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Abstract

The sensory input layer in the olfactory bulb (OB) is typically organized into spheroidal aggregates of dense neuropil called glomeruli.
This characteristic compartmentalization of the synaptic neuropil is a typical feature of primary olfactory centres in vertebrates and
most advanced invertebrates. In the present work we mapped the location of presynaptic sites in glomeruli across the OB using
antibodies to presynaptic vesicle proteins and presynaptic membrane proteins in combination with confocal microscopy. In addition
the responses of glomeruli upon mucosal application of amino acid-odorants and forskolin were monitored using functional calcium
imaging. We first describe the spatial distribution of glomeruli across the main olfactory bulb (MOB) in premetamorphic Xenopus
laevis. Second, we show that the heterogeneous organization of glomeruli along the dorsoventral and mediolateral axes of the MOB
is associated with a differential distribution of synaptic vesicle proteins. While antibodies to synaptophysin, syntaxin and SNAP-25
uniformly labelled glomeruli in the whole MOB, intense synaptotagmin staining was present only in glomeruli in the lateral, and to a
lesser extent in the intermediate, part of the OB. Interestingly, amino acid-responsive glomeruli were always located in the lateral part
of the OB, and glomeruli activated by mucosal forskolin application were exclusively located in the medial part of the OB. This
correlation between odour mapping and presynaptic protein distribution is an additional hint on the existence of different subsystems
within the main olfactory system in larval Xenopus laevis.

Introduction

The olfactory sensory organs of vertebrates are made of specialized
neuroepithelia containing olfactory receptor neurons (ORNs) that
project directly to the olfactory bulb (OB), where their axon terminals
form synapses with the apical dendrites of the bulbar output neurons
and local interneurons (Hálasz & Greer, 1993; Ennis et al., 1996;
Hildebrand & Shepherd, 1997; Mombaerts, 1999; Lledo et al., 2005).
Larval Xenopus laevis possess an olfactory organ consisting of two
chambers, the principal cavity and the vomeronasal organ (Hansen
et al., 1998; Higgs & Burd, 2001). A third sensory chamber, the
middle cavity, arises during metamorphosis (Hansen et al., 1998;
Higgs & Burd, 2001). The larval olfactory epithelium (OE) is exposed
to water-borne odorants, and its ORNs have been shown to
differentially respond to amino acids through a cAMP-independent
transduction cascade (Vogler & Schild, 1999; Manzini et al., 2002a,b;
Manzini & Schild, 2003a, 2004; Czesnik et al., 2006, 2007).
Furthermore, recent calcium-imaging experiments have shown that
amino acid stimuli are mapped on mitral and granule cells in the lateral
OB, while ORNs using the cAMP transduction cascade activate those
in the medial OB (Manzini et al., 2002b; Czesnik et al., 2003). In
addition it has been shown that amino acid stimuli activate glomeruli
in the lateral OB (Manzini et al., 2007).

Axon terminals of ORNs synapse directly onto second-order
neurons in the OB forming spheroidal structures called glomeruli.
This typical organization of the sensory input layer of the OB is
conserved in different species across phyla (Hildebrand & Shepherd,
1997; Rössler et al., 2002; Lledo et al., 2005). The organization of
glomeruli, however, can differ markedly among species. Histological
and electron microscopic investigations revealed that glomeruli in the
OB of larval Xenopus laevis are organized rather loosely without
defined periglomerular borders (Byrd & Burd, 1991; Nezlin & Schild,
2000; Nezlin et al., 2003) and, unlike the general assumption that
ORN axons project into one glomerulus each, ORNs of larval Xenopus
laevis bifurcate upon entering the OB and project their axons into
more than one glomerulus (Nezlin & Schild, 2005). Recently, by
tracing the projections of axons from ORNs, Nezlin & Schild (2000)
found a distinct organization of glomeruli in the ventral region of the
main olfactory bulb (MOB), in contrast to a more plexus-like
branching pattern of sensory axons in the dorsal part of the OB in
premetamorphic Xenopus laevis. A similar heterogeneity in the
organization of glomeruli was also found in the zebrafish (Baier &
Korsching, 1994). It has also been shown that antibodies to
synaptophysin, a synaptic vesicle-specific membrane protein (Jahn
et al., 1985), are an excellent tool to map the glomerular organization
in larval Xenopus laevis (Nezlin et al., 2003). Their spatial distribution
in glomeruli within the different layers and subregions of the MOB of
larval Xenopus laevis, however, has not been investigated up to now.
Here we used antibodies to the presynaptic vesicle proteins synapt-

