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Zinc ions are selectively accumulated in certain neurons (zinc-enriched neurons). The mouse olfactory
bulb is richly innervated by zinc-enriched terminals. Here, the plasticity of the zincergic system was
studied in the olfactory bulb of the Purkinje Cell Degeneration mutant mouse, an animal with speciﬁc
postnatal neurodegeneration of the main projection neurons of the olfactory bulb. The analysis focused
particularly on the anterior olfactory nucleus since most centrifugal afferents coming to the olfactory
bulb arise from this structure. Zinc-enriched terminals in the olfactory bulb and zinc-enriched somata in
the anterior olfactory nucleus were visualized after selenite injections. Immunohistochemistry against
the vesicular zinc transporter was also carried out to conﬁrm the distribution pattern of zinc-enriched
terminals in the olfactory bulb. The mutant mice showed a clear reorganization of zincergic centrifugal
projections from the anterior olfactory nucleus to the olfactory bulb. First, all zincergic contralateral
neurons projecting to the olfactory bulb were absent in the mutant mice. Second, a signiﬁcant increase in
the number of stained somata was detected in the ipsilateral anterior olfactory nucleus. Since no
noticeable changes were observed in the zinc-enriched terminals in the olfactory bulb, it is conceivable
that mitral cell loss could induce a reorganization of zinc-enriched projections coming from the anterior
olfactory nucleus, probably directed at balancing the global zincergic centrifugal modulation. These
results show that zincergic anterior olfactory nucleus cells projecting to the olfactory bulb undergo
plastic changes to adapt to the loss of mitral cells in the olfactory bulb of Purkinje Cell Degeneration
mutant mice.
ß 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Besides the general and well-known role of zinc as a cofactor in a
large number of enzymes, a substantial number of neurons in the
central nervous system also accumulate a particular pool of zinc
ions, which are sequestered in their presynaptic vesicles (Danscher
et al., 1985; Howell and Frederickson, 1990). These neurons, which
accumulate zinc in their synaptic vesicles and release it during
synaptic transmission in a calcium- and activity-dependent manner,
are known as zinc-containing neurons, zincergic neurons, or zincenriched neurons (ZEN) (Howell et al., 1984; Frederickson, 1989;
Frederickson and Moncrieff, 1994; Martı́nez-Guijarro et al., 1991).
To date, ZEN neurons have been identiﬁed as a subpopulation of glutamatergic neurons (the most numerous group) in the
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forebrain, and GABAergic, glutamatergic and glycinergic neurons
in the spinal cord and cerebellum (Sensi et al., 1999; Frederickson
et al., 2000; Birinyi et al., 2001; Wang et al., 2001, 2002a,b; Hosie
et al., 2003; Takeda et al., 2004). Apart from the higher
concentration of zinc in their axon terminals, there are no further
common denominators among these neurons.
The accumulation of zinc ions in vesicles is carried out by the
zinc transporter 3 (ZnT3), which is located in the membrane of
synaptic vesicles and pumps in zinc ions (Palmiter et al., 1996;
Wenzel et al., 1997). In many cases, the immunohistochemical
staining pattern for ZnT3 has been demonstrated to be identical
to that seen after the identiﬁcation of ZEN neurons with other
techniques; in particular, metallographic methods (Wenzel et al.,
1997; Cole et al., 1999). Hence, for some purposes ZnT3
immunohistochemistry is used as an alternative marker of ZEN
neurons and terminals in the central nervous system.
The olfactory bulb (OB) receives one of the heaviest zincergic
innervations of the entire telencephalon (Gulya et al., 1991; Ono
and Cherian, 1999). Most zinc terminals are found in the granule
cell layer (GCL) and in the glomerular layer (GL) (Friedman and
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Price, 1984; Pérez-Clausell and Danscher, 1985, Jo et al., 2000). This
zincergic innervation has a dual origin: on one hand, it is identiﬁed
as centrifugal axons making synaptic contacts with granule cells
and periglomerular cells and, on the other, as olfactory receptor
neuron terminals contacting the dendrites of mitral cells, tufted
cells, and periglomerular cells (Jo et al., 2000).
In the olfactory system, 54% of centrifugal ﬁbres arriving at the
OB arise from the anterior olfactory nucleus (AON), which is the
second relay station in the olfactory pathway and the ﬁrst
one showing a bilateral representation of sensory information
(Carson, 1984; Reyher et al., 1988). The AON is made up of ﬁve
different subdivisions: pars dorsalis (AONd), pars medialis (AONm),
pars ventralis (AONy), pars lateralis (AONl) and pars externa (AONe)
(Haberly and Price, 1978). In rats, Jo et al. (2002) observed that the
highest number of ZEN neurons projecting to the OB was located in
the AON, so it seems that many AON cells projecting to the OB are
zincergic.
The aim of the present study was to check the plasticity of the
ZEN projections from the AON to the OB in a particular strain of
mouse with a speciﬁc alteration of its olfactory pathway: namely,
the Purkinje Cell Degeneration (pcd) mutant mouse. pcd mice have
a genetic mutation that results in selective postnatal neurodegeneration of speciﬁc cell populations, such as Purkinje cells in the
cerebellum, photoreceptors in the retina, and the main projection
cells in the OB: mitral cells (Mullen et al., 1976; FernándezGonzález et al., 2002; Valero et al., 2007). The selective, postnatal
and progressive features of the neurodegeneration provide a useful
paradigm to study the capacity of the zincergic projections to adapt
to a selective loss of part of its target neuronal population. In
previous studies, we analysed other groups of centrifugal
projections to the pcd OB, ﬁnding that whereas some projections
responded plastically to neurodegeneration, other centrifugal
systems remained unaltered (Recio et al., 2007). No information
is currently available concerning zincergic projections.
Understanding the role of zinc in normal and pathological
olfactory function requires both an identiﬁcation of the ZEN
pathways and testing its capacity to adapt to changing conditions.
Here, the plastic potential of zincergic innervation in the mouse OB
was studied, focusing on the largest source of ZEN terminals
modulating information processing in the OB, i.e., those arising from
the AON.

