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ABSTRACT
The distribution of cholinergic markers was studied in the main olfactory bulb (MOB) and
accessory olfactory bulb (AOB) of the western European hedgehog (Erinaceus europaeus) by
using choline acetyltransferase (ChAT) immunocytochemistry and acetylcholinesterase (AChE)
histochemistry. A dense network of AChE-containing and ChAT-immunoreactive fibers was
observed innervating all layers of the MOB except the olfactory nerve layer, where neither
AChE- nor ChAT-labeled elements were found. The highest density of AChE- and ChATpositive axons was found in the glomerular layer (GL)/external plexiform layer (EPL)
boundary, and in the internal plexiform layer. This general distribution pattern of ChAT- and
AChE-stained axons resembled the distribution pattern found in rodents. Nevertheless, some
interspecies differences, such as the lack of atypical glomeruli in the hedgehog, were also
found. In addition to fibers, a population of noncholinergic and presumably cholinoceptive
AChE-active neurons was observed in the hedgehog. All mitral and tufted cells of the
hedgehog MOB showed a dark AChE staining unlike previous observations in the mitral and
tufted cells of rodents. As in other species previously reported, subpopulations of external
tufted cells and short-axon cells were also AChE-active. Finally, a population of small
AChE-containing cells was observed in the EPL of the hedgehog MOB. The size, shape, and
location of these cells coincided with those of satellite and perinidal cells, two neuronal types
described previously in the EPL of the hedgehog and not present in the rodent MOB. The AOB
of the hedgehog showed a distribution of AChE- and ChAT-positive fibers similar to the rodent
AOB. Nevertheless, a heterogeneous innervation of vomeronasal glomeruli by bundles of
AChE- and ChAT-labeled axons found in the hedgehog has not been previously found in any
other species. As in the MOB, all mitral cells in the AOB showed a strong AChE activity. These
results demonstrate some similarities but also important differences between the distribution
of ChAT and AChE in the MOB and AOB of rodents and this primitive mammalian. These
variations may indicate a different organization of the cholinergic modulation of the olfactory
information in the insectivores. J. Comp. Neurol. 403:53–67, 1999. r 1999 Wiley-Liss, Inc.
Indexing terms: acetylcholine; cholinergic; cholinoceptive; insectivore; olfaction

Acetylcholine (ACh) plays an integral role in several
basic cerebral functions. It modulates the neuronal responsiveness to sensory stimuli (McKenna et al., 1989; Murphy
and Sillito, 1991), and it is involved in learning and
memory functions (Collerton, 1986; Ferreyra-Moyano and
Barragan, 1989; Hasselmo and Bower, 1993). In the olfactory bulb, ACh may modulate the activity of bulb neurons
and influence the bulb output as indicated by some electro-
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physiological studies (Nickell and Shipley, 1988b; Elaagouby et al., 1991; Elaagouby and Gervais, 1992). In spite
of these data, the mechanisms by which the cholinergic
system affects olfactory processes remain, so far, poorly
understood.
The olfactory bulb, as a paleocortical structure, has a
laminar cytoarchitecture and a more simple organization
than neocortical structures, providing considerable advantages in the study of cholinergic function. Numerous
neuroanatomical and electrophysiological data suggest
that the rodent olfactory bulb has no intrinsic cholinergic
elements but receives a strong cholinergic input from the
basal forebrain (Woolf et al., 1984; Zaborsky et al., 1986;
Nickell and Shipley, 1988a,b; Elaagouby et al., 1991; Le
Jeune and Jourdan, 1991, 1993, 1994; Elaagouby and
Gervais, 1992; Phelps et al., 1992; Woolf et al., 1992; Kasa
et al., 1995). It has been proposed that a subpopulation of
acetylcholinesterase (AChE)-positive choline acetyltransferase (ChAT)-immunonegative neurons of the olfactory
bulb are the cholinoceptive targets of these centrifugal
input fibers (Nickell and Shipley, 1988a; Le Jeune and
Jourdan, 1994). The characterization of the AChE-positive
elements demonstrated that cholinergic afferents could
exert their main influence through a subpopulation of
first- and second-order interneurons (Nickell and Shipley,
1988a; Elaagouby et al., 1991; Le Jeune and Jourdan,
1991, 1994; Elaagouby and Gervais, 1992). Nevertheless,
recent ultrastructural studies indicate that some specific
relay neurons could also have a direct synaptic or nonsynaptic relationship with the cholinergic centrifugal afferences (Le Jeune and Jourdan, 1993; Kasa et al., 1995,
1996). This diversity of cholinoceptive neurons could explain the complex and sometimes contradictory electrophysiological data about the action of ACh in the bulbar
function (Nickell and Shipley, 1988b; Elaagouby et al.,
1991; Elaagouby and Gervais, 1992).
Although numerous reports describe the distribution of
cholinergic markers in the rodent olfactory bulb, there are
few studies in other mammalian orders (Nadi et al., 1980;
Kimura et al., 1981; Chao et al., 1982; Brunjes et al., 1992).
This fact makes it difficult to establish a comparison
among different species that could clarify how cholinergic
circuitries modulate the processing of the olfactory information. The hedgehog (Erinaceus europaeus) has been considered one of the most direct descendants of the protoinsectivores, the most direct progenitors of all recent
mammalian orders (Simpson, 1945). The hedgehog main
olfactory bulb (MOB) is highly developed and represents
17.6% of the total volume of the telencephalon (Stephan
and Andy, 1970). This high proportion argues for the
important role of olfaction in this member of the order
Insectivora. Although the MOB is a remarkably constant
structure throughout the vertebrate phylum, previous
studies demonstrate important differences in the neuronal
morphology, connectivity, and distribution of different neuroactive substances in the hedgehog olfactory bulb (Sanides and Sanides, 1974; López-Mascaraque et al., 1986,
1989, 1990; Antonopoulos et al., 1987; De Carlos et al.,
1989; Valverde and López-Mascaraque, 1991; Palmieri et
al., 1993; Alonso et al., 1995). The phylogenetic position of
the hedgehog and the extraordinary development of its
olfactory structures make this primitive mammal of considerable interest for the study of the olfactory system in a
comparative perspective. The study of cholinergic circuitries in the MOB and accessory olfactory bulb (AOB) of the
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hedgehog could provide comparative neuroanatomical data
to clarify the action of ACh in the mammalian olfactory
system. In this report we analyze the cholinergic circuitries in the hedgehog main and accessory olfactory bulbs,
comparing our data, in phylogenetic perspective, with
previous descriptions for other mammals, mainly rodents.

