudal parts (Witter
et al., 1989). We should emphasize that these terms are
used only to facilitate the description of the rostrocaudal
changes observed in the cholinergic innervation of the
hippocampal formation and that there are no obvious
cytoarchitectonic boundaries between the different zones.
Throughout the hippocampal formation we have used the
term “Superficial” to designate those layers located closer
to the pia or to the hippocampal fissure, i.e., the molecular
layer of the dentate gyrus is superficial to the granule cell
layer, and the term “deep” to indicate the opposite direction. The long axis of the primate hippocampus is referred
to as the rostrocaudal axis (equivalent to the temporoseptal
axis in rodents). The axis orthogonal to the rostrocaudal
axis is the transverse axis. The term “proximal” is used to
refer to the portion of a particular field that is located closer
to the dentate gyrus and “distal” refers to the portion that
is closer to the rhinal sulcus. Thus, CA1 is bordered
proximally by CA2 and distally by the subiculum. The most
proximal portion of the CA3 field of the hippocampus
inserts into the enclosed blades of the dentate gyrus. The
area encompassed within the dentate gyrus is often called
the hilus and we will refer to the portion of the CA3 field
that is located here as the hilar CA3 region. Finally, we
refer to fibers with trajectories oriented parallel to the cell
layers in the coronal sections as “horizontal” and call fibers
oriented perpendicular to the cell layers “vertical.”

General characteristics of the ChAT
immunoreactivity
Since the distribution of ChAT-immunoreactive fibers
was similar in both monkey species, we will describe both
together and only comment on substantial differences.
Unless otherwise indicated, all of the illustrations are
prepared from the Macaca fascicularis material.
No ChAT-immunopositive neurons were found in the
hippocampal formation so the labeling was restricted to
fibers and varicosities. To aid the description of fiber
distribution, we have classified the immunopositive fibers
into three different types based on their morphological
characteristics: type I fibers tended to be thick and had few,
if any, varicosities. They normally had straight trajectories
and were the least numerous of the ChAT-positive fibers.
We presume that type I axons are a population of principle
cholinergic fibers en route to their terminal fields within
the hippocampal formation. Type I fibers predominated in
the fimbria but were intermixed with the other fiber types
in the other hippocampal regions. Type I1 fibers were
thinner than type I and generally highly varicose. When a
type I1 fiber could be observed for some distance, its
trajectory proved to be more irregular than type I fibers.
Type I11 fibers were very thin, highly varicose and had
complex,branching trajectories. Occasionally, the intervaricose segments of type I11 fibers could not be clearly
observed and only chains of small, CUT-immunopositive
varicosities were seen. In general, cholinergic fibers in deep
layers and in the subjacent white matter tended to be
thicker than those in the superficial layers. We should also
note that we occasionally observed ChAT-immunoreactive
axons that contained strings of enlarged and irregularly
shaped varicosities, These were found in low numbers in all
hippocampal fields.
We shall describe the distribution of C U T immunoreactivity in each field of the hippocampal formation beginning

with the dentate gyrus.Since our current AChE analysis is
concordant with results from previous studies (Bakst and
Amaral, 19841, only notable differences between the distribution or density of ChAT- and AChE-stained fibers will be
described. It will quickly become apparent that there is
substantial variation in the distribution pattern and density of C U T immunoreactivity along the rostrocaudal
extent of most hippocampal fields. For the dentate gyrus,
hippocampus and subiculum, these rostrocaudal differences can be appreciated in the low power photomicrographs in Figure 1. For the entorhinal cortex, similar low
power photomicrographs are shown in Figure 5.

Dentate gyms
The dentate gyrus demonstrated substantial variation in
the density of immunoreactive fibers and terminals at
different rostrocaudal levels. The uncal or most rostromedial portion of the dentate gyrus demonstrated an extremely dense network of immunopositive fibers (Fig.
1A-C) which decreased in a gradual fashion in the genu and
rostral body of the hippocampus. By the midbody of the
hippocampus, labeling in all three layers of the dentate
gyrus was quite low (Fig. 1C-E). The density of staining
increased again at more caudal levels of the dentate gyrus
but never achieved the density seen in the uncal portion
(Fig. 1F-H). At all rostrocaudal levels, but particularly at
rostral levels, the density of immunoreactive fibers and
terminals was highest in the medial portion of the dentate
gyrus, adjacent to the fimbria, and decreased towards the
lateral portions.
Molecular layer, The molecular layer of the dentate
gyrus demonstrated one of the more clear cut species
differences in ChAT labeling. We start our description with
the rhesus monkey (Fig. 2D) which had a more distinctive
staining pattern. At rostral and midrostrocaudal levels of
the dentate gyrus,the molecular layer demonstrated two
approximately equal-sized sublayers. The superficial sublayer demonstrated a high density of immunoreactivity
which was highest just at the border with the deeper
sublayer which had a substantially lower density of fibers
(Fig. 2D). There was a progressive decrease in the density of
labeling in the outer sublayer with the lowest density of
fibers located close to the hippocampal fissure or pia. At
rostral and midrostrocaudal levels, the sublayers could be
observed throughout the transverse extent of the dentate
gyrus. At progressively more caudal levels, the distribution
of ChAT-immunoreactive fibers became more homogeneous throughout the molecular layer although the density
of labeled fibers in the outer sublayer was still slightly
higher than in the rest of the molecular layer. This loss of
the sublamination was first seen laterally and, on proceeding caudally, progressively became apparent throughout
the full transverse extent of the dentate gyrus.
In the M. fascicularis monkey, a sublamination of the
molecular layer was only observed in the uncal portion of
the dentate gyrus (Fig. 1B) and even there, the difference
between the sublayers was much less marked than in the
rhesus monkey. Thus, the distribution of ChAT-positive
fibers was relatively homogeneous throughout the thickness of the layer (Fig. 2C). At midrostrocaudal levels and
especially medially, immunoreactive fibers were slightly
more dense in the most superficial portion of the layer;
there was also a noticeable though slight increase in the
density of stained fibers in a thin supragranular band (Fig.
1C-E).
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ChAT-immunoreactive fibers appeared to enter the molecular layer via four routes. Most commonly, fibers entered
the dentate gyrus directly from the fimbria (Fig. 3A). Other
fibers entered the molecular layer from the stratum lacunosum-moleculare of the hippocampus either by perforating
the hippocampal fissure or by entering the dorsolateral tip
of the molecular layer. Some fibers entered the molecular
layer after crossing the polymorphic and granule cell layers.
In adjacent sections through the dentate gyrus prepared
for the demonstration of AChE, there were both similarities and differences in the distribution of labeled fibers in
the dentate gyrus. In both preparations, for example, there
was a diffusely distributed plexus of axons throughout the
molecular layer. Perhaps the most striking difference seen
in the appearances of ChAT and AChE staining in the
entire monkey hippocampal formation was to be found in
the inner portion of the molecular layer. In the AChE
preparations (Fig. 2B) there was an intensely stained band
of diffuse labeling that occupied about the inner onequarter to one-third of the molecular layer. As noted above,
while there was a slight supragranular increase in the
density of fibers in the molecular layer of the Macaca
fascicularis monkey (Fig. ZC), there was nothing in the
ChAT staining that resembled the appearance of the AChEpositive band.
Granule cell layer. There was a relatively low level of
ChAT-immunoreactive fibers and terminals in the granule
cell layer (Figs. 1;2C,D). Interspersed among the negatively
stained profiles of the granule cells, there were immunoreactive fibers which mainly traversed the layer with a
vertical orientation. These fibers ran, for the most part,
parallel to each other though they often branched as they
crossed among the granule cells. These fibers were typically
of the type I1 or type I11 categories and varicosities of
various sizes were observed throughout the granule cell
layer.
Polymorphic cell layer. The labeling in this layer was
not homogeneous. It could be divided into a zone adjacent to
the granule cell layer with a higher density of fiber and
terminal labeling and the remainder of the layer which
demonstrated a much lower level of labeled fibers.
The infragranular plexus of cholinergic fibers in the
Macaca fascicularis monkey was narrow (approximately
40-80 pm), and was located immediately deep to the
granule cell layer (Fig. 2C). It was composed primarily of
varicose type I1 and I11 fibers. At rostral levels, the infragranular plexus was apparent throughout much of the
transverse extent of the dentate gyrus (Fig. 1A-C) but
caudally it was only clearly seen medially (Fig. 1D-F). In
the rhesus monkey, the infragranular plexus was only
clearly detected at midrostrocaudal levels and even in this
region, it was less distinct than in the Macaca fascicularis
monkey.
The remainder of the polymorphic cell layer demonstrated a much lower density of ChAT-labeled fibers, giving
the entire layer a somewhat bilaminate appearance. The
lower density of fibers in the deep portion of the polymorphic layer also distinguished it from the hilar portion of
CA3 which had a high density of type I1 fibers (Fig. 1B).

