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Immunolocalization of B-50 (GAP-43) in the mouse
olfactory bulb: predominant presence in preterminal
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Summary

Because the growth-associated protein B-50 (GAP-43) has been implicated in neurite outgrowth as well as in synaptic
plasticity, we studied its light and electron microscopical distribution in the mouse olfactory bulb, an area of the nervous
system which exhibits a high degree of synaptic plasticity. Immunofluorescent staining with monospecific affinity-purified
Anti-B-50 antibodies revealed that B-50 is most abundantly expressed in the olfactory nerve fibre layer and the granule cell
layer neuropil, while little staining was observed in the external plexiform layer and in cell bodies. B-50 is absent from
dendrites and myelinated axons as indicated by double labelling with monoclonal antibodies against microtubule-associated
protein 2 and the large neurofilament protein, respectively. Using post-embedding immunogold labelling on ultrathin
Lowicryl sections, B-50 was found to be highly concentrated in presumed growth cones in the olfactory nerve fibre layer and in
thin unmyelinated axons and presynaptic terminals in the eranule cell layer neuropil. Near background immunolabelling was
seen in perikarya, dendrites and myelinated axons. In view of the implication of B-50 in plasticity-related phenomena, its
abundance in the thin unmyelinated preterminal axons suggests that these are potential sites of extrasynaptic plasticity.

Introduction

The neural-specific phosphoprotein B-50, also known
as GAP-43, neuromodulin, F1, or pp46 (Benowitz &
Routtenberg, 1987), has been associated with neurite
outgrowth (Skene & Willard 1981a,b), neurotransmit-
ter release (Dekker et al., 1989b), and synaptic plas-
ticity (Lovinger et al., 1985). B-50 is a prominent
substrate of protein kinase C (Kratz et al., 1985, Van
Hooff et al., 1988, Dekker et al., 1989a), and it modu-
lates several second messenger systems (Skene, 1989).
B-50 affects the formation of phosphatidylinositol
bisphosphate (Gispen et al., 1985), from which the
second messenger inositol trisphosphate (IPs) 1s
generated, and is able to bind to calmodulin
(Alexander et al., 1987). In addition B-50 enhances the
binding of GTP to a Go-protein (Strittmatter et al .,
1990).

[n early postnatal brain (De Graan et al., 1985; Skene
et al., 1986) and in neuronal tissue culture (Meiri et al.,

1986, 1988: Ramakers et al., 1991b) B-50 1s most

prominently expressed in neuronal growth cones and
in distal axons, where it might operate to translate
extracellular signals to the growth cone cytoskeleton
to mediate directed outgrowth (Ramakers et al.,
1991¢). In adult brain, B-50 levels are relatively high in
areas thought to exhibit a high degree of synaptic
plasticity, including the hippocampus and association
areas in the cortex (Neve et al., 1988; Benowitz et al.,
1988; De la Monte et al., 1989). B-50 is present In
presynaptic terminals (Gispen et al., 1985; DiFiglia et
al., 1990) and in unmyelinated fibres and in dendritic
spines in the neostriatum (DiFiglia et al., 1990). Studies
with antibodies that can discriminate between phos-
phorylated and dephosporylated B-50 have shown
that the protein becomes phosphorylated during ax-
onal transport (Meiri et al., 1991).

An area of the adult mammalian nervous system
where extensive synaptic plasticity occurs is the olfac-
tory system. The anatomical relationships between
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Fig. 1. Illustration of the anatomical relations between the
neurons in the oltactory system. The primary olfactory
ncurons are located in the oltactory epithelium (OE). Their
axons penetrate the cribriform plate torming the nerve fibre
laver (NFL) and project into the olfactory bulb glomeruli
(GLOM) where they form synapses on the dendrites of the
tufted cells (TC) and mitral cells (MC). The clomeruli are
surrounded by juxtaglomerular neurons (JC). The external
plexitorm laver (EPL) 1s mainly composed of mitral and
tutted cell dendrites. The mitral and tutted cells project their
axons through the internal plexiform layer (IPL) and in
between the granule cell (GC) in the granule cell layer (GCL)
thus torming the lateral oltactory tract (LOT). Mitral cell

-

axons form synapses on the pyriform cells (PC) in the
pyramidal cortex (PYR C).

various olfactory bulb neurons is illustrated in Fig. 1.
Primary olfactory neurons in the olfactory neuroepi-
helium are continuously generated from stem cells to
replace degenerating neurons in the outer layers of the
epithelium. Thus, there 1s continuous turn-over of
their synaptic connections on dendrites of mitral cells,
tutted cells and periglomerular cells (Graziadei &
Monti-Graziadei, 1978). The developmental and syn-
aptic plasticity of oltactory neurons is retlected in the
continued expression of developmental markers, in-

cluding vimentin (Schwob ¢t al., 1986), the embryonic
neural cell adhesion molecule (Miragall et al., 1988),
and microtubule-associated proteins MAP2c, MADP5a
and ‘juvenile’ tau (Viereck et al., 1989). B-50 is speciti-
cally expressed in newly formed primary olfactory
neurons in the adult olfactory epithelium (Verhaagen
ct al., 1989, 1990a). In the main olfactory bulb (MOB),
this was reflected in punctate B-50-immunostaining of
the iIncoming primary olfactory axons, which form the
nerve fibre layer of the MOB. Mitral and periglomeru-
ar cells in the olfactory bulb expressed high levels of
B-50 mRNA in young adult (Rosenthal ef al., 1937; De
a Monte et al., 1989) and aging animals (Verhaagen ¢t
al., 1990a). We proposed that this high expression of
B-50 mRNA could reflect plastic responses of the
mitral cells to the turn-over of connections between
primary olfactory axon terminals and mitral cell den-
drites in the glomeruli of the MOB. On the other hand,
the persistent expression of B-50 mRNA in mitral cells
may be related to synaptic plasticity of mitral cell
synapses in the piriform cortex (Verhaagen et al.,
1990a).

