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Directed Expression of the Growth-Associated Protein B-50/GAP-43
to Olfactory Neurons in Transgenic Mice Results in Changes in
Axon Morphology and Extraglomerular Fiber Growth
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B-50/GAP-43, a neural growth-associated phosphoprotein,
is thought to play a role in neuronal plasticity and nerve
fiber formation since it is expressed at high levels in de-
veloping and regenerating neurons and in growth cones.
Using a construct containing the coding sequence of B-50/
GAP-43 under the control of regulatory elements of the ol-
factory marker protein (OMP) gene, transgenic mice were
generated to study the effect of directed expression of
B-50/GAP-43 in a class of neurons that does not normally
express B-50/GAP-43, namely, mature OMP-positive olfac-
tory neurons. Olfactory neurons have a limited lifespan and
are replaced throughout adulthood by new neurons that
migrate into the upper compartment of the epithelium fol-
lowing their formation from stem cells in the basal portion
of this neuroepithelium. Thus, the primary olfactory path-
way is exquisitely suited to examine a role of B-50/GAP-43
in neuronal migration, lifespan, and nerve fiber growth. We
find that B-50/GAP-43 expression in adult olfactory neu-
rons results in numerous primary olfactory axons with en-
larged endings preferentially located at the rim of individ-
ual glomeruli. Furthermore, ectopic olfactory nerve fibers
in between the juxtaglomerular neurons or in close ap-
proximation to blood vessels were frequently observed.
This suggests that expression of B-50/GAP-43 in mature
olfactory neurons alters their response to signals in the
bulb. Other parameters examined, that is, migration and
lifespan of olfactory neurons are normal in B-50/GAP-43
transgenic mice. These observations provide direct in vivo
evidence for a role of B-50/GAP-43 in nerve fiber formation
and in the determination of the morphology of axons.
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Adult nervous systems are comprised of a multitude of discrete
nerve tracts. The formation and maintenance of these tracts is
under the stringent control of intra- and extracellular molecules.
The latter include growth factors, cell adhesion molecules, re-
pulsive guidance cues and extracellular matrix components. A
protein speculated to be crucial in the intracellular mechanisms
that regulate nerve fiber formation is the growth-associated pro-
tein B-50/GAP-43.

B-50 has originally been discovered in an attempt to identify
phosphoproteins involved in synaptic function (Zwiers et al.,
1978; reviewed in Benowitz and Routtenberg, 1987) and is
equivalent to GAP-43, a protein specifically transported into
growing axons (Benowitz et al., 1981; Skene and Willard,
1981a,b; reviewed in Skene, 1989). It is expressed at high levels
in the developing nervous system (Biffo et al., 1990; Dani et
al., 1991) and is induced after nerve injury (Benowitz et al.,
1981; Skene and Willard 1981a,b; Verhaagen et al., 1988). A
role of B-50/GAP-43 in nerve fiber outgrowth is controversial
and has been the subject of intense study. Direct evidence sup-
porting the notion that B-50/GAP-43 is required for neurite for-
mation was obtained by manipulating the levels of B-50/GAP-
43 in cultured cells. Treatment of primary neurons with antisense
B-50/GAP-43 oligonucleotides interferes with neurite extension
(Aigner and Caroni, 1993, 1995) and intracellular anti-B-50/
GAP-43 antibodies reduce neurite formation in neuroblastoma
cells (Shea et al., 1991). Overexpression of B-50/GAP-43 in PC-
12 and neuro2A cells increases their sensitivity to outgrowth-
promoting stimoli (Yankner et al., 1990; Morton and Buss,
1992), and expression of the protein in non-neuronal cells in-
duces filopodia and structures with a morphology reminiscent of
growth cones (Zuber et al., 1989; Widmer and Caroni, 1993;
Verhaagen et al.,, 1994). On the other hand, a PC-12 cell line
devoid of B-50/GAP-43 does extend fibers (Baetge and Ham-
mang, 1991) and B-50/GAP-43 null-mutant mice have a largely
normal nervous system, but these mice do exhibit defects in
pathfinding (Strittmatter et al., 1995).

To study the function of this growth-associated protein in vivo,
we created transgenic mice that express B-50/GAP-43 in mature
primary olfactory neurons. These neurons form the primary ol-
factory pathway, projecting from the olfactory neuroepithelium
to the olfactory bulb, where they terminate in structures termed
glomeruli (Fig. 14). The olfactory neuroepithelium is distinct
from other areas of the vertebrate nervous system since it retains
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Figure 1. Directed expression of B-50/GAP-43 in the primary olfactory pathway of transgenic mice. A, Illustration of the anatomical relationships
in the olfactory system. The olfactory neuroepithelium (OE) contains mature OMP-expressing neurons (black circles), immature olfactory neurons
that express B-50/GAP-43 (gray circles) and stem cells (white circles). The axons of olfactory neurons form the primary olfactory pathway (POP)
that penetrates through the cribriform plate (CP). Individual olfactory neurons project to olfactory bulb glomeruli where they form synapses on the
dendrites of juxtaglomerular (JG) and mitral cells (MC). Glomeruli form a typical array of globular structures at the periphery of the olfactory
bulb. Glomerular boundaries are determined by juxtaglomerular neurons and glial cells. B, Diagram of the construct used to generate transgenic
mice that express B-50/GAP-43 under the control of the regulatory sequences of the OMP-gene. The OMP and B-50/GAP-43 ORFs and the
restriction sites used for cloning are indicated. Details of the cloning procedure are given in Materials and Methods. C, Northern blot analysis of
the olfactory epithelium of wild type (WT) and transgenic mice of line 33 (TR L33) and line 29 (TR L29). The blot was initially hybridized with
a B-50/GAP-43 probe and exposed for 7 d (upper panel), subsequently stripped and reprobed with OMP followed by 3 d exposure time (lower
panel). In wild type mice the native 1.6 kb B-50/GAP-43 mRNA is visible, while in the transgenic mice expression of transgenic mRNA of a
slightly smaller size (1.34 kb) is detected. The positions of the 185 and 28S ribosomal RNA bands are indicated. Note that transgenic mice express
high levels of the transgenic B-50/GAP-43 mRNA and that the OMP mRNA expression is similar in wild type and transgenic animals. D, Western
blot detecting B-50/GAP-43 expression in wild type (WT) and transgenic animals (TR). Three adult 3 month old wild type mice and three transgenic
littermates (TR) from L29 were sacrificed, olfactory bulb protein was extracted, separated by SDS-PAGE, blotted on nitrocellulose, and probed
with anti-B-50/GAP-43 antibodies. Note that the transgenic olfactory bulb contains more B-50/GAP-43 and that the relative molecular weight of
B-50/GAP-43 in wild type and transgenic animals is identical.