observed at rostral levels of the hippocampus, particularly
in the uncal region (Fig. 1A-C). The lowest density of fiber
labeling was observed at midrostrocaudal levels (Fig. 1D,E)
and there was a slight increase in staining caudal to this
level (Fig. lF,G). Along the transverse axis, there was a
gradual but marked decrease in the density of ChATimmunoreactive fibers and terminals as one progressed
from CA3 to CA2 and then to CA1. There was, however, a
distinct increase in the number of type I1 and type I11
cholinergic fibers in the distalmost portion of CA1, at the
border with the subiculum (Fig. lE,G).
In the rostral body of the hippocampus, the ChATpositive fibers were very dense in CA3 and CA2, and less
numerous but still relatively dense in CA1. At more caudal
levels of the midbody, the highest staining was observed
between the scattered pyramidal neurons of the hilar
portion of CA3. The level of staining was lower in the
remainder of CA3 and in CA2 than at rostral levels of these
fields (Fig. 3). In CA1, there were remarkably few cholinergic fibers. We should point out that the low number of
ChAT-positive fibers in the CA1 region at midrostrocaudal
levels contrasts markedly with the relatively dense plexus
of AChE-labeled fibers in the same region (compare Fig. 1E
and 1F). At caudal levels of the hippocampus, the overall
density of ChAT labeling increased. This was particularly
noticeable in CA3 where a dense network of type 111fibers
was observed.
Along the radial axis, the highest density of ChAT
immunoreactivity in CA3 was observed in stratum oriens
(Fig. 3B,C). This layer demonstrated numerous cholinergic
fibers that appeared to be entering directly from the fimbria
and alveus. The stratum oriens of CA3 and CA2 demonstrated a dense meshwork of type I1 and type I11 fibers
which coursed obliquely in the proximal portion of the field
and more horizontally in the distal portion. In CA3 and
CA2, the pyramidal cell layer formed the superficial boundary of the fiber plexus located in stratum oriens. In CA1, the
density of fibers in stratum oriens was much lower than in
CA3 though the stratum oriens plexus was not so neatly
limited by the pyramidal cell layer. The plexus extended
with gradually decreasing density through the wide pyramidal cell layer and into stratum radiatum (Fig. 3).
Throughout the hippocampus, the pyramidal cell layer
had a meager innervation of CUT-positive fibers. The few
fibers that traversed the layer were mainly very thin and
varicose. The stratum lucidum had one of the lowest
densities of ChAT-positive fibers and terminals in the
hippocampal formation. The mossy fibers were clearly
CUT-immunonegative and only scattered varicose type I1
and type I11 fibers were observed in the layer. Some
ChAT-positive fibers in stratum lucidum were thick and
appeared to be coursing radially through the layer.
Stratum radiatum of CA3 and CA2 demonstrated numerous cholinergic fibers (Figs. 1A-E,G,H; 3B,C). Most of them
appeared to enter the layer obliquely from the stratum
lacunosum-moleculare. A few fibers also entered stratum
radiatum from stratum oriens. The density of labeled fibers
was higher in the superficial portion of stratum radiatum
particularly a t the border with stratum lacunosummoleculare. Not only was the innervation of the deep half of
the layer less dense but the density tended to decrease
gradually towards the pyramidal cell layer. The stratum
radiatum of CA1 had far fewer labeled fibers than in CA3
(Figs. 1A-E,G,H; 3D) though the distribution was similar.

Hippocampus
As with the dentate gyrus, the distribution of ChATpositive fibers and terminals varied in the hippocampus
along both rostrocaudal and transverse gradients. Along
the rostrocaudal axis, the highest densities of fibers were
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Figure 1. See legend on page 148.
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Stratum lacunosum-molecularehad a fairly high density
of ChAT-immunoreactivefibers (Figs. 1A-E,G,H; 3). While
fibers were distributed throughout the radial extent of the
layer, they tended to be densest at its superficial margin.
The overall pattern of AChE staining in the hippocampal
fields resembles the pattern described for ChAT-labeled
fibers though the density of AChE labeling was higher than
for ChAT (Fig. 1F). Perhaps the most obvious difference
was in the density of labeling in CA1. As noted above, ChAT
labeling of fibers in CAI was extremely sparse and contrasted clearly with the higher density of labeling in CA2
and in the subiculum. There was a fairly dense plexus of
AChE-labeled fibers in CA1 which was nonetheless somewhat lower than the density of fibers in CA31CA2 but
distinctly higher than the labeling in the subiculum.