ophysin and synaptotagmin (Jahn et al., 1985; Südhof et al., 1987;
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Brose et al., 1992), as well as antibodies to the presynaptic membrane
proteins syntaxin and SNAP-25 (Barnstable et al., 1985; Blasi et al.,
1993) in combination with confocal microscopy to map the location of
presynaptic sites in glomeruli across the OB. These proteins are
associated with synaptic vesicles and the plasma membrane in
presynaptic terminals (for general review, see Jahn & Südhof, 1994,
1999). In addition we monitored the responses of individual glomeruli
uponmucosal stimulation with amino acid-odorants and forskolin using
calcium imaging. The evaluation of the so-obtained data focused on the
following points. First, how are glomeruli spatially distributed across
the MOB in premetamorphic Xenopus laevis? Second, is the hetero-
geneity of glomeruli along the dorsoventral axis of the MOB associated
with a differential distribution of presynaptic proteins? As a last point,
by monitoring the amino acid- and forskolin-induced responses of
glomeruli of the MOB, we asked whether there is a correlation between
odour mapping and synaptic vesicle protein distribution.
Parts of this study have been reported previously in abstract form

(Rössler et al., 2001).

Materials and methods

Tissue preparation

Tadpoles of laboratory-bred Xenopus laevis (stages 49–54; staged after
Nieuwkoop & Faber, 1994) were used for the experiments. The animals
were cooled to complete immobility, and then killed by transection of
the brain at its transition to the spinal cord. All procedures for animal
handling and tissue dissections were carried out according to the
guidelines of the Göttingen University Committee for Ethics in Animal
Experimentation. A block of tissue containing the OE, the olfactory
nerves and the brain was cut out and transferred in bath solution (see
below). Brains were then immediately dissected out and transferred in
4% paraformaldehyde (PFA) in 0.1 m phosphate-buffered saline (PBS),
pH 7.4, for at least 2 h at room temperature or overnight at 4 �C.

Immunocytochemistry

Antibodies to synaptophysin (polyclonal G113 ⁄ p38 frog derived from
rabbit), synaptotagmin I (monoclonal C41.1 from mouse), syntaxin 1
(HPC-1, monoclonal from mouse) and SNAP-25 (monoclonal from
rabbit) were generously supplied by Dr Reinhard Jahn (Max Planck
Institute for Biophysical Chemistry, Göttingen, Germany; Barnstable
et al., 1985; Jahn et al., 1985; Südhof et al., 1987; Brose et al., 1992;
Blasi et al., 1993). C41.1 labelled a single band close to 66 kDa,
G113 ⁄ p38 labelled a double band at about 38 kDa, HPC1 labelled a
single band close to 31 kDa and SNAP-25 labelled a single band
below 31 kDa on Western blots of larval Xenopus laevis OB
homogenate (data not shown). For immunocytochemistry, the PFA-
fixed brains were washed in PBS and subsequently either sectioned on
a Vibratome (Leica VT 1000S, Bensheim, Germany) or on a cryostat
(Leica CM 1850). For slicing on the Vibratome the brains were
embedded in 5% low-melting point agarose (Sigma, Deisenhofen,
Germany) and sectioned at 70 lm. For preparation of cryosections the
brains were submerged in 30% sucrose in PBS overnight for
cryoprotection. The brains were then embedded in tissue-freezing
medium (Reichert-Jung, Nussloch, Deutschland), sectioned on the
cryostat at 20 lm and collected directly onto slides. Sections were
then washed in PBS containing 0.2% Triton X-100 (PBST), and non-
specific binding was blocked with 2% normal goat serum (NGS; ICN,
Aurora, Ohio, USA) in PBST for 1 h at room temperature. Tissue was
then incubated overnight at 4 �C with G113 ⁄ p38frog (1 : 1000),
C41.1 (1 : 500), HPC-1 (1 : 1000) and SNAP-25 (1 : 1000) diluted in

2% NGS ⁄ PBS. Primary antibody was washed off with PBS, and
Alexa 488- or 546-conjugated goat anti-rabbit or mouse secondary
antibodies (Molecular Probes, Leiden, the Netherlands) were applied
at a dilution of 1 : 250 in 1% NGS ⁄ PBS for 2 h at room temperature.
The secondary antibody was washed off in several changes of PBS.
Slices were then mounted on slides in 80% glycerol ⁄ PBS.

Estimation of the number of glomeruli in the MOB

The number of glomeruli were counted in eight left or right OBs
(n ¼ 5 animals) stained with antibodies to synaptophysin (see above)
serially sectioned on the cryostat at 20 lm. Counts per slice were
corrected for double-counting in adjacent slices by dividing the result
by (1 + d ⁄ t), with d and t being the mean glomerulus diameter and the
slice thickness, respectively (Weibel, 1979). Numbers of glomeruli are
given as mean ± standard error of the mean (SEM).