precursor cells capable of replacing senescent or injured neurons
that die (Moulton et al., 1970; Graziadei and Monti-Graziadei,
1978; Calof and Chikaraishi, 1989; Farbman, 1990; Mackay-Sim
and Kittel, 1991; Schwartz Levey et al., 1991; Carr and Farb-
man, 1993), In adult wild type mice B-50/GAP-43 expression is
restricted to a subset of neurons derived from these precursor
cells (Verhaagen et al., 1989; Meiri et al., 1991; Schwob et al.,
1992). Olfactory neuron maturation is accompanied by the upre-
gulation of the expression of olfactory marker protein (OMP)
and concomitant downregulation of B-50/GAP-43. In the trans-

genic mice studied in this paper regulatory elements of the
OMP-gene (Danciger et al., 1989) were combined with the cod-
ing sequence of B-50/GAP-43 in a transgene that conferred ol-
factory neuron-specific expression of B-50/GAP-43. This allows
an analysis of the role of this growth-associated protein in sev-
eral aspects of neuroplasticity, including neuronal migration,
lifespan and morphology of primary olfactory axons.

We find that olfactory neurons expressing B-50/GAP-43 form
axons often terminating in dilated grape-like structures, primar-
ily located on the rim of the individual glomeruli. Olfactory



axons were observed that penetrated into the juxtaglomerular
layer or that did grow around blood vessels. These morpholog-
ical phenomena were never observed in wild type littermates.
Olfactory neuron migration and lifespan are normal in B-50/
GAP-43 transgenic mice. These observations demonstrate that
expression of this growth-associated protein in adult olfactory
neurons in vivo has a direct effect on the morphology and pro-
jection territory of primary olfactory axons.

Méterials and Methods

Construction of the OMP-B-50/GAP-43 transgene and production of
transgenic mice. To generate the OMP-B-50/GAP-43 hybrid transgene
the entire OMP gene coding sequence was removed from an 11 kb OMP
genomic clone (Danciger et al., 1989) and was replaced by the B-50/
GAP-43 open reading frame (ORF; Fig. 1B). To achieve this the OMP
genomic clone was digested with AatIl and Kpnl. This resulted in re-
moval of a 1.9 kb fragment containing 43 bp of the OMP 5'-untranslated
sequence, the OMP ORF and 1.4 kb downstream of the TGA stopcodon
but 210 bp 5 of the OMP-polyadenylation signal. The two restriction
sites used to remove the OMP coding sequence (Aatll and Kpnl) were
introduced by PCR 5’ and 3’ to the B-50/GAP-43 ORF using a rat
B-50/GAP-43 cDNA (Nielander et al.,1987) as template. The upstream
primer consisted of a HindIIl and an Aatll restriction site, the 43 bp
OMP-untranslated sequence and the first 16 nucleotides of the B-50/
GAP-43 ORF sequence. The downstream primer contained the last 16
nucleotides of the B-50/GAP-43 ORF and a 3’ Kpnl site. The PCR
product generated with these primers was digested with HindIIl and
Kpnl, cloned in pBluescript KS and sequenced. This revealed no PCR
errors or cloning artefacts. The PCR product was removed from p-
Bluescript KS by digestion with Aatll and Kpnl and cloned in the Aatll
and Kpnl digested OMP genomic clone. This resulted in a construct of
9.8 kb containing 5.5 kb of the OMP-gene upstream sequence (OMP-
promoter), the B-50/GAP-43-coding sequence and 3.7 kb of the OMP-
gene 3’ sequence including the OMP-poly A* signal sequence (Fig.
1B). The transgene was removed from the plasmid by digestion with
EcoRI, the resulting 9.8 kb fragment was gel purified dialyzed against
sterile Millipore water and used for injection of mouse zygotes to gen-
erate transgenic mice essentially as described (Hogan et al., 1986). In
short, the purified DNA was diluted to a concentration of 4 wg/ml and
injected into the pronucleus of fertilized mouse eggs, recovered in cu-
mulus from oviducts of superovulated FVB/N females. After overnight
culturing two-cell stage embryos were implanted into the oviducts of
day 1 pseudopregnant F1 foster females. Seventy-five mice were born
from these mothers of which eleven hadincorporated the transgene into
tail-DNA. Nine of these mice passed the transgene to their offspring.
These nine founders were used for breeding to generate transgenic lines.
Southern blot analysis. Transgenic mice were identified by Southern
blotting of genomic tail DNA (Laird et al.,, 1991). Twenty pg DNA
were digested with HindIII and separated by electrophoresis on a 0.75%
agarose gel. The DNA was denatured with 0.5 m NaOH/1.5 M NaCl
and neutralized with 0.5 M Tris-HCI pH 6.0/1.5 m NaCl for 45 min.
The DNA was blotted on a nylon membrane (GeneScreen Hybridization
Transfer Membrane NEF984; NEN Research Products, Boston, MA)
denaturated with 0.5 M NaOH for 1 min and neutralized for 1 min with
0.5 M Tris-HCI pH 6.0/1.5 M NaCl, cross-linked to the membrane by a
2 min exposure to UV-light (245 nm) and prehybridized at 68°C in 0.5
M Na,HPO, pH 7.2, 7% SDS, and 250 pg/ml sonicated salmon sperm
DNA. Finally, the membrane was hybridized at 68°C for 14 hr with a
random prime *?P-labeled B-50/GAP-43 cDNA in the same solution.
Northern blot analysis. Total RNA from olfactory neuroepithelium
was prepared by tissue homogenization in RNAzol (Cinna/Biotecx,
Friendswood, USA), extraction with chloroform and precipitation from
the aqueous phase with isopropanol according to the manufacturer’s
instructions; 15-20 pg of RNA was separated on a 1.5% agarose gel
in 10 mM sodium phosphate and subsequently transferred to a nylon
membrane (GeneScreen Hybridization Transfer Membrane NEF984;
NEN Research Products, Boston, MA) in 20 X SSC. The membrane
was exposed to UV light (2 min) and baked at 80°C for 2 hr. Prehy-
bridization and hybridization was performed as described for Southern
blot analysis. Initally the blot was hybridized with a B-50/GAP-43
c¢DNA probe, exposed for 7 d using Kodak X-OMAT film, subsequently
stripped, reprobed with an OMP ¢cDNA probe, and exposed for 3 d.
Western blot analysis. For Western blot analysis, olfactory bulbs were
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dissected from wild type and transgenic mice and homogenized in TBS
(10 mM Tris-HCI pH 7.5, 0.9% NaCl) at 4°C. Equal concentrations of
protein, determined according to Lowry et al. (1951) in denaturing sam-
ple buffer were used for electrophoresis in 11% polyacrylamide-sodium
dodecyl sulfate gels (Zwiers et al., 1976). Separated proteins were trans-
ferred to nitrocellulose membranes (Towbin et al., 1984). The mem-
brane was preincubated in TBS/gelatin/TX-100 (TBS containing 0.25%
gelatin and 0.5% Triton X-100) and immunostained with polyclonal
antibodies (derived from antiserum #8921; Oestreicher et al., 1983)
against B-50/GAP-43 (dilution 1:1000) under standard conditions (Ver-
haagen et al., 1988).