water. After 1.5 h, the mice were deeply anaesthetized with 1.5 ml/kg b.w. of the
same anaesthetic mixture and then sacriﬁced by transcardial perfusion with 3%
glutaraldehyde (GA) solution in 0.15 M Sørensen buffer, pH 7.4 (SB). The OBs were
removed and placed in the same ﬁxative solution for 3 h, cryoprotected in 30%
sucrose, and frozen in liquid N2. Thirty-micrometer thick sections were obtained on
a freezing–sliding microtome (Leica Frigomobil, Jung SM 2000, Nussloch) and
placed on 10% Farmer-rinsed slides (Danscher et al., 1985) or stored at 20 8C in a
freezing mixture made up of 30% glycerol and 30% polyethylene glycol in 0.1 M
phosphate buffer, pH 7.4 (PB).
In order to stain ZEN somata in the AON projecting to the OB, intracerebral (i.c.)
sodium selenite injections were performed as described by Danscher and
Stoltenberg (2005). Four wild-type mice and four pcd mice were subjected to
unilateral injections of sodium selenite into the GCL of the right main OB. The
animals were deeply anaesthetized with 1 ml/kg b.w. of the same anaesthetic
mixture and then placed in a stereotaxic apparatus (David Kopf Instruments,
Tujunga). Micropipettes with diameters of roughly 20 and 16 mm, respectively for
the wild-type and pcd mice, ﬁlled with sodium selenite (0.05% in distilled water)
were placed in the centre of the right OB. Due to the reduced brain size of pcd mice,
the stereotaxic coordinates for the injections were ﬁrst selected for control animals
(rostral, 3.8 mm; lateral 1 mm from Bregma; and deep 1 and 0.5 mm from the
dura) and thereafter transposed to the mutant mice following the system described
by Recio et al. (2007). Thus, similar injection points were calculated in both
experimental groups simply by preserving the ratios of the stereotaxic coordinates.
The sodium selenite solution was injected iontophoretically over a period of 8 min.
Iontophoresis parameters were 5 mA negative current in 7 s on/off cycles. Two
injections were performed in each animal at 1 mm and 500 mm under the OB
surface. The micropipettes were left in situ for a further 10 min after the injection to
prevent reﬂux of the solution injected. After the injection, the mice were returned to
their cages for 24 h to permit the retrograde transport of zinc–selenium from axon
terminals to the cell bodies of origin in the AON, according to previously established
procedures (Danscher, 1984). One mouse was used as control, in which saline
solution was administered into the right OB using the same method as that
described above.
During the 24 h of survival time, the animals were injected with Buprex
(Schering-Plough, Hull, 4 mg/kg b.w.) to minimize the pain caused by the toxic
effects of selenite. After 24 h, the mice were sacriﬁced and their OBs removed and
treated as previously detailed.
Two mice were used as negative controls and were i.p. injected with the zinc
chelator DEDTC (Merck, Damstadt, sodium diethyldithiocarbamate, 1 g/kg b.w.) 1 h
before the sodium selenite i.p. and i.c. injections.
2.3. Autometallography (AMG)
After air drying, the slides were placed in jars with AMG developer (Danscher,
1982) for 60 min. AMG development was stopped by replacing the developer with a
5% sodium thiosulphate solution. Ten minutes later, the sections were dipped in
distilled water and counterstained with a 0.1% toluidine blue solution. The stained
sections were dehydrated in alcohol, cleared in xylene, cover-sliped with mounting
medium (Entellan), and examined under the light microscope.
Neither of the negative controls described above showed silver staining after
AMG development.