Labelling of olfactory receptor axons with biocytin

Axons of ORNs were labelled with biocytin using the method
described in more detail in Nezlin & Schild (2000). Briefly, to label
receptor axons, the brains were pinned to the bottom of a silicone-
covered Petri dish filled with bath solution, and the cut ends of the
olfactory nerves were put on a small piece of filter paper presoaked in
bath solution. A drop of paraffin oil was then placed onto the filter
paper in order to isolate the filter paper from the bath. Then an aliquot
of a solution containing (in mm): NaCl, 10; dimethylsulphoxide
(DMSO), 1%; HEPES, 5, pH 7.2; biocytin, 1% (Molecular Probes)
was pipetted onto the filter paper under the drop of paraffin. After
2–4 h of nerve filling, the brains were put in fresh bath solution for 2–
4 h at 10 �C. Brains were then fixed in 4% PFA in PBS, pH 7.4, for at
least 2 h at room temperature or overnight at 4 �C. For immunocy-
tochemistry, the brains were further processed as described above.
Biocytin-labelled sections were incubated for 2–3 h in Avidin Alexa
488 (Molecular Probes; 1 : 250 in PBS with 0.2% Triton X-100).
Avidin was washed off in several changes of PBS.

Laser-scanning confocal microscopy

Preparations were viewed in a laser-scanning confocal microscope
(Zeiss LSM 510) equipped with an inverted microscope (Zeiss
Axiovert 100M), and both 15 mW argon and 1 mW helium ⁄ neon
laser light sources, using appropriate filter combinations. Single and
serial optical sections were imaged at intervals of 0.5–5 lm through
the depth of the sections and saved as three-dimensional stacks.
Images of single optical sections or two-dimensional projections were
generated for each channel and merged with the use of pseudocolors.
Where needed, the digitized images were modified only to enhance
contrast, to merge images from consecutive sections of the same
preparation, or to form montages of images from adjacent regions.
Image processing and labelling of figures were performed with one or
more of the following programs: Zeiss imaging software (Zeiss,
Göttingen, Germany), Corel Photopaint and Corel Draw (Corel
Corporation, Ottawa, Ontario, Canada).

Nose–brain preparation for confocal calcium imaging

Tadpoles of Xenopus laevis (stages 51–56; staged after Nieuwkoop &
Faber, 1994) were killed as described above. A block of tissue
containing the OE, the olfactory nerves and the anterior two-thirds of
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the brain was cut out and kept in bath solution (see below). The tissue
was glued onto the stage of a vibroslicer (VT 1000S, Leica, Bensheim,
Germany) and only the dorsal surface of the OBs was sliced off.
Thereby the cutting angle was chosen in a way to enter the OB straight
above the olfactory nerve entrance. The OE were left intact. For a
more detailed description of this preparation, see Czesnik et al. (2003).
As at these stages well-developed glomeruli have been found only in
the more ventral OB (Nezlin & Schild, 2000, 2005; Nezlin et al.,
2003), the above-described slicing technique ensures an ideal access to
the glomerular layer. The more dorsal part of the OB consists of an
apparently structureless fibre meshwork without any clear discernible
glomeruli (Nezlin & Schild, 2000; present results). For calcium-
imaging experiments the tissue slices were transferred to a recording
chamber, and 200 lL of bath solution (see below) containing 50 lm

Fluo-4 ⁄ AM (Molecular Probes) was added. Fluo-4 ⁄ AM was dis-
solved in DMSO (Sigma) and Pluronic F-127 (Molecular Probes). The
final concentrations of Pluronic F-127 and DMSO did not exceed
0.1% and 0.5%, respectively. To avoid transporter-mediated destaining
of neuropil of the OB (Manzini & Schild, 2003b), MK571 (Alexis
Biochemicals, Grünberg, Germany), a specific inhibitor of the multi-
drug resistance-associated proteins (Gekeler et al., 1995; Abrahamse
& Rechkemmer, 2001), was added to the incubation solution. After
incubation on a shaker at room temperature for 1 h, the nose–brain
preparations were placed under a grid in a recording chamber
(Edwards et al., 1989) and placed on the microscope stage of an
Axiovert 100M (Zeiss, Jena, Germany), to which a laser-scanning unit
(LSM 510, Zeiss) was attached.

Calcium imaging of odour responses

Intracellular calcium ion concentrations were monitored using a laser-
scanning confocal microscope (Zeiss LSM 510 ⁄ Axiovert 100M).
Fluorescence images (excitation at 488 nm; emission > 505 nm) of the
OB were acquired at 1.27–5.1 Hz and 786–196 ms exposure time per
image, with a number of images taken as control images before the
onset of odour delivery. The fluorescence changes DF ⁄ F were
calculated for glomerular clusters or individual glomeruli as
DF ⁄ F ¼ (F1 ) F2) ⁄ F2, where F1 was the fluorescence averaged over
the pixels of a glomerular cluster or an individual glomerulus (regions
of interest were outlined manually), while F2 was the average
fluorescence of that region of interest prior to stimulus application.

A response was assumed if the following two criteria were met: (a)
the first two intensity values of the chosen region of interest DF ⁄ F (t1)
and DF ⁄ F (t2) after stimulus arrival at the OE had to be larger than the
maximum of the prestimulus intensities; and (b) DF ⁄ F (t2) > DF ⁄ F
(t1), with t2 > t1.