Immunocytochemistry. Mice were deeply anesthesized and perfused
with 50 ml phosphate-buffered saline (PBS) pH 7.4 followed by 100
ml of 2% paraformaldehyde (PFA) in 0.1 m phosphate buffer pH 7.4.
Olfactory turbinates and bulbs were dissected and postfixed in 2% PFA
for 12 hr at 4°C. The turbinates were decalcified in 250 mm EDTA, 50
mm phosphate buffer, pH 7.4. For cryosections, olfactory tissues were
cryoprotected by immersion in 7.5% and 15% sucrose solutions at 4°C.
Tissues were immersed in Tissue-tek (O.C.T Compound 4583; Miles
Inc., Elkhart, IN) and frozen in dry ice-cooled isopentane. Ten microm-
eter thick cryostat sections were mounted on poly-L-lysine-coated mi-
croscope slides, washed with TBS/TX-100 (TBS containing 0.5% Triton
X-100) and preincubated with TBS/gelatin/TX-100 for 30 min. B-50/
GAP-43 was detected with affinity-purified polyclonal rabbit antibodies
derived from antiserum #8921 (dilution 1:1000; Oestreicher et al., 1983)
and OMP was detected by polyclonal goat antibodies (antiserum #255;
dilution 1:5000; Keller and Margolis, 1975). Sections were incubated
overnight at 4°C and subsequently washed with TBS/TX-100. In single
staining procedures, sections were incubated for 1 hr at room temper-
ature with biotinylated anti-rabbit and anti-goat 1gGs (diluted 1:100 in
TBS/TX-100) and subsequently visualized with the avidin/biotin/per-
oxidase method (Vectastain ABC Kit; Vector Laboratories, Burlingame,
CA), using diaminobenzidine (DAB; 0.5 mg/ml 10 mM Tris pH 7.6) as
the chromogen, according to the descriptions supplied within the kit.
For confocal laser scanning analysis of olfactory bulbs, 30 wm vibra-
tome sections were prepared and incubated with primary antibodies
according to the procedure described above. For double labeling binding
of primary antibodies was visualized with dichlorotriazinylamino fluo-
rescein (DTAF) conjugated anti-rabbit- and Texas red conjugated anti-
goat IgGs (Jackson Immuno Research Laboratories, West Grove). Sec-
tions were mounted in Vectashield mounting medium (Vector labora-
tories) and examined on a Zeiss confocal laser scanning microscope
410, equiped with two different lasers emitting at 488 and 543 nm, and
the appropriate filters to prevent cross-talk. A stack of eight focal planes
(1 wm intervals) was imaged for both fluorophores, using oil immersion
objectives (40X: plan-neofluor, NA = 1.3; 63X: plan-apochromat, NA
= 1.4), whereafter one single projection was made by overlaying these
focal planes in the z-direction.

Detection of BrdU labeled cells. Mice were injected intravenously
with 20 wg/gm body weight of bromodeoxyuridine (BrdU; Boehringer,
Mannheim, Germany) dissolved in sterile saline. At the appropriate days
after the BrdU injection, the mice were perfused, dissected and tissue
was frozen as described in the previous section. Ten micrometer cryostat
sections were rinsed with PBS, postfixed in 70% ethanol for 2 min and
denaturated with 50% formamide, 4 X SSC at 62°C for 5 hr. Subse-
quently sections were treated for 1 hr with 2 N HCI at 37°C, neutralized
with 0.1 M Tris-HCl1 (pH 7.5), preincubated with TBS/gelatin/TX-100,
and incubated with monoclonal anti-BrdU antibodies (Boehringer), di-
luted 1:16 in TBS/gelatin/TX-100. The subsequent steps were per-
formed as described in the previous section.

Quantification of B-50/GAP-43- and BrdU-positive cells. The number
and position of B-50/GAP-43 or BrdU-positive neurons in the olfactory
epithelium was determined with a computerized image analysis system
(DIFA, Breda, The Netherlands). Two 2-3 mm stretches of septal epi-
thelium per animal, approximately 100 pm apart were analyzed on a
television screen with a 20X objective using an Olympus BH-2 micro-
scope equipped with a video camera linked to an IBM computer. Two
parameters were determined: (1) the number of stained cells per 1 mm
epithelium, and (2) the distance of the labeled nuclei from the basal
lamina was measured as percentage of the total height between the basal
lamina and the surface of the epithelium. A BrdU-stained neuron was
considered positive when the nucleus contained at least three labeled
dots of chromatin.

Golgi preparations. Mice were anesthesized and perfused with 100
ml 1% PFA and 1.25% glutaraldehyde followed by 25 ml 4% PFA and



7956 Holtmaat et al. « In vivo Morphogenic Effects of B-50/GAP-43 in Olfactory Neurons

5% glutaraldehyde in 0.08 M cacodylate buffer (pH 7.3). The brains
were dissected and left in fixative for 48 hr. The bulbs were dissected
and processed for light microscopy using an adaption of the Golgi-
technique for electron microscopy (Cameron et al., 1991). In short,
bulbs were immersed for 5 d in 2% potassium dichromate and 5%
glutaraldehyde, transferred to 3.5% potassium dichromate and impreg-
nated with 0.75% silver nitrate. Vibratome sections (100 pum) were cut
under 70% ethanol, dehydrated, embedded, and studied by light mi-
Croscopy.