Subiculum
The density of ChAT-labeledfibers in the subiculum was
intermediate between the low density in CA1 and the
relatively heavy innervation of the presubiculum (Fig.
1A--E,G,H).The proximal part of the subiculum had an
oblique border with CA1 due to the superficial extension of
CA1 cells above the subicular pyramidal cell layer. At this
region there was a slight increase in the density of immunoreactive fibers and terminals (Fig. 4A). Throughout the
subiculum, fiber labeling was densest in the molecular
layer. This labeling was continuous with the plexus of fibers
located in stratum lacunosum-moleculare of CA1. The
density of this labeling was somewhat higher, however,
than in CA1. Much of this staining was composed of
horizontally oriented type I1 fibers. There was a moderate
density of immunoreactivity in the subicular pyramidal cell
layer which was formed by a sparse network of type I1 and
type I11 fibers. In both the pyramidal and molecular layers,
the density of stained fibers increased slightly along a
proximodistal gradient. Layer 111, the thin polymorphic cell
layer, demonstrated a somewhat higher density of labeled
fibers than the pyramidal cell layer. In the deepest portion
of the polymorphic layer, the number of fibers was even
higher, due to the influx of type I11 fibers as well as
horizontal type I1 fibers from the alveus.
The density of AChE-labeled fibers was somewhat lower
in the subiculum than in CA1 (Fig. 1F). However, in both
ChAT and AChE preparations, the border between the CA1
and the subiculum was marked by an increased density of
labeling. This distinctive border was much more apparent
in the AChE material than in the ChAT preparations (Fig.
lE,F). In contrast to the ChAT preparations where no

Fig. 1. A-H': These photomicrographs show representative coronal
sections through the monkey hippocampal formation. Sections are
arranged from rostral (A) to caudal (HI. In panels A-E, and G,H, a
brightfield photomicrograph of a thionin-stained section (e.g., A) and a
darkfield photomicrograph of an adjacent section stained immunohistochemically for the demonstration of ChAT (e.g., A'), are shown. The
main divisions of the hippocampal formation shown in each photograph
are indicated in the Nissl (thionin) stained sections. Brightfield (F) and
darkfield (F') photomicrographs of the same section stained for AChE
histochemistry are shown. This section is at about the same rostrocaudal level as the one stained for ChAT and illustrated in G'. Note the
overall higher density of AChE-positive fibers in comparison with the
ChAT-labeled sections and the presence of a supragranular band of
heavy stainingin the molecular layer of the dentate gyrus (open arrows)
not observed in the C U T labeled preparations. In the brightfield
photomicrographs the dotted line marks the border between CA1 and
the subiculum. Scale bar = 1 mm.

labeled cells were observed, there were numerous AChEpositive cells in the subiculum, particularly in layer I11 and
along the CAlIsubicular border.

Presubiculum
The density of ChAT-positive fibers in the presubiculum
was much higher than in the subiculum but somewhat
lower than in the parasubiculum (Fig. lA-E,G). The rostrocaudal pattern of density changes observed in the other
hippocampal fields was also present in the presubiculum
but the range of variation was less than in the other fields.
Thus, at midlevels of the hippocampal formation, where
most of the hippocampal fields showed a marked decrease in
the density of staining, the density differences between the
presubiculum and subiculum were even more apparent
than at rostral or extreme caudal levels.
In the presubiculum, the density of labeled fibers was
highest in layer I1 (Fig. 4B).Layer I1 could be divided into a
thinner superficial region and a thicker deep region. In the
C U T preparations, the density of labeled fibers was higher
in the superficial sublayer which contained a dense meshwork of type I1 and type I11 fibers. The plexus of fibers in
layer I1 decreased in density gradually at deeper levels of
the layer. There were only a few ChAT-positive fibers in
layer I of the presubiculum and practically all of these were
type I1 fibers with horizontal trajectories.
In AChE preparations, layer I1 of the presubiculum
demonstrated a very dense plexus of labeled fibers that
formed deep and superficial sublaminae. While conspicuous
patches of labeled fibers were observed in layer I in the
AChE preparations, these were not observed in the ChAT
material.

Parasubiculum
The parasubiculum demonstrated one of the highest
densities of ChAT labeling in the primate hippocampal
formation (Figs. 1B,C; 5D,E). All portions of layer I1
showed a very dense and essentially homogeneous network
of cholinergic fibers (Fig. 4C). These fibers were mainly of
types I1 and I11 and they did not show a predominant
orientation. The density of labeled fibers in layer 11,particularly the type I11 fibers, decreased at both proximal and
distal borders of the parasubiculum. As in the presubiculum, there were no marked changes in the density of labeled
fibers at different rostrocaudal levels of the parasubiculum;
labeling was uniformly heavy. There were relatively few
labeled fibers in layer I; most of these had a trajectory
parallel to the pial border. Some of these fibers could be
followed from the presubiculum, through the parasubiculum and into the proximal portion of the entorhinal cortex.
While the caudal portions of the parasubiculum are often
difficult to detect in standard Nissl sections, due to the
mixing of elements from the parasubiculum, caudally adjacent area TH and the laterally adjacent entorhinal cortex,
the higher density of ChAT staining in the parasubiculum
provided a defining feature for its border with these other
fields (Fig. 5E).
The density of AChE-labeled fibers was also high in the
parasubiculum and the distribution of these fibers tended
to favor certain regions. Thus, dorsal, ventral, and lateral
subdivisions of layer I1 of the parasubiculum could be
defined on the basis of AChE staining (Bakst and Amaral,
1984). The density of AChE-positive fibers was highest in
the lateral subdivision, decreased in the dorsal, and was
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Fig. 2. These photomicrographs display the patterns of staining of
the molecular layer of the dentate gyrus after AChE histochemistry (B)
and ChAT immunostaining (C) as well as differences between the ChAT
immunostaining in the Macaca fascicularis (C) and Macaca mulatta
(D) monkeys. A-C are adjacent sections from the dentate gyrus of a
Macaca fascicularis monkey. Landmarks are indicated (in A) to facilitate comparison between the different panels (open arrow: blood vessel;
arrowheads: fused hippocampal fissure). A: Brightfield photomicrograph of a Nissl-stained section. B: Brightfield photomicrograph of an
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AChE-stained section. Note the dense supragranular plexus of diffuse
staining (asterisk). This region does not contain dense staining in the
ChAT-labeled sections (C and D). C: Darkfield photomicrograph of a
ChAT-labeled section from the Macaca fascicularis monkey (large open
arrows: infragranular plexus). D: Darkfield photomicrograph of a
ChAT-labeled section from Macaca mulatta monkey. Note the denser
outer band of cholinergic fibers in the molecular layer. Scale bar = 100
um.
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Fig. 3. These darkfield photomicrographs illustrate the variations
in the density and distribution of ChAT-immunoreactive fibers in the
different fields of the hippocampus. A: This photomicrograph shows the
fimbria (D demonstrating abundant cholinergic fibers and the diffuse
organization of the ChAT immunostaining in the polymorphic layer of
the dentate gyrus. B Of the hippocampal fields, CA3 shows the densest
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staining, especially in stratum oriens and stratum lacunosummoleculare. C: CA2. Note the difference in the density of positive fibers
at the proximal border (left side), close to CA3, relative to the distal
border (right side), close to CA1. D: CA1 demonstrates the lowest
density of CUT-labeled fibers of the hippocampal fields. Scale bar = 100
pn.
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Fig. 4. These are darkfield photomicrographs of coronal sections
through the subiculum (A), presubiculum (B), and parasubiculum (C).
A: Subiculum. Note the higher density of ChAT-positive fibers in the
subiculum relative to CA1 and the oblique band of increased staining at
the border region between CA1 and the subiculum (arrows). B: This
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photomicrograph of the presubiculum demonstrates the slightly laminated pattern of ChAT staining in this field. C : Parasubiculum. This
photomicrograph shows the high density of cholinergic fibers in layer I1
of the parasubiculum. Scale bars = 250 pm in A and C; bar in A also
applies to B.
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Figure 5. See legend on page 157
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lowest in the medial portion. This partition could not be
observed in the ChAT-immunostained material.