To investigate turther these possibilities, we carried
out a detailed study on the localization ot B-50 in the
mouse MODB, by comparing its light microscopic
distribution with that of specific marker proteins:
uII}‘ictur}-’ marker protein (OMP), a protein expressed
In mature primary olfactory neurons (Farbman &
Margolis, 1980), MAP2, a dendritic marker absent
from axons (Bernhardt & Matus, 1984), and the high
molecular weight neurofilament protein (Ramakers ef
al., 1991a), specitic for myelinated axons. Further-
more, the ultrastructural distribution of B-50 was
investigated, using postembedding immunostaining
with gold probes on Lowicryl-embedded MOB. B-50
expression 1s most prominent in a subset of olfactory
axons and in their presumptive growth cones in the
nerve fibre layer, in unmyelinated axons in the gran-
ule cell layer and in the projection areas of mitral cells
in the pyriform cortex.

Materials and methods

Fixation and tissue preparation

Six-week-old mice of the FVB strain were injected with 100
IU of heparin and anaesthetized with 50 ul Narcovet.
Subsequently, they were perfusion fixed for 15 min at a rate
of 8 mlmin ' with 4% paratormaldehyde in PBS (10 mwm
phosphate buffer (pH 7.3) in 0.9% saline, 37°C) for im-
munofluoresence (1 = 2) or with 100 ml of 2% glutaralde-
hyde (Polysciences Inc., biological grade, Warrington, USA)
and 4% paraformaldehyde (BDH, Poole, UK) in PBS for EM
(n = 2). After removal, fixation of the brains with attached
olfactory bulbs was continued overnight at 4°C. For im-
munotluorescence, the brains were infused with 10, 20 and
30% sucrose in PBS at4” C until they sank, and subsequently
frozen in 10 ml of isopentane in a small container on liquid
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nitrogen. After storage at —80” C, 5 pum sections were cutin a
Bright cryostat (Huntingdon, England), mounted on gelatin/
potassium chromo sulfate (KCr(SO;),).12 H,O (1% 1% w/v)
coated slides and immunostained.

For EM, 100 pm coronal sections of the olfactory bulb and
cortex were cut on a vibratome (Micro Cut H1200, Bio-Rad)
and subsequently processed for conventional EM, or for
immuno-EM. For conventional EM, the sections were post-
fixed in 2% OsO, for 2h and embedded in Epon. For
Immuno-EM, the procedure of Van Lookeren Campagne
and colleagues (1991a) was slightly modified. Briefly, the
sections were SLIbSEL]LIL‘ﬂt]}’ incubated in 10, 20 and 30%
glycerol in PBS for 30 min each, after which small pieces of
I X 2mm were dissected from them. These were mounted
between a plastic thermanox disk with a diameter of 3.5 mm
(LAB-TEK, Miles Laboratories, Naperville, USA) and a
copper holder, separated from each other by a 100 pm
spacer, ultra-rapidly frozen in liquid nitrogen slush
(—210° C), and stored in liquid nitrogen. The frozen tissue
preparations were embedded in Lowicryl HM20 (Chemische
Werke Lowi, Balzers, Waldkraiburg, FRG), in a ‘CS auto’
freeze substitution apparatus (Reichert-Jung, FRG) using
the freeze-substitution procedure of Humbel and Miiller
(1986). Brietly, the tissue preparations were infused with
0.5% uranylacetate in methanol (w/v) for 36 h at —90° C and
then brought to —45° C at a rate of 4° C per h. The methanol
was exchanged for pure Lowicryl HM20 in four steps: 2 h in
50% methanol/50% HM?20 (v/v); 2 h in 33% methanol/67%
HM20; overnight in pure HM20; followed by another 2 h in
fresh HM20. The HM?20 plastic was polymerized at —45° C
under UV-light for 48 h. Following a final hardening under
UV light for 24 h at room temperature, the embedded tissue
was trimmed, and ultrathin sections (70 nm) were prepared
using and LKB diamond knife. The ultrathin sections were
collected on 3.5 mm non-coated nickel EM grids, to obtain
maximum contrast in the EM.

Immunofluorescence staining procedures

Betore staining, remaining aldehyde groups were quenched
with 50 mm glycine in PBS with 0.05% Triton X-100 (PBS-T)
for 30 min. Subsequently, all steps were performed in PBS-T
containing 0.5% gelatin (PBS-TG). Following two 10 min
washes, the sections were incubated overnight with the
primary antibodies in 100 pl PBS-TG at 4° C, washed 6 X 15
min, incubated for 1h with the secondary antibodies in
100 I PBS-TG, and washed 4 X 15 min. Finally, the sections
were washed 3 X 10 min with PBS, stained for 1 min with the
Hoechst stain (for fluorescent nuclear counterstaining),
washed again 3 X 5 min with PBS, and mounted in DABCO
mounting medium consisting of 25% glycerol, 10% (w/v)
Mowiol 4-88 (Hoechst, Frankturt, FRG) and 0.1% (w/v) 1,4
diazabicyclo-(2,2,2)-octane (DABCO; Janssen, Beerse, Bel-
gium) in 0.1 M Tris/HCI (pH 8.5). For B-50 staining, affinity-
purified rabbit IgG No. 8613 was used at a dilution of 1:200
(0.1 ng ml '; Oestreicher et al., 1983). Goat-anti-rat OMP
antiserum was used 1/4000 (Margolis, 1972; Monti-Graziade;
et al., 1977). The mouse monoclonal antibody AP14 recog-
nizing MAP2 was used 1/50. The mouse monoclonal
RNF402, raised against a neurofilament preparation of
human spinal cord, and specific for the 200 kDa neurofila-
ment (H) subunit was used at a 1:10 dilution (Ramakers et
al., 1991a). Secondary antibodies used were: donkey-anti-

