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ABSTRACT
The distribution patterns of choline acetyltransferase (ChAT) and acetylcholinesterase

(AChE) were studied in the olfactory bulb (OB) of three species of macaque. AChE was
detected by a histochemical method and ChAT immunoreactivity by immunocytochemistry.
Similar results were observed in all species analyzed. With the exception of the olfactory
nerve layer, all layers of the macaque monkey OB demonstrated a dense innervation of
AChE- and ChAT-positive fibers. The distribution patterns of AChE- and ChAT-labeled fibers
were similar for both cholinergic markers, although the number of AChE-labeled fibers was
clearly higher than the number of ChAT-immunoreactive fibers. The highest density of AChE
and ChAT-stained fibers was observed in the interface between the glomerular layer and the
external plexiform layer and in the internal plexiform layer. Dense bundles of labeled fibers
were observed in the caudal OB, coursing from the olfactory peduncle. All ChAT-
immunopositive elements were identified as centrifugal fibers, derived from neurons caudal
to the OB. Neither olfactory fibers nor intrinsic neurons were observed after ChAT immu-
nocytochemistry. However, a few AChE-positive cells were observed in the glomerular layer
and in both external and internal plexiform layers. These neurons were presumably identi-
fied as periglomerular cells, superficial short-axon cells, and/or external tufted cells and deep
short-axon cells. Contrary to other neurotransmitters and neuroactive substances, the dis-
tribution patterns of ChAT and AChE activities in the macaque monkey OB closely resem-
bled the patterns described in macrosmatic mammals and showed laminar differences with
the distribution pattern observed in humans. J. Comp. Neurol. 501:854–865, 2007.
© 2007 Wiley-Liss, Inc.
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Most primates are anatomically classified as microsmatic
animals due to the lower relative size and less distinct lam-
ination of the olfactory structures, mainly the olfactory bulb
(OB) and the anterior olfactory nucleus, in comparison with
other telencephalic areas of the same animals and with the
olfactory centers of other groups of mammals (Crosby and
Humphrey, 1939; Stephan, 1975; Halász, 1990). The OB
accounts for 17.6% of the volume of the telencephalon in
basal insectivores, where olfaction provides important infor-
mation about the external conditions, whereas this ratio is
reduced to 2.9% in prosimians and 0.2% in simians, typical
microsmatic animals (Stephan and Andy, 1970). Allometric
studies demonstrate that there is a positive correlation be-
tween the reduction in the OB size and the decrease in the
functional significance of the olfactory system (Stephan and
Andy, 1970).

Although the OB cytoarchitecture is relatively constant
among vertebrates (Allison, 1953), there are significant vari-
ations on its anatomical and functional organization be-
tween different groups of vertebrates, and especially be-
tween macrosmatic and microsmatic animals (Takagi, 1981,
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1986). The chemoarchitecture of the OB demonstrates for
some neurotransmitters and neuroactive substances (e.g.,
neurotensin, NADPH-diaphorase, aromatic-L amino acid de-
carboxylase, and calcium-binding proteins) a considerable
interspecies variability (Baker, 1986; Matsutani et al., 1989;
Baker et al., 1991; Davis, 1991; Alonso et al., 1995, 1998,
2001; Porteros et al., 1996), whereas other neurochemically
identified neuronal populations are remarkably constant be-
tween microsmatic and macrosmatic mammals (Sanides-
Kohlrausch and Wahle, 1991; Bassett et al., 1992).

The cholinergic and cholinoceptive elements of the OB
have been identified using both acetylcholinesterase
(AChE: EC 3.1.1.7) histochemistry and choline acetyl-
transferase (ChAT: EC 2.3.1.6) immunohistochemistry.
Available studies on the distribution of cholinergic and
cholinoceptive elements in the OB have been carried out
in rat (Godfrey et al., 1980; Nickell and Shipley, 1988; Le
Jeune and Jourdan, 1991, 1993, 1994; Crespo et al., 1995;
Kása et al., 1996; Gómez et al., 2005), mouse (Carson and
Burd, 1980; Weruaga et al., 2001), hamster (Macrides et
al., 1981), rabbit (Chao et al., 1982), dog (Nadi et al.,
1980), cat (Kimura et al., 1981), opossum (Brunjes et al.,
1992), and hedgehog (Crespo et al., 1999), all of them
macrosmatic animals. In these studies a relatively com-
mon distribution pattern is observed: the fiber staining
demonstrates a high density of extrinsic fibers terminat-
ing predominantly in the glomerular and internal plexi-
form layers, whereas the somal staining demonstrates a
few AChE-active neurons and no ChAT-immunoreactive
intrinsic neurons.