Results

The olfactory marker protein promoter directs high level B-50/
GAP-43 expression to mature olfactory neurons in transgenic
mice

In three out of a total of nine transgenic lines (L.28, L29, and
L.33) obtained with the OMP-B-50/GAP-43 construct (Fig. 1B),
immunohistochemical staining of sections of olfactory neuro-
epithelium and olfactory bulb of young adult offspring (5-7
weeks of age) revealed expression of B-50/GAP-43 in numerous
olfactory neurons in the upper three fourths of the epithelium as
well as in their projections in the glomeruli. Norhtern blot anal-
ysis of RNA extracted from olfactory neuroepithelium reveals
an increased level of B-50/GAP-43 mRNA while the levels of
OMP mRNA expression are not changed (Fig. 1C). Western blot
analysis of olfactory bulb extracts from offspring of L29 dem-
onstrated that the transgenic olfactory bulb contains more B-50/
GAP-43. Furthermore, B-50/GAP-43 in samples of transgenic
and wild type mice migrates to the same position in the gel (Fig.
1D). Five of the nine lines (L30, L31, L.32, L37 and L38) ex-
pressed B-50/GAP-43 in a small subset of olfactory neurons and
consequently in sparse olfactory axons distributed throughout
the olfactory bulb glomeruli. One line (L35) did not express the
transgene. The unequal pattern of expression of a protein in
different transgenic lines generated with the same construct has
been noted before and is probably due to different genomic in-
sertion sites of the transgene (Palmiter and Brinster, 1986; Jaen-
isch, 1988). Southern blot analysis of tail DNA showed that the
differential expression patterns of B-50/GAP-43 in transgenic
olfactory epithelium did not correlate with the number of copies
of the transgene. For instance, high expressing heterozygous
mice from L29 and L33 had 31 copies and 14 copies of the
transgene respectively, while the low expressing line L30 had
32 copies and L35, the nonexpressing line, contained 7 copies
of the transgene (data not shown). Based on the observed ex-
pression patterns of B-50/GAP-43 five transgenic lines (.29 and
L.33: lines with abundant expression in numerous mature olfac-
tory neurons; L30 and L32: lines with a relatively low number
of B-50/GAP-43 expressing olfactory neurons; 1.35: a line with
no expression of the transgene) were chosen for further study
of phenotypic effects of B-50/GAP-43 expression on mature ol-
factory neurons.

In both wild type and transgenic mice of 1L.29 and 133 the
number of OMP-positive neurons increased progressively with
age, and the OMP-containing cell layer increased in thickness
from about two cells at P5 to three to five cells at P17 (Fig. 2C)
and six to eight OMP-positive cells in adult animals. In wild
type animals the levels of B-50/GAP-43 in the OMP-expressing
neurons decreased gradually as previously reported (Fig. 24,D;
Verhaagen et al., 1989). In transgenic animals a complement of
heavily stained B-50/GAP-43 positive cells persisted in the up-
per compartment of the epithelium. This could clearly be seen
on P17 and is most obvious in young adult and adult animals
(Fig. 2B,E). The appearance of these B-50/GAP-43 positive cells

is consistent with the action of the OMP promoter and demon-
strates that the transgene is transcriptionally active in a way very
similar to the native OMP-gene.

Visual inspection of sections of the olfactory neuroepithelium
and olfactory bulbs of the first young adult (5-7 weeks of age)
and adult (3.5 months of age) transgenic offspring of the high-
expressing lines revealed two phenotypic consequences of di-
rected B-50/GAP-43 expression in the primary olfactory path-
way: (1) in the basal region of the olfactory neuroepithelium a
clear decrease in the number of B-50/GAP-43 positive immature
cells, that are normally observed in the basal region of this ep-
ithelium, occurred (Fig. 2D,E); (2) in the glomerular layer of
the olfactory bulb of transgenic animals numerous dense B-50/
GAP-43 positive structures were observed presumably associ-
ated with primary olfactory axons (Fig. 3C,E). In several in-
stances B-50/GAP-43 positive fibers appeared to extend for a
short distance over the glomerular boundary, resulting in irreg-
ular-shaped glomeruli (Fig. 3F).

Olfactory neuron turnover is normal in B-50/GAP-43
transgenic neuroepithelium

Quantitative comparison of sections of L.29 and L33 wild type
and transgenic litter mates revealed a decrease in the number of
B-50/GAP-43 positive neurons in the basal region of the epithe-
lium from 88 * 4 cells/mm septal epithelium in wild type mice
to 21 * 3 cells/mm in transgenic mice (Fig. 5A). This effect
was clearly related to the transgenic expression of B-50/GAP-
43 in the upper compartment of the epithelium since offspring
from a transgenic line that did not express the transgene (1.35)
had a normal phenotype (Fig. 5A). These observations could
indicate that transgenic expression of B-50/GAP-43 in the upper
compartment of the epithelium results in changes in migration
and/or turnover of olfactory neurons. In order to examine these
possibilities BrdU-labeling studies were performed in postnatal
and in adult mice.

BrdU-labeling study in postnatal mice. To assess the fate of
olfactory neurons born during postnatal development of the ol-
factory epithelium, 12 d old mice pups (four litters of wild type
X L29 transgenic mouse couples) were injected with BrdU.
Mice were sacrificed at 17 d (n = 5 wild type mice and n = 5
transgenic mice) and at 47 days of age (n = 10 wild type mice
and n = 12 transgenic mice). The number, pattern and age re-
lated changes of BrdU-positive cells found in transgenic mice
were not different from wild type mice (Fig. 4). In 47 d old mice
the number of BrdU-positive cells dropped by about 70% in the
epithelium in both transgenic and wild type mice (Fig. 44). In
17 d old mice the BrdU-positive cells were located in the basal
one-third of the epithelium and in 47 d old mice they were
present in a scattered pattern throughout the epithelium (Fig.
4B).