rabbit coupled to fluoroisothiocyanate (FITC), and donkey-
anti-goat, and goat-anti-mouse, both coupled to Texas Red
sultonyl chloride. All were affinity-purified and used at a
dilution of 1:100 (Jackson Immunoresearch, West Grove,
PA, USA). For immunofluorescent double staining, both
primary and secondary antibodies were incubated simul-
taneously at the same concentrations as when used separ-
ately. Cross-staining of any of the primary antibodies with
the other secondary antibodies was completely negative.
otaining patterns in the double staining procedure were
exactly the same as in single staining. Deletion of the
primary antibody in all cases resulted in a negligible
background staining. Immunostaining with pre-immune
G No. 8613, or after overnight pre-absorption of B-50 IgG
No. 8613, diluted 1:200, with an excess (1 pg ml™") purified
B-50 protein at 4°C, resulted in negligible background
staining (not shown).

Stained sections were examined using a Leitz Orthoplan
microscope with Ploemopak 2 epifluorescence optics and
filter combinations for FITC, rhodamine and Hoechst fluor-
escence. Photographs were made with a Wild MPS 45
Photoautomat using Kodak TriX pan 400 film exposed at
1600 ASA.

Postembedding immunogold labelling procedures

For postembedding immunogold staining, the procedure
described by Van Bergen en Henegouwen (1989) was
slightly modified. The nickel grids were incubated, with the
ultrathin sections face-down, on 25 pl drops of PBS contain-
ing 50 mm glycine and 0.1% (w/v) borohydride for 30 min to
quench any remaining aldehyde groups, and washed on five
drops of PBS for 5 min each. Subsequently, the sections were
incubated on drops of PBG (PBS containing 0.5% bovine
serum albumin fraction V and 0.2% gelatin): 4 X 45 min on
PBG alone, overnight with 10 pl of the diluted primary
antibody at 4°C, 10 X 45 min on PBG, overnight again on
10 pl of diluted goat-anti-rabbit IgG coupled to 1 or 10 nm
gold particles (Janssen Pharmaceutica, Beerse, Belgium) at
4" C, and thereafter 10 X 5min on PBG. Following 5 X 5 min
incubations on PBS, the sections were postfixed on drops of
2% glutaraldehyde for 15 min, and rinsed on five drops of
milliQ puritied water. It no silver enhancement step was
required, the sections were air dried and later stained with
saturated uranyl acetate and lead citrate, for 10 and 1 min,
respectively. When required, silver enhancement was done
according to Danscher (1981) for 12 min in the dark at 26° C,
followed by contrasting with uranyl acetate and lead citrate
as above. With this procedure, 1 nm gold particles were
enlarged to about 10 nm. The conventional and immuno-
stained sections were examined in a Philips EM300 micro-
scope and photographed at a magnification of x 16 000.
B-50 [gG No. 8613 was used at a dilution of 1/50 to 1/200 in
combination with 10 nm and 1 nm immunogold particles,
respectively. The OMP antiserum was used at 1/8000 in
combination with 10 nm gold particles, which were further
silver-enhanced. As the OMP antiserum was produced in a
goat, a ‘bridging step” was added: after overnight incubation
with the OMP antiserum, the grids were washed 10 X 5 min
on PBG, incubated in rabbit-anti-goat antibodies (1/500;
Nordic) for 6 h at 4°C, washed 10 X 5 min on PBG, and
further incubated with goat-anti-rabbit IgG coupled to 10 nm
gold particles as above. In both procedures, deletion of the
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brimary antibody resulted in a negligible background label-
mg. A similar low background was seen with pre-IgG
No. 8613 (1/50) or with IgG No. 8613 diluted 1/50, and
hreabsorbed overnight at 4°C with 1T g ml ' purified B-50
protein (not shown).

As a further control of the specificity of the B-50 atfinity-
purified [gG No. 8613, 10 pg of total protein of 6-week-old
mouse MOB was separated on 11% SDS-polyacrylamide
gels, (Western) blotted onto nitrocellulose, and immuno-
stained with a concentration range of [gG No. 8613 of 1/200
to 1/1600, using diaminobenzidine as chromogen (Van der
Sluis et al., 1987). Immunostaining was also performed after
2 h postfixation of the blots with 2% glutaraldehyde and 4%
paraformaldehyde, to check tor possible introduction of
cross-reactivity by the fixatives used. In both cases, only a
single band was stained which corresponded in molecular
weight to that of purified B-50. This band was completely
abolished when the IgG No. 8613 was preabsorbed as above.
Thus, the [gG No. 8613 tulfills the most stringent conditions
for monospecific B-50 staining in the MOB under the fixation

conditions used.