In contrast to the extensive information available on the
distribution of cholinergic and cholinoceptive elements in
the OB of macrosmatic animals, much less is known about
the differences or similarities with the nonhuman primate
OB. The organization of the cholinergic system has been
described in the human OB, both in nondemented persons
and in patients affected by Alzheimer’s disease (Kása et
al., 1997; Kovacs et al., 1998), but no data are available in
the OB of primate models such as the macaque monkey.
The aim of this study was to carry out a detailed descrip-
tion of the location and morphological characteristics of

AChE-active and ChAT-immunoreactive elements in the
macaque monkey OB and to compare these observations
with previous data on macrosmatic animals and humans.

MATERIALS AND METHODS

Animals and tissue preparation

Four adult male cynomolgus monkeys (Macaca fascicu-
laris), each weighing 2.7–3.8 kg, five adult male rhesus
monkeys (Macaca mulata), weighing 4.7–5.3 kg, and five
adult male pig-tail monkeys (Macaca nemestrina), weigh-
ing 4.5–6.5 kg, were used in the present study. The brains
of these animals were used in other neuroanatomical stud-
ies, not related to the olfactory system. The OBs were
donated by different groups working in the neuroanatomy
of other parts of the brain (see Acknowledgments). In all
cases, animal manipulations were performed according to
NIH guidelines and subjected to authorization from the
pertinent ethical committees.

The cynomolgus monkeys were tranquilized with
ketamine-HCl (10 mg/kg body weight, i.m.) and anesthe-
tized with sodium pentobarbital (50 mg/kg, i.v.). Then
they were transcardially perfused with 500 mL of 0.9%
saline and the following fixative mixtures: 4% paraformal-
dehyde in 0.1 M sodium acetate buffer, pH 6.5 (250 mL/
min for 5 minutes and 100 mL/min for 15 minutes), and
4% paraformaldehyde in 0.1 M sodium borate buffer, pH
9.5 (100 mL/min for 30 minutes). The OBs were dissected
out and postfixed in the last fixative for 6 hours at 4°C.

The rhesus and pig-tail monkeys were anesthetized
with 10 mL/kg ketamine-HC1 (i.m.) and 50 mg/kg sodium
pentobarbital (i.v.). They were transcardially perfused
with 0.8–1 of 0.9% saline followed by 4–5 1 of 4% para-
formaldehyde in 0.1 M phosphate buffer, pH 7.3 (PB). The
OBs were dissected out and postfixed in the same fixative
for an additional 2 hours at 4°C.

The OBs were carefully washed in PB and cryoprotected
in either 30% sucrose or 20% glycerol with 2% dimethyl
sulfoxide (DMSO) in PB for 1 day. Then they were frozen
with cooled isopentane (Rosene et al., 1986) and stored at
�70°C until further processing; 30-�m serial coronal or
parasagittal sections were cut on a freezing, sliding mic-
rotome.

ChAT immunohistochemistry

Material analyzed for this study was prepared with
monoclonal antibody AB8, kindly donated by Dr. Bruce
Wainer. This antibody has been fully characterized (Arm-
strong et al., 1983; Levey et al., 1983). It was raised
against partially purified ChAT from bovine caudate,
emulsified in Freund’s adjuvant, and injected into Lewis
rats. Rat spleen cells were fused with mouse myeloma
cells, obtaining a hybridoma cell line secreting antibodies
that reacted equally well with ChAT from all mammalian
species tested (bovine, human, sheep, cat, guinea pig, rat,
and mouse) and also bound to avian ChAT. The AB8
antibody was also obtained in high titer in ascites fluid of
nude mice. Specificity of the antibody was assessed by
Western blotting of crude extract of bovine brain or par-
tially purified bovine ChAT, obtaining two immunostained
protein bands of 68 and 70 kDa, as expected (Cozzari and
Hartman, 1980; Ryan and McClure, 1980). Staining of
sections through the monkey brain with AB8 ChAT anti-
serum showed a clear and distinct cholinergic fibrillar
pattern (Alonso and Amaral, 1995; Alonso et al., 1996).