Entorhinal cortex
The density of labeled fibers in the entorhinal cortex
varied both in the transverse and radial axes (Fig. 5A-E).
Overall, the density of ChAT labeling was much lower than
in the parasubiculum but higher than in the hippocampus
and dentate gyrus. It was also higher than in the adjacent
perirhinal cortex so that the boundary between these
cortices was fairly easy to detect in the ChAT preparations
(Fig. 5C-E).
The highest density of fiber labeling was found in the
superficial layers (1-111). The boundary between the superficial and deep zones was quite distinct due to the substantially lower density of fiber labeling deep to layer IV (in EI)
or at the border between layers I11 and V where layer IV is
not present (Figs. 6-8).
Unlike the other hippocampal fields, there was no obvious difference in the density of labeled fibers at different
rostrocaudal levels of the entorhinal cortex. There were
differences, however, related to the transverse axis of the
entorhinal cortex. In general, the highest density of ChAT
labeling was found medially in the entorhinal cortex. Thus,
at rostral levels, the densest labeling was observed in Eo,
decreased as one progressed laterally through ER, and was
lowest close to the rhinal fissure (ELr). It should be noted
that at the medial extreme of the entorhinal cortex, where
the density of labeled fibers was relatively high throughout
the radial extent of the cortex, and at the lateral extreme of
the cortex, where labeled fibers were relatively sparsely
distributed, the border between the labeling of the superficial layers and the deep layers was less distinct than in the
central portion of the entorhinal cortex. Even at levels of
the entorhinal cortex, such as EI, where the same field
encompassed most of the transverse extent of the cortex,
there was still an obvious transverse gradient in the density
of labeled fibers (Fig. 5C). This transverse gradient was
most clearly observed in layers I11 and V and was less
evident in layers I and 11.
The ChAT-labeled plexus in the entorhinal cortex was
clearly comprised of fibers from a variety of sources, some
terminated in a given division or layer and others appeared
to pass through to some other destination. The relative
contributions of these different sources to the ChATpositive plexus of a particular entorhinal region tended to
obscure the transverse gradient. For example, fibers entering layer I of the entorhinal cortex from the region of the
rhinal sulcus tended to increase the density of fibers located
in the lateral half of the field; this obscured the transverse
gradient described above.

Fig. 5. A-E‘: Representative coronal sections through the monkey
entorhinal cortex, arranged from rostral (A) to caudal (El. In each
figure, a brightfield photomicrograph of a Nissl-stained section (e.g., A)
and a darkfield image of an adjacent section immunohistochemically
stained for the demonstration of ChAT (e.g.,A’), are shown. The layers
of the entorhinal cortex are indicated in C. The location of the rhinal
sulcus bundle (open arrow) is also indicated in this figure. In D and E,
note the clear difference in ChAT labeling between the entorhinal and
perirhinal cortices. Arrowheads indicate borders of entorhinal subdivisions. Scale bar = 1mm.
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Before summarizing the laminar and regional organization of ChAT-immunoreactive fibers in the entorhinal
cortex, it is useful to discuss the various routes by which
CUT-positive fibers entered the entorhinal cortex. Some
axons could be followed from the adjacent sulcal portion of
the periamygdaloid cortex, which demonstrated a very
dense network of cholinergic fibers, into Eo. Another group
of fibers coursed from the alveus at the genu of the
hippocampus and extended dorsomedially into the entorhinal cortex; these were particularly obvious in EI and Ec
(Fig. 5C,D). Numerous immunoreactive axons were observed entering layer VI of the entorhinal cortex from the
white matter of the angular bundle; they fanned out to
innervate much of the transverse extent of the entorhinal
cortex. Some cholinergic type I1 fibers traveled through
layer I of the parasubiculum and entered the proximal part
of ECL.Perhaps the most distinctive bundle of fibers was
located in the fundus of the rhinal sulcus (Figs. 5C, 12).
This bundle, which we have called the “rhinal sulcus
bundle,” contributed to the innervation of the lateral
portions of the entorhinal cortex, mainly ELRand ELC.
As described above, the density of CUT-positive fibers
varied considerably in the different layers of the entorhinal
cortex. The main characteristics of the distribution pattern
are as follows:
Layer I demonstrated fibers of different sizes running
mostly parallel to the pial surface; fibers tended to have a
somewhat more oblique orientation at the rostral and
caudal poles of the entorhinal cortex and near the rhinal
sulcus. The density of ChAT-positive-fibers in layer I
increased along the transverse and rostrocaudal axes; it
varied from low levels in Eo and ER to very high levels in
Ec, EL, and the lateral part of ECL.Most of these fibers were
type 11, but numerous type I11 and a few type I axons were
also observed in layer I. CUT-positive fibers were prevalent throughout the width of layer I but were somewhat
denser in the superficial portion through the lateral entorhinal cortex. Some fibers changed their tangential orientation
and coursed from layer I through layer I1 and into layer 111.
At the rhinal sulcus, some fibers could be followed from
layer I of the entorhinal cortex into layer I of area 35 of the
perirhinal cortex. Layer I at the fundus of the rhinal sulcus
contained the rhinal sulcus bundle (see below) which
formed a distinct border between areas 35 and 36 of the
perirhinal cortex. Finally, in the Nissl-stained sections, we
occasionally observed ectopic clusters of very small neurons
located in layer I. These clusters were surrounded by fairly
dense plexuses of CUT-immunoreactive fibers which were
also noted in a previous AChE analysis (Bakst and Amaral,
1984).
In contrast to the ChAT immunoreactivity, the AChE
staining of layer I of the entorhinal cortex was much more
heterogeneous along both rostrocaudal and transverse extents. A distinctive aspect of the AChE staining in layer I
was the presence of tooth-like zones of denser staining
located superficial to the cell free zones of layer 11.At caudal
levels of the entorhinal cortex, the zones of higher density
of AChE-labeled fibers became more circular and occasionally extended into portions of layer 11. This stainingpattern
was not observed in the ChAT preparations.
The density of ChAT immunostaining was much higher
in layer I1 than in layer I. The cell islands of layer I1
demonstrated a lower density of immunoreactive fibers
than the intervening cell-sparse zones. There were concave
plexuses of immunoreactive fibers, however, that sur-

158

J.R.ALONSO AND D.G. AMARAL

Fig. 6. Photomicrographs of adjacent sections stained with thionin
(A) and ChAT immunohistochemistry (B) demonstrate, at higher
magnification, the laminar organization of ChAT staining in the rostra1

division of monkey entorhinal cortex. Arrows in the left margin
demarcate the different layers in the entorhinal field. Scale bar = 250
bm and also applies to Figures 7 and 8.

rounded the deep half of the layer I1 cell islands. In ELC,the
cell sparse zone just deep to layer I1 showed a higher
number of transversely oriented cholinergic fibers. Labeling in the cell-sparse spaces between the layer I1 islands was
not homogeneous but contained patches and fascicles of
ChAT-positive fibers. As noted above, the tooth-like staining of AChE in layer I extended into the cell-sparse regions
of layer 11. These distinct labeling patterns were not
observed in the ChAT preparations.
Layer I11 demonstrated a high density of ChAT-positive
fibers throughout the entorhinal cortex. The density of

immunoreactive fibers in layer I11 was generally highest
superficially and decreased gradually at deeper positions
within the layer. The density of fibers also followed the
transverse gradient described above. The mediolateral decrease in the number of labeled fibers was clearly observable in ER, EI, and Ec. But in ECL, except for a slight
increase in the number of type 111 fibers located just below
the large neurons of layer 11, the ChAT immunostaining
was rather homogeneous throughout the remainder of
layer 111. The labeled fibers in layer I11 were mainly of the
type I1 variety but there were also type I and type 111. In Eo,
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Fig. 7. Photomicrographs of adjacent sections stained with thionin
(A) and ChAT immunohistochemistry (B) demonstrate, at higher
magnification, the laminar organization of C U T staining in the

intermediate division of monkey entorhinal cortex. Arrows in the left
margin demarcate the different layers in the entorhinal field. For scale,
see scale bar in Figure 6.

