
0270.6474/85/0509-2382$02.00/O 
Copyright 0 Socrety for Neuroscrence 
Printed rn U.S A 

The Journal of Neuroscrence 
Vol. 5, No. 9, pp. 2382-2387 

September 1985 

Monoclonal Antibodies Reveal Novel Aspects of the Biochemistry 
and Organization of Olfactory Neurons Following Unilateral Olfactory 
Bulbectomy’ 

JAMES L. HEMPSTEAD AND JAMES I. MORGAN* 

Department of Physiological Chemistry and Pharmacology, Roche Institute of Molecular Biology, Roche Research Center, 
Nutley, New Jersey 07110 

Abstract 

Following unilateral olfactory bulbectomy in rats the ipsi- 
lateral olfactory neuroepithelium undergoes degeneration. 
Subsequently, the receptor neuron complement of the tissue 
is restored by the proliferation and differentiation of immature 
neuroblasts. However, as noted by other workers, in the 
absence of a target organ the dynamics of neuron regener- 
ation is altered such that there is an overall reduction in the 
number of cells positive for the olfactory marker protein when 
cellular equilibrium is re-established. lmmunocytochemical 
staining of the olfactory epithelium of unilaterally bulbectom- 
ized rats with a series of anti-neuronal monoclonal antibodies 
reveals an attenuation of binding of some antibodies to the 
neurons of the ipsilateral epithelium. In contrast, other anti- 
neuronal monoclonal antibodies show no difference in stain- 
ing intensity when ipsilateral and control contralateral epithe- 
lia are compared. These data suggest that the expression of 
some neuronal antigens is subject to control by the target 
olfactory bulb, whereas others are independent of such pu- 
tative regulation. Besides altering the expression of some 
antigenic determinants, olfactory bulbectomy also results in 
certain organizational changes in epithelium. First, bulbec- 
tomy produces an increase in the incidence of a cell type 
that appears to span the neuroepithelium. Although the mor- 
phology of these cells is more akin to a sustentacular cell 
than to a receptor neuron, they are not immunoreactive with 
antibodies to sustentacular cells. The cells are stained, 
however, by an anti-neuronal antibody, NEU-9. The second 
aspect of altered organization is the appearance of novel 
olfactory marker protein-positive structures in the olfactory 
mucosa. These structures appear to be misplaced axonal 
bundles or nerve tangles and are reactive with a range of 
monoclonal antibodies to olfactory neurons but not anti- 
bodies to other cell types of the epithelium. 

The receptor neuron population of the olfactory epithelium under- 
goes constant turnover (Graziadei, 1973) adult neurons being lost 
through death and their place being taken by new neurons produced 
by the differentiation of precursor neuroblasts termed basal cells 
(Graziadei and Metcalf, 1971; Moulton, 1974; Harding et al., 1977; 
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Graziadei and Monti Graziadei, 1978). Concomitant with the differ- 
entiation of basal cells to receptor neurons is the induction of an 
185kD acidic protein, the olfactory marker protein (OMP), unique 
to olfactory receptor neurons (Margolis, 1975; Farbman and Mar- 
golis, 1980; Monti Graziadei et al., 1980). Following various forms of 
chemical or surgical lesioning there ensues the precipitous death of 
essentially all adult neurons after which the tissue is regenerated by 
basal cell differentiation (Nagahara, 1940; Graziadei, 1973; Harding, 
1977; Graziadei and Monti Graziadei, 1978). One form of lesion that 
leads to this series of events is removal of the target organ for 
olfactory receptor neurons, the olfactory bulb (Ferriero and Margolis, 
1975; Harding and Margolis, 1976; Graziadei et al., 1978; Constanzo 
and Graziadei, 1983; Monti Graziadei, 1983). Following regeneration 
of the olfactory neuroepithelium after olfactory bulbectomy, there 
are fewer neurons expressing immunocytochemically demonstrable 
OMP (Monti Graziadei, 1983) and the total tissue content of this 
receptor neuron-specific protein is also reduced (Harding and Mar- 
golis, 1976). This finding is in contrast to simple olfactory nerve 
transection where normal levels of OMP are observed when regen- 
eration is complete (Harding and Margolis, 1976). Since OMP pro- 
duction by olfactory neurons in culture also seems to be modulated 
by the target olfactory bulb (Chuah and Farbman, 1983) this has 
led to the notion that the differentiation of the epithelial neuroblasts 
is controlled by signals originating in the bulb (Harding et al., 1977; 
Farbman and Margolis, 1980; Monti Graziadei et al., 1980; Chuah 
and Farbman, 1983). However, recent evidence would indicate that 
olfactory neuroblasts can differentiate to receptor neurons after long 
periods of time in various ectopic sites (Morrison and Graziadei, 
1983) and olfactory neurons may even synthesize OMP when 
transplanted to the anterior chamber of the eye (Barber et al., 1982; 
Heckroth et al., 1983). Furthermore, the presence of OMP-synthesiz- 
ing neurons in the ipsilateral epithelium of olfactory bulbectomized 
rats has been taken as specific evidence for a lack of control of 
OMP expression by the olfactory bulb (Monti Graziadei, 1983). 