ABBREVIATIONS

AB 0.1 M acetate buffer, pH 6.5
AChE Acetylcholinesterase
BSA Bovine serum albumin
ChAT Choline acetyltransferase
DAB 3,3� Diaminobenzidine
DMSO Dimethyl sulfoxide
EPL External plexiform layer
G Glomerulus
GCL Granule cell layer
GCLext Granule cell layer, external part
GCLint Granule cell layer, internal part
GL Glomerular layer
GLext Glomerular layer, external part
GLint Glomerular layer, internal part
IPL Internal plexiform layer
MCL Mitral cell layer
OB Olfactory bulb
ONL Olfactory nerve layer
OP Olfactory peduncle
PAP Peroxidase antiperoxidase
PB 0.1 M phosphate buffer, pH 7.3
PBS 0.1 M phosphate-buffered saline, pH 7.3
TBS 0.2 M Tris buffered saline, pH 7.6
WM White matter
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The free-floating sections were sequentially incubated
in the following solutions: 1) AB8 primary antibody 1:500
in 0.1 M phosphate-buffered saline, pH 7.3 (PBS), contain-
ing 2% bovine serum albumin (BSA), 20% normal rabbit
serum, and 0.5% Triton X-100, for 48 hours at 4°C; 2)
rabbit antirat IgG secondary antiserum (Cappel Labora-
tories, Durham, NC) diluted 1:50 in 0.2 M Tris buffered
saline, pH 7.6 (TBS), containing 2% BSA, 20% normal
rabbit serum, 10% normal monkey serum, and 0.2% Tri-
ton X-100, for 1 hour; 3) rat peroxidase antiperoxidase
(PAP) (Sternberger Monoclonals, Jarretsville, MD), di-
luted 1:50 in the same solution as the secondary anti-
serum, 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 2) and 3) were carried out at
room temperature. After incubation, the sections were
carefully washed and the tissue-bound peroxidase was
visualized with 0.05% 3,3� diaminobenzidine (DAB) in
TBS containing 0.015% hydrogen peroxide for 15 minutes.
The sections were mounted onto gelatin-coated slides, air-
dried overnight, defatted in a 1:1 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
for 15 minutes, running water for 30 minutes, and again
in the original osmium solution for 30 minutes. Thereaf-
ter, the slides were rinsed in running water for 30 min-
utes. Controls for the immunohistochemical procedure
were carried out to determine the specificity of the immu-
nolabeling: omission of the primary or secondary antibod-
ies and incubation of sections exclusively in 0.05% DAB
and 0.015% H2O2 in TBS. No residual immunoreactivity
was observed.

AChE histochemistry

An adjacent series to that prepared immunohistochemi-
cally 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 Bassett, 1989; Crespo et al., 1999). Briefly, after
washing in 0.1 M sodium acetate buffer (AB) pH 6.0, the
sections were incubated with agitation at room tempera-
ture for 30 minutes. The incubation medium was made up
of 1.7 mM acetylthiocholine iodide (Sigma, St. Louis, MO,
#A5751), 0.49 mM sodium citrate (Sigma, #S4641), 2.9
mM cooper sulfate (Sigma, #C7631), 1.25 mM potassium
ferricyanide (Sigma, #P8131), and 0.2 mM ethopropazine
(Sigma, #E2880) in AB. Ethopropazine was used as inhib-
itor of nonspecific cholinesterases. Acetylcholinesterase
activity was visualized using two different techniques: In
the first technique the sections were rinsed after incuba-
tion in AB, treated for 1 minute with 2% ammonium
sulfide, and washed (3 � 10 minutes) in 0.1% sodium
nitrate. The free-floating sections were then stained with
0.05% silver nitrate for 1 minute and washed in 0.1%
sodium nitrate (3 � 5 minutes) and PB (2 � 5 minutes).
The second group of sections was rinsed after incubation
in 0.2 M Tris-HCl buffer, pH 7.6 (3 � 10 minutes) and the
reaction was visualized using 0.0125% DAB, 0.5% nickel
ammonium sulfide, and 0.001% hydrogen peroxide in the
same Tris-HCl buffer. The reaction was stopped by rinsing
the sections with 0.2 M Tris-HCl buffer, pH 7.6 (3 � 5

minutes) and distilled water (2 � 5 minutes). Controls for
the specificity of the histochemical staining were per-
formed as previously described (Crespo et al., 1999). Re-
sidual activity was not detected in any control.

A complete third series of sections from each OB was
stained with 0.25% thionin for the demonstration of cell
bodies.

All sections were serially mounted on gelatin-coated
slides, dehydrated in ethanol graded series, cleared with
xylene, and coverslipped with Entellan (Merck, Darm-
stadt, Germany).

Analysis

Sections were analyzed using brightfield and darkfield
optical systems. Digital images were obtained with an
Apogee KX digital camera (Apogee Instruments, Tucson,
AZ) coupled to an Olympus Provis AX70 photomicroscope.
The capture software was connected to a trichromatic
sequential filter (Cambridge Research & Instrumentation,
Boston, MA). Original pictures were processed digitally
with Adobe Photoshop 7.0 software (San Jose, CA). The
sharpness, contrast, and brightness were adjusted to re-
flect the appearance seen through the microscope. Cell
sizes were measured using a Neurolucida image analysis
system (MicroBrightField, Burlington, VT). For each iden-
tified neuronal type the maximum diameters of 140
AChE-positive neurons were measured. Measured cells
were selected at random in the OB of all animals used in
the study (10 cells of each neuronal type for each animal).
Only cells with their focusing plane in the middle of the
30-�m sections were measured. The sizes are presented as
mean � SEM of the maximum diameter.