BrdU-labeling study in adult mice. Three to 4 month old mice
(L.29: wild type n = 26, transgenic n = 38; L33: wild type n =
18, transgenic n = 20) were sacrificed at 1, 3, 8, and 30 d after
injection of BrdU, the number of BrdU positive cells in the
septal olfactory neuroepithelium was counted at each timepoint
and at 8 and 30 d postinjection the relative position of BrdU
positive cells in the epithelium was determined. At all time
points BrdU cell counts were similar in wild type and transgenic
animals (Fig. 5B) and at 8 and 30 d the distribution of the cells
was similar in wild type and transgenics (Fig. 5C,D). Cells ex-
amined at 1 and 3 d after BrdU injection were located adjacent
to the basal lamina (data not shown). At 8 d, BrdU-positive cells
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Figure 2. Expression of B-50/GAP-43 and OMP in olfactory neuroepithelium of P17 and 3.5 months old wild type and transgenic mice and
decrease in the number of B-50/GAP-43 positive cells in the basal region of the epithelium. All photomicrographs are taken from transgenic and
wild type littermates derived from L29. Expression of B-50/GAP-43 (A, B, D, E) and OMP (C) in olfactory epithelium of P17 (4-C) and 3.5
month old (D, E) wild type (A, D) and transgenic mice (B, C, E). In P17 wild type mice B-50/GAP-43 expression is still high in the lower half of
the epithelium and has decreased in the upper portion of the epithelium (A) containing the OMP-positive olfactory neurons (C). In P17 transgenic
animals an additional cohort of B-50/GAP-43 positive cells (B) in the upper half of the epithelium corresponding in position to the population of
OMP-positive cells (C) can be clearly seen. In wild type adult 3.5 months old mice (D) B-50/GAP-43 expression is restricted to a relatively small
population of immature olfactory neurons in the basal portion of the epithelium. In contrast, in transgenic mice B-50/GAP-43 positive olfactory
neurons populate the upper three-fourths of the epithelium (E). These observations indicate that the transcriptional activation of the OMP-B-50/
GAP-43 transgene is consistent with the action of the native OMP gene. This figure also documents the decrement in B-50/GAP-43 positive neurons

in the transgenic epithelium (compare D and E). Scale bar, 50 pm.

had migrated into and through the affected region of the epithe-
lium, that is, the region that exhibited a decrement in B-50/GAP-
43 positive cells in transgenic animals (Fig. 5C). After 30 d the
BrdU labeled neurons were distributed throughout the neuro-
epithelium and the number of BrdU-positive cells had dropped
to about 10% of the original cohort of BrdU-positive cells (Fig.
5B). Overall, the results of the BrdU-experiments suggest that
the turnover of olfactory neurons in the B-50/GAP-43 transgenic
neuroepithelium is normal in terms of neurogenesis, migration,
and turnover.

Transgenic expression of B-50/GAP-43 in mature olfactory
neurons results in morphological changes in their projections
in the olfactory bulb

Light microscopical analysis of the olfactory bulb began with a
general assessment of the distribution of B-50/GAP-43 and
OMP with conventional immunohistochemical staining of vibra-
tome sections using DAB to visualize the distribution of both
antigens in separate sections. In adult wild type mice the pre-
viously documented complementary distribution of B-50/GAP-
43 and OMP was observed (Fig. 3A,B; Verhaagen et al., 1989).
In contrast, in the glomeruli of olfactory bulbs of transgenic
offspring of the high-expressing lines L29 and L33 glomeruli
were immunoreactive for both B-50/GAP-43 and OMP (Fig.
3C,D). In low expressing lines individual B-50/GAP-43 positive

axon profiles entered the glomeruli and formed intraglomerular
terminal axon arbors (Fig. 3E). In low and in high expressing
lines we noted densely stained B-50/GAP-43 immunoreactive
dots (Fig. 3C,E). These immunoreactive “hot spots,” often as
large as 8 pm, occurred throughout the glomerulus, but were
primarily located on the rim of the glomerulus (Fig. 3C). Due
to the relatively low density of B-50/GAP-43 positive fibers in
L30 and L32 transgenic mice, it was possible to conclude that
individual nerve fibers were often- topped with a densily stained
“hot spot’ (Fig. 3E), suggesting that these structures represent
enlarged nerve endings. Furthermore, we observed B-50/GAP-
43 immunoreactivity associated with intra- and extraglomerular
blood vessels (Fig. 3C). Although antigen localization with DAB
as chromogen has a relatively low resolution, interesting alter-
ations were noted in the distribution of OMP in transgenic ani-
mals as compared to the classical and well documented distri-
bution of OMP in wild type mice (compare Fig. 3B and 3D,G).
First of all, in glomeruli of transgenic animals concentrations of
OMP immunoreactive dots were present, in size and location
resembling to the B-50/GAP-43 “hot spots™ (Fig. 3D). Second-
ly, blood vessels in glomeruli, or just adjacent to glomeruli, were
often surrounded by OMP-positive nerve fibers in transgenic
mice (Fig. 3D). Thirdly, occasional OMP-positive olfactory ax-
ons penetrated in between juxtaglomerular cells creating irreg-
ular shaped glomeruli (Fig 3G). These aberrant patterns of OMP
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Figure 3. Immunohistochemical staining of B-50/GAP-43 and OMP in the olfactory bulb of transgenics reveals immunoreactive “hot spots™
predominantly located at the edge of glomeruli and blood vessels contacted by primary olfactory fibers. Photomicrographs were taken from transgenic
mice and wild type littermates of L29 (A-D) and L33 (F, G). E is derived from the low expressing line L30. A and B, Olfactory bulb sections of
wild type animals stained for B-50/GAP-43 (A) and OMP (B). Staining for OMP visualizes the glomeruli as more or less circular structures with
well-defined sharp edges. C—G, Olfactory bulb sections of transgenic mice stained for B-50/GAP-43 (C, E, F) and OMP (D, G). Note the B-50/
GAP-43 and OMP immunoreactive “‘hot spots” predominantly localized at the rim of individual olfactory glomeruli (arrowheads) and immuno-
reactivity associated with blood vessels (arrows). By virtue of the limited number of B-50/GAP-43 positive fibers in the low-expressing line L-30
several of the dense immunoreactive spots can be seen to be connected to olfactory nerve fibers (arrowhead in E) suggesting that these structures
represent enlarged nerve endings. F (B-50/GAP-43) and G (OMP) show occasional immunoreactive projections that start at the glomerular edge
thus creating irregular shaped glomeruli. Scale bar, 50 pm.
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Figure 4. Basal cell division, migration and survival of cells in the olfactory epithelium of postnatal and young adult wild type and transgenic
mice is normal. P12 mouse pups (L29) were injected with BrdU. A, Mice were sacrificed at 17 and 47 d of age and the number of BrdU positive
cells was counted in the septal epithelium. B, In 47 d old animals the distribution of the cells in the olfactory epithelium is depicted as the number
of BrdU positive cells along a 1 mm stretch of septal epithelium (basal is 0%; most superficial is 100%). The data are expressed as the mean *
SEM and the number of animals in each group is indicated in the bars. An two-way ANOVA revealed no statistically significant difference between
the position of BrdU-positive cells in the epithelium of transgenic and wild type mice (F = 1.167, p = 3.18).