MATERIALS AND METHODS
Five adult female hedgehogs (Erinaceus europaeus) were
used for this study. All procedures were in accordance with
the guidelines of the European Communities Council
Directive (86/609/EEC), the current Spanish legislation for
the use and care of animals, and conform to NIH guidelines. The study was also approved by the Animal and
Human Experimentation Committee of the Institute of
Neuroscience of Castilla y León (INCyL) and the use of
hedgehogs in neuroanatomical research approved by the
Junta de Castilla y León (EP-81/97). The animals were
deeply anesthetized with Ketamine (Ketolar, 50 mg/kg
body weight) and perfused intraaortically with 100 ml of
saline solution followed by 600 ml of fixative solution
composed of 4% paraformaldehyde and 2% picric acid in
0.1 M phosphate buffer, pH 7.3 (PB). The brains were
removed and the olfactory bulbs dissected out and postfixed for 4 hours in the same fixative solution. After
postfixing, the tissue was cryoprotected with 30% (w/v)
sucrose, and 30-µm sagittal and coronal sections were cut
on a cryostat. Sections were serially collected in cold PB
(4°C) and processed for the demonstration of AChE activity or ChAT immunostaining.
A one-in-six series was Nissl-stained with 0.25% thionin
for the demonstration of cell bodies. In addition, some
AChE- or ChAT-labeled sections were counterstained with
the same Nissl solution. The remaining series and the rest
of the brains were stored at ⫺80°C for their use in other
neuroanatomical studies.

AChE histochemistry
For the demonstration of AChE activity, the sections
were rinsed in 0.1 M sodium acetate buffer, pH 6.0, (AB)
and AChE histochemistry was carried out following a
variant (Hedreen et al., 1985) of the Koelle method (Geneser-Jensen and Blackstad, 1971). Sections were incubated at room temperature for 30 minutes in an incubation
solution made up of 1.7 mM acetylthiocholine iodide
(Sigma, St. Louis, MO, #A5751), 5 mM sodium citrate
(Sigma, #S4641), 2.9 mM copper sulphate (Sigma, #C7631),
0.2 mM potassium ferricyanide (Sigma, #P8131), and 0.2
mM ethopropazine (Sigma, #E2880) as an inhibitor of
nonspecific esterases in AB. The AChE activity was
visualized by using two different techniques. In the first
method, the sections were rinsed in AB (3 ⫻10 minutes),
treated for 1 minute with 4% ammonium sulphide, and
washed (3 ⫻ 10 minutes) in 0.1% sodium nitrate. Then, the
free-floating sections were exposed to 0.1% silver nitrate
for 1 minute and washed in 0.1% sodium nitrate (3 ⫻ 5
minutes) and PB (2 ⫻ 5 minutes). In the second procedure,
the sections were rinsed in 0.2 M Tris-HCl buffer, pH 7.6
(3 ⫻ 10 minutes) and the reaction was visualized by using
0.05% 3,38diaminobenzidine (DAB) and 0.003% hydrogen
peroxide in 0.2 M Tris-HCl buffer, pH 7.6. The course of the
DAB reaction was controlled under the microscope, and it
was detained by rinsing the sections in 0.2 M Tris-HCl
buffer, pH 7.6. For the specificity of the histochemical
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staining, three controls were carried out: 1) omission of the
substrate acetylthiocholine iodide; 2) substitution of
acetylthiocholine iodide by butyrilthiocholine iodide; and
3) addition of 10-5 M BW284C51 as an inhibitor of AChE
activity. Residual activity was not detected in any control.

ChAT immunohistochemistry
Immunocytochemical detection of ChAT enzyme was
carried out by means of a polyclonal affinity-purified goat
anti-ChAT antiserum (AB144p, Chemicon International,
Temecula, CA). The antibody was produced against human
placental ChAT enzyme, and the monospecificity of this
antiserum has been previously demonstrated (Bruce et al.,
1985; Shiromani et al., 1988; Grosman et al., 1995; Smith
and Booze, 1995).
After a pretreatment in a solution containing 10% H2O2
and 90% methanol in distilled water for 10 minutes,
sections were preincubated in 5% bovine serum albumin
(BSA) and 0.4% Triton X-100 diluted in 0.1 M phosphatebuffered saline, pH 7.3 (PBS), for 3 hours. Then, they were
placed for 60 hours at 4°C in 1:100 goat anti-ChAT
antiserum (Chemicon International) in PBS containing
20% normal rabbit serum, 5% BSA, and 0.5% Triton X-100.
After removal of the primary antibody, the tissue was
incubated for 1 hour in rabbit anti-goat secondary antiserum (Chemicon International) diluted 1:50 in PBS containing 20% normal rabbit serum, 2% BSA, and 0.2% Triton
X-100. Subsequently, the sections were incubated for 2
hours with goat peroxidase anti-peroxidase (Chemicon
International) diluted 1:600 in the same solution as the
secondary antiserum. The peroxidase was revealed by
using the glucose-oxidase diaminobenzidine-nickel method
(Shu et al., 1988). This method was especially suitable for
visualizing nerve fibers and terminals. All steps were
carried out using free-floating sections at room temperature unless otherwise specified. Finally, sections were
mounted, dehydrated in ethanol, cleared with xylene, and
coverslipped. Control tissue was incubated with normal
goat serum (1:100) instead of the primary antibody, and no
staining was observed.