In order to gain a better understanding of the results, a
semiquantitative analysis of the fiber density was per-
formed using ImageJ software (Scion, Bethesda, MD) as
previously described (Gómez et al., 2005). Measures were
carried out delimiting the different areas of each layer
from randomly selected digital pictures obtained with a
10� objective (UPlanFl 10.30 NA). The digital images
were treated to balance the signal-to-noise ratio in such a
way that positive elements were clearly distinguishable
from the background. Following this, they were manually
transformed into binary images in which only stained
elements appeared as white pixels. Then the surface of
analysis was delimited, using the original image as refer-
ence and fiber density was calculated as the white pixel
ratio in the entire estimated area. The densities are pre-
sented in percentage as mean � SEM. Statistical differ-
ences were assessed by one-way analysis of variance
(ANOVA) and Student-Newman-Keuls post-hoc analysis.
The level of significance was set at P � 0.01.

RESULTS

As a general feature, the morphologic characteristics
and distribution of ChAT- and AChE-labeled elements in
the different layers of the OB were consistent in all three
species studied (Macaca fascicularis, Macaca mulatta,
and Macaca nemestrina). Therefore, the following descrip-
tion of the distribution of both markers refers to all spe-
cies.

As described previously, two different techniques
were used to visualize AChE-active elements. There
were no differences in the distribution and number of
stained structures after using both methods and only
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minor variations in the quality of the labeling could be
noted. Thus, using the silver nitrate technique, the fiber
staining was excellent but the precipitate in the cell
bodies was weak, and the visualization of labeled cells
was difficult. When revealing AChE-active elements by
using DAB, the neuronal staining improved notably,
although the profiles of labeled fibers appeared less
clearly delineated. Brightfield Figures 1a and 2b show
the general overview of AChE staining in coronal sec-
tions of the macaque monkey OB. In Figure 2a compar-
ison with a Nissl-staining section is presented. The
density of AChE labeling is higher in the glomerular
layer (GL) and the inner plexiform layer (IPL) than in
any other region of the macaque monkey OB.

The distribution of labeled elements was relatively sim-
ilar for both markers, ChAT and AChE. However, two
main differences can be noted. Whereas after ChAT-
immunohistochemistry only stained fibers were observed,
the AChE histochemical technique labeled, in addition to
fibers, some neuronal bodies. AChE-labeled neurons
showed a dark reaction product in the cell body, whereas
their processes, if stained, were only visible in their prox-
imal part, and therefore classifying neuronal types was
difficult. The second main difference between the ChAT
and AChE labelings was that, although the distribution of
ChAT-immunoreactive and AChE-active structures
showed a similar distribution through the layers of the
OB, the density of AChE-positive fibers was clearly higher
than that of the ChAT-immunoreactive ones (see Figs. 1,
3). Data from the semiquantitative analysis (Table 1, Fig.
3) corroborate these findings, and also pointed out differ-
ences in the relative density between the internal part of
the glomerular layer (GLint) and external part of the
glomerular layer (GLext) and between the internal part of
the granule cell layer (GCLint) and the external part of
the granule cell layer (GCLext).

All layers of the OB, with the only exception of the
olfactory nerve layer (ONL), demonstrated abundant
AChE- and ChAT-positive fibers. The most superficial
layer of the OB, the ONL, was AChE- and ChAT-negative
since all olfactory fibers were negative for both markers
(Figs. 1, 2b).

The GL, by contrast, demonstrated together with the
IPL the highest density of labeled fibers for both mark-
ers (Figs. 1, 2b). These ChAT-immunoreactive and
AChE-positive fibers entered the deep side of the glo-
meruli and outlined them, extending superficially up to
the external boundary with the ONL (Figs. 1, 2b). Most
positive fibers and terminations were located in the
periphery of the glomeruli limiting with the external
plexiform layer (EPL), but in all glomeruli a few poorly
ramified fibers entered within the glomerular core
(Fig. 2b).