distribution were not seen in wild type litter mates and suggest
that B-50/GAP-43 might have an effect on primary olfactory
axon growth and morphology.

Confocal laser scanning microscopy on double-immuno-
stained sections was performed to examine the relationship be-
tween the transgenic expression of B-50/GAP-43 in primary ol-
factory axon arbors and the observed aberrant patterns of OMP-
positive primary olfactory projections in the bulb. Intraglome-
rular B-50/GAP-43 “‘hot spots” virtually always colocalized
with concentrations of OMP immunoreactivity (Fig. 6C,D). The
resolution of the confocal microscope was sufficient to ascertain
that highly immunoreactive B-50/GAP-43 axon arbors terminat-
ed in abnormally enlarged OMP-positive boutons (Fig. 7A-D).
In the low expressing lines individual olfactory axons exhibited
varicosities and extremely large nerve endings (Fig. 7E-G). Ex-
traglomerular OMP positive axons penetrating in between the
juxtaglomerular cells were always B-50/GAP-43 positive, sug-
gesting that their ectopic growth is caused by the presence of
transgenic B-50/GAP-43 (Fig. 7A-D). However, we never ob-
served olfactory fiber growth beyond the juxtaglomerular cells
into the external plexiform or mitral cell layers.

Golgi staining of bulbs of three transgenic mice and three
nontransgenic litter mates was performed as an alternative, in-
dependent method to study individual axon profiles in the olfac-
tory bulb. Axons in the glomerular layer of the olfactory bulb
were identified as genuine primary olfactory nerve fibers on the
basis of two criteria: (1) only axons that could be followed re-
liably from the olfactory nerve layer to the interior of a glo-
merulus were included, and (2) to avoid confusion between ol-
factory axons and other glomerular fibers, axon profiles derived
from the olfactory nerve layer were excluded from our analysis
if the glomerulus contained dendritic or axonal structures from
other bulb neurons, that is, juxtaglomerular or mitral cells. In
Golgi-stained bulbs of transgenic animals we frequently ob-
served axon profiles with varicosities and enlarged nerve end-
ings, thus confirming the observations made by confocal laser

scanning microscopy (Fig. 8, right-hand side). In control animals
the overall appearance of the fibers was more regular and al-
though some varicosities were seen, these structures were mor-
phologically less striking. Wild type fibers often terminated in a
relatively small knob-like structure consistent with previous de-
scriptions of Golgi-stained rat olfactory nerve fibers (Fig. 8, left-
hand side; Halasz and Greer, 1993). Primary olfactory wild type
fibers never exhibited the terminal enlargements as seen in trans-
genic animals.

Discussion

We have generated transgenic mice that express B-50/GAP-43
in adult olfactory neurons, a class of neurons that turns over
throughout life and does not normally express B-50/GAP-43.
The consequences of directed expression of B-50/GAP-43 on
the morphology, growth and turnover of olfactory neurons in
their natural cellular and molecular context were studied. The
expression of B-50/GAP-43 in adult olfactory neurons in trans-
genic mice results in the formation of enlarged terminal axons
and ectopic primary olfactory projections in the juxtaglomerular
cell layer and around blood vessels. Additionally, transgenic ex-
pression of B-50/GAP-43 in mature olfactory neurons in the
upper portion of the olfactory neuroepithelium results in an in-
triguing decrease in the normally observed endogenous expres-
sion of B-50/GAP-43 in immature neurons in the basal region
of the epithelium. This suggests that B-50/GAP-43 expression
in mature olfactory neurons could change the dynamics of ol-
factory neuron turnover. Cell fate studies with BrdU, however,
indicate that olfactory neuron turnover and migration are nor-
mal.

Olfactory neuron turnover is normal in B-50/GAP-43
transgenic mice

In the two high expressing transgenic lines (L29 and L33) the

temporal and spatial expression of the transgene is consistent
with the transcriptional activation of the native OMP gene (Dan-
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Figure 5. Quantitative assessment of the decrement in B-50/GAP-43 positive cells in the basal epithelium of adult transgenic mice and analysis
of basal cell division, migration and survival of cells in the olfactory neuroepithelium. A, The distribution of B-50/GAP-43 positive cells was
counted in septal epithelium of adult wild type and transgenic mice of L29, L33 (high expressing lines), and L35 (nonexpressing line). For all
groups the number of animals was three. Note the decrement in B-50/GAP-43 expressing neurons in the basal region of the epithelium of transgenic
mice. B, To study the neuronal turnover process in adult mice wild type and transgenic littermates (age 3—4 months) were injected with BrdU. In
mice sacrificed at 1, 3, 8, and 30 d following BrdU injection the number of BrdU-positive cells was counted in septal epithelium as detailed in the
materials and methods. The total number of cells in the wild type littermates of L29 and L33 did not differ significantly and are presented as pooled
data. An independent ¢ test revealed no statistically significant difference between transgenic mice and their wild type littermates at day 1 (¢t =
1.72, p = 0.12). C and D, Relative position of BrdU-labeled olfactory neurons at 8 (C) and 30 d (D) following BrdU injection. An ANOVA
revealed no statistically significant difference between the position of BrdU-positive cells in transgenic and wild type mice of both L29 and L33
(8 d: L29, F = 1.172, p = 0.31; L33, F = 0.344, p = 0.96; 30 days: L29, F = 1.297, p = 0.24; L33, F = 0.428, p = 0.92).

ciger et al., 1989). This corroborates studies using the OMP gene
to drive olfactory neuron-specific gene expression in transgenic
mice (Danciger et al., 1989; Largent et al., 1993; Walters et al.,
1993; Hayward et al., 1994).