To obtain high-quality maps of the pixels in the recorded image
sequences that showed odorant-induced responses (see Fig. 3), we
analysed the data using a custom-written program in MATLAB
(Mathworks, Natick, USA). A ‘pixel correlation map’ was calculated
by cross-correlating the fluorescence signal of every pixel with that of
its immediate neighbours, and then displaying the resulting value as a
greyscale map. As physiological responses often give similar signals
in adjacent pixels, this method specifically highlights those pixels. In
contrast, pixels that contain only noise show uncorrelated traces and
thus appear dark in the cross-correlation map.

Solutions and stimulus application

The composition of the bath solution was (in mm): NaCl, 98; KCl, 2;
CaCl2, 1; MgCl2, 2; glucose, 5; Na-pyruvate, 5; HEPES, 10. The pH of

the bath solution was adjusted to 7.8, which is the physiological pH in
this poikilothermal species (Howell et al., 1970). The osmolarity of
the bath solution was 230 mOsmol. As odorants, we used a mixture of
15 amino acids (AAs, l-proline, l-valine, l-leucine, l-isoleucine,
l-methionine, l-glycine, l-alanine, l-serine, l-threonine, l-cysteine,
l-arginine, l-lysine, l-histidine, l-tryptophan, l-phenylalanine)
applied either as a mixture of all 15 AAs, as submixtures or as single
AAs (for details, see also Manzini et al., 2007). Furthermore, we used
forskolin as an activator of the adenylate cyclase. All chemicals were
purchased from Sigma. The AAs were dissolved in bath solution
(10 mm stock, each) and used at a final concentration of 200 lm.
Forskolin was dissolved in DMSO (stock of 20 mm) and used at a final
concentration of 100 lm. Stimulus solutions were prepared immedi-
ately before use by dissolving the respective stock solution in bath
solution. The bath solution was applied by gravity feed from a storage
syringe through a funnel drug applicator (Schild, 1985) to the recording
chamber. The flow was 350 lL ⁄ min. Odorants were pipetted directly
into the funnel without stopping the flow of the bath solution. The tip of
the applicator was placed close to the ipsilateral OE. The dilution of the
odorants within the funnel was less than 1%, the delay between the
odorants leaving the funnel outlet and reaching the mucosal surface
was less than 1 s, and after the end of stimulation odorants were
completely rinsed from the mucosa within 15 s (for details, see
Manzini et al., 2002b). Outflow was through a syringe needle placed
close to the OE to ensure that odorant molecules were removed rapidly.
Direct effects of the AA stimuli on the OB were excluded by a series of
control experiments. After stimulation with the mix of AAs, we cut the
olfactory nerves and repeated the stimulation. We did not observe any
responses to AA after transection of the olfactory nerves, and we found
no differences from control conditions. The minimum interstimulus
interval between odorant applications was at least 2 min.

Results

Glomerular organization in the MOB

We investigated the spatial distribution of glomeruli in the MOB using
antibodies to synaptophysin as a marker for olfactory glomeruli. In
larval Xenopus laevis synaptophysin-immunoreactivity (IR) is
strongly associated with the glomerular layer (Nezlin et al., 2003;
Nezlin & Schild, 2005). Synaptophysin-IR and glomerular arboriza-
tions of ORN axons anterogradely stained with biocytin-avidin are
clearly co-localized along the whole dorsoventral axis in the MOB of
larval Xenopus laevis (Fig. 1A). Synaptophysin-IR was especially
intense within glomeruli, indicating a high density of synaptic sites.
The plexiform layer in the dorsal MOB was characterized by a more
punctuated staining pattern, suggesting a more diffuse distribution of
synapses. Very little or almost no labelling was detected in the
interglomerular spaces. Generally, aggregations of synaptophysin-IR
become gradually smaller and less distinct from the ventral to the
dorsal OB. In addition, the density of synaptophysin-IR in the external
plexiform layer clearly decreases from the ventral to the dorsal OB
(Fig. 1A).
To investigate the detailed glomerular distribution in larval Xenopus

laevis we examined the MOB from serial sections in the horizontal
plane labelled with antibodies to synaptophysin. We consistently
identified characteristic glomerular clusters in a mediolateral axis with
borders that gradually changed along the dorsoventral axis of the
MOB (Fig. 1B and C). The series of schematic drawings in Fig. 1B
show that in the ventral part of the MOB glomeruli form four distinct
clusters: a lateral cluster (lat); an intermediate cluster (int); a medial
cluster (med); and a much smaller cluster (sc) in the most medial part
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of the MOB (Fig. 1C, 3). While the smaller cluster disappears at the
height of the nerve entrance, the three major groups still remain
apparent and separate in the middle part of the MOB. In the more
dorsal MOB the intermediate cluster fuses with the medial cluster
forming a single and wider medial cluster (Fig. 1c, 2). Eventually, in
the most dorsal MOB the lateral and medial clusters fuse into an
elongated structure (Fig. 1C, 1). This principle distribution did not
differ among stages 49–54 (n ¼ 15 tadpoles).
As revealed by the double-labelling experiments described above,

antibodies to synaptophysin consistently stained all glomeruli in larval
Xenopus laevis. We took advantage of this fact and estimated the total
number of glomeruli by counting glomeruli in serially cryosectioned
MOBs stained with antibodies to synaptophysin (n ¼ 5 tadpoles). The
total number of glomeruli was: 175 ± 7 (lateral cluster); 71 ± 6
(intermediate cluster); 99 ± 8 (medial cluster); and 4 ± 0.6 (small
cluster). These numbers sum up to a total of 349 ± 14 glomeruli in the
MOB.