The highest density of AChE-positive cell bodies was
also found in the GL, where two types of AChE-containing
neurons were distinguished. The most abundant type
showed an ovoid shape, small size (6.78 � 0.76 �m), and
were normally located surrounding the glomeruli: typical
morphological characteristics of periglomerular cells. Oc-
casionally, they were found inside the glomeruli (Fig. 4a).
The second population of AChE-active neurons located in
GL was less numerous, and they were always located
surrounding the glomeruli mainly on its superficial part,
close to the border with the ONL (Fig. 4b). They had
predominantly ovoid or fusiform shape and their size was

larger (11.23 � 1.12 �m). According to these characteris-
tics they were presumably classified as superficial short-
axon cells or external tufted cells.

The superficial portion of the EPL close to the GL
showed a very dense network of fibers (Figs. 1, 2b),
which was reduced in the inner part. The distributions
of the labeling and the morphology of stained elements
were very similar for both ChAT and AChE; however,
the density of AChE-active fibers was clearly higher
than the density of ChAT-immunoreactive ones (Figs.
1, 3).

AChE-labeled neurons were also detected in the EPL.
These neurons were observed throughout the whole extent
of this layer, although most of them were located in its
superficial one-third (Fig. 4c,d), where fibers were also
more abundant. They had ovoid, piriform (Fig. 4c), or
round (Fig. 4d) shapes and medium size (12.83 � 1.65
�m). They were classified as superficial short-axon cells
and/or external tufted cells.

The mitral cell layer (MCL) showed very scarce AChE-
and ChAT-stained elements, with only some labeled fibers
crossing with radial or oblique trajectories between the
unstained profiles of the mitral cells (Fig. 2b). In this layer
neither mitral cells nor any other neuronal type was ob-
served after AChE staining.

The density of positive fibers for both markers increased
in the thin IPL, which showed abundant horizontal axons
located just below the mitral cells (Fig. 2b). The AChE and
ChAT stainings in this layer were similar to those ob-
served in the superficial portion of the EPL for both mark-
ers and only one difference could be noted: in the IPL there
was a relative abundance of thicker fibers. Most labeled
fibers coursed parallel to the OB lamination. In this layer
and at the border between the IPL and the granule cell
layer (GCL), only a few AChE-labeled cell bodies were
detected (Fig. 4e,f). They were medium-sized (13.06 � 1.23
�m) and showed piriform, round, or ovoid shapes. These
cells could belong to some type of oriented interneurons of
the deep layers such as horizontal cells and/or vertical
cells of Cajal due to their location and size, notably larger
than the granule cells.

The staining for ChAT and AChE decreased again in
the GCL, where the density of stained fibers was similar
for both markers. This layer was the zone of the OB
where most variability was observed among the active
elements. The fibers showed varying thicknesses (Fig.
5e), did not show any definite orientation, and were seen
frequently branching throughout this layer (Fig. 5e).
Moreover, the density varies notably from one zone to
another (Fig. 5a– c). In addition, there were some clus-
ters of densely packed stained fibers sparsely distrib-
uted throughout the GCL (Figs. 5d, 6a). The GCL was
practically devoid of AChE-reactive neurons with the
exception of those described in the superficial region,
close to the IPL.

The density of the staining decreased slightly at the
deeper portions of the GCL and in the white matter (WM).
In the WM, as well as in the proximal region of the
olfactory peduncle (OP), only sparsely distributed fibers
were seen. Among these fibers a distinct population of
AChE-positive neurons was observed (Fig. 4g,h). These
neurons were large (25.78 � 2.01 �m) and they normally
had a fusiform shape, although some had ovoid or irregu-
lar morphologies. The dendrites of these neurons were
frequently stained and it was possible to follow them for
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Fig. 1. Brightfield overview of AChE- and ChAT-stained sections
of the Macaca fascicularis monkey olfactory bulb (OB). Note that the
highest density of fibers is observed in the glomerular layer (GL) and
the internal plexiform layer (IPL). The staining laminar pattern is

similar for both markers. ONL, olfactory nerve layer; EPL, external
plexiform layer; IPL, internal plexiform layer; MCL, mitral cell layer;
GCL, granule cell layer; GL, glomerular layer; WM, white matter.
Scale bar � 1 mm.
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long distances coursing parallel to the OB lamination. As
in the case of the neurons located in the EPL, the negative
cell nucleus could be observed (Fig. 4g,h).

Finally, it was possible to observe abundant labeled
fibers entering the GCL from the olfactory tract through
the OP (Fig. 6b). These labeled fibers demonstrated a
longitudinal orientation (Fig. 6b,d) and there was a de-
crease in the number of AChE- or ChAT-labeled fibers
from the border to the central part, where the density was
clearly lower (Fig. 6c). The junction zone between the GCL
and the OP was clearly distinguishable because of the
different arrangement of positive fibers in both regions
(Fig. 6b). Similar AChE-labeled neurons to those de-
scribed in the WM were observed in the OP.