Quantification of intmunogold labelling densities

Several considerations with regard to counting and calculat-
ing B-50 labelling densities in the various structures of the
MOB have been taken into account. First, for quantitative
purposes, labelling with 10 nm particles was more suitable
than labelling with 1 nm particles. Although both specific
and background labelling density with the small particles
was higher, 1 nm immunogold particles were found to form
ageregates of up to 10 particles, resulting in a much lower
spatial resolution than with 10 nm particles. As this proved
to be especially problematic with membrane-associated
labelling (see below), we only used 10nm particles for
quantitative purposes, which have an estimated spatial
resolution of 20 nm (Ottersen, 1989). Second, as previous
EM work has shown, B-50 is to a large part, but not
completely, membrane-associated (Van Lookeren Cam-
pagne cf al., 1991a). Thus, B-50 labelling was expressed
relative to both membrane length and structure surface area.
Third, since most membranes are very closely apposed to
the membranes of neighbouring structures, and the resol-
ution of 10 nm immunogold particles i1s about twice the
thickness of the plasma membrane, membrane-associated
labelling could be derived from both apposed membranes.
For instance, although in the granule cell layer two apposed
eranule cell plasma membranes show very low labelling, a
egranule cell plasma membrane may appear to be rich in
labelling, when apposed by highly labelled thin unmyelin-
ated axons. The same applies to (postsynaptic) dendritic
structures and thin unmyelinated axons in this layer, as can
be seen most clearly when 1 nm gold particles are used (see
Fig. 7). Thus, membrane-associated B-50 labelling was
expressed relative to both apposed plasma membranes and
divided by two. In cases where structures of the same type
were apposed, this yielded the ‘true’” membrane density of
that structure (for instance using apposed plasma mem-
branes of granule cells, or apposed membranes of thin,
unmyelinated axons in the granule cell layer or fibre layer).
In cases where structures are always bordered by structures
of another type (e.g. myelinated axons), the ‘mixed’ value

has been given.

‘Total surface density’ was calculated by expressing all
gold particles within a (membrane-delineated) structure
relative to its profile area. For this parameter, gold particles
on the plasma membrane were assigned to the structure
they were nearest to. ‘Membrane-associated labelling” in-
cluded all particles that were found within 20 nm on either
side of the apposed membranes, relative to the total mem-
brane length. ‘Cytoplasmic labelling density” included all
non-membrane-associated gold particles (more than 20 nm
away from the plasma membrane) relative to the ‘surface
area’.

Photographs were taken at random throughout the MOB
and printed at a final magnification of x 80 000. The only
selection criterion that was applied to the photographs was,
that the membranes should have enough contrast to be well
visible. One exception was made for growth cone like
structures. Since these were rather scarce, each growth cone
encountered was photographed separately. Gold particles
(10 nm) were counted by hand, and assigned to a certain
structure or membrane. Membrane lengths and surface
areas were measured using a Calcomp 2000 graphics tablet,
linked to a HP9000/835 computer. The ditferent parameters
were computed for each continuous membrane length and
structure area as indicated above. Since all parameters are
ratios of numbers of gold particles and membrane lengths or
surface areas, statistical comparisons were made by non-
parametric statistics. For comparison of two groups, the
Mann-Whitney U-test was used, for more than two groups,
the Kruskall-Wallis test was used (Siegel & Castellan, 1988).

Results

Light microscopic localization of B-50 tn relation to
olfactory marker protein and dendritic and axonal

narkers

To delineate the cellular and subcellular location of
B-50 in the mouse MOB, B-50 staining was compared
(in the same section) to the location of several proteins
specific for either mature primary olfactory neurons
(OMP), dendrites (MAP2) or myelinated axons (NFH).
Intense staining for OMP occurred exclusively in the
tibre layer and in patches within the glomeruli, filling
approximately 80 to 90% of the glomerular surtace
area (Fig. 2B). This staining pattern i1s consistent with
an exclusive localization of OMP in the axons and
terminals of primary olfactory neurons within the
olfactory bulb (Monti-Graziadei et al., 1977). Staining
for MAP2 was most prominent in the external plexi-
orm layer, where it was located in dendritic branches
of varying thickness, some of which extended into the
glomeruli and into the periglomerular area (Fig. 3B). A
fairly high density of somewhat thinner MAP2-
stained dendrites was seen throughout the granule
cell layer, crossing the internal plexitform layer into the
external plexiform layer. No MAP2 staining was
observed in the fibre layer. Staining for the high
molecular weight (200 kDa) neurofilament protein
with two different monoclonal antibodies, revealed a
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Fig. 2. Immunofluorescent double staining for B-50 (A) and OMP (B) in an olfactory bulb of a six-week-old mouse. Note that
staining from OMP in the glomeruli has the same intensity as in the fibre layer, whereas the intensity of B-50 staining
decreases when the primary olfactory axons go deeper into the glomeruli. Abbreviations as in Fig.1. Scale bar = 50 pm.
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Fig. 3. Immunofluorescent double staining for B-50 (A) and MAP2 (B) of six-week-old olfactory bulb. Note the
complementarity of staining of B-50 and MAP2 n all layers. The arrowheads indicate heavily MAP2-stained dendrites in the
glomerular layer and granule cell/internal plexitorm layer in (B) which are associated with low staining for B-50 in (A).
Abbreviations as in Fig. 1. Scale bar = 50 pm.

i

high density of thin fibres or puncta in the internal in between the islands of granule cell bodies. A very
plexiform layer, and a variable density of clusters of  low density of NFH stained thin fibres or puncta also
puncta in the granule cell layer, just above the interna existed in the external plexiform layer and among the
plexitorm layer (Fig. 4B). Throughout the rest of the periglomerular cells, but no NFH staining was ob-
granule cell layer, NFH positive puncta were scattered served In the fibre layer. The distribution of NFH

Fig. 4. Combined immunofluorescent staining in the MOB for B-50 (A) and NFH (B) and for MBP (C) and NFH (D). Note the
very low staining of B-50 in A (arrowheads) at cross-sectioned bundles of NFH-positive myelinated axons in B (arrowheads).
In addition, the lower overall staining intensity for B-50 in the internal plexiform layer relative to the deeper part of the GCL
(see also Figs. TA and 2A) in (A), is complementary to the density of NFH-positive myelinated axons in the internal plexiform
laver and GCL. Panels (C) and (D) illustrate the colocalization of NFH and MBP. Abbreviations asin Fig. 1. Scale bar = 50 pm.
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Fig. 5. Immunofluorescent double staining for B-50 (A) and NFH (B) in six-week-old piriform cortex. Note the low staining
intensity for B-50 in the LOT (A), which shows a high density of cross-sectioned NFH-positive myelinated axons (B). The
highest staining intensity tor B-501s observed in the border region between the LOT and layer la, and the upper part of layer Ib
and the lower partof layerIl, between the pyramidal neurons. LOT: lateral oltactory tract; L Ia, L Iband L II: layers 1a, Ib, and Il

of the piriform cortex, respectively. Scale bar = 50 pm.