Differential distribution of presynaptic proteins in the MOB

Synaptophysin-IR was uniformly distributed within glomeruli in the
MOB (Figs 1 and 2A). Similarly, also syntaxin-IR and SNAP-25-IR
were equally distributed within glomeruli in the MOB (Fig. 2B and C).
This equal distribution of syntaxin-IR and SNAP-25-IR within
glomeruli of the MOB was consistently found in the OB of tadpoles
of different stages (n ¼ 4 and 5 tadpoles, respectively). Interestingly,
synaptotagmin-IR revealed a different distribution in the glomerular
layer of the MOB. Only glomeruli in the lateral and, to a lesser extent,

in the intermediate cluster were labelled, whereas glomeruli in the
medial cluster of the MOB were not or only very weakly labelled. This
becomes particularly evident in preparations stained with synaptotag-
min antibodies in which ORN axons were anterogradely traced with
biocytin (Fig. 2D–F). The absence of synaptotagmin-IR in the medial
cluster of glomeruli was consistently found in the OB of tadpoles of
different stages (n ¼ 10 tadpoles).

Calcium imaging of odour responses in glomeruli

The immunostaining experiments suggest a differential distribution of
synaptic vesicle proteins in different regions of the MOB. While
synaptophysin, syntaxin and SNAP-25 uniformly stained glomeruli in
the whole MOB, an intense synaptotagmin staining was present only
in glomeruli in the lateral and, to a lesser extent, in the intermediate
cluster, and was almost absent in glomeruli in the medial cluster. As a
first step to look at possible functional correlates we recorded odorant-
induced responses of individual olfactory glomeruli of Xenopus laevis
tadpoles upon mucosal application of amino acid odorants.
Figure 3A shows the OB of a nose–brain preparation stained with

Fluo-4 (image acquired at rest). Application of a mixture of all amino
acids to the intact ipsilateral OE induced changes of the calcium-
dependent fluorescence in the glomerular layer, the mitral cell layer
and the granule cell layer of the OB (Fig. 3B). Clearly, the amino acid-
induced fluorescence changes occurred in the lateral half of the OB.
The responding structures in the glomerular layer were located in the
OB area of the lateral cluster of glomeruli. Mucosal amino acid
application always led to a similar unilateral activation of the OB

Fig. 1. Glomerular distribution in the MOB of larval Xenopus laevis. (A) Sagittal section of the MOB double-labelled with synaptophysin immunostaining (red)
and anterograde labelling with biocytin through the olfactory nerve (green; on, olfactory nerve). The axes indicate: A, anterior; P, posterior; D, dorsal; V, ventral.
(B) Schematic representation of the glomerular distribution in the MOB. The axes indicate: A, anterior; P, posterior; L, lateral; M, medial. Glomerular clusters: int,
intermediate glomerular cluster; lat, lateral glomerular cluster; med, medial glomerular cluster; sc, small glomerular cluster. (C) Horizontal view of synaptophysin-
immunolabelled sections of the anterior part of the MOB at three different heights (C1, dorsal OB; C2, intermediate OB; C3, ventral OB). Scale bars: 100 lm.
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(n ¼ > 100 tadpoles). To ascertain that the responding structures in
the glomerular layer were individual glomeruli and not simply
unstructured fibre meshwork, we imaged the glomerular layer of the
OB at higher magnification. Figure 3C shows amino acid-induced
fluorescence changes in glomeruli and processes in the OB area
corresponding to the lateral cluster of glomeruli of a different nose–
brain preparation. Clearly, individual glomeruli responded to applica-
tion of the mixture of all amino acids to the ipsilateral OE (see
numbers in Fig. 3C). Figure 3D shows the corresponding time courses
of the [Ca2+]i transient of these glomeruli. In 25 nose–brain
preparations imaged with higher magnification and tested with the
mixture of all amino acids we clearly identified 64 individual
glomeruli that were activated upon mucosal amino acid stimulation.
All of the responses were well beyond the minimum requirements for
a response (see Materials and methods), and their amplitudes were
markedly larger than the 5ó-range of prestimulus levels. Application
of submixtures of the amino acids or individual amino acids did not
change the results, except that, depending on the applied submixture