Quantitative analysis
For each identified neuronal type, the maximum diameters of 100 AChE-active neurons were measured by using
a digitizer tablet connected to a semiautomatic image
analysis system (MOP-Videoplan Kontron). The measured
cells were selected at random in both the MOB and AOB of
the five animals used in the study (20 cells of each
neuronal type for each animal). Only cells with their
focusing plane in the middle of the 30-µm sections were
measured. The sizes of these cells are presented as mean ⫾
SEM of the maximum diameter.

RESULTS
Some cytoarchitectonic differences can be established in
the MOB and AOB between the rat and the hedgehog. The
MOB has, as in rodents and other mammals, a laminar
structure where seven layers can be differentiated (Alonso
et al., 1995): the olfactory nerve layer (ONL), glomerular
layer (GL), external plexiform layer (EPL), mitral cell
layer (MCL), internal plexiform layer (IPL), granule cell
layer (GCL) and white matter (WM; Fig. 1A). In the
hedgehog MOB, the olfactory glomeruli have a complex
cytoarchitecture, and they are arranged in several rows. In
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the hedgehog MOB, mitral cells are distributed in a diffuse
stratum with some cells displaced into the deep EPL or the
superficial IPL, whereas they constitute a cell monolayer
in rodents. Therefore, MCL in the hedgehog is not a
narrow cell layer as in rodents, and it is difficult to
establish its exact limits. The GCL is a thicker layer in the
hedgehog than in rodents. In addition, the WM constitutes
a thick layer surrounding a large ventricle in the hedgehog
MOB unlike the WM in rodents (Figs. 1,2). The AOB of the
hedgehog is more similar to the rodent AOB. It is a
relatively small structure, compared to the singular development and large size of the MOB. In its laminar structure, five layers can be distinguished: the vomeronasal
nerve layer (VNL), accessory glomerular layer (AGL),
plexiform and mitral cell layer (PMCL), accessory internal
plexiform layer (AIPL), and accessory granule cell layer
(AGCL; Fig. 3). The mitral cells of the AOB of the hedgehog, as in rodents, are dispersed throughout the EPL, and
they do not form a narrow cell layer. So it is not possible to
differentiate between the MCL and EPL, and thus as in
previous studies (Alonso et al., 1995) we denominate this
area the PMCL (Fig. 3A).
After AChE histochemistry and ChAT immunocytochemistry, a laminar distribution pattern of both cholinergic
markers was found in the hedgehog MOB and AOB (Figs.
1B, 2A, 3B,C). Both techniques provided a clear staining of
positive elements. The AChE staining appeared in a dense
network of fibers and in specific neuronal subpopulations,
and no differences were found between the results of the
DAB- and the silver-intensification procedures. In the
AChE-positive neurons, only the cell bodies and occasionally the initial portions of the dendrites were stained. After
ChAT immunocytochemistry, only a dense network of
fibers was labeled, and no ChAT-immunopositive neurons
were observed in the MOB or the AOB. Although different
expression patterns were observed in the hedgehog MOB
and AOB using both cholinergic markers, these differences
were mainly restricted to the presence of AChE-positive
neurons and to the lack of ChAT immunostaining in these
cells. In addition, although the distribution of ChATimmunopositive and AChE-active fibers showed a similar
pattern throughout the MOB and AOB layers, the density
of AChE-positive axons was slightly higher than that of
ChAT-containing ones, mainly in the inframitral regions.

Main olfactory bulb
Both AChE- and ChAT-positive elements were found in
all layers of the MOB with the exception of the ONL, which
did not demonstrate AChE- or ChAT-stained elements
(Figs. 1B, 2A). The stained cells and fibers did not show
any evident rostrocaudal gradient in their density within
any particular layer. By contrast, a clear gradient in the
distribution of AChE- and ChAT-stained cells and fibers
was found among the different layers (Figs. 1B, 2A). After
AChE histochemistry, the most intense staining was found
in the GL/EPL boundary, in the MCL, and in the IPL (Fig.
2A). After ChAT immunostaining, the highest density of
ChAT-immunopositive fibers was observed in the GL/EPL
boundary and in the IPL (Fig. 1B).
In the GL (Fig. 4A), a dense network of AChE- and
ChAT-stained fibers surrounded all the olfactory glomeruli
(Figs. 4B,C). The highest density of AChE- and ChATpositive fibers was observed in the inner portion of the GL,
close to the boundary with the EPL. In this region,
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Fig. 1. Nissl- (A) and choline acetyltransferase (ChAT)-stained (B) panoramic views of transverse
sections of the hedgehog main olfactory bulb (MOB). EPL, external plexiform layer; GCL, granule cell
layer; GL, glomerular layer; IPL, internal plexiform layer; MCL, mitral cell layer; ONL, olfactory nerve
layer; WM, white matter. Scale bar ⫽ 200 µm.

abundant AChE- and ChAT-positive fibers ascended
throughout the EPL reaching the olfactory glomeruli. Most
axons ran in the periglomerular region surrounding the
olfactory glomeruli, although some of them ramified inside
the glomerular core (Fig. 4B,C). A high density of gemmules, club-like terminals, and varicosities were detected
in these fibers after both AChE histochemistry and ChAT
immunocytochemistry. Some of these varicosities and clublike terminals were found in the portion of the axons that
innervated the glomerular cores. All olfactory glomeruli
were homogeneously innervated by these AChE- and
ChAT-positive fibers, and no spatial segregation in the
glomerular innervation of this layer was observed; i.e., no
atypical glomeruli were observed in the hedgehog MOB. In
addition to the AChE-active ChAT-immunopositive fibers,
a subpopulation of AChE-stained cells was found in the
GL. These cells were round or oval and of medium size
(14.52 ⫾ 0.75 µm) and were placed in the periglomerular
region of olfactory glomeruli (Fig. 4B,D). Most of them
were located in the deep side of the glomeruli close to the
GL/EPL boundary, but a few cells were found in the