DISCUSSION

The results of this study constitute the first detailed
report of the localization of AChE and ChAT in the ma-
caque monkey OB. The histochemical distribution of
AChE was very similar to the immunohistochemical dis-
tribution pattern of ChAT, although the density of ChAT-
labeled fibers was clearly lower and no ChAT-positive cells
were observed. The staining features for both markers
were constant and no significant differences were ob-
served in the results among the specimens used, which
suggests the existence of a common pattern in the cholin-
ergic innervation of the monkey OB, at least in these
closely related species.

Fig. 2. Photographic composition of coronal Nissl-stained section (a) and AChE stained section (b) of
the Macaca fascicularis monkey olfactory bulb (OB) to show the laminar distribution of labeled AChE
fibers. ONL, olfactory nerve layer; EPL, external plexiform layer; IPL, internal plexiform layer; MCL,
mitral cell layer; GCL, granule cell layer; GL, glomerular layer; WM, white matter. Scale bar � 250 �m.
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The discrete laminar pattern of distribution of ChAT
and AChE activities in the macaque monkey OB is in good
agreement with previous works in rodents (Carson and
Burd, 1980; Godfrey et al., 1980; Macrides et al., 1981;
Nickell and Shipley, 1988; Le Jeune and Jourdan, 1991,
1993, 1994; Crespo et al., 1995; Kása et al., 1996, Weruaga
et al., 2001; Gómez et al., 2005), rabbit (Chao et al., 1982),
dog (Nadi et al., 1980), cat (Kimura et al., 1981), opossum
(Brunjes et al., 1992), and hedgehog (Crespo et al., 1999).
The cholinergic innervation observed in the human OB
shows a similar laminar pattern in the deep layers, al-
though no labeling has been described in the GL or EPL
(Kása et al., 1997; Kovacs et al., 1998).

The macaque monkey OB presents reciprocal connections
with areas of the primary olfactory cortex, including the
anterior olfactory nucleus, piriform cortex, anterior cortical
nucleus of the amygdala, periamygdaloid cortex, and ento-
rhinal cortex, and also with the nucleus of the horizontal
limb of the diagonal band of Broca (Carmichael et al., 1994).
In the monkey, ChAT-immunopositive and AChE-active
neurons can be observed in the Ch3 region of the basal
telencephalon, equivalent to the horizontal limb of the diag-
onal band of Broca following Mesulam’s nomenclature (Me-
sulam et al., 1983a,b; Mesulam and Geula, 1988). This cho-
linergic population may constitute the main source of
cholinergic centrifugal fibers to the macaque monkey OB.

Although the general distribution of cholinergic fibers in
the macaque monkey OB is generally coincident with previ-
ous reports in macrosmatic mammals, there are some minor
differences. Thus, the prominent AChE staining in the MCL
of the rat OB reported by Shute and Lewis (1967) is not
observed in the monkey OB, where the low density of fibers
in the MCL is comparable to that in the deepest region of the
EPL. Godfrey et al. (1980) reported in mice that cholinergic
elements in the GL were as plentiful within as outside the
glomeruli. However, in other reports in mouse (Carson and
Burd, 1980) and rat (Ojima et al., 1988; Phelps et al., 1992)
as well as in our sections, most ChAT-immunoreactive and
AChE-active fibers were located surrounding the glomeruli
and only a few fibers and terminals entered within them.
The presence of cholinergic activity in the ONL is controver-
sial. Some data support an involvement of acetylcholine in
this layer by the presence of a low AChE enzymatic activity
in the olfactory receptors (Baradi and Bourne, 1953), the
existence of muscarinic acetylcholine receptor binding sites
in the dog ONL (Nadi et al., 1980) and in the olfactory
receptors of the salamander (Hedlund and Shepherd, 1983),
and the presence of ChAT and AChE activities in the
salamander ONL. Our results in the macaque monkey con-
firm previous observations in rodents (Carson and Burd,
1980; Ojima et al., 1988; Phelps et al., 1992), where no
activity was detected in the ONL after either ChAT-
immunocytochemistry or AChE-histochemistry.