staining appeared to correspond to that of myelinatec
axons in the MOB (and other parts of the brain: not
shown). This was verified by double staining of the
MOB using neurofilament antibody and a rabbit
antiserum against myelin basic protein (MBP). The
distribution of small NFH puncta or thin NFH fibres
was matched by somewhat larger MBP-positive
puncta or tibre-like structures in all areas investigated ,
including the MOB (Fig. 4C, D). Switching from the
rhodamine filter pair to the FITC filter pair, clearly
showed the MBP staining surrounding the NFH

staining, contirming the exclusive location of the NFH
antigen recognized by our antibodies within myelin-
ated axons.

[mmunofluorescent staining for B-50 in the MOB
showed the highest labelling intensities in the nerve
fibre layer (containing the axons of the primary
u'factm'}f neurons), in the external parts of the glomer-
uli, and in the granule cell layer (Figs 2A, 3A, 4A). A
somewhat less intense staining was observed among
he periglomerular cells and in the internal plexiform
layer. Intermediate to low staining was seen in the
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main part of the glomeruli, whereas the external
plexiform layer showed the lowest overall staining
intensity.

Within the nerve fibre layer, B-50 staining exhibited
a somewhat patchy staining pattern. Most, but not all
olfactory axons (Fig. 2A; compare with OMP staining:
Fig. 2B) were immunoreactive. The patchy staining of
the olfactory fibre layer became more pronounced
with time as seen in six-month-old mice (data not
shown). The olfactory axons were always grouped
together in bundles which were sectioned longitudi-
nally or transversely. Overall staining intensity could
vary considerably from one bundle to the next. Upon
entering the glomeruli, the OMP-positive (Fig. 2B)
olfactory axons remained strongly stained, but deeper
into the glomeruli, the intensity of B-50 staining
appeared drastically reduced (compare Fig. 2A and
2B). The cell bodies of the periglomerular cells sur-
rounding the glomeruli (Fig. 2C) showed only back-
ground staining, but were surrounded by B-50
positive fibres (Fig. 2A). The external plexiform layer
showed the lowest overall intensity ot B-50 staining in
the MOB, except for a low density of thin B-50 positive
tibres (Figs 2—4A). The mitral cells located at the border
between the external and internal plexitorm layer also
did not show any staining, but their circumterence
sometimes was outlined by B-50 stained fibres cour-
sing around them. In the internal plexitorm layer,
relatively intense, punctate B-50 staining was ob-
served in between unstained cell bodies and dendritic
trunks originating from granule cells. In the neuropil
of the granule cell layer, B-50 staining was as intense as
in the fibre layer, outlining the islands of unstained
eranule cells (Figs 2A-5A). The deeper part of the
eranule cell layer was always stained somewhat more
intensely than the supertficial part.

When comparing the distribution of B-50 to that of
the dendritic marker, MAP2, an almost complete
complementarity was observed (compare Fig. 3A, B).
Only in the granule cell layer and internal plexitorm
layer was this complementarity somewhat less clear-
cut. However, upon careful inspection, a lower stain-
ing for B-50 could be seen at sites where the relatively
thin MAP2-stained dendritic trunks of granule cells
projected to the external plexiform layer. In the same
layers, a complementarity was seen between B-50
staining and the staining with the NFH antibodies
(Fig. 4A, B), with B-50 staining being of lower intensity
at areas with a high density of NFH stained axons (i.e.
the internal plexiform layer and loose bundles of axons
within the superficial granule cell layer).

To characterize the projection of the axons of the
mitral and tufted cells to the piriform cortex, one of the
major central projections of these neurons, sections of
piriform cortex were double stained for B-50 and the
NFH protein. In the piriform cortex, intense staining
for NFH was seen in the lateral olfactory tract (LOT),

containing the myelinated mitral and tufted cell axons
(Fig. 5B). Throughout layers | and Il (and lll: not
shown) scattered fibre-like and punctate NFH staining
was observed. In contrast to NFH staining, B-50
staining showed the lowest intensity in the LOT (kig.
5A, B). The highest intensity of B-50 staining in the
piriform cortex was consistently observed in the area
bordering the LOT and layer la and in the region of
layer Ib just below the pyramidal cell bodies in layer II.

Electron microscopic localization of B-50

When the MOB was postfixed with OsO; and em-
bedded in Epon an optimal preservation of morpho-
ogical detail was retained, with nicely contrasted
membranes (not shown). However, postembedding
staining for B-50 resulted only in very low density
background staining (not shown). In contrast, when
the same tissue was freeze-substituted and embedded
in Lowicryl, a reasonable preservation of morphology
was obtained, together with a good retention of B-50
antigenicity. However, morphological contrast was
less than with osmium-fixed tissue embedded iIn
Epon, as membranes were less electron-dense. As a
result, synaptic vesicles were more ditticult to discern.
To check for non-specitic and background staining,
Lowicryl sections of MOB were immunostained in the
absence of the first antibody, or in the presence of
either pre-immune IgG, or in anti-B-50 IgG 8613,
preabsorbed with 1 g ml ' purified B-50. In all three
cases, a very low staining density was observed
throughout all layers of the MOB (not shown); this
level of staining will further be denoted as "back-
ground’.