ELr and ELC,these fibers were rather randomly distributed,
whereas in ER, EI, Ec, most of the fibers were radially
oriented. In Ec, which has a more columnar organization,
the CUT-positive fibers tended to be denser in the cellsparse zones.
Occasionally, denser patches or bundles of cholinergic
fibers were observed in layer 111. There was, for example, a
thick cholinergic fascicle coursing in the superficial portion
of layer I11 through the medial part of EI which diffused
throughout layer I11 as it entered a midtransverse portion
of EI. In Eo, there was another similar bundle of fibers

located in the deep portion of layer 111. These fibers also
traveled laterally as a bundle into ER. Although we have
observed abundant regional differences in the ChAT labeling of layer 111, this was never so patchy as the staining
observed in the AChE material.
Layer IV of the entorhinal cortex is only clearly visible in
Nissl-stained material in EI (Figs. 5C, 7A). As one proceeded from layer I11 to layer IV in the CUT-stained
material through EI, there was a slight decrease in the
density of ChAT-labeledfibers. This staining difference was
mainly due to a decrease in the density of type I11 fibers.
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Fig. 8. Photomicrographs of adjacent sections stained with thionin
(A) and ChAT immunohistochemistry (B) demonstrate, at higher
magnification, the laminar organization of ChAT staining in the caudal

division of monkey entorhinal cortex. Arrows in the left margin
demarcate the different layers in the entorhinal field. For scale, see
scale bar in Figure 6.

One could also differentiate the staining in layer I11 from
V since a plexus of horizontally oriented ChATlayer l
positive fibers located deep in layer I11 was missing in layer
IV. The deep border of layer IV could be seen as a sharp
drop in the density of ChAT-immunoreactive fibers.
Layer V has been subdivided into a superficial sublamina
(Val of larger cells, a deeper sublayer 0%)of smaller cells,
and a cell-sparse sublayer (Vc). Layer Va had fewer cholinergic fibers than layers Vb and Vc. In EI and Ec, fibers had
either parallel or perpendicular trajectories in the coronal
sections and formed a criss-crossing network. Layers Vb
and Vc demonstrated a relatively homogeneous pattern of
staining that extended into layer VI; there was no obvious

boundary between layers V and VI in the ChAT preparations (Figs. 6-8).
As in layer 111, layer V contained horizontally oriented
thick fascicles of ChAT-positive fibers. One of these bundles
was observed in the rostral portion of EI. The fascicle ran
horizontally between layers V and VI and, as it entered the
central portion of the field, smaller fascicles branched from
the main bundle and either entered sublayer Va or the deep
portion of layer VI. In the lateral portion of EI, this bundle
had almost disappeared and the only remnant was a
reduced group of fibers coursing in sublayers Va and Vb.
The staining pattern in AChE preparations was very similar to that described for the distribution of ChAT; there was
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Pig. 9. These photomicrographs show a rostral (A) and a caudal (B)coronal section of the fimbria in the
Macaca fuscicularis monkey. Arrows indicate dense patches of CUT-positive fibers. Some labeled fibers
can be followed from the ventral portion of the corpus callosum (CC) into the fimbria (open arrows). Scale
bar = l m m .
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Fig. 10. Rostra1 (A) and caudal (B) coronal sections of the fimbria in the Macaca mulatta monkey.
Arrows indicate dense patches of ChAT-labeled fibers. Some labeled fibers can be followed from the ventral
portion of the corpus callosum ( C C )into the fimbria (open arrows). Scale bar = 1mm.
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Fig. 11. Adjacent sections of the fimbria stained with thionin (A,C)
and for ChAT (B,D). These photomicrographs demonstrate how both
the dorsal (B) and ventral (D) patches of ChAT immunoreactivity
illustrated in Figures 9 and 10 surround clusters of neurons (arrows)