In transgenic mice we observed a striking decrease in the
normally observed expression of B-50/GAP-43 in neurons in the
basal portion of the epithelium. This occurred as early as 5
weeks after birth and was observed throughout adulthood. Nor-
mally, in wild type mice a small complement of B-50/GAP-43
positive olfactory neurons is maintained in the basal region of
the epithelium. It is thought that these neurons represent a res-
ervoir of cells ready to replace receptor neurons that die (Gra-
ziadei and Monti-Graziadei, 1978; Verhaagen et al., 1989; Farb-
man, 1990).

The simplest explanation for the dramatically decreased num-
ber of B-50/GAP-43 neurons in the basal region of the olfactory
epithelium of transgenic mice is that the normally observed turn-
over of primary olfactory receptor cells (Moulton et al., 1970;
Graziadei and Monti-Graziadei, 1978; Farbman, 1990; Mackay-
Sim and Kittel, 1991; Schwartz Levey et al., 1991; Carr and
Farbman, 1993) has changed in transgenic mice as a conse-
quence of the expression of this growth-associated protein in

mature neurons. The current understanding is that both genetic
and environmental factors contribute to the mechanisms that reg-
ulate olfactory neuron turnover (Farbman, 1990, 1994). The ex-
trinsic factors that affect neurogenesis and lifespan of olfactory
neurons are predominantly related to noxious stimuli that enter
the nasal cavity. Occlusion of a naris (Farbman et al. 1988) and
housing of animals in ultraclean air (Hinds et al., 1984) resulted,
respectively, in a reduction of mitotic divisions or in more long-
lived primary olfactory neurons. These experimental conditions
presumably protect existing neurons from harmful extrinsic in-
fluences thus prolonging there lifespan.

In the context of these findings, what could be the effect of a
growth-associated protein like B-50/GAP-43 on the ‘turnover
process and how could these effects explain the decreased num-
ber of B-50/GAP-43 positive olfactory neurons in the basal ep-
ithelium? First, one could envision that B-50/GAP-43 endows
mature olfactory neurons with an enhanced growth and/or repair
capacity. This would increase their competence to occupy vacant
synaptic space that occurs upon death of an olfactory neuron,
thus reducing the demand for the immediate replacement of ol-
factory connections. The morphological effects induced by
B-50/GAP-43 in olfactory axons suggest this is a realistic op-
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Figure 6. Changes in the pattern of OMP positive primary olfactory axons in the olfactory bulb of transgenic animals. Confocal laser scanning
micrographs were taken from a wild type (4, B) and transgenic littermate (C, D) of L29. Olfactory bulb sections are double stained for OMP (A,
C) and B-50/GAP-43 (B, D). In the bulb of the wild type mouse, visualization of the OMP-signal reveals typical glomeruli with sharp edges,
exhibiting a homogeneous pattern of OMP immunoreactivity (A). B-50/GAP-43 staining is largely absent in these glomeruli (B). In the bulb of the
transgenic mouse the pattern of OMP positive primary olfactory axons (C) is irregular and corresponds to the B-50/GAP-43 positive “hot spots”
(D). Note the OMP- and B-50/GAP-43 double stained “hot spots™ at the edges of the glomeruli (arrowheads) and double labeled olfactory nerve

fibers around blood vessels (arrows). Scale bar, 50 pm.

tion. Also, a protective effect of B-50/GAP-43 leading to en-
hanced repair of neurons damaged by noxious environmental
stimulation is conceivable. A second reason for a decreased
number of B-50/GAP-43 positive cells in the basal region of the
transgenic olfactory epithelium could be related to an effect of
B-50/GAP-43 on neuronal migration. An accelerated migration
of transgenic olfactory neurons into the upper region of the ep-

ithelium would lead to a relative loss of B-50/GAP-43 express-
ing cells from the basal region of the epithelium. Both options
could imply that the delicate equilibrium between neurogenesis
and olfactory neuron death is affected. Our BrdU-cell fate stud-
ies indicate that the decrease in the number of B-50/GAP-43
cells in the basal epithelium is not due to an inherent change in
the turnover of olfactory neurons as a result of transgenic ex-
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rigure 7. Details of the morphogenic changes observed in primary olfactory axons expressing B-50/GAP-43 in transgenic mice. Confocal laser
scanning micrographs were taken from transgenic mice of the high expressing L29 (C, D) and L32, a low expressing line (A, B, E, F, G). Olfactory
bulb sections are double stained for OMP (A, C) and B-50/GAP-43 (B, D). The E-G represent B-50/GAP-43 positive primary olfactory neurons.
A-D, Typical examples of OMP- and B-50/GAP-43 double stained primary olfactory axons that grow out of the glomerulus, entering the juxtag-
lomerular layer. Note the thick axon terminal (A, B; arrows) extending approximately 15 pm beyond the glomerular edge in between juxtaglomerular
cells. The nuclei of the juxtaglomerular cells stand out as dark structures in a faint background (A). E-G, Micrographs of primary olfactory axons
with dilated nerve endings (indicated by the arrowhead in G) located on the edge of the glomerulus, often encountering juxtaglomerular cells

indicated by asterisks (E). Scale bars, 10 pm.

pression of B-50/GAP-43 in mature neurons. We have as yet no
explanation for the observed decrement in B-50/GAP-43 posi-
tive immature neurons. However other possible explanations for
this phenomenon may be related to changes in interneuronal
signaling in the transgenic epithelium or retrograde signaling
from the bulb to the epithelium. Future experiments will be de-
signed to shed more light on this issue.