Upon staining with anti-B-50 IgG, a moderately
high density of gold labelling was observed in the
nerve fibre layer (Fig. 6A, C-LE), exhibiting some
regional variability. Part of the staining was found in
close proximity to the plasma membrane, but a fair
amount appeared to be cytoplasmic (Fig. 6A, Table 1).
Background labelling was observed in the ensheath-
ing glial cells (Fig. 6A). Occasionally, scattered
throughout the fibre layer, structures were observed
which contained a high density of gold labelling (Fig.
6C-E). These were usually irregular in shape, and
sometimes contained abundant membranous organ-
elles. Some of these protiles showed a larger diameter
than the olfactory axons, and contained B-50 labelling
throughout or mainly along the plasma membrane
(Fig. 6C). B-50-enriched structures with a similar
thickness as the oltactory axons showed a very high
labelling density throughout. Apart from one excep-
ion, such highly labelled structures were not ob-
served outside the areas that contained olfactory
axons.

In the glomeruli, olfactory axon terminals could be
easily distinguished from dendritic structures by their
relatively high electron density, resulting from a dense
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Fig. 6. Immunogold-staining for B-50 (A, C-F) a nd OMP (B, G) in the nerve tibre layer and glomeruli in six-week-old mouse
olfactory bulb. (A) In the fibre layer, B-50 shows a moderate staining density in cross-sectioned primary olfactory axons

(ua = unmvelinated axons), whereas OMP (B) shows a uniform high-density labe
fibre layer show only background staining for B-50. (C-E) Occasionally, a very hig
fibre laver, in irregular, dilated growth.cone-like structures (gec in C indicated

ling of oltactory axons. Glials cells (gl) in the
1density of B-50-labelling is seen within the

by small arrows; m: mitochondrion), or in

presumed cross-sectioned filopodia (D, E: arrowheads). In the glomeruli, B-50 staining (F) of primary oltactory terminals is
less dense than in the nerve fibre layer, whereas OMP (G) shows a labelling density similar to that in the tibre layer. The

—
=

arrows in (F) indicate postsynaptic densities (pre: presynaptic; post: postsynaptic element). The high background labelling for

OMP may be due to the use of antiserum rather than atfinity-purified antibodies.

Scale bar = 200 nm.
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Table 1. Quantitation of B-50 labelling in mouse olfactory bulb.

Structure: (/A LIA Growth Pre Post Dendritic Perikarya - Nuclen Mito MA Muyelin
CONECS profiles mentbrane

Area: NFL GO All Glom Glom EPL GCL All All GCL/IPL GCLALP

['otal surface labelling 63.2 + 7.7 166 + 39" 765 £ 559* 19.2 + 6.4 175+ 6.3 202+28 129+28 88+11 13.6%£55 19.2+6.1 14.6 5.0

particles pm -

Cytoplasmiclabelling 36.5 + 549 51 £ 127 617 £ 485" 18.6 £ 4.0 7.9 *
particles pm -

Number 41 20 6 4() 1Y

[otal arca (Lm-) 5.06 .85 1.28 7.75 5.62

NMembrane labelling
particles pm -
Number 35 |9 | 6 3() 29

Total length pm) 52 28.6 17.6 13.7 292

il

Signiticantly ditferent from all other structures at p < 0.01.

- Signiticantiy different from all other structures at p < 00.05.

117 £ 24% 2.1 + 26" 3.28 £ 1.0 0.60 £ .37 0.77 £

15,2 28 8.0x22 B.7%x7.] 52X 4.0 15:9£59 9.1 45
2/ 5 / 26 [ 0) 16
6.34 2.0 9.74 .50 I.40 1:99

36 034 £ .11 052 % .27 016 .06 028 .13 0.15% .08 0.186=x.0/
10) 29 3 22 74 26
22.0 27.8 7.0 2).¢ 4.5 24.9

Signiticantly different from all other structures at p < 0.001, except for the difference between unmyelinated axons in the GCL and growth cones

Significantly ditferent from all other structuresatp < 0.05except UA in the GCLand MA (p < 0.1).
{

" Signiticantly difterent trom all other structures at p < 0.05except UA in the NFL, nuclei, perikarya (p < 0.1)and MA (p < 0.1).

Significantly different trom all other structures.

membranes (p <0.1).

" Significantly different from all other structures at p < (.05,

“Significantly different from all other structures at p < 0.05, except postsynaptic structures in the GLOM, perikaryal membranes (p < 0.1, and nuclear

UA = unmyelinated axons; MA = myelinated axons; PRE = presynaptic terminals; POST = postsynaptic elements; NFL = fibre layer; GCL = granule cell
laver; GLOM = glomeruli; EPL = external plexitorm layer; IPL = internal plexitorm layer.

protein matrix in these axons (Fig. 6F; Pinching &
Powell, 1971; White, 1972). Although this higher
density obscured the visibility of synaptic vesicles, it
did not affect the detection of the 10 nm gold particles.
Overall B-50 immunoreactivity was low in the glomer-
uli, with the dendritic structures showing a somewhat
lower labelling density than the presynaptic primary
olfactory terminals (Fig. 6F). Dendritic labelling did
not appear to be specitically associated with the
plasma membrane or synaptic vesicles. Labelling for
OMP in the fibre layer and glomeruli was found in the
cytoplasm of olfactory axons and terminals, and
appeared to have a similar density in both (Fig. 6B, G).
Dendritic structures in the glomeruli also showed
some staining above background, which we consider
to be due to non-specific staining by the non-affinity
purified OMP-antiserum. Periglomerular cells did not
show any labelling above background, anywhere
within the soma or nucleus (not shown).