2. Experimental procedures
2.4. ZnT3 immunohistochemistry
2.1. Animals
C57BL/6J mice heterozygous for the pcd1J mutation (+/pcd) from a colony
originally obtained from Jackson Laboratories were mated with wild-type DBA/2J
females. The pcd1J allele was associated with the genetic background of the C57BL/
6J strain, whereas the normal allele was associated with the genetic background of
the DBA/2J strain. Mouse genotyping was carried out by PCR ampliﬁcation of
speciﬁc microsatellite sequences. Littermates were selected according to their
genotypes for use as controls (+/+), experimental animals (pcd/pcd), or to expand
the colony (pcd/+).
Twelve mutant mice and 15 wild-type mice 120 days old were used. The animals
were housed under conditions of constant temperature and humidity under a 12/
12 h artiﬁcial photoperiod and were fed ad libitum with water and composite fodder
(Rodent toxicology diet, B&K Universal G.J., S.L. Molins de Rei, Barcelona, Spain). The
animals were kept, handled, and sacriﬁced in accordance with current European
(directive 86/609/EEC), the Spanish legislation (RD 1201/2005) and the Ethical
Committee of the University of Salamanca.
2.2. Selenite injections
In order to stain the ZEN terminals in the OB, the autometallographic zinc–
selenium method (ZnSeAMG) was used (Danscher and Stoltenberg, 2005). Four wildtype mice (+/+) and four pcd mice (pcd/pcd) were anaesthetized with a mixture of
xylazine (Rompum, Bayer, Kiel) and ketamine hydrochloride (Imalgene, Merial,
Lyon) at a ratio of 3:4, using a dose of 1 ml/kg b.w. Then, the animals were injected
intraperitoneally (i.p.) with sodium selenite (20 mg/kg b.w.) dissolved in distilled

Four wild-type and four mutant mice were deeply anaesthetized and perfused
transcardially with 4% paraformaldehyde in 0.1 M PB, pH 7.4. The OBs were removed and postﬁxed using the same ﬁxative (3 h at room temperature), cryoprotected
with 30% sucrose in PB until they sank, and frozen in liquid N2. Thirty-micrometer
thick coronal sections were obtained on a freezing–sliding microtome and picked
up in a multiwell plate with cold PB. The sections were immunostained or stored at
20 8C in the freezing mixture described above.
An afﬁnity-puriﬁed rabbit antibody speciﬁc for ZnT3 (kindly provided by Dr.
R.D. Palmiter) was used for immunohistochemical localization. This antibody has
been used previously in other studies and its speciﬁcity has been demonstrated
(Palmiter et al., 1996; Wang et al., 2001, 2002a,b). After a rinse in 0.1 M
phosphate-buffered saline (PBS), sections were incubated at 4 8C with the
primary antiserum, composed of 1:200 rabbit anti-ZnT3, 0.1% Triton X-100 (w/v),
5% (v/v) normal goat serum (Sigma, Steinheim), 0.25% (v/v) dimethyl sulfoxide
(Probus S.A., Barcelona) and 2% (w/v) bovine serum albumin (Sigma, Steinheim)
diluted in PBS for 72 h. The tissue slices were then rinsed in PBS and incubated at
room temperature for 1.5 h in the secondary antiserum (1:200 goat anti-rabbit
IgG, Vector, Burlingame, and 0.1% Triton X-100 (w/v) in PBS). After a wash in PBS
and incubation for 1 h at room temperature with Vectastain Elite ABC reagent
(Vector, Burlingame), the sections were ﬁnally incubated in 0.02% 3,30 diaminobenzidine (DAB) with 0.0033% H2O2 diluted in PBS until the desired
staining intensity was reached. The colouring process was stopped by rinsing the
sections with PBS, followed by mounting, after which they were air-dried at room
temperature. The stained sections were further dehydrated and cover-sliped
with mounting medium.
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To assess speciﬁcity, a few sections in each experiment were incubated in the
same incubation medium without primary or secondary antibody. This procedure
always resulted in a complete lack of staining.
2.5. Semi-quantitative assays
To analyse ZEN terminal staining in the GCL we chose comparable rostro-caudal
levels between control/mutant OB sections that had not been counterstained with
toluidine blue. Since ZEN terminals appeared in such a dense granular distribution
in the GCL that it was impossible to individualize each single spot, the ZEN terminal
density was estimated using ImageJ software. Equivalent areas were selected for
wild-type and mutant mice OB sections and photographed with a photomicroscope
(Olympus Provis AX70, Tokyo, Japan). Using imageJ 1.37i software (Rosband W.S.,
National Institutes of Health, Bethesda, MA) pictures were transformed into dual
black/white images in which only positive elements appeared as black pixels. The
level of black was balanced to avoid background and the black pixels were then
counted. The percentage of black pixels in each photo was taken as a measure of ZEN
terminal density in each selected GCL area. Parametric data from ZEN terminals
percentages were analysed with the independent samples (signiﬁcance levels
P < 0.05 and P < 0.01) using Student’s t-test the SPSS statistical software program
(SPSS, Chicago, IL, USA).
In order to analyse the density of ZEN somata in the AON, four levels (I, II, III and
IV) along the rostro-caudal axis of the AON were chosen according to Plates 03, 05,
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09 and 11 of the mouse brain atlas by Franklin and Paxinos (1997). They
corresponded to the following Bregma levels: 3.56, 3.08, 2.58 and 2.34 mm. Since
the pcd mice had smaller OBs, equivalent serial sections corresponding to those
levels were chosen in accordance with neuroanatomical reference marks. In each
section, the contours delimiting each subdivision of the AON were traced using
Neurolucida software (MicroBrightField, Williston, Fig. 1) and the ZEN neurons
inside were counted. Each ZnSeAMG-positive cell of each subdivision was included in
the analysis. The areas of the subdivisions were measured and the density of
ZnSeAMG-positive cells was calculated for each region as the number of cells/mm2.
Statistical differences between the ipsilateral and contralateral AON subdivisions
and between the pcd and control mice were assessed with the Student’s t-test for
independent samples (signiﬁcance levels P < 0.05 and P < 0.01) using the SPSS
statistical software program (SPSS, Chicago, IL, USA).
2.6. Technical considerations
In order to retrogradely stain as many ZEN somata projecting to the OB as
possible, selenite injections in the OB were directed to the GCL, where the largest
target region of the general centrifugal afferents in the OB is located (Haberly and
Price, 1978; Davis and Macrides, 1981). To ensure that as many ZEN terminals in the
GCL as possible were in contact with sodium selenite, two injections were
performed in the right OB of each animal. Nevertheless, we carefully controlled the
volume of the OB tissue ﬁnally affected by the injections to validate the mapping of