The use of AChE, ChAT, and other cholinergic markers
in the rat olfactory bulb defines two different populations
of olfactory glomeruli (Zheng et al., 1987; Ojima et al.,
1988; Zheng and Jourdan, 1988; Le Jeune and Jourdan,
1991, 1993, 1994; Le Jeune et al., 1995, 1996; Crespo et
al., 1995, 1997; Weruaga et al., 2001; Gómez et al., 2005).
In the caudalmost OB, a subset of atypical glomeruli
shows a dense innervation from centrifugal fibers as well
as high levels of nicotinic receptors. This glomerular het-
erogeneity has been related to a topographically defined
specificity of the olfactory glomeruli involved in the pro-
cessing of particular signals (Zheng et al., 1987; Zheng
and Jourdan, 1988; Le Jeune and Jourdan, 1991, 1993).
By contrast, in the macaque monkey OB the density of

TABLE 1. Density of AChE and ChAT Staining in the Macaque Monkey
OB

Layer AChE ChAT

GLext 24.53 � 3.15 29.83 � 3.75
GLint 73.16 � 1.48 51.11 � 3.22
EPL 35.12 � 1.15 26.27 � 2.96
MCL 6.30 � 2.80 6.92 � 2.55
IPL 70.18 � 5.07 38.09 � 2.49
GCLext 27.56 � 2.74 7.89 � 4.03
GCLint 7.00 � 0.79 5.31 � 4.63
WM 2.73 � 0.98 2.13 � 0.89

Data represent the mean � SEM of percentage of stained pixels in digital images.
OB, olfactory bulb; EPL, external plexiform layer; GCLext, granule cell layer, external
part; GCLint, granule cell layer, internal part; GLext, glomerular layer, external part;
GLint, glomerular layer, internal part; IPL, internal plexiform layer; MCL, mitral cell
layer; WM, white matter.

Fig. 3. Comparative graph showing AChE and ChAT staining densities in the different layers of the
macaque monkey olfactory bulb (OB). Data represent the mean � SEM of percentage of stained pixels in
digital images. Significant differences are observed in the GLint, the IPL, and the GCLext. GLint, granule cell
layer, internal part; IPL, internal plexiform layer; GCLext, granule cell layer, external part. **P � 0.01.
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Fig. 4. Brightfield photomicrographs of AChE-active neurons in
the Macaca fascicularis monkey olfactory bulb (OB). a: Small (5–8
�m) AChE-positive neurons (arrows) within a glomerulus (G) sur-
rounded by numerous AChE-active fibers. b: Medium-sized neuron
(10–12 �m) located in the external zone of a glomerulus (G). Note the
presence of some positive fibers inside the glomerulus and the lack of
AChE-activity in the ONL (asterisks). c,d: Medium-sized neurons
(11–14 �m) in the superficial region of EPL showing piriform (c)

(arrow) and ovoid (d) shapes. e: AChE-active neurons displaying
different morphologies (arrows) in the deep region of IPL. f: Piriform
AChE-active neuronal body located at the IPL–GCL border (arrow).
g,h: Large AChE-positive neurons (25–30 �m) located in the WM and
in the proximal region of the OP. These neurons had fusiform (g) or
irregular (h) shapes with long dendrites (arrows). IPL, internal plex-
iform layer; GCL, granule cell layer; OP, olfactory peduncle. Scale
bars � 50 �m.
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AChE-active and ChAT-immunoreactive fibers was rela-
tively homogeneous throughout the whole rostrocaudal
extent of the GL. Atypical glomeruli in the rat OB also
show lower numbers of NADPH-diaphorase active/NOS
(nitric oxide synthase) immunoreactive-periglomerular
cells (Crespo et al., 1996) and neurocalcin-containing
tufted cells (Crespo et al., 1997), but this sort of heteroge-
neity has not been found in the macaque monkey OB
(Alonso et al., 1998, 2001).

Although some authors have described a small popula-
tion of cholinergic neurons in the mammalian OB (Carson
and Burd, 1980; Ojima et al., 1988; Lysakowski et al.,
1989; Phelps et al., 1992), it is generally accepted that the
rodent OB is devoid of intrinsic cholinergic neurons, and
only a few cholinoceptive neurons displaying AChE activ-
ity are present (Nickell and Shipley, 1988; Le Jeune and
Jourdan, 1991, 1993; Crespo et al., 1995; Kása et al.,
1996). These patterns of somal staining are coincident

Fig. 5. Darkfield photomicrographs of the granule cell layer (GCL)
of the macaque monkey olfactory bulb (OB) after ChAT immunocyto-
chemistry. a–c: Local differences in the density of ChAT-
immunoreactive fibers within the granule cell layer (GCL). Some
areas of this layer showed a high density of ChAT-positive fibers (a).