The external plexiform layer contained mainly den-
dritic structures of various diameters, synapses, and a
few myelinated axons. Average B-50 immunolabelling
was very low, but still appeared somewhat above
background (Fig. 7A,B). Dendrites showed very low
abelling, both at the membrane or in the cytoplasm. In
synaptic structures in the external plexiform layer, the
ereat majority of which are reciprocal dendro-dendri-
tic synapses (Rall et al., 1966), also little labelling was
seen (Fig. 7A). The perikarya of mitral and tufted cells
showed no immunogold labelling, neither along the
plasma membrane nor in organelles (Fig. 7C).

The highest overall B-50 labelling density was
observed in the internal plexitorm layer (not shown)

and granule cell layer (Figs 7D-E, 8), and was re-
stricted to thin non-myelinated axons. These non-
myelinated axons are derived from neurons projecting
trom the piriform cortex and anterior oltactory nucleus
onto granule cell dendritic spines (Davis and Mac-
rides, 1981). Surprisingly, in myelinated axons (which
were always thicker than the non-myelinated axons),
labelling was at background level, as was also ob-
served in other layers of the MOB (Figs 7E, 8). Granule
cell somata and dendrites showed background label-
ling (Figs 7D,F, 8). As granule cells are often closely
apposed within small clusters, without any other
structures in between, the plasma membranes of two
apposed granule cells provided an excellent oppor-
tunity to examine B-50 labelling densities on the
plasma membranes of neuronal somata. Indeed, label-
ling density on the somal plasma membranes was very
low (Fig. 7F). In synapses, labelling was exclusively
found at the presynaptic side, while the postsynaptic
element displayed background staining (Figs 7D, 8).

Throughout the MOB, no labelling was seen In
oligodendrocytes (including the myelin sheath; not
shown), ghal cells (Fig. 6A), or endothelial cells (not
shown).

Quantification of B-50 tmmunogold labelling in the

MOB

Quantification of B-50 labelling in a variety of profiles
throughout the MOB closely retlected the qualitative
impression of B-50 labelling in the MOB (Table 1).
Total surtace labelling per structure (including mem-
brane labelling) in nuclei was similar to the back-
ground labelling seen in control-stained sections (see
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Fig. 7. Immunogold-staining for B-50 in the external plexiform layer (A, B), mitral cells (C) and the GCL (D, E, F) in
six-week-old mouse oltactory bulb. A reciprocal dendrodendritic synapse in the external plexiform layer (A) shows a low
staining density for B-50 Two adjacent clusters of synaptic vesicles (arrowheads) are seen in both dendritic structures, close to
the synaptic cletts (small arrows; pre and post: pre- and postsynaptic side, respectively). (B) Overall staining density for B-50
in the mainly dendritic external plexiform’layer is very low (v: vesicle-containing dendpritic profiles; the arrows indicate some
of the vesicles; m: mitochondria). (C) Mitral cell soma exhibiting background staining (arrowhead: nucleolus; nucl: nucleus;
m: mitochondrion; lys: lysosomal structure; rer: rough endoplasmic reticulum; the cytoplasm shows abundant ribosomes).
(D, E) In the GCL, a high staining density is associated with thin unmyelinated axons (ua; D: pre: presynaptic element).
Postsynaptic dendrites (D: post) and all myelinated axons (ma) show background staining. (F) The apposed plasma
membranes (arrows), perikaryal cytoplasm (pk) and nuclei (nucl) of granule cell bodies show background staining only. Scale
bars: (A) (for all panels except (C)): = 200 nm. (C) 200 nm.
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Fig. 8. Overview of B-50 labelling in the GCL neuropil with 1 nm immunogold particles, silver enhanced to 10 nm. The
highest labelling density is seen in thin unmyelinated axons (ua). A large presynaptic terminal (pre) mainly contains labelling
alongits plasma membrane, but notassociated with synaptic vesicles. Background labelling (which is higher with this method
than with 10 nm gold particles) is seen in myelinated axons (ma), dendritic protfiles (d; light matrix) and postsynaptic elements
(post). Although labelling efficiency is much higher with 1 nm gold particles (cf. Fig. 6D, E), they usually are aggregated,
resulting in a lower spatial resolution of the labelling. Thus, the clusters of particles near the plasma membrane in some of the
dendritic structures in this photograph (arrowheads), most likely are due to B-50 abundantly present in the surrounding thin
5

unmye]inated axons. Scale bar = 500 nm.

above). A very high labelling density was found in
growth cone-like structures, followed by labelling in
thin unmyelinated axons in the granule cell layer
neuropil and in the fibre layer. In all other structures,
like presynaptic terminals of primary olfactory neu-
rons and postsynaptic endings inside the glomeruli,
dendrites, perikarya, mitochondria, myelinated
axons, and myelin, labelling density was not signifi-
cantly elevated above that in the nuclei (Table 1).

When only the density of cytoplasmic labelling was
determined, the same overall profile of labelling
densities was observed (Table 1).

The density of membrane labelling was highest in
growth cone-like structures, and second highest in
thin unmyelinated axons of the granule cell layer. The
unmyelinated axons of the nerve fibre layer showed a
- membrane labelling intermediate between

level of
unmyelinated axons of the granule cell layer and most
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other structures which did not show labelling above
the density observed in perikaryal membranes.

Quantification of the density of total surface label-
ling for OMP in primary olfactory axons and in their
terminals did not reveal any ditference (axons: mean
density = sem: 820 + 70 particles pm ~; terminals:
760 + 58 particles pwm ~; not significant at the 5% level
in a Mann-Whitney U-test).

Discussion

This study demonstrates that B-50 is primarily ex-
pressed in some primary olfactory axons and pre-
sumptive growth cones in the nerve fibre layer of the
olfactory bulb, in unmyelinated axons and presynap-
tic terminals in the neuropil of the granule cell layer

and among periglomerular cells. In the glomeruli and
the external plexiform layer low levels of B-30 im-
munostaining were observed. Within the piriform
cortex B-50 staining was low In the LOT, which
contains the myelinated mitral and tufted cell axons
(Scott et al., 1980), and most intense n the regions of
layer [ bordering the LOT and layer I1. The cytoplasm
as the membranes of neuronal perikarya,

as wel
dendrites, and glial cells are virtually devoid of B-50
immunoreactivity.