Fig. 1. Neurolucida drawings of coronal sections of the mouse brain where the AON is located. Each drawing corresponds to each rostro-caudal level I (I–IV) chosen from the
appearance of the rostralmost AON (level I) to the last sections where it can be identiﬁed in the caudalmost part (level IV). Different wefts identify the area occupied by the
different AON subdivisions. The number of ZEN neurons was analysed in each AON subdivision for each deﬁned level. AONd, pars dorsalis; AONm, pars medialis; AONy, pars
ventralis; AONl, pars lateralis; AONe, pars externa; AC, anterior commissure. Scale bar: 400 mm.
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Fig. 2. Coronal sections of the OB of wild-type (A) and pcd mice (B) where the injection point is located. Due to the penetration of micropipettes into the tissue and to the
toxicity of sodium selenite, the surroundings of the injection point appear damaged. ZEN terminals in contact with the sodium selenite injected are stained after the AMG
development and allow us to corroborate the spread of the selenite injection in the GCL. The silver precipitates reach nearly the whole GCL, except for the ventralmost zone in
both wild-type (A) and mutant mice (B). Scale bar: 200 mm.

ZEN distribution in the AON. Thus, the injection site was centred in the region of the
GCL and did not present size differences between similar rostro-caudal levels.
Moreover, all the cases included in this study were absolutely conﬁned to the GCL
and the tracer did not spread beyond its limits (Fig. 2). For all these reasons, we are
sure that the injections were perfectly comparable between animals, such that the
AON ZEN somata distribution reported above cannot be due to different injection
parameters.
The lack of mitral cells in the pcd mice and the resulting changes in lamination
mean that their OBs are slightly smaller than those of controls (Mullen et al., 1976).
Accordingly, in theory similar injections could recruit more terminals and label
more cells retrogradely in pcd mice. To neutralize this possible effect, as previously
mentioned, the pipette diameter chosen for the pcd mice was proportionally
smaller. Additionally, the analysis was carried out by observers who were blind to
the identity of the animals.

3. Results
3.1. ZEN terminals in the pcd mouse OB
The OB sections of the pcd mice showed the same staining pattern
as the controls, for both the ZnSeAMG and the ZnT3 immunohistochemistry (Fig. 3A–F). In both the pcd mice and wild-type animals,
the ZnSeAMG staining consisted of dark silver grains, the coarsest
reaction being observed in the GCL, where the dark brown spots
ﬁlled the neuropil spaces among the granule cell somata (Fig. 3A and
B). In both the control and experimental groups the intensity of
staining showed a slight decrease in the outermost zone of the GCL,
i.e., close to the internal plexiform layer (IPL) (Fig. 4A and B). By
contrast, a slight reaction covered the IPL and a few tiny disperse
grains were found in the EPL (Fig. 3A and B). The staining in the GL
mostly appeared as well-deﬁned grains in the juxtaglomerular area
(Fig. 5A and B). Semi-quantitative analysis of ZENAMG staining in the
GCL conﬁrmed there were no signiﬁcant differences between
control and pcd mice (60.75  1.22% of ZEN terminals, mean  S.E.M.,
in control animals and 61.65  0.91% of ZEN terminals, mean  S.E.M.,
Student’s t-test, P = 0.56 in mutant mice, Fig. 4E).