superficial area of the periglomerular region, close to the
boundary with the ONL. No AChE-active cells were found
inside the glomerular core. All of them were larger than
the typical size of periglomerular cells, which did not
demonstrate AChE staining. The low number of AChEpositive cells in this layer (less than one per olfactory
glomerulus) indicated that only a restricted neuronal
subpopulation showed AChE activity in this region. The
lack of AChE-stained processes in these neurons made
their morphological characterization difficult (Fig. 4D),
although regarding their size and location they may
correspond to external tufted cells and/or superficial shortaxon cells.
In the EPL (Fig. 5A), a disperse network of fibers
demonstrated AChE and ChAT staining. These positive
fibers were more abundant in the superficial portion of this
layer, near the GL. These fibers did not show a particular
orientation (Fig. 5B,C). Some of them ascended from the
inframitral regions crossing the MCL and coursed into the
EPL. Club-like terminals and varicosities were observed in
some of these positive fibers, although their frequency was
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Fig. 2. Acetylcholinesterase (AChE)-stained panoramic views of the hedgehog (A) and rat (B) main
olfactory bulb (MOB). Note the AChE staining in tufted and mitral cells of the hedgehog (A) and the lack of
staining in these neurons in the rat (B). For abbreviations see Figure 1. Scale bar ⫽ 200 µm in A,
100 µm in B.

lower than in the axons of the GL (Fig. 5D). In addition to
the positive fibers, some AChE-stained neurons were
found throughout this layer. Although the AChE staining
did not label the distal dendrites (and therefore it is
difficult to establish a precise morphological characterization of the positive cells), some of them were identified by
their size and shape as displaced mitral cells, as well as
internal and middle tufted cells (Fig. 5B,D). These cells
showed large (27.87 ⫾ 1.02 µm in maximum diameter)
polygonal cell bodies and two or three thick dendritic
trunks, stained in their initial portion. One or two of these
dendritic trunks were directed towards the GL and the
other towards the inframitral region. The AChE reaction
product was homogeneously distributed throughout the
perikarya (Fig. 5B,D). The tufted cells were more abundant in the inner area of the EPL, but some of them were
found in the outer portion of the layer, near the GL/EPL
boundary. The differentiation among the three types of
relay neurons was carried out mainly in consideration of
their location within the EPL. Whereas displaced mitral

cells and internal tufted cells were located in the deep
portion of the EPL, the middle tufted cells were mainly
located in the upper portion of the layer, some of them close
to the GL. Using the AChE staining, it was not possible to
distinguish between displaced mitral cells and the internal
tufted ones, situated close to the MCL. Comparison of
consecutive AChE-stained and Nissl-labeled sections and
also AChE/Nissl double-stained sections indicate that all
the displaced mitral cells/internal tufted cells, and more
than 95% of the middle tufted cells were AChE-active (Fig.
5A,B). In addition, a subpopulation of small (8.32 ⫾ 0.31
µm in maximum diameter) round cells was AChE-active in
the EPL. These cells were located throughout the layer,
but mainly in their upper and inner boundaries. Almost all
these small neurons were found close to the AChE-stained
somata of the tufted and displaced mitral cells (Fig. 5B,D).
The morphological characterization of this population was
uncertain, because only the cell bodies were stained.
After AChE histochemistry, mitral cells were strongly
stained. They showed a large (29.65 ⫾ 1.65 µm) polygonal

58

C. CRESPO ET AL.

Fig. 3. Panoramic view of the accessory olfactory bulb (AOB) after
Nissl (A), acetylcholinesterase (AChE; B), and choline acetyltransferase (ChAT; C) staining. As for the main olfactory bulb (MOB), a
laminar distribution pattern of both AChE and ChAT is shown

throughout the layers. AGCL, accessory granule cell layer; AGL,
accessory glomerular layer; AIPL, accessory internal plexiform layer;
PMCL, plexiform and mitral cell layer; VNL, vomeronasal nerve layer.
Scale bar ⫽ 100 µm.

or sometimes pyramidal cell body and the initial portion of
two or three thick dendritic trunks (Fig. 6B,D). Nissl
staining, and Nissl-counterstained AChE-labeled sections
demonstrated that all mitral cells showed AChE activity
(Fig. 6A,B). In contrast, all of them were ChAT-immunonegative (Fig. 6C). In addition, scattered fibers were
AChE- and ChAT-labeled in this layer. Some of these fibers
crossed the MCL among the mitral cells entering the EPL.
The remaining AChE-labeled axons coursed horizontally
in this layer close to the mitral cells (Fig. 6B,C). Club-like
terminals were frequently observed in these fibers, and
were occasionally found in close proximity to the mitral
cell bodies (Fig. 6D).
The IPL (Figs. 6A, 7A) showed the highest density of
AChE- and ChAT-positive fibers after the GL/EPL bound-

ary (Figs. 6B,C, 7B,C). The positive fibers constituted a
dense network in this layer, and some of them showed
club-like terminals close to the inner side of the mitral
cells. Most of them coursed parallel to the MOB layers
and occasionally a few fibers crossed the MCL and
were directed towards the EPL. In addition to the fiber
labeling, a few AChE-positive neurons were observed in
this layer. These stained neurons could be classified into
two different populations according to their size and shape.
The first group was presumably a subpopulation of displaced mitral cells with the same morphological characteristics as those described above. The second neuronal
population was formed by smaller (19.41 ⫾ 0.91 µm in
maximum diameter) round or oval cells without stained
prolongations.
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Fig. 4. Glomerular layer (GL) of the hedgehog main olfactory bulb
(MOB). A: Nissl staining of the olfactory glomeruli. B: Acetylcholinesterase (AChE) activity in the GL. Scarce AChE-positive neurons
surround the olfactory glomeruli (arrow). C: Choline acetyltransferase

(ChAT)-immunopositive fibers surrounding olfactory glomeruli. Some
of them innervate the glomerular core. D: AChE-positive neuron (open
arrow) in the periglomerular area of the glomerular layer. Scale bars ⫽
100 µm in A–C, 25 µm in D.