Fig. 3. Nose–brain preparation and amino acid-induced calcium signals in individual glomeruli in the lateral glomerular cluster of the MOB. (A) Fluo-4-
stained OB of a nose–brain preparation. The dotted lines indicate the approximate borders of the accessory OB and the mitral and granule cell layer in the MOB and
the position of the lateral glomerular cluster. The image was acquired at rest (AOB, accessory olfactory bulb; GCL, granule cell layer; GL, glomerular layer; lat,
lateral glomerular cluster; MCL, mitral cell layer). (B) image of the same OB showing various glomeruli, mitral cells and granule cells activated by mucosal
application of amino acids (200 lm). (C) higher magnification of the lateral cluster of another nose–brain preparation showing a number of amino acid-responsive
glomeruli (see areas marked by numbers). The arrows indicate individual responsive fibres. (D) Time courses of the [Ca2+]i transients of the five glomeruli indicated
by numbers in (C). Scale bars: 50 lm (A); 20 lm (C).

Fig. 4. Differential activation of glomerular clusters by amino acids and
forskolin. (A) Fluo-4-stained OB of a nose–brain preparation (image acquired
at rest). The dotted lines indicate the approximate borders of the three main
glomerular clusters of the MOB (int, intermediate glomerular cluster; lat, lateral
glomerular cluster; med, medial glomerular cluster). (B) Time courses of the
[Ca2+]i transients of the three glomerular clusters upon mucosal application of
100 lm forskolin (fsk; medial cluster: blue line; intermediate cluster: green
line; lateral cluster: red line). (C) Time courses of the [Ca2+]i transients of the
three glomerular clusters upon mucosal application of 200 lm amino acids
(same colours as in B). The entire clusters were taken as regions of interest.
Scale bar: 100 lm.
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or individual amino acid, only a subgroup of the amino acid-sensitive
glomeruli was activated (data not shown). All of the amino acid-
responsive glomeruli were located in the lateral OB, the area of the OB
covering the lateral cluster or at most the lateral portion of the
intermediate cluster of glomeruli. On the other hand, we never
observed any amino acid-induced response of glomeruli in the medial
cluster.

To verify that the medial cluster of glomeruli is functional using our
preparation and our method of odorant delivery, we applied forskolin
in a number of preparations in addition to amino acids to the intact
OE. We chose forskolin because it is known that its mucosal
application activates mitral and granule cells in the medial part of the
OB (Manzini et al., 2002b). As expected, in all of the tested animals
mucosal application of forskolin activated glomeruli only in the
medial part of the OB, corresponding to the medial cluster of
glomeruli (Fig. 4A and B). The entire clusters were taken as regions of
interest. Subsequent application of amino acids to the same nose–brain
preparation activated glomeruli in the lateral and partly in the
intermediate cluster (Fig. 4A and C). Virtually identical results were
obtained in all of the nose–brain preparations tested with both stimuli
(n ¼ 7 animals; stages 51–54). We thereby never observed any
response to amino acids in the medial glomerular cluster, nor did we
find any response to forskolin in the lateral or intermediate glomerular
cluster. The [Ca2+]i signals of non-responding glomerular clusters
either stayed constant or slightly decreased, presumably due to
bleaching (Fig. 4B and C). On the other hand, all responses (n ¼ 42;
seven nose–brain preparations, three clusters per preparation, two
trials per stimulus) were reproducible and showed steep [Ca2+]i
increases that clearly met our requirements for a response (see
Materials and methods). Not unexpectedly, the absolute response
amplitudes differed from preparation to preparation.

These experiments unambiguously demonstrated differential acti-
vation of the three glomerular clusters in individual nose–brain
preparations.

The nose–brain preparation does not allow monitoring of odorant
responses in the most ventral part of the OB. It was therefore not
possible to check whether the small cluster of glomeruli in the very
ventral part of the OB responded to amino acids or forskolin.
Whenever we imaged odorant responses in very dorsal parts of the
OB, amino acids or forskolin responses were no longer disjoint, and
the whole glomerular area of the OB uniformly responded to either
stimulus (data not shown).

Discussion

In the present study, we determined the spatial organization of
glomeruli along the mediolateral and dorsoventral axis in the MOB
of larval Xenopus laevis. Thereby, we clearly identified three main
glomerular clusters that changed their appearance along the dorso-
ventral axis of the MOB. In addition a very small cluster, as
previously described by Nezlin & Schild (2000), was found in the
very ventral part of the MOB. In a second step we showed that
immunoreactivity to various presynaptic proteins was differentially
distributed within these glomerular clusters. While synaptophysin-IR,
syntaxin-IR and SNAP-25-IR were equally distributed within
glomeruli in the MOB, synaptotagmin-IR was found only in
glomeruli in the lateral and, to a lesser extent, in the intermediate
cluster. As a last point we found that the differential distribution of
synaptotagmin-IR correlates with the mapping of odorants in
glomeruli within the MOB.