In other areas the density was moderate (b) whereas in other zones
the density was low (c). Macaca mulatta. d: Dense cluster of ChAT-
positive fibers in the GCL. Macaca fascicularis. e: Higher magnifica-
tion of a ramified ChAT-immunoreactive fiber in the GCL of the
macaque monkey OB. Macaca nemestrina. Scale bars � 250 �m.
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with our observations in the macaque monkey OB, where
no ChAT-immunopositive cells and only a few AChE-
active neurons were detected. Since ChAT is a more spe-
cific marker for cholinergic elements, AChE-labeled neu-
rons are probably noncholinergic in nature and AChE
could be involved, in these neurons, in the metabolism of

acetylcholine and/or other substances. In fact, AChE hy-
drolyses met-enkephalin precursor (Millar and Chubb,
1985), leu- and met-enkephalin (Chubb et al., 1983), and
substance P (Chubb et al., 1980), all of them present in the
OB. Despite these data, due to the similar patterns of
AChE with other cholinergic markers, it seems that most

Fig. 6. Dark-field photomicrographs of the deep layers of the ma-
caque monkey olfactory bulb (OB) after AChE histochemistry. a:
Cluster of densely packed AChE-positive fibers in the GCL. Macaca
mulatta. b: Boundary zone between the OP and the internal region of
the GCL. Note the clear limit between both zones due to the different
disposition of the centrifugal fibers. Macaca fascicularis. c: Caudal

region of the OB where an AChE-positive bundle courses close to the
pial surface, whereas isolated fibers (arrows) penetrate obliquely in
the caudal GCL. Macaca nemestrina. d: AChE-positive fibers in the
internal region of the OP. In addition to the abundant longitudinal
fibers, some perpendicular thin fibers can be observed (arrows). Ma-
caca fascicularis. Scale bars � 250 �m.
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AChE in the OB is involved in the hydrolysis of acetylcho-
line (Nickell and Shipley, 1988).

AChE-labeled neurons in the macaque monkey OB were
located in the GL, in the EPL, at the IPL–GCL border, and
in the WM and OP. As in the macaque, a subpopulation of
periglomerular cells has been identified displaying AChE-
activity in the rat (Lysakowski et al., 1989; Phelps et al.,
1992; Le Jeune and Jourdan, 1993, 1994) and in the
mouse (Carson and Burd, 1980), and the larger AChE-
positive neurons of the GL have been identified as super-
ficial short-axon cells (Nickell and Shipley, 1988). Our
results in monkey agree with previous observations in
rodents where AChE-positive cells in the EPL have been
described as superficial short-axon cells (Lysakowski et
al., 1989; Carson and Burd, 1980) or as tufted cells (Car-
son and Burd, 1980; Kása et al., 1996). Since in the mon-
key, as in the rat (Nickell and Shipley, 1988; Le Jeune and
Jourdan, 1994), AChE-positive neurons in the IPL–GCL
border were substantially larger than granule cells and,
due to their location, they could correspond to some types
of deep short-axon cells (horizontal neurons and vertical
cells of Cajal, among others).

The deepest population of AChE-positive neurons was
found in the WM and in the OP. These cells have not been
previously described in other species. Large neurons re-
sembling their morphological characteristics and their lo-
cation have been observed in the OB of the rat (Celio,
1990; Briñón et al., 1992) and human (Ohm et al., 1991)
after calbindin D-28k immunostaining; however, these
latter cells had oriented and strongly varicose dendrites,
whereas the AChE-labeled neurons demonstrated differ-
ent dendritic morphologies. It has been proposed that
AChE-labeled deep neurons in the OP might belong to the
terminal nerve (Wirsig and Leonard, 1986).
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Kása P, Karcsu S, Kovacs I, Wolff JR. 1996. Cholinoceptive neurons with-
out acetylcholinesterease activity and enzyme-positive neurons with-
out cholinergic synaptic innervation are present in the main olfactory
bulb of adult rat. Neuroscience 73:831–844.
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Weruaga E, Briñón JG, Porteros A, Arévalo R, Aijón J, Alonso JR. 2001. A
sexually dimorphic group of atypical glomeruli in the mouse olfactory
bulb. Chem Senses 26:7–15.

Wirsig CR, Leonard CM. 1986. Acetylcholinesterase and luteinizing
hormone-releasing hormone distinguish separate populations of termi-
nal nerve neurons. Neuroscience 19:719–740.

Zheng LM, Jourdan F. 1988. Atypical olfactory glomeruli contain original
olfactory axon terminals: an ultrastructural horseradish peroxidase
study in the rat. Neuroscience 26:367–378.

Zheng LM, Ravel N, Jourdan F. 1987. Topography of centrifugal
acetylcholinesterase-positive fibres in the olfactory bulb of the rat:
evidence for original projections in atypical glomeruli. Neuroscience
23:1083–1093.

The Journal of Comparative Neurology. DOI 10.1002/cne

865CHOLINERGIC MARKERS IN MONKEY OLFACTORY BULB