located in the dorsal (A) and ventral (C) portions of the fimbria. A
common blood vessel is indicated in both pairs of photographs (asterisks), Scale bar = 100 Fm.
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Fig. 12. These darkfield photomicrographs demonstrate C U T positive fibers which presumably contribute to the cholinergic innervation of the hippocampal formation. A: ChAT-positive fibers in the
corpus callosum which enter the fimbria. A fascicle located in the
ventral part of the corpus callosum (open arrow) and scattered fibers
with the same orientation (arrowheads) can be observed. B: In the
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dorsal portion of the corpus callosum, there are numerous ChATpositive fibers located in the supracallosal stria (open arrow) as well as
isolated labeled fibers coursing towards the fimbria (arrowheads). C:
Some CUT-stained fibers cross (open arrows) in the ventral portion of
the fimbria. D: Cholinergic fibers in the rhinal sulcus bundle (open
arrow); the entorhinal cortex is to the right. Scale bar = 250 km.
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a predominance of AChE-labeled fibers in sublamina Vc and traveled transversely, i.e., in the plane of the section.
Throughout the alveus, some fibers took a more oblique
less numerous fibers in the adjacent Vb and Va.
The most distinctive pattern of layer VI labeling was course as they presumably approached the point where they
observed in Ec. Here there were numerous type I1 fibers would leave the alveus and enter their target regions; these
crossing vertically through the three or four distinct rows of fibers also became thinner and more varicose. As one went
neurons observed in layer VI, The vertical fibers were more from rostral to caudal in the alveus, the proportion of type
abundant in the central portion of EC and were reduced on I1 fibers increased and the proportion of type I fibers
both the medial and lateral sides and at more caudal levels decreased. The impression was gained that fibers emanated
of Ec. In the remaining entorhinal fields, the pattern of from the fimbria and then traveled transversely in the
ChAT labeling in layer VI was less organized and the fibers alveus to the various hippocampal fields. As they traveled
demonstrated more irregular trajectories. In comparison from the fimbria distally in the hippocampus, fibers would
with layer V, the density of ChAT-positive fibers of layer VI peel off and enter CA3, then CA2 and CA1. Thus, the
was slightly lower in EC and EI, and slightly higher in ER. density of fibers in the alveus was higher in CA3, lower in
The staining in layer VI of ELr and ELCwas reduced to a CA2, and further reduced in CA1. Some of these fibers
sparse network of type I11 fibers and a few scattered, continued beyond the hippocampus and could be followed
radially oriented type I1 fibers. The labeled fibers had into the angular bundle and towards the deep layers of the
irregular trajectories in the medial half of EL and turned entorhinal cortex or into the subiculum.
A dense cholinergic fascicle of CUT-positive fibers was
horizontally as they approached the perirhinal cortex.
The AChE labeling in layer VI was weak in comparison observed along the full rostrocaudal extent of the rhinal
with the labeling in more superficial layers. The density of sulcus. This bundle, which we have called the “rhinal
AChE-positive fibers increased in the subcortical white sulcus bundle,” was situated in layer I at the border of the
matter deep to the cell-dense strands that constitute layer entorhinal cortex and area 35 of the perirhinal cortex (Fig.
VI. This subjacent white matter also demonstrated a higher 12D). This bundle apparently formed at the caudal pole of
the entorhinal cortex and was comprised of fibers that
number of CUT-positive fibers than layers V and VI.
originated, in part, from the angular bundle (Fig. 12D).
There was a conspicuous increased density of labeled fibers
Fimbria and other fiber bundles
just deep to the rhinal sulcus a t caudal levels of the
Interspecies differences were found in the distribution of entorhical cortex where angular bundle-derived fibers travChAT immunoreactivity of the fimbria. In the Macaca eled to the rhinal sulcus bundle. Fibers of the rhinal sulcus
fascicularis monkey, ChAT-positive fibers were distributed bundle then took a rostrocaudal orientation and continued
throughout the cross-sectional area of the fimbria. As to the rostral pole of the entorhinal cortex. The number of
illustrated in Figure 9, there were 2-3 condensations of cholinergic fibers contained in the bundle decreased rosimmunoreactive fibers located medially in each fimbria. trally, suggesting that some of them spread out from the
One of these condensations was located just deep to the bundle to innervate the lateral portion of the entorhinal
corpus callosum and another was near the ventral surface cortex. The proximal portion of area 35, by contrast, always
of the fimbria. These bundles of fibers were associated with had a much lower cholinergic innervation, and it did not
clusters of CUT-negative neurons (Fig. 11). There was seem to be innervated by the rhinal sulcus bundle (Fig.
also an increased density of fibers located along the midline 12D).
of the fimbria. Particularly at caudal levels of the fimbria,
A very small number of scattered, cholinergic fibers was
the density of labeled fibers was noticeably lower laterally. observed in the corpus callosum. Some of these (situated
The morphology of labeled fibers was relatively homoge- just above the fimbria) tended to have a dorsoventral
neous (mainly type I). Additionally, some cholinergic fibers orientation and appeared to bridge bundles of labeled fibers
were observed to cross the midline near the ventral border located in the supracallosal stria dorsally and the fimbria
of the fimbria at rostral levels (Fig. 12C). Finally, some ventrally. It is possible that the callosal fibers represent a
CUT-immunoreactive cells were located in the ventral
small contingent of hippocampally directed fibers that
part of the fimbria, mostly close to the midline. They had change their route of trajectory from the supracallosal stria
fusiform or piriform shaped cell bodies with two to four to the fimbria. An alternative interpretation is that this is a
primary dendrites which arborized between the cholinergic region where fibers traveling transversely in the corpus
fibers. Some ChAT-immunonegative cell bodies were also callosum take a ventral turn and enter the fimbria (Fig.
observed close to these positive neurons and these were 12A). Clarification of the origin and organization of these
surrounded by cholinergic pericellular boutons.
fibers awaits further information from anterograde tracer
In the rhesus monkey, unlike the cynomolgus monkey, studies. The supracallosal stria demonstrated numerous
cholinergic fibers tended to be concentrated in the lateral and densely packed CUT-immunopositive fibers (Fig. 12B).
portion of the fimbria (Fig. 10) at rostral levels. In the
medial portions, with the exception of a fascicle of labeled
fibers typically seen ventrally and another along the midDISCUSSION
line, there were relatively few ChAT-immunoreactive fibers. The laterally situated CUT-immunoreactive fiber
We have analyzed the distribution of cholinergic fibers
bundles bordered zones lacking in labeled fibers.
and terminals in the macaque monkey hippocampal formaChAT-immunoreactive fibers were observed throughout tion. Observations were based mainly on immunohistothe alveus. They were of different calibers (mainly type I chemical preparations of coronal sections reacted with
and type 11) and, in contrast to what was observed in the antibodies directed against choline acetyltransferase. This
hippocampal formation, most had smooth profiles or were material was compared with adjacent sections prepared
only very slightly varicose. Throughout much of the rostro- histochemically for the demonstration of acetylcholinestercaudal extent of the hippocampus, the CUT-positive fibers ase. All regions of the hippocampal formation demonstrated
in the alveus could be followed for long distances as they ChAT-immunoreactive fibers but the density and laminar
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pattern differed in each of the hippocampal fields, and along
the rostrocaudal, transverse and radial axes. It is important
to point out that differences in the density of ChAT staining
were quite marked at different rostrocaudal or transverse
positions and thus sampling any particular level of the
hippocampal formation did not provide a representative
view of its cholinergic innervation. This may be an important concern, for example, in evaluating pathological alterations in the cholinergic innervation of the human hippocampal formation.
Unlike in the rat, there were no ChAT-positive cell bodies
in the monkey hippocampal formation. This was interesting since there are numerous AChE-stained cells (Bakst
and Amaral, 1984). Comparison of ChAT and AChE preparations also indicated a number of differences in the relative
density of labeled fibers. The CA1 field of the hippocampus,
for example, had the lowest density of ChAT-positive fibers
in the hippocampus but a fairly high density of AChEpositive fibers. Similarly, a very dense band of diffuse AChE
staining in the inner third of the molecular layer of the
dentate gyms was absent in the CUT-stained sections.
The origin of this staining is not clear although transection
of the fornix does not eliminate it (Alonso and Amaral,
unpublished observations). Thus, AChE histochemistry
does not appear to be a reliable marker of the cholinergic
innervation of the primate hippocampal formation.
In addition to comparing ChAT and AChE staining
patterns, we compared the distribution of C M T immunoreactivity in two species of macaque monkey. While the
overall patterns of C U T immunoreactivity were similar in
the Macaca fascicularis and Macaca mulatta monkeys,
there were differences in the laminar organization of fibers;
this was especially noticeable in the molecular layer of the
dentate gyrus. The rhesus monkey had a much more
laminated distribution of labeled fibers. We have also
compared our observations in the monkey with published
reports on the cholinergic innervation of the rodent and
primate hippocampal formation. Our data support the
conclusion that the distribution of cholinergic elements in
the monkey hippocampal formation is relatively similar to
that reported for the human hippocampal formation and
clearly different, in several ways, from the distribution
reported for rodents. These findings are discussed in more
detail below.