In the GCL (Fig. 7A), a network of fibers was AChEactive and ChAT-immunopositive (Fig. 7B,C). The density
of positive fibers was homogeneous in the whole GCL with
the exception of a narrow strip in the superficial portion of
the layer, close to the IPL, where it was clearly higher. In
coronal and sagittal sections, a different orientation of the
fibers was found in the upper and inner portions of the
layer. In the superficial half of the GCL, positive fibers
could be followed for long distances, coursing parallel to
the OB layers between the rows of AChE- and ChATnegative granule cells or perpendicular to these layers,
ascending towards the IPL (Fig. 7B,C). In the deep half of
the layer, fibers coursed between granule cells without a
particular orientation (Fig. 7E). In the GCL, a subpopulation of ChAT-immunonegative neurons showed AChE staining. These cells had similar size and morphology to the
AChE-positive neurons found in the IPL, and they were
larger (19.30 ⫾ 0.73 µm) than the AChE- and ChATnegative granule cells (Fig. 7B,D,E).

A few AChE- and ChAT-positive fibers coursed throughout the white matter (WM), and were the only positive
elements in this layer (Fig. 7F). No AChE-positive cells
were found. In sagittal sections, some AChE-active and
ChAT-immunopositive axons in the WM could be followed
throughout the lateral olfactory tract, the pathway for the
centrifugal afferences to the olfactory bulb. These fibers
demonstrated a longitudinal orientation, and it was possible to observe them reaching the WM and coursing
towards the GCL.

Accessory olfactory bulb
The distribution pattern of AChE and ChAT in the AOB
demonstrated some differences in comparison with the
expression of both markers in the MOB. In general, a more
restricted AChE and ChAT staining was observed in the
AOB than in the MOB (Fig. 3B,C). The VNL did not show
AChE or ChAT staining, being the only layer in the AOB
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Fig. 5. External plexiform layer (EPL) of the hedgehog main
olfactory bulb (MOB). A: Distribution of cells in the EPL after Nissl
staining. The cell bodies of displaced mitral cells and tufted cells can
be observed (arrows). B: Acetylcholinesterase (AChE)-containing cells
and fibers in the EPL. Arrows label AChE-active tufted cells at
different levels of the EPL. Some small AChE-stained cells are located
close to the tufted cells (arrowheads). C: Choline acetyltransferase
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(ChAT)-immunostained fibers innervating the EPL (B). D: AChEpositive tufted cells (open arrows), and small round cells (arrows) in
close proximity to the tufted cells. A few club-like terminals (arrowheads) can be observed in the AChE-stained axons innervating this
layer. For other abbreviations see Figure 1. Scale bars ⫽ 100 µm in
A–C, 25 µm in D.
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Fig. 6. Mitral cell layer (MCL) and internal plexiform layer (IPL) of
the hedgehog main olfactory bulb (MOB). A: Nissl staining showing
the scattered distribution of mitral cells (arrows). B: Mitral cells after
acetylcholinesterase (AChE) staining (arrows). A displaced mitral cell
or internal tufted cell can be observed in the inner portion of the
external plexiform layer (EPL; open arrow). Note the high density of
AChE-stained axons found in the IPL. C: Choline acetyltransferase

(ChAT) immunostaining in the MCL. All mitral cells lack ChAT
immunoreactivity. A horizontal ChAT-containing axon coursed through
the MCL/IPL boundary (arrows). D: AChE-positive mitral cells in a
sagittal section. Some AChE-containing axons running among mitral
cells end in club-like terminals close to the mitral cells (arrows). Scale
bars ⫽ 100 µm in A–C, 25 µm in D.

without AChE- or ChAT-positive elements (Fig. 3B,C). In
the AGL (Fig. 8A), the presence of AChE and ChAT
labeling was more restricted than in the GL of the MOB
(Fig. 8B,C). Whereas in the MOB, all the olfactory glomeruli received a dense and homogeneous innervation by
AChE- and ChAT-labeled fibers, a heterogeneous distribution of AChE- and ChAT-containing axons was observed in
the vomeronasal glomeruli (Fig. 8B). Only a few AChEand ChAT-positive fibers were located in the periglomerular region of some scattered vomeronasal glomeruli, mainly
located in the inner portion of the AGL (Fig. 8C). These
fibers surrounded these vomeronasal glomeruli, and occasionally scattered terminals innervated the glomerular
core. In a few axons, club-like terminals were observed
surrounding or within the glomerular neuropil. In other
vomeronasal glomeruli, AChE- and ChAT-stained fibers
ascending from the PMCL constituted dense bundles (Fig.
8B). These densely innervated glomeruli were found

throughout the inner portion of the AGL, without a specific
location. No AChE- or ChAT-positive neurons were found
in this layer in the analyzed sections (Fig. 8B,C).
Scattered AChE- and ChAT-positive fibers crossed the
PMCL in a perpendicular orientation to the AOB lamination. Some of them reached the periglomerular region of
vomeronasal glomeruli, but others ended showing clublike terminals at different levels of the PMCL. The density
of AChE- and ChAT-containing axons was clearly lower in
the AOB than in the MOB. Compared with Nissl-stained
sections (Fig. 8D), all the mitral cells were positive after
AChE staining (Fig. 8E), whereas these cells did not show
ChAT immunostaining (Fig. 8F). Mitral cells were smaller
in the AOB (20.40 ⫾ 1.20 µm in maximum diameter) than
in the MOB.
The AIPL of the hedgehog AOB is a narrow layer with
ill-defined boundaries. In this layer, a dense network of
AChE-active and ChAT-immunoreactive fibers was found