Regarding ZnT3 immunohistochemistry, the DAB staining was
coincident with that of ZnSeAMG (Fig. 3E and F). The ZnT3 staining
was also granular and was mainly found in neuropil areas. The pcd
mice showed a similar immunostaining pattern to that of the
control animals. The areas with the strongest positive labelling
were the GCL, with the deep half also more heavily stained than the
superﬁcial one (Fig. 4C and D), and the GL (Fig. 5C and D). Lighter
DAB precipitates were also seen in the IPL and, more rarely in the
EPL (Fig. 3E and F).
3.2. Distribution of ZEN somata in the AON of control mice
Retrogradely labelled ZEN somata showed dark spots inside the
neuronal cytoplasm and sometimes in the initial portion of the
main dendrites (Fig. 6). The density of ZEN somata in the AON was
analysed along the rostro-caudal axis (levels I–IV, Fig. 1), different
values being observed among subdivisions and between hemispheres.
In the ipsilateral AON, the region with the highest density of ZEN
somata varied throughout the rostro-caudal levels (Fig. 7). In the
rostralmost ones, I and II, the main sources of ZEN neurons
projecting to the OB were the AONl (2122.0  165.5 cells/mm2,
mean  S.E.M.) and the AONy (2452.2  518.9 cells/mm2, mean
 S.E.M.), respectively (Fig. 7A and B). In the caudalmost levels, III
and IV, the strongest projection came from the AONm (2064.9 
229.5 cells/mm2, mean  S.E.M., in level III and 2811.1  245.6 cells/
mm2, mean  S.E.M., in level IV), which also showed the highest
average density of the whole ipsilateral AON (Fig. 7C and D).
The density values found in the contralateral AON were lower
than those observed in the ipsitateral AON, ﬂuctuating within a
small range and showing statistically signiﬁcant differences with
respect to the ipsilateral counterparts. In a parallel manner, the AONl
and AONy showed the highest densities of ZEN somata in levels I
(302.5  195.2 cells/mm2, mean  S.E.M.) and II (643.2  197.9 cells/
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Fig. 3. (A and B) Coronal sections of the OB showing the location of ZEN terminals. After counterstaining with toluidine blue, sections showed ZnSeAMG staining as dark spots,
mainly distributed in the GCL. (C and D) Higher magniﬁcation of the OB showing mitral cell loss in the pcd mutant mouse (arrowheads point to mitral cells in wild-type
animals). (E and F) ZnT3 immunohistochemistry staining shows brown DAB precipitates, mainly in the GCL and GL. Apart from the general features of the pcd mouse OB, such
us the smaller size, the lack of mitral cells or the reduction of the EPL (B, D, and F), no differences are observable between the control (A and E) and pcd (B and F) mice as regards
the distribution or intensity of ZnSeAMG and ZnT3 immunohistochemistry staining. ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral
cell layer; IPL, internal plexiform layer; GCL, granule cell layer; SEL, subependymal layer. Scale bars: 500 mm for A, B, E, and F and 50 mm for C and D.
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Fig. 4. High magniﬁcations of the OB GCL stained with ZnSeAMG (A and B) and ZnT3 immunohistochemistry (C and D) show the same labelling pattern in the control (A and C)
and pcd (B and D) mice: punctuated silver/DAB labelling homogeneously located in the neuropil of the GCL (arrowheads), while granule cell soma spaces remain without
precipitates (asterisks). (E) Graph showing ZEN terminal density in the OB of wild-type and mutant mice. Values are means  S.E.M. Student’s t-test. IPL, internal plexiform
layer; SEL, subependymal layer. Scale bar: 20 mm.

mm2, mean  S.E.M., Fig. 7A and B), respectively, while the AONm had
the highest density of ZEN somata in levels III (599.8  138.4 cells/
mm2, mean  S.E.M.) and IV (521.5  128.7 cells/mm2, mean  S.E.M.,
Fig. 7C and D).
Taking all levels together, it was evident that the number of
ipsilateral ZEN projections to the OB was signiﬁcatively higher
than those coming from the contralateral side (Fig. 6A and C, and
Fig. 7E), except for the AONe, where the ipsilateral density of
somata was as low as the contralateral one; thus, the data from
both hemispheres in the AONe were not statistically different

(116.5  40.9 cells/mm2, mean  S.E.M., for the ipsilateral and
37.5  24.8 cells/mm2, mean  S.E.M., for the contralateral hemisphere). Accordingly, both bilateral AONs show similar regional
density patterns (Fig. 7E).
3.3. Distribution of ZEN somata in the AON of pcd mice
Unlike the wild-type mice, no positive ZEN neurons were found
in the contralateral AON of the pcd mutant mice (Fig. 6D). Thus, the
data from the ipsilateral AON were compared directly with those
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Fig. 5. ZEN terminal staining in the GL labelled with ZnSeAMG (A and B) and ZnT3 immunohistochemistry (C and D) reveals no differences between control (A and C) and pcd (B
and D) mice. Dark silver precipitates (arrowheads) of ZnSeAMG staining are located in the juxtaglomerular region (A and B) whereas ZnT3 immunostaining spreads throughout
the GL, both in the juxtaglomerular zone and in the glomerular neuropil (C and D). Scale bar: 20 mm.

from the counterpart wild-type regions (Fig. 7). The rostro-caudal
distribution of ZEN somata changed slightly with respect to the
pattern seen in the control mice. The highest density in level II
was not in the AONy but in the AONm (4511.1  470.3 cells/mm2,
mean  S.E.M.) and AONd (3878.6  736.4 cells/mm2, mean  S.E.M.,
Fig. 7B). By contrast, in parallel with the wild-type data, the AONm
included most ZEN somata in caudal levels III (2871.1  283.5 cells/
mm2, mean  S.E.M.) and IV (4011.6  208.3 cells/mm2, mean
 S.E.M., Fig. 7C and D) and was also the region with the highest
density values in the whole AON of the pcd mice.
On comparing the mutant and control animals, the density data
from the pcd mice were always higher than those from the wild-type
animals (Fig. 6A and B). In the statistical analysis, signiﬁcant
differences between the wild-type and pcd animals were found in
the AONl at level I (1613.72  125.86 cells/mm2 for the control versus
2101.93  72.62 cells/mm2 for the pcd, Student’s t-test P < 0.05,
Fig. 7A), in the AONd and AONm at level II (1168.7  295.4 cells/
mm2 for the control AONd versus 3878.6  736.4 cells/mm2 for the pcd
AONd, Student’s t-test P < 0.05, and 1797.1  589.9 cells/mm2 for the
control AONm versus 4511.1  470.3 cells/mm2 for the pcd AONm,
Student’s t-test P < 0.05, Fig. 7B); in the AONl at level III
(856.4  167.1 cells/mm2 in control versus 1699  231.7 cells/mm2
in pcd, Student’s t-test P < 0.05, Fig. 7C); and in the AONm at level IV