General characteristics of the ChAT
immunostaining
We classified three types of CUT-positive fibers based on
their caliber, morphological features, and distribution. Similar variations have been observed in fibers labeled in the rat
hippocampus following PHA-L injections into the cholinergic basal forebrain (Gaykema et al., 1991) and in C U T immunoreactive fibers located in the human hippocampal
formation (Ransmayret al., 1989) or fibers immunoreactive
for the nerve growth factor receptor (NGFr; Kerwin et al.,
1991). It is not clear whether these fiber types derive from
different regions of the basal forebrain or simply reflect
intrahippocampal alterations of cholinergic fibers as they
approach their terminal fields. Many of the thinner fibers
(type 111) demonstrated numerous varicosities along their
course and we presume these represent preterminal regions
of the axons. This is consistent with previous light and
electron microscopic studies carried out in the rat (Wainer
et al., 1984; Frotscher and Leranth, 1985).

We also occasionally observed larger, ChAT-positive varicosities associated with the cholinergic fibers. The presence
of similar varicosities, albeit typically much larger in size,
have been observed in the human hippocampus of Alzheimer’s disease brains; these have commonly been interpreted to represent degenerative changes that occur during
normal aging (Ransmayr et al., 1989). Since these profiles
were commonly observed in the hippocampal formation of
several young monkeys, the pathological varicosities observed in Alzheimer’s disease might represent an increase
in the number and further enlargement of profiles normally
seen in the brain rather than the development of an entirely
novel form of Icholinergic process.

Interspecies differences in the cholinergic
innervation of the hippocampal formation
As noted above, several C M T studies in rodents have
demonstrated the presence of cholinergic perikarya in the
hippocampal formation (Matthews et al., 1983,1987; Levey
et al., 1984; Frotscher and Leranth, 1985, 1986; Wainer et
al., 1985; Blaker et al., 1988; Frotscher, 1988). Although
there are discrepancies in the reported distribution and
morphology of these cells, they have been observed in all
layers of the dentate gyms, in strata oriens and lacunosummoleculare o f the hippocampus and in the subiculum
(Wainer et al., 1985; Blaker et al., 1988). Ichikawa and
Hirata (1986) also reported CMT-positive cells in the
presubiculum. In agreement with our results, ChATpositive cells have never been observed in the primate
hippocampal formation (Mesulam et al., 1983a, 1984; Satoh
and Fibiger, l985a,b; Kordower et al., 1989 in monkeys;
Ransmayr et al., 1989, 1992, in humans).
The distribution of ChAT-positive fibers in the hippocampal formation has been investigated in a number of studies
involving rodents (e.g., Mesulam et al., 1983b; Frotscher
and Leranth, 1985; Wainer et al., 1985; Blaker et al., 1988;
Lysakowski et al., 1989); carnivores (Kimura et al., 1981;
Vincent and Beiner, 1987); different species of monkeys:
baboon (Satoh and Fibiger, 1985a,b), rhesus macaque
(Mesulam et al., 1983a, 1984; Kitt et al., 19871, Cebus
monkey (Kordower et al., 1989);and humans (Nagai et al.,
1983; Hedreen et al., 1985; Saper and Chelimsky, 1984;
Ransmayr et al., 1989, 1992; Lim et al., 1991; Mesulam et
al., 1992; LehBricy et al., 1993). The general distribution of
cholinergic fibers and terminals that we observed was
fundamentally similar to that previously reported in other
species of primates but different in a number of significant
ways from the distribution reported for rodents.
In the rat dentate gyrus, for example, the highest densities of cholinergic fibers were observed in the plexi situated
just above and below the granule cell layer (Houser et al.,
1983; Frotscher and Leranth, 1985; Lysakowski et al.,
1989). In the monkey, there is a slight increase of labeled
fibers just subjacent to the granule cell layer but there is no
indication of a suprapyramidal plexus. In fact, we observed
the densest ChAT immunostaining in the superficial half of
the molecular layer of the rhesus monkey; the Macaca
fascicularis monkey had a fairly homogeneous distribution
of fibers throughout the molecular layer. The human
dentate gyrus has a slightly laminated pattern not dissimilar from the monkey (Ransmayr et al., 1989). However, the
intensely ChAT-positive 50-500 pm diameter patches described in the human dentate gyrus (Ransmayr et al., 1989)
were not observed in the monkey brain.
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In the rat hippocampus, cholinergic fibers are concentrated in juxtapyramidal zones and the density of labeled
fibers was lower in the rest of the stratum oriens, stratum
pyramidale and stratum radiatum. The lowest density of
ChAT-positive fibers was in the superficial part of the
stratum lacunosum-moleculare, adjacent to the hippocampal fissure (Houser et al., 1983). This pattern contrasts
with our observations in the macaque monkey where most
of the cholinergic fibers were located in stratum oriens and
stratum lacunosum-moleculare. The description of ChAT
staining in the rat subiculum is consistent with our observations in the macaque monkey, with a denser concentration
in layer I1 than in the other two layers (Lysakowski et al.,
1989).
The entorhinal cortex has one of the most distinctive
laminar distributions of ChAT-positivefibers in the rat and
human cerebral cortex (Lysakowski et al., 1989; Mesulam
et al., 1992). In general, the laminar distribution of ChATlabeled fibers appears to be similar in the rat, monkey and
human entorhinal cortices. There is no indication from the
literature, however, whether the striking transverse and
rostrocaudal gradients in the density of cholinergic fibers
that we observed in the monkey brain are common to the
rat and human brains. As in other portions of the hippocampal formation, the large darkly AChE-stained pyramidal
cells in layer I1 of the rat (Lysakowski et al., 1989) and in
the deep layers of the monkey entorhinal cortex (Bakst and
Amaral, 1984) are not seen in the ChAT preparations.
We observed a predominance of ChAT-immunoreactive
fibers in the superficial layers of the entorhinal cortex. This
is consistent with a recent study on the cholinergicinnervation of the human cerebral cortex where the density of
ChAT-positive fibers tended also to be higher in the more
superficial layers (Mesulam et al., 1992).The density of the
M1 muscarinic receptor in the rhesus monkey, the single
most abundant cholinergic receptor subtype in the primate
cerebral cortex, is also higher in the superficiallayers (Mash
et al., 1988). Despite these data, it is not possible to
conclude that neurons located in layers I1 and 111, which
give rise to the perforant path, are the primary targets of
the cholinergic fibers since apical dendrites of deeper
neurons (located in layers V and VI) also traverse the
superficial layers.