Fig. 7. Granule cell layer (GCL) and white matter (WM) of the
hedgehog main olfactory bulb (MOB). A: After Nissl staining, granule
cells arranged in thick rows can be observed. B: After acetylcholinesterase (AChE) histochemistry, a network of oriented fibers can be found
in the inner plexiform layer (IPL) and GCL running among the
AChE-negative rows of granule cells. Some of these fibers course
horizontal parallel to the MOB layers (arrows) and others with a
perpendicular orientation directed toward the MCL (arrowheads). In
addition, scarce cells show AChE activity (open arrows). C: Choline
acetyltransferase (ChAT)-immunoreactive fibers course parallel (arrows) or perpendicular (arrowheads) to the MOB layers, showing a

similar orientation to the AChE-active ones. Note that some axons
with a perpendicular orientation ascend towards the mitral cell layer
(MCL) and external plexiform layer (EPL). D: Round and oval
AChE-containing cells in the superficial portion of the GCL. These
neurons are larger than AChE-negative granule cells and without
stained processes arising from their somata (open arrows). Club-like
terminals are present in some AChE-stained axons (arrows).
E: AChE-containing neuron in the inner portion of the GCL. Contrary
to the upper GCL, the AChE-active axons in the inner GCL do not have
a particular orientation. F: AChE-active fibers in the WM ascending
towards the GCL. Scale bars ⫽ 100 µm in A–C, 25 µm in D–F.

Fig. 8. Accessory olfactory bulb (AOB). A: Vomeronasal glomeruli
(g) after Nissl staining. B: Innervation of vomeronasal glomeruli (g) by
acetylcholinesterase (AChE)-positive fibers. Some axons course through
the PMCL and constitute dense bundles innervating specific vomeronasal glomeruli (open arrows). C: Scattered choline acetyltransferase
(ChAT)-containing fibers (arrows) surrounding vomeronasal glomeruli. D: Mitral cells (arrows) dispersed in the PMCL of the AOB
(Nissl staining). E: After AChE histochemistry, all the mitral cells

were positive (arrows). Among them a few labeled fibers can be
observed (arrowheads). F: ChAT-immunolabeled axons crossing the
PMCL (arrows). G: Nissl staining of the AIPL and AGCL. H: A high
density of AChE-stained fibers course through the AGCL and AIPL
directed toward the superficial layers. A few cells show AChE staining
in these layers (arrows). I: A network of ChAT-immunopositive fibers
course in the AGCL and AIPL perpendicular to the AOB layers. For
abbreviations see Figure 3. Scale bar ⫽ 50 µm.
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crossing perpendicular to it and directed toward the PMCL
(Fig. 3B,C). Occasionally, scattered ChAT-immunonegative AChE-containing cells were found in the AIPL. They
were medium-sized (15.82 ⫾ 0.93 µm) and ovoid or fusiform in shape. No stained prolongations were observed.
The AGCL (Fig. 8G) showed a high number of AChEand ChAT-stained fibers. They were located among the
AChE- and ChAT-negative granule cells and could not be
followed for long distances. They were mainly orientated
perpendicular to the AOB lamination, and directed towards the AIPL (Fig. 8H,I). Some of them could be followed
crossing the AIPL and reaching the PMCL. In addition to
the fibers, scattered medium-sized (15.16 ⫾ 1.67 µm in
maximum diameter) AChE-stained cells were occasionally
observed in the AGCL (Fig. 8H). They showed similar
morphological characteristics to the AChE-stained cells
found in the AIPL.

DISCUSSION
Methodological considerations
For the AChE histochemical staining, we carried out a
variant (Hedreen et al., 1985) of the Koelle method (Geneser-Jensen and Blackstad, 1971). The presence of a strong
AChE staining found in relay neurons (mitral cells and
internal and middle tufted cells) of the hedgehog MOB and
AOB is in striking contrast to previous results in rodents,
because mitral cells and internal or middle tufted cells
have been previously described as AChE-negative in rat,
mouse, and hamster (Carson and Burd, 1980; Macrides et
al., 1981; Le Jeune and Jourdan, 1991; Kasa et al., 1995).
Nickell and Shipley (1988a) reported an occasional, weak
and diffuse AChE staining in the cell bodies of mitral cells
of the rat MOB. Nevertheless, the authors comment that
the weak deposit found in some of these cells was clearly
not the typical AChE reaction product. They also reported
that this staining could be an artifact due to the silver
intensification carried out for the visualization of AChEpositive cells. This silver intensification procedure is similar to that employed to stain-damaged or dying cells in
classical silver degeneration methods. Thus, this unusual
reaction may result from the staining of lesioned cells. We
consider the AChE labeling found in mitral and tufted cells
of the hedgehog MOB and AOB to be specific staining. In
addition to the specificity controls, this conclusion is based
upon three considerations. First, we have observed AChE
activity in mitral and tufted cells of the hedgehog MOB
and AOB by using both silver- and DAB intensification
methods in the AChE histochemical procedure. Secondly,
using both silver- and DAB intensification methods in the
AChE staining, we have not found any AChE labeling in
the mitral or tufted cells of the rat OB (Crespo et al., 1995).
Thirdly, incubating rat OB and hedgehog OB sections
together we found a strong AChE activity in the mitral and
tufted cells of the hedgehog, whereas all the rat projection
neurons were clearly unstained.
With regard to the ChAT immunocytochemistry, the
specificity of the antibody used in our report has been
previously characterized (Bruce et al., 1985; Shiromani et
al., 1988; Grosman et al., 1995). Abundant ChAT-active
fibers were observed in the MOB and AOB of the hedgehog,
but no ChAT-immunopositive neurons were found. As
control of the immunocytochemistry, parallel sections
through the hedgehog cortex were processed together with
the sections of MOB and AOB. In these cortical sections,

ChAT-immunoreactive neurons were consistently stained,
demonstrating the sensitivity of the immunocytochemical
method.