The distribution of four neural proteins, 1.e. OMPD,
MAP2, NFH and MBP, each exhibiting a well-
established cellular localization, was compared with
the pattern of B-50 immunostaining in order to facili-
tate the analysis of the distribution of B-30 in the
olfactory bulb. The present findings confirm the
uniform cytoplasmic location ot OMI” (Menco, [989) 1n
the primary olfactory axons in the nerve fibre layerand
their terminals in the glomeruli. Comparison of the
distribution of OMP and B-50 shows a clear decline n
B-50 immunostaining intensity going from the olfac-
tory axons in the nerve fibre layer to the primary
olfactory terminals in the glomeruli. This is consistent
with the notion that establishment of synaptic contacts
between primary olfactory neurons on their target
dendrites in the glomeruli during postnatal develop-
ment and following olfactory nerve lesion (Verhaagen
et al., 1990b) results in a down regulation of B-50
expression in primary olfactory neurons. Thus, the
patchy B-50 staining in the nerve layer indicates that
this structure is composed of two populations of
axons: relatively immature (B-50 positive) axons that
ave not vet formed synapses in the olfactory bulb and

3-50 negative axons projecting into glomeruli, where
they have established synapses. In view of this we are
confident that the relatively high number of irregular
the nerve

membrane-rich B-50 positive structures 1in
fibre layer represent growth cones. some of the larger
crowth cones are clearly continuous with olfactory
axons and are reminiscent of B-50 stained growth
cones in neonatal hippocampus (Van Lookeren Cam-

pagne ¢t al., 1990) and in tissue culture (Ramakers ¢f
al., 1991b). The smaller B-50 immunoreactive struc-
tures in the nerve fibre layer probably represent
crowth cone filopodia, parts of growth cones most
enriched in B-50 (Meiri et al., 1988; Ramakers ¢t al.,
1991b).

The dendritic marker MAP2 (Bernhardt & Matus,
1984; in the olfactory bulb: Vierecketal., | 989) and B-50
are differentially expressed indicating that B-50 ex-
pression is low if not absent from dendrites. EM
analysis indeed demonstrates the virtual absence of
B-50 from dendrites in glomeruli, the granule cell layer
neuropil and the external plexiform layer. This con-
firms previous observations in adult hippocampus
and central grey (Gispen et al., 1985; Van Lookeren
Campagne ef al., 1990, 1991a) and supports the view
that B-50 is preferentially directed to axonal processes
(Goslin et al., 1988). Although studies 1n the adult
neostriatum indicate that B-50 could be involved in
dendritic remodelling (DiFiglia et al., 1990), we did not
find evidence for this in our study. With regard to the
proposed involvement of B-50 in the regulation of
transmitter release (Dekker et al., 1989b), it is of
interest to note that B-50 is absent from the numerous
reciprocal dendro-dendritic synapses (Rall ef al., 1966;
Jackowski et al., 1978) in the glomeruliand the external
plexiform layer. This indicates that B-5C does not
participate in transmitter release in this particular type

of synapse.

The NFH and MBP antibodies appeared to be
excellent tools to identify the projections of the my-
elinated mitral- and tufted cell fibres to the piriform
cortex. The monoclonal neurofilament antibody
recognizes epitopes in NFH exclusively expressed in
myelinated fibres as shown by double immunostain-
ing with MBP antibodies. Our findings indicate that
B-50 is absent from the myelinated mitral and tufted
cell fibre tracts in the granule cell layer and in the
piriform cortex. This was confirmed by the ultrastruc-
tural analysis in the MOB. The high level of B-30
labelling in the granule cell layer is due to B-50
expression in thin unmyelinated afferent axons,
which appear to terminate largely on granule cell
dendritic spines. The distribution of these thin un-
myelinated fibres most closely matches that of the
breterminal axonal arbors of centrifugal projections by
byramidal neurons of the piriform cortex (Davis &
Macrides, 1981). Interestingly, a large proportion of
these latter neurons continues to express high levels of
3-50 mRNA in adulthood (De la Monte et al., 1989;
Bendotti ef al., 1991). As B-50 immunostaining in the
pyramidal cell somata was negligible, it seems likely
that B-50 in these neurons is concentrated in the target
area in the MOB. Synaptic contacts between these B-50
expressing axons and B-50 negative dendritic spines of

-

granule cells were observed frequently.
In the piriform cortex B-50 is most abundant in the
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superficial part ct layer la, a location where the
preterminal unmyelinated axon branches of the mitral
and tufted cells arise from the LOT and synapse on
dendrites of piriform cortex neurons (Scottetal., 1980).
The persistent expression of B-50 mRNA in adult
mitral cells has been proposed to reflect synaptic
remodelling in the mitral cell dendrites in the glomer-
uli and/or in their axonal projections in the piriform
cortex (Verhaagen et al., 1990a). Our present obser-
vations of an absence of B-50 from mitral cell dendrites
and its light microscopic abundance in the central
projection area support transport of B-50 from the
mitral cell somata to their nerve endings in the
piriform cortex.

High levels of B-50 expression in thin unmyelinated
axons are apparently not unique to the mouse olfac-
tory system, since a similar distribution has been
described for the hippocampus (Van Lookeren Cam-
pagne ¢l al., 1990), the periaquaductal grey (Van
Lookeren Campagne et al., 1991a) and the neostriatum
(DiFiglia et al., 1990). In all these brain areas the thin
unmyelinated axons were located upstream from the
presynaptic terminal and correspond to the terminal
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