Comparison between the distribution
of ChAT-immunoreactive fibers and AChE
as markers for the cholinergic innervation
A comparison of the ChAT and AChE preparations
indicated that the number of AChE-positivefibers considerably surpassed the number of ChAT-immunostained axons
in all hippocampal fields. This is to be expected, since AChE
is clearly present in noncholinergic neurons and processes
(Butcher and Woolf, 1984; Fibiger, 1982). The most striking difference between the markers was observed in the
dentate gyrus which contained an intensely stained band
located in the inner one-third of the molecular layer which
was not observed after ChAT immunostaining. This AChE
staining has an unusual, diffuse appearance and could not
be clearly associated either with cellular or axonal profiles.
One possible explanation for the supragranular AChE
staining is that it arises from the numerous AChE-positive
and ChAT-negative neurons observed in the polymorphic
layer of the dentate gyrus. AChE-positive fibers from this
region have been observed, in fact, to extend from the hilus
into the granule cell layer and towards the molecular layer
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(Bakst and Amaral, 1984). That the supragranular staining
may be associated with an intrinsic system is supported by
the fact that the density of staining in this layer is only
slightly reduced after fornix transection (Tuszynski et al.,
1990; Alonso and Amaral, unpublished observations). It
should be noted that this dense band of AChE staining is
not a general characteristic of the primate brain; in the
human hippocampus, for example, there is apparently only
a very thin layer of staining immediately superficial to the
granule cell layer (Green and Mesulam, 1988).
In the hippocampus, the general laminar and regional
distribution of AChE- and CUT-labeled fibers was similar.
In both preparations, there was heavy staining of CA3 and
CA2 and relatively heavy labeling at the CAl/subiculum
border. Bundles of fibers entering the hippocampusthrough
the amygdalohippocampal area were also labeled by both
markers. But in the AChE preparations, the CA1 field had a
relatively dense plexus of labeled fibers, while in the ChAT
preparations there were few labeled fibers in CA1. It is
likely that the relatively higher level of AChE staining in
CAI can be attributed, in part, to the localization of the
enzyme in noncholinergic peptide-containing interneurons
that develop fairly extensive axonal plexuses within CA1. In
the subiculum, staining of the two markers was comparable
in the molecular layer (layer I) and in the superficialpart of
the pyramidal cell layer, but layer 111, i.e., the polymorphic
cell layer, had a much stronger AChE staining, which was
comprised, in part, by positive neurons and processes
(Bakst and Amaral, 1984).In aprevious AChE study (Bakst
and Amaral, 1984), distinctive patches of stained fibers
were observed in layer I of the presubiculum but these were
not observed in the ChAT preparations.
In the entorhinal cortex, the dense AChE-positive triangular patches located in layers I and I1 were not immunoreactive for ChAT. Nor did layer I11 demonstrate the distinctly patchy appearance in the ChAT-immunostained
sections that was prevalent in the AChE sections (Bakst
and Amaral, 1984). The staining patterns in the deep
layers, however, were more comparable.A new observation
in the entorhinal cortex arising from the ChAT preparations was the detection of what we have called the “rhinal
sulcus bundle.” This bundle of ChAT-positive fibers, which
apparently originated from fibers entering the entorhinal
cortex from the angular bundle, was located in the fundus
of the rhinal sulcus. This bundle had not been distinguished
in our previous AChE analysis of the hippocampal formation (Bakst and Amaral, 1984). Analysis of the adjacent
AChE-stained sections from the current material indicated
that a bundle of AChE-positive fibers is located in the same
position as the rhinal sulcus bundle. One explanation for
why this bundle was missed previously is that the heavy
AChE labeling in the perirhinal and entorhinal cortex
makes the rhinal sulcus bundle much less distinct than in
the ChAT preparations where the density of fiber labeling
on either side of the rhinal sulcus bundle is fairly low.

Functional implications
The functional integrity of the cholinergic septohippocampal system appears to play a role in normal memory
function (Olton et al., 1986; Wenk et al., 1986). Both
pharmacological and lesion studies have indicated that
disruption of the cholinergic input to the hippocampal
formation impairs memory function in rodents, monkeys
and humans (see Drachman and Sahakain, 1979; Deutsch,
1983, for reviews). Interestingly, conjoint lesions of the
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medial septal nucleus and the basal nucleus of Meynert
produces impairments, albeit subtle ones, in learning and
memory tasks in the macaque monkey (Aigner et al., 1984).
If the cholinergic innervation is important for hippocampal
memory function, it is interesting to note that the lowest
density of cholinergic fibers was found in CA1, where
associative long-term potentiation is thought to play a
central role in the mediation of the mnemonic function of
the hippocampus (Malinow and Miller, 1986; Kauer et al.,
1988; Muller et al., 1988; Zalutsky and Nicoll, 1990). One
might predict that whatever role the cholinergic innervation plays in the hippocampus, it may not be particularly
influential in the elaboration of use dependent plasticity, at
least in CA1.
Further suggestive evidence that the cholinergic system
is influential on normal memory function is indicated by
the finding that the cholinergic innervation of the hippocampus demonstrates an age-related reduction in the human
hippocampus as judged both by ChAT (Perry, 1988; Ransmayr et al., 1989) and NGFr immunohistochemistry (Kerwin et al., 1991). This loss of cholinergic innervation is even
more severe in Alzheimer’s disease (Ransmayr et al.,1992).
The loss of cholinergic innervation of the hippocampus in
Alzheimer’s disease is paralleled by a marked degeneration
of neurons in the Chl and Ch2 subdivisions (i.e., the medial
septal nucleus and diagonal band complex) of the cholinergic basal forebrain (Ransmayr et al., 1989; Lehericy et al.,
1993). Both Chl and Ch2 cholinergic groups of the basal
forebrain are, in general, homogeneously affected in patients with Alzheimer’s disease (Lehericy et al., 1993).
While the loss of cholinergic innervation to the hippocampal formation may play some role in the memory deficits
associated with Alzheimer’s disease, it is likely that the
direct damage to portions of the hippocampal formation,
such as the entorhinal cortex, may be more directly relevant
to the disruption of memory function (Van Hoesen et al.,
1991).
Another common hypothesis in the Alzheimer’s literature is that the distribution of cholinergic fibers might
provide some insight in the regional vulnerability of the
brain to the pathology associated with Alzheimer’s disease
(Struble et al., 1982). Our data would tend to contradict
this hypothesis. The density of ChAT fibers in the macaque
monkey hippocampal formation is lowest in the areas of
greatest pathological involvement in Alzheimer’s disease,
i.e., in CA1 and the subiculum (Hyman et al., 1984). These
areas show pronounced pathological changes in the human
hippocampus including cell loss, neurofibrillary tangle formation and a decrease in NGFr immunohistochemistry
(Kerwin et al., 1991, 1992), although the levels of NGF
mRNA are normal in Alzheimer’s disease (Goedert et al.,
1986) or even elevated (Crutcher et al.,1993). Moreover,
there appears to be no correlation between the distribution
of senile plaques and the regional loss of ChAT-immunoreactive axons in the human hippocampal formation (Ransmayr et al., 1989, 1992). Thus, it would appear unlikely
that there is a very high correlation between the density of
cholinergic fibers and the potential for Alzheimer’s diseaseinduced neuropathology. This conclusion is also supported
by data indicating that the amount of cholinergic cell loss is
highly variable from case to case of Alzheimer’s disease.
There are, for example, published reports of patients with
clinical and pathological manifestation of Alzheimer’s disease without the characteristic reduction of ChAT activity
(Palmer et al., 1986). Even the extent of cell loss in the
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cholinergic basal forebrain ranges from 18%to greater than
80% (Whitehouse et al., 1981; Arendt et al., 1983, 1985;
Nagai et al., 1983; Pearson et al., 1983; Tagliavini and
Pilleri, 1983; Etienne et al., 1986a,b; Lehericy et al., 1993).
Our description of the cholinergic innervation of the primate hippocampal formation can provide a useful baseline
for future comparisons of the normal distribution of the
cholinergic innervation of the human hippoeampal formation with changes in cholinergic innervation resulting from
brain injury and aging.
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