(2811.1  245.6 cells/mm2 in control versus 4011.6  208.3 cells/
mm2 in pcd mice, Student’s t-test P < 0.01, Fig. 7D).
When all rostro-caudal levels were included together, the
differences in the AONd and AONm between the control and pcd
mice remained statistically signiﬁcant (1048.2  202.6 cells/mm2
in control AONd versus 2331.9  429.9 cells/mm2 in pcd AONd,
Student’s t-test P < 0.01, and 2269.7  205.8 cells/mm2 in control
AONm versus 3454.6  215.1 cells/mm2 in pcd AONm, Student’s ttest P < 0.01, Fig. 7E). These ﬁndings indicated that there had been
a global increase in ZEN soma density in the mutant mouse AON,
noticeable along different rostro-caudal levels and speciﬁcally
located in the AONd and AONm.
4. Discussion
4.1. ZEN terminal staining persists in pcd mice
After mitral cell loss, the distribution and intensity of both
ZnSeAMG and ZnT3 immunohistochemical staining in the mutant
mouse OB showed no differences with the OBs of the wild-type
animals. Thus, as in the control mice (Jo et al., 2000), the location of
ZEN terminals in both the GL and GCL would correspond to
olfactory receptor terminals in the GL and centrifugal ﬁbres in the
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Fig. 6. ZnSeAMG retrogradely labelled ZEN somata in the ipsi- and contralateral AONm of level IV from control (A and C) and pcd (B and D) mice. Sections are counterstained
with toluidine blue. Although the ipsilateral AON shows many positive somata (arrowheads) in control mice (A), the ZEN density of labelled somata is clearly higher in the pcd
AON (B). The contralateral counterparts show very few positive somata in the sections from the control animal (C, arrowheads point to the magniﬁed cells), whereas none can
be seen in the mutant mouse section (D, arrowheads point to the magniﬁed cells). Scale bar: 20 mm.

GL and the GCL. Although mitral cells are the direct target of some
of these projections, i.e., olfactory nerve terminals in the GL, the
distribution and density pattern of zincergic terminals remained
similar in the pcd OB in comparison with the controls. Despite the
different intensity between ZnT3 immunohistochemistry and
ZnSeAMG in the GL, both techniques revealed that the ZEN
terminals belonging to olfactory receptor neurons in the OB did
not change in number or distribution in the pcd mutant mice. These
results support previous descriptions, in which no morphological
or functional changes were detected in the olfactory nerve layer or
in the olfactory epithelium of pcd mutant mice after mitral cell
loss (Greer and Shepherd, 1982). The distribution, morphology
and density of ZEN terminals corresponding to centrifugal
afferents were also coincident in the GCL and in the GL of both
the experimental and control animals.
There are two different centrifugal afferents to the OB: one
coming from olfactory structures and others coming from nonolfactory sources, such as the diagonal band of Broca (Zaborszky
et al., 1986), the dorsal and medial raphe nuclei (McLean and
Shipley, 1987), and the locus coeruleus (McLean and Shipley, 1991;
Woo et al., 1996). The non-olfactory centrifugal inputs are well
known for their cholinergic, serotonergic and noradrenergic
characters, respectively, but they do not contain zinc in their
terminals (Jo et al., 2002). In contrast, zincergic centrifugal
afferents in the OB have been described to originate in olfactory
sources: the taenia tecta, nucleus of lateral olfactory tract, piriform
cortex, entorhinal cortex and, most of them, in the AON (Jo et al.,
2002). To date, whether the olfactory centrifugal terminals are
affected at their target points in the OB of pcd mutant animals
remains to be elucidated.
Variations in non-olfactory centrifugal afferents have been
described after a decrease in olfactory bulb activity (Gómez et al.,

2006, 2007). For instance, a decrease in the activity of serotonergic
ﬁbres has recently been seen both after the loss of mitral cells
(personal communication) and after 60 days of olfactory deprivation (Gómez et al., 2007). However, possible effects on centrifugal
terminals in the OB arriving from olfactory sources have not been
checked after variations in OB activity. Here we show for the ﬁrst
time that the zincergic subgroup of terminals coming from
olfactory sources does not show alterations in density or
distribution by means of ZnSeAMG or ZnT3 immunohistochemistry
after mitral cells loss. However, it should be emphasized that a
reorganization of ZEN terminals in the OB must take place during
this process, since important changes in their neurons of origin in
the AON were observed.
4.2. ZEN somata distribution in the AON of wild-type mice
As in a previous description made in rats (Jo et al., 2002), we
observed that the AON had a high number of ZEN somata
projecting to the OB, with a predominance of the ipsilateral versus
the contralateral hemisphere the AONe being the only region
where no signiﬁcant differences were observed between either
hemispheres. Since the AONe appeared in only two of the four
levels chosen, there were fewer samples of these values, which
could render the S.E.M. for the AONe too high to discriminate
signiﬁcant differences between hemispheres. Nevertheless, our
results in mice indicate that the same general features of ZEN
neurons are maintained in the olfactory system of different species.
According to our results, ZEN neurons projecting to the OB are
located in all AON subdivisions of both the ipsi- and contralateral
hemispheres, in good agreement with general connectivity studies
(Haberly and Price, 1978; Davis and Macrides, 1981; Shipley and
Adamek, 1984, Recio et al., 2007). However, the AONe is believed to
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Fig. 7. Density of ZEN somata (cells/mm2) in the ipsi- and contralateral AONs of control (white and striped, respectively, n = 4) and mutant (black and punctate, respectively,
n = 4) mice. (A to D) Graphics for each AON subdivision are shown in each rostro-caudal level (I–IV, respectively). (E) Comparison among subdivisions of the average of ZEN
soma density in all rostro-caudal levels. Results are shown as means  S.E.M. Asterisks point to statistically signiﬁcant differences assayed with the Student’s t-test (*P < 0.05,
**P < 0.01).