AChE and ChAT staining in the fibers
of the MOB and AOB
Extensive plexuses of AChE-active and ChAT-immunopositive fibers were observed in the hedgehog MOB and
AOB. In the rat, the centrifugal origin of the AChE- and
ChAT-positive fibers innervating the MOB has been demonstrated (Wenk et al., 1977; Ross et al., 1978; Godfrey et
al., 1980; Le Jeune and Jourdan, 1991, 1993). In the
hedgehog, there are no available data about cholinergic
projections to the olfactory bulbs. Nevertheless, the present observations indicate the presumably centrifugal
origin of at least most of the AChE-active and all the
ChAT-immunopositive fibers described in the hedgehog
MOB and AOB. Three aspects of our results support this
conclusion: 1) the similar distribution pattern of AChE and
ChAT-positive fibers found in the hedgehog MOB and AOB
and the distribution pattern found for both markers in
other species, mainly in rodents, where the centrifugal
origin of this cholinergic innervation has been demonstrated; 2) the lack of ChAT-positive intrinsic neurons in
the hedgehog MOB and AOB, and the presence of a dense
network of ChAT-containing axons in both regions; and 3)
the presence of AChE- and ChAT-stained fibers throughout
the lateral olfactory tract and the olfactory peduncle, the
innervation pathway of the MOB and AOB from centrifugal fibers.
The general distribution pattern of AChE-and ChATcontaining fibers in the MOB of the hedgehog resembles
the pattern of fibers reported in previous studies of rodents
(Carson and Burd, 1980; Godfrey et al., 1980; Jaffé and
Cuello, 1980; Macrides et al., 1981; Nickell and Shipley,
1988a; Le Jeune and Jourdan, 1991, 1993, 1994; Phelps et
al., 1992), rabbit (Chao et al., 1982), dog (Nadi et al., 1980),
cat (Kimura et al., 1981), and opossum (Brunjes et al.,
1992). As in these previous studies, we observed in the
hedgehog MOB a laminar distribution pattern of AChEand ChAT-positive fibers with the highest density in the
IPL and GL. Not only the distribution of AChE- and
ChAT-containing axons throughout the layers, but also
their morphological characteristics, such as the presence
of varicosities and club-like terminals in some of the axons,
coincide in the hedgehog and in rodents (Le Jeune and
Jourdan, 1993, 1994; Kasa et al., 1995). These comparative data demonstrate a high conservation of the centrifugal cholinergic circuitries of the MOB among different
mammalian orders, even in a primitive mammal such as
the hedgehog.
Despite the general similarity, some differences were
observed between the centrifugal cholinergic innervation
of the rat and hedgehog olfactory glomeruli. 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). In the caudalmost MOB, a subset of ‘‘atypical’’
glomeruli shows a dense bulbopetal innervation from
centrifugal fibers as well as high levels of nicotinic receptors. This glomerular heterogeneity has been related to a
topographically defined specificity of the olfactory glomeruli in the processing of pheromone-like specific odor-
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ant cues related with suckling behaviour in neonatal rats
(Zheng et al., 1987; Zheng and Jourdan, 1988; Le Jeune
and Jourdan, 1991, 1993). In contrast with this heterogeneity, all the olfactory glomeruli showed a similar innervation from centrifugal fibers in the GL of the hedgehog MOB
and no ‘‘atypical’’ glomeruli were observed after AChE or
ChAT staining. These differences may indicate that in the
hedgehog there is no particular pathway for specific odorant cues subjected to a strong cholinergic innervation as in
rodents, but these sensory signals are processed in a
similar way to the rest of the olfactory information.
In the hedgehog AOB, the distribution patterns of
AChE- and ChAT-positive fibers included in our report
basically coincide with previous descriptions of distribution in the rodent AOB (Sharma, 1968; Carson and Burd,
1980; Macrides et al., 1981; Ojima et al., 1988). Nevertheless, our data demonstrate differences in the innervation
of vomeronasal glomeruli by centrifugal AChE- and ChATcontaining axons between these previous observations in
rodents and the hedgehog AOB. In the rat AOB, a scarce
but homogeneous distribution of AChE- and ChATcontaining fibers has been reported innervating the AGL
(Ojima et al., 1988; Phelps et al., 1992). In contrast, our
observations demonstrate a strong heterogeneity in the
distribution of cholinergic fibers surrounding the vomeronasal glomeruli in the hedgehog AGL, because some
glomeruli were innervated by dense bundles of AChE- and
ChAT-stained axons. This heterogeneity resembles the
‘‘typical’’ and ‘‘atypical’’ glomerular subsets of the rodent
MOB.

AChE and ChAT staining in cells
of the MOB and AOB
After AChE histochemistry and ChAT immunocytochemistry, a subpopulation of AChE-active ChAT-negative cells
was identified in all layers of the MOB and AOB of the
hedgehog, except in the ONL, where no AChE or ChAT
staining was found. The presence of a population of
AChE-containing neurons in both the MOB and AOB of
previously studied species has been widely reported (Carson and Burd, 1980; Macrides et al., 1981; Nickell and
Shipley, 1988a, Le Jeune and Jourdan, 1994; Crespo et al.,
1995; Kasa et al., 1996). Nevertheless, the occurrence of
cholinergic; i.e., ChAT-containing, neurons intrinsic to the
MOB and AOB remains controversial because some authors have described the presence of a population of
ChAT-immunopositive cells (Ojima et al., 1988; Phelps et
al., 1992; Kasa et al., 1995), whereas others report that no
ChAT-reactive neurons are present in the rat MOB and
AOB (Le Jeune and Jourdan, 1991, 1993; Woolf et al.,
1992). In any case, the ChAT-immunopositive neuronal
population is too limited to have an important functional
implication in the processing of olfactory information and
it can be assumed that cholinergic influence in the MOB is
mainly, if not exclusively, due to extrinsic innervation (Le
Jeune and Jourdan, 1993). This is in agreement with our
observations in the hedgehog olfactory system.
In the hedgehog MOB, Golgi, histochemical, and immunohistochemical studies have been used to characterize
the neuronal types, indicating abundant similarities with
the neuronal typology in rodents, although some new
neuronal types have been identified (López-Mascaraque et
al., 1986, 1990; Alonso et al., 1995). Because the reaction
product in the AChE-histochemical procedure does not
allow a complete visualization of the AChE-stained cells,