B-50/GAP-43 induces morphogenic effects in adult olfactory
REUFrONS

The present study on the directed expression of B-50/GAP-43
in mature olfactory neurons in transgenic mice demonstrates that
this protein exerts morphogenic effects in vivo. The projections
of primary olfactory neurons on second order olfactory neurons,
the mitral- and juxtaglomerular cells, are organized in a array
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Figure 8. Individual olfactory axons
visualized with Golgi-staining in trans-
genic mice exhibit varicosities. The ol-
factory bulbs of three wild type and
three transgenenic animals from L29
were used for a Golgi-staining to study
the appearance of individual primary
olfactory axons. The left column of
photomicrographs shows examples of
primary olfactory fibers from wild type
animals and the right column of pho-
tomicrographs are taken from transgen-
ic olfactory bulbs. The nerve layer
from were the primary olfactory axons
project into the glomeruli is always ori-
ented towards the lower edge of the
photomicrographs. Note that several fi-
bers in transgenic mice exhibit varicos-
ities (arrows). Scale bar, 50 pum.

of glomeruli positioned at the periphery of the olfactory bulb. formation of enlarged primary olfactory nerve endings and ec-
Each glomerulus consists of a globular mass of neuropil and its  topically localized olfactory fibers in the juxtaglomerular cell
anatomical boundary is well-defined by juxtaglomerular neurons layer and in close approximation with blood vessels. Interest-
and astroglial cells (Valverde and Lopez-Mascaraque, 1991; Bai- ingly, these morphological effects are preferentially observed in
ley and Shipley, 1993; Gonzalez et al., 1993; Fig. 1A). olfactory axons at the rim of individual glomeruli. Ong possible

In contrast to the situation in wild type mice, we observed the explanation is that transgenic B-50/GAP-43 containing olfactory
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fibers have an enhanced growth potential and respond to endog-
enous growth-promoting factors produced in the juxtaglomerular
layers of the olfactory bulb. At the same time, as transgenic
B-50/GAP-43 positive fibers encounter repulsive guidance mol-
ecules expressed on juxtaglomerular cells that form the cellular
boundaries of glomeruli, this results in axons that develop di-
lated nerve endings or sprout over short distances between jux-
taglomerular cells. These morphological phenomena are some-
what reminiscent of the previously documented behavior of dis-
tal axon stumps of injured corticospinal neurons (Ramon y Ca-
jal, 1914), cortical neurons (Van Eden and Rinkens, 1994), and
cerebellar Purkinje cells (Martinez-Murillo et al., 1993; Dusart
and Sotelo, 1994). Injured cerebrospinal neurons do upregulate
their B-50/GAP-43 synthesis following injury (Tetzlaff et al.,
1991) but their axon stumps fail to regenerate and form terminal
varicosities with occasional fibrous spikes apparently in an at-
tempt to sprout over a nonpermissive boundary (Ramon y Cajal,
1914).

This explanation for the B-50/GAP-43 induced morphological
phenomena in our transgenic mice is consistent with in vitro
results showing differential responses to growth factors and my-
elin-derived neurite growth inhibitors of B-50/GAP-43-rich
growth cones and growth cones that lack B-50/GAP-43. For
instance, enhanced expression of B-50/GAP-43 in cultured neu-
ronal cells leads to an increased sprouting response, though only
following the application of the appropriate growth stimulus
(Yankner et al., 1990; Morton and Buss, 1992). Downregulation
of B-50/GAP-43 with antisense oligonucleotides results in a fail-
ure to respond to NGF-induced growth cone spreading or IGF-
stimulated neurite branching (Aigner and Caroni, 1995). These
in vitro studies suggest that B-50/GAP-43 amplifies the response
of neurons to neurotrophic factors. Recent cell culture and in
situ hybridization studies have revealed the presence of neuro-
trophins (e.g., BDNF) in juxtaglomerular cells and neurotrophic
receptors are expressed by primary olfactory neurons (Deckner
et al., 1993). This invites the speculation that in analogy with
the in vitro results transgenic primary olfactory neurons may
have become more sensitive to neurotrophins, resulting in mor-
phogenic changes in their axons. Also, neuronal differentiation
of cultured olfactory precursors is stimulated by TGFB, (Ma-
hanthappa and Schwarting, 1993), a peptide growth factor abun-
dantly expressed by endothelial cells in blood vessels (Bobik
and Campbell, 1993). It is intriguing in this respect that we
frequently observed olfactory fibers associated with blood ves-
sels.

In addition to trophic influences, guidance and repulsive
mechanisms are essential in the regulation of neural connections.
Neurons devoid of B-50/GAP-43 are particularly sensitive to
myelin-derived growth cone inhibitors, while neurites rich in
B-50/GAP-43 are ‘“‘paralyzed” but their growth cones do not
retract and collapse as dramatically as B-50/GAP-43-poor
growth cones do (Aigner and Caroni, 1995). This suggests that
this growth-associated protein may partially protect axons from
the repulsive action of growth inhibitors. Analogous to these in
vitro observations, B-50/GAP-43 expressing olfactory neurons
in transgenic mice may therefore be better able to resist the
repulsive molecular forces that constitute glomerular boundaries.
The external plexiform layer contains oligodendrocytes, sur-
rounding the glomeruli with their processes and forming myelin
sheets around mitral cell dendrites and juxtaglomerular cells
bodies (Valverde and Lopez-Mascaraque, 1991). Astrocytes,
present around glomeruli (Bailey and Shipley, 1993) express the

inhibitory extracellular glycoproteins tenascin and chondrosul-
fate-proteoglycan (Gonzales et al., 1993). In wild type mice my-
elin-derived growth inhibitors (Caroni and Schwab, 1988;
Schwab et al., 1993) and extracellular glycoproteins may act as
stopsignals for immature olfactory axons that enter the glomeruli
throughout adulthood. In transgenic olfactory neurons, that over-
express B-50/GAP-43, the inhibitory action of these molecules
may be partially overcome especially in the presence of bulbar
neurotrophic support.

In conclusion, expression of B-50/GAP-43 in mature olfac-
tory neurons in vivo affects their axonal morphology and leads
to abnormal primary olfactory projections. The overall anatom-
ical structure of the typical array of olfactory bulb glomeruli,
however, remains largely intact. The data suggest that B-50/
GAP-43 expression in adult neurons increased their growth po-
tential but B-50/GAP-43 is not sufficient to trigger a vigorous
sprouting response past predetermined boundaries in the olfac-
tory bulb. In future experiments we will determine the relation-
ship between enhanced B-50/GAP-43 in primary olfactory ax-
ons and their capacity to grow by altering the putative juxtag-
lomerular molecular wall and by local application of neurotroph-
ic factors.
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