be the origin of most of the contralateral projections to the OB (De
Olmos et al., 1978; Haberly and Price, 1978, Davis and Macrides,
1981; Luskin and Price, 1983; Schoenfeld and Macrides, 1984;
Recio et al., 2007), and in our study this region had the lowest ZEN
neuron density. Such differences could be due to technical reasons
(different injection points and/or animal species used), and since
zincergic innervation only constitutes a subpopulation of the total
afferents in the OB, it is likely that the AONe would be responsible
for most of the contralateral afferents in the OB even though not
many of them are really zincergic.
According to our semi-quantitative results, the distribution of
ZEN somata changes along the rostro-caudal axis. The regions
with the most powerful inﬂuence of ZEN neurons in the OB
changed from the AONl and AONy in the rostralmost levels, to the
AONm in more caudal ones. Although it is long time since the
connectivity between AON and OB was ﬁrst studied, little is
known about the topography of the centrifugal afferents from

each subdivision of the AON, and even less about quantitative
differences in connectivity from the rostral to the caudal portion
of the AON (De Olmos et al., 1978; Haberly and Price, 1978; Davis
and Macrides, 1981; Luskin and Price, 1983; Schoenfeld and
Macrides, 1984). Our ﬁndings point to a heterogeneous ZEN soma
density in different AON subdivisions along the rostro-caudal axis.
Since the AON was ﬁrst described (Herrick, 1910), the existence of
real AON subdivisions has largely been questioned due to the
similar appearance of its regions (except the external one; for a
review see Brunjes et al., 2005). However, over time different
cytoarchitectural features, cell morphologies, and prevalences of
neurochemical phenotypes have been described in the different
AON subdivisions (Haberly and Price, 1978; Reyher et al., 1988;
Garcı́a-Ojeda et al., 1998; Valverde et al., 1989; Barbado et al.,
2002). Differences among subdivisions through the rostro-caudal
axis according to their zincergic content add further support to the
notion that AON subdivisions are in fact different structures.
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Therefore, the compartmentalization of the AON into subdivisions does not seem to be artiﬁcial; instead, these subdivisions
are neurochemically, hodologically, and anatomically different,
also suggesting functional differences in the modulation of the
olfactory signal.
To date the proportion of AON neurons projecting to the OB
that are ZEN neurons remains unknown, but many of the
characteristics mentioned above concerning general connectivity
studies are shared by both zincergic and non-zincergic systems. It
has been established that the main target for afferents coming
from the AON is the GCL, those coming from the AONm to the
deeper half of the GCL being especially numerous (Davis and
Macrides, 1981; Kratskin and Belluzzi, 2003; Brunjes et al., 2005).
In our experiments, the AONm was the subdivision showing
the highest ZEN soma density. This, together with the predominance of the AON ipsilateral vs contralateral projections and
the existence of ZEN neurons in all AON subdivisions, shows
that zincergic afferents seem to overlie the general centrifugal
connectivity pattern. It is therefore conceivable that a large
number of afferents coming from the AON to the OB are zincergic.
4.3. Reorganization of zincergic projections in pcd mice
One of the most striking results seen in the pcd mice was the
complete absence of ZEN somata in the contralateral AON. It is well
known that the anterior commissure (AC), which communicates
both hemispheres, is made up by axons from the AON and piriform
cortex (Haberly and Price, 1978; Luskin and Price, 1983). In pcd
mutant mice, the AC degenerates postnatally but it is still unknown
whether this is due to the direct effects of the mutation or whether
it is a direct consequence of mitral cell degeneration (Baker and
Greer, 1990, Recio et al., 2007). With the present results it cannot
be stated whether the lack of contralateral zincergic projections
belongs to the causes or consequences of the AC degeneration,
although it must be directly related to this process since the AC is
the pathway where interhemispheric AON information is shuttled.
According to our results, pcd mice have more ipsilateral ZEN
projections to the OB than the controls. Since we had previously
taken into account the different sizes of the wild-type and pcd
animals, it is not likely that such an increase would respond to a
larger amount of selenite being in contact with ZEN terminals in
the OB. Additionally, similar increases in the number of ipsilateral
AON neurons projecting to the OB have been described in pcd
mutant mice when injected with tracers in the mitral cell layer of
the OB (Recio et al., 2007); in that study, no changes were noted in
more caudal areas projecting to the OB such as the taenia tecta or
piriform cortex. After observation of our material, we also failed to
observe any signiﬁcant change in the number of stained ZEN
neurons in the taenia tecta and piriform cortex in pcd mice. This
indicates that the reported increase in the AON is the result of a
selective plastic reorganization in pcd mutant mice and not a
consequence of anatomical differences between the control and
pcd animals. Furthermore, no changes have been described in AON
volume in the pcd mouse (Baker and Greer, 1990), ruling out the
hypothesis that a small AON in these mice would lead to a higher
density of stained somata. These data support the notion that the
differences observed in pcd mice are speciﬁc. It may therefore be
concluded that many non-zincergic AON neurons would become
ZEN neurons after mitral cell loss.
The attempt to understand the reasons for these changes in pcd
mice prompted us to consider their possible functional implications. Granule cells inhibit olfactory inputs of mitral and tufted
cells (Yokoi et al., 1995) and receive excitatory glutamatergic
projections from the AON via NMDA receptor activation (Brunjes
et al., 2005; Balu et al., 2007). Thus, in the long run these centrifugal