65
we have used mainly the location, shape, and size of the
AChE-containing somata, in comparison with cells described in previous studies in the hedgehog as well as in
other reports in rodents (Schneider and Macrides, 1978) as
criteria for their identification. In both rodents and hedgehog, external tufted cells, and/or short-axon cells were
AChE-positive. In the rat, a subpopulation of external
tufted cells as well as short-axon cells have been reported
as cholinoceptive on the basis of their AChE activity (Le
Jeune and Jourdan, 1994; Crespo et al., 1995) and their
synaptic contacts with ChAT-immunopositive centrifugal
axons (Le Jeune and Jourdan, 1993). Moreover, the lack of
AChE staining in granule cells of rodents (Nickell and
Shipley, 1988a; Le Jeune and Jourdan 1991; Crespo et al.,
1995) coincides with the absence of AChE activity in
granule cells of the hedgehog. In addition to these similarities, some differences may be established between the rat
and the hedgehog. Neurons with morphological characteristics of periglomerular cells were AChE-negative in the
hedgehog, in contrast to rodents, which have a subpopulation of AChE-active periglomerular cells (Le Jeune and
Jourdan, 1994; Crespo et al., 1995). Nevertheless, the lack
of AChE staining in periglomerular cells should be carefully considered, because Le Jeune and Jourdan (1994) did
not detect AChE activity in the periglomerular cells of the
rat at light microscopic level but, after ultrastructural
analysis, a subpopulation of periglomerular cell demonstrated a low rate of enzyme expression.
In the hedgehog EPL, some neuronal types have been
described that do not have counterpart cells in the olfactory bulb of other species: the satellite cells (LópezMascaraque et al., 1990) and the perinidal cells (Alonso et
al., 1995). The shape and size of the small AChE-positive
cells found in the EPL of the hedgehog MOB resembled the
shape and size (8–10 µm, López-Mascaraque et al., 1990;
9.74 ⫾ 0.36 µm, Alonso et al., 1995) of satellite and
perinidal cells. Moreover, satellite cells always appeared
closely associated to mitral and tufted cells (LópezMascaraque et al., 1990). Interestingly, we found most of
the small AChE-containing neurons near the cell bodies of
tufted and displaced mitral cells located in the EPL. These
similarities lead us to assume that the small AChEstained neurons found in the EPL of the hedgehog belong
to the satellite and/or perinidal cells.
The most striking difference between the distribution
pattern of AChE in the hedgehog and rodents is the strong
AChE activity found in tufted cells and mitral cells of the
hedgehog MOB and AOB. Previous neuroanatomical data
in rodents demonstrated a lack of specific AChE staining
in tufted and mitral cells with both light and electron
microscopy (Macrides et al., 1981; Le Jeune and Jourdan,
1991, 1994; Crespo et al., 1995). Nevertheless, Kasa et al.
(1996) found, using electron microscopy, a weak AChE
staining in some relay neurons of the rat MOB not
previously detected using light microscopy (Le Jeune and
Jourdan, 1994). Our finding of a strong AChE activity,
clearly detectable using the optic microscope, in almost all,
if not all, relay neurons of the MOB and AOB of the
hedgehog, is clearly different from the results of Kasa et al.
(1996) in the rat, and adds important neurochemical
differences to those previously reported between the olfactory bulb of the hedgehog and rodents (López-Mascaraque
et al., 1989; Alonso et al., 1995).
In the hedgehog AOB, the presence of a strong AChE
activity in all the mitral cells is in close agreement with the
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observations in the MOB, and also contrasts with the
results previously described in the AOB of rodents.

Functional implications
Taking anatomical, histochemical and electrophysiological data as a basis, it has been proposed that cholinergic
effects in the MOB could take place at two different levels:
at the juxtaglomerular level, cholinergic circuitries could
influence the synaptic integration of olfactory information,
and at the inframitral level they might modulate the
bulbar output (Nickell and Shipley, 1988a,b; Ravel et al.,
1990; Le Jeune and Jourdan, 1991; Elaagouby et al., 1991;
Elaagouby and Gervais, 1992; Le Jeune and Jourdan,
1993; Kasa et al., 1995). In addition, it has been demonstrated that cholinergic circuitries regulate the transfer of
information between both olfactory bulbs required for
retrieval of olfactory memories from the opposite hemisphere (Nickell and Shipley, 1993). It has been widely
demonstrated in rodents that a subpopulation of AChEcontaining, ChAT-immunonegative neurons constitute the
postsynaptic targets of cholinergic centrifugal fibers (Nickell and Shipley, 1988a; Le Jeune and Jourdan, 1991, 1993,
1994). The cholinoceptive targets of cholinergic input have
been identified as first- and second-order interneurons,
which could influence the activity of relay neurons and
therefore the bulbar output (Nickell and Shipley, 1988a;
Elaagouby et al., 1991; Le Jeune and Jourdan, 1994). The
similarities found in the distribution of AChE and ChAT
activity in centrifugal fibers and interneurons of the MOB
and AOB of the hedgehog and rodents suggest a similar
action of ACh in the bulbar circuitries of this primitive
mammal through second order interneurons.
The expression of AChE by projection neurons of the
hedgehog MOB and AOB may, or may not, be related to
cholinergic circuitries. Other noncholinergic functions have
been demonstrated for AChE in different brain regions (see
Greenfield, 1984 for a review). For example, it has been
reported to be involved in the hydrolyses of enkephalins
and substance P (Chubb et al., 1980, 1983) and in the
modification of dopaminergic receptors in the substantia
nigra (Greenfield, 1984). Enkephalins, substance P, and
dopaminergic receptors are all present in the rat olfactory
bulb, although there are no available data in the hedgehog
olfactory system. If AChE-active mitral cells and internal
and middle tufted cells of the hedgehog MOB and AOB are
cholinoceptive targets of the cholinergic centrifugal input,
this would indicate the presence of an additional modulation system of bulbar output by cholinergic circuitries
acting directly on the projection neurons. In this sense, it
has been hypothesized, taking electrophysiological data in
rodents as a basis, that ACh can act directly on relay
neurons in addition to the first- and second-order interneurons (Ravel et al., 1990; Elaagouby and Gervais, 1992).
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