In larval Xenopus laevis synaptophysin-IR has been shown to be
strongly associated with the glomerular layer (Nezlin et al., 2003). The

size of individual glomeruli demarcated by synaptophysin-IR corre-
sponds to the size of glomeruli revealed in previous tracing
experiments (Nezlin & Schild, 2000), indicating that synaptic sites
are distributed across the entire glomerulus (Nezlin & Schild, 2000;
Nezlin et al., 2003). In addition, double-labellings with antibodies to
synaptophysin and biocytin backfills of the olfactory nerve showed
that synaptophysin-IR is co-localized with glomerular arborizations of
ORN axons in the whole glomerular layer of the OB of larval Xenopus
laevis (Nezlin et al., 2003). These experiments indicate that most if not
all ORN nerve terminals in the OB are synaptophysin positive.
However, it appears that this correlation can vary over brain areas, as it
has been shown that in the cerebral cortex of rats only about half of the
c-aminobutyric acid (GABA)ergic axons are synaptophysin positive
(Bragina et al., 2007). Furthermore, it has been shown that the ventral
region of the MOB contains distinct glomeruli, whereas the dorsal
region of the OB is more or less aglomerular and ORN axons
terminate in a plexus-like neuropil (Nezlin & Schild, 2000).
In the present study we extended the above observations and

investigated the spatial glomerular organization within the MOB. We
found that glomeruli in the most ventral part of the MOB are
subdivided into four clearly demarcated clusters. Towards the dorsal
MOB they gradually lose their integrity and eventually end in a band-
like aglomerular formation in the most dorsal part of the MOB (see
Fig. 1). The lateral cluster contains the highest number of glomeruli,
followed by the medial cluster, the intermediate cluster and the small
cluster. Thereby, the total number of 349 ± 14 glomeruli in the MOB
determined in the present study exceeded the number calculated in a
previous study (Nezlin & Schild, 2000) by about 100. This difference
can be explained by the two different staining techniques used in the
two studies. While in the previous study the glomeruli were stained by
a nerve backfill with biocytin, in the present study the glomeruli were
stained using immunostaining to synaptophysin. It is known that
during the nerve filling procedure a certain number of axons may miss
dye uptake. In addition, double-labelling with biocytin backfills
showed that synaptophysin-IR demarcated glomerular borders much
more distinct, especially in the more dorsal regions of the MOB
containing very small glomeruli. These two factors may account for
the lower number of glomeruli reported in the previous study.
The observed unequal distribution of glomeruli within the MOB

confirmed the observations of the previous report of our group (Nezlin
& Schild, 2000), and is in line with the knowledge that ORNs in
Xenopus laevis tadpoles of the used stages project to the ventral MOB
(Meyer et al., 1996; Reiss & Burd, 1997). A division of ORN axons in
various projection fields in the OB of larval Xenopus laevis has also
been reported in a previous study, where the ORN axons were
visualized employing DiI injections in the olfactory nerve and soybean
agglutinin staining (Gaudin & Gascuel, 2005). While in mammals an
obvious clustering of glomeruli is not apparent, glomeruli are clearly
gathered in various clusters also in other aquatic species (sea lamprey,
Frontini et al., 2003; trout, Riddle et al., 1993; zebrafish, Baier &
Korsching, 1994). The functional meaning of such glomerular
clustering has, however, not been elucidated so far.
We started to address this point by searching for molecular

attributes that differ among the glomerular clusters and identified an
inhomogeneous distribution of presynaptic proteins within the
different glomerular clusters. While synaptophysin-IR, syntaxin-IR
and SNAP-25-IR were uniformly distributed in the entire glomerular
layer, synaptotagmin-IR was differentially distributed among the
glomerular clusters. The lateral and, to a lesser extent, the
intermediate cluster were clearly labelled, but almost no immunola-
belling was detected in the medial cluster of glomeruli. It has been
proposed that synaptophysin is involved in multiple aspects of
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synaptic vesicle exo- and endocytosis (Brose et al., 1992; Staple
et al., 2000; Valtorta et al., 2004). Syntaxin and SNAP-25 are
presynaptic membrane proteins essential for Ca2+-regulated exocy-
tosis (Hanson et al., 1997; Hodel, 1998). Synaptotagmin I has been
shown to function as a Ca2+ sensor for the regulated exocytosis of
neurotransmitters (Augustine, 2001; Koh & Bellen, 2003; Tucker
et al., 2004). So far 16 different isoforms of synaptotagmin have
been identified in various different species (Südhof, 2002; Craxton,
2004), and their number may additionally be enhanced by alternative
splicing (Nakhost et al., 2003; Craxton, 2004). One possible
explanation for the variety of isoforms is that the synaptotagmins
have diverged to sense different ranges of intracellular Ca2+