inputs reinforce the bulbar inhibition of olfactory signals in a
feedback mechanism that would control the centripetal pathway
of olfactory information. The best known action of zinc ions is in
synapse modulation, binding to many postsynaptic receptors such
as NMDA glutamate receptors. Accordingly, when zinc ions reach
their speciﬁc binding sites in NMDA receptors the postsynaptic
signal is inhibited (Westbrook and Mayer, 1987; Smart et al., 1994;
Choi and Koh, 1998; Vogt et al., 2000; Colvin et al., 2003;
Blakemore and Trombley, 2004; Erreger and Traynelis, 2005).
Considering the centrifugal projections studied here, AON afferents
(excitatory) to the granule cells (inhibitory to the mitral cells), and
the weakening effect of zinc on the centrifugal excitatory synapsis,
the global effect of zinc would be to elicit a decrease in the granular
inhibition of mitral cells, i.e., an increase in olfactory transmission
from mitral cells to higher olfactory nuclei.
The loss of mitral cells in pcd mice causes a decrease in the
olfactory signal from the OB to other nuclei belonging to the
olfactory pathway (including the AON, Valero et al., 2007).
Accordingly, the AON would detect the lack of olfactory information coming from the OB and, according to our results, responds by
increasing its zincergic projections, probably in an attempt to
increase the OB olfactory signal (decreased due to mitral cell death)
to higher olfactory centres.
Nevertheless, the increase in ipsilateral AON ZEN neurons could
also be considered in terms of the other direction, where it would
mediate a transynaptic granule cell effect. The main target of
AONm projections is the deepest half of the GCL, where somata of
granule cells contacting mitral cells are located (Davis and
Macrides, 1981; Kratskin and Belluzzi, 2003; Brunjes et al.,
2005), and here one of the regions which displayed a signiﬁcant
increase in ZEN projections after mitral cell loss was the AONm. It is
known that the survival of granule cells, especially when deeply
located, is inﬂuenced by sensory inputs (Mandairon et al., 2003;
Koyano et al., 2005). Moreover, in the GCL of pcd mice a reduction
in the width of the layer, in the number of calretinin-positive cells,
and in the survival of newly generated granule cells has recently
been reported to be a consequence of mitral cell loss (Valero et al.,
2007). Thus, a decrease in the activity or the number of deeply
located granule cells (as a consequence of the loss of their targets)
would not be unexpected; this would lead to a decrease in the
excitatory signal from the AON neurons by enhancing their
zincergic character.
Despite our results, it remains unknown which direction
(perhaps both together) would be involved in the increase of
zincergic ipsilateral projections. In any case, it should be remarked
that, possibly because of the lack of contralateral afferents, the ﬁnal
proportion of ZEN terminals in the OB does not increase after
mitral cells loss, and that maintaining a stable zincergic innervation may be more important than previously considered. Further
experiments focused on all sources of zincergic centrifugal
afferents, not only the AON, as well as different time-frame
experiments during mitral cell degeneration would be needed to
clarify the causes and effects of this reorganization.
The present results demonstrate the plastic ability of the
zincergic centrifugal system from the AON to the OB in its response
to neurodegenerative loss of the main projection cells of the OB.
Moreover, they shed light on the complex structure and function of
the AON and its relevance as a zincergic modulatory centre, and
reinforce the notion that its subdivisions are not only anatomically
but also neurochemically distinct.
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assistance of N. Skinner and C. Ávila is also acknowledged. This
work was supported by the Ministerio de Educación y Ciencia
(SAF2006-05705), the Fundación de Cajas de Ahorros de Castilla y
León and the Ministerio de Salud y Consumo (PNSD 132/06).

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jchemneu.2008.07.005.
References
Baker, H., Greer, C.A., 1990. Region-speciﬁc consequences of pcd gene expression in
the olfactory system. J. Comp. Neurol. 293, 125–133.
Balu, R., Pressler, R.T., Strowbridge, B.W., 2007. Multiple modes of synaptic excitation of olfactory bulb granule cells. J. Neurosci. 27, 5621–5632.
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