concentrations, thus allowing different cells, or even various
compartments of an individual cell, to fuse with membranes at
different intracellular Ca2+ concentrations (Burgoyne & Morgan,
1998). Various studies have shown that experimental modifications
of presynaptic proteins in neurons may alter their synaptic activity
(Rosahl et al., 1995; Schoch et al., 2001; Varoqueaux et al., 2002;
Washbourne et al., 2002). The inhomogeneous expression of
presynaptic proteins in the different glomerular clusters could
therefore indicate differences in synaptic transmission at the
respective synapses. The possibility that ORN axon terminals
belonging to the different glomerular clusters express different
isoforms of synaptotagmin can not be excluded but, even in this
case, the main result would not change: The different glomerular
clusters in the OB of larval Xenopus laevis feature a heterogeneous
synaptic vesicle protein expression. This difference between ORN
axons projecting to the different glomerular clusters suggests the
existence of olfactory subsystems within the main olfactory system
of larval Xenopus laevis. In recent work from our group it has been
shown that the main OE of larval Xenopus laevis has at least two
subtypes of ORNs with different transduction mechanisms and
different odorant specificity (Manzini et al., 2002b; Manzini &
Schild, 2003a; Czesnik et al., 2006). One subset is activated by
amino acids in a cAMP-independent way, the second subset
responds to pharmacological agents activating the cAMP cascade.
The natural odorants of this second subset have not yet been
identified. In order to show whether these ORN subtypes project to
different glomerular clusters in a mutually exclusive manner we
recorded responses of glomeruli of the MOB after stimulation of the
OE with amino acids and forskolin, a pharmacological agent
activating the adenylate cyclase that has already been successfully
used in studies with Xenopus laevis ORNs (Manzini et al., 2002b;
Manzini & Schild, 2003a). The result that all glomeruli activated by
mucosal application of amino acids were clearly located in the lateral
or at most in the intermediate part of the MOB clearly shows that the
subset of amino acid-responsive ORNs, which lack the cAMP-
mediated transduction pathway, exclusively project to glomeruli of
the lateral or the intermediate cluster (see Fig. 3). Interestingly, a
striking analogy has been reported in the zebrafish olfactory
system (Sato et al., 2005). In zebrafish, microvillous ORNs lacking
the cAMP transduction cascade project their axons exclusively to
the lateral OB, whereas ciliated ORNs expressing components of the
cAMP transduction cascade project to the medial part of the OB.
Previous reports have shown that amino acids and nucleotides elicit
activation of glomeruli in the lateral region of the zebrafish OB
(Friedrich & Korsching, 1997, 1998), while bile acids, gonadal
steroids and prostaglandins activate glomeruli in the medial region of
the OB (Friedrich & Korsching, 1998). A virtually identical
organization of the olfactory system has been described in the
channel catfish (Hansen et al., 2003). Inversely, in the sea lamprey
olfactory system ORNs lacking Golf, the G-protein involved in the

cAMP transduction cascade, project to glomeruli in the medial OB
(Frontini et al., 2003).
As in zebrafish (Friedrich & Korsching, 1998; Sato et al., 2005) and

the channel catfish (Hansen et al., 2003), larval Xenopus laevis ORNs
with cAMP cascade project to the medial OB (medial cluster). In a
previous study we have shown that application of forskolin to the
intact ipsilateral OE induced responses in mitral and granule cells in
the medial part of the OB (Manzini et al., 2002b). This implies that
ORNs with a cAMP transduction cascade project their axons to the
medial cluster of glomeruli. It further shows that in our preparation the
medial cluster of glomeruli is functional. To substantiate this
observation, in the present study we repeated the above experiments
using a different preparation and focused the attention to responses in
the glomerular layer of the MOB. As expected, mucosal application of
forskolin exclusively activated glomeruli in the medial glomerular
cluster (see Fig. 4). Bile acids, gonadal steroids and prostaglandins are
definitely promising groups of natural odorants for this second subset
of ORNs owing the cAMP transduction cascade. While amino acids
are thought to trigger arousal and feeding behaviours, bile acids,
prostaglandins and steroids most probably elicit social and endocrine
responses (Sorensen & Caprio, 1998). Although it is known that,
similarly as in the zebrafish, the OE of larval Xenopus laevis has both
microvillous and ciliated ORNs (Hansen et al., 1998), it remains to be
clarified whether ORNs of the two subsystems in Xenopus laevis bear
microvilli or cilia. Two recent studies have shown that olfactory
receptor-derived cAMP signals seem to be crucial for axonal
convergence onto olfactory glomeruli in the OB (Imai et al., 2006;
Chesler et al., 2007). This suggests that the axonal convergence of
ORNs of the cAMP-independent olfactory subsystem in larval
Xenopus laevis must have an alternative signal to determine the target
destinations of ORN axons. This interesting question is also certainly
worth to be investigated in future studies.
Taken together, the glomerular layer of the MOB of larval Xenopus

laevis is organized in spatially distinct clusters that receive input from
different subsets of ORNs with varying transduction mechanisms,
odorant spectra and an unequal composition of presynaptic proteins.
This strongly suggests that the main olfactory system of larval
Xenopus laevis is made up of at least two diverse subsystems with
different functional relevance possibly emerged at different points in
the evolution of the olfactory system.
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