Since there is some dichotomy of opinion regarding the relative 
role played by the olfactory bulb in neuroblast differentiation and 
OMP expression by the olfactory neurons, we have attempted to 
derive further markers for the olfactory epithelium (Hempstead and 
Morgan, 1983a, b). In this study we report the use of a panel of anti- 
neuronal monoclonal antibodies (Hempstead and Morgan, 1985) in 
probing the biochemical and organizational sequelae of unilateral 
olfactory bulbectomy on the olfactory epithelium of rat. We demon- 
strate (7) the presence of neuronal antigenic determinants that are 
subject to modulation by the target olfactory bulb and (2) alterations 
in the cellular organization of the ipsilateral epithelium. 

Materials and Methods 

Monoclonal antibodies to the rat olfactory epithelium were origtnally pro- 
duced by fusing spleen cells from BALB/c mice that had been immunized 
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Figure 7 The starnrng charactenstrcs of monoclonal antrbody NEU4 on rat olfactory eprthelrum. Sixteen weeks following unrlateral olfactory bulbectomy 
the rat was sacrificed and Its olfactory eprthelrum was processed for rmmunocytochemrstry as described previously (Hempstead and Morgan, 1983a). A 
shows staining for the OMP using fluorescein-conjugated goat anti-rabbit immunoglobulrn as reporter, and 6 shows the starnrng of NEU4 monoclonal 
antibody using a tnmethylrhodamrne-conjugated goat anti-mouse rmmunoglobulrn reporter. The photomrcrograph deprcts the olfactory mucosa at a positron 
spanning the central septum separating control (C) from bulbectomrzed (L) eptthelrum. The olfactory receptor neuron layer (nl) and axonal bundles (ab) 
may be seen to be reactive with the OMP antiserum In the lesroned side of the epithelrum the receptor layer IS thrnner as marked by OMP and NEU4 and, 
whereas the starnrnq of axonal bundles becomes punctate and more diffuse, with the OMP antrserum they almost disappear with regard to NEU-4. 
Magnification x 1501 

with rat epithelium with PAI-0 myeloma (Hempstead and Morgan, 1985). 
Positive clones were selected by immunofluorescence on cryostat sections 
of rat olfactory epithelium as also described previously (Hempstead and 
Morgan, 1983a, b). Only those clones that were found to be reactive with 
olfactory neurons (Hempstead and Morgan, 1985) are reported upon here, 
all being designated by the NEU prefix. A rabbit antiserum to OMP (Keller 
and Margolis, 1975) was a gift from Dr. F. Margolis of the Roche Institute. 

Anesthetized male, Sprague-Dawley-derived, CD rats were subjected to 
unilateral olfactory bulbectomy at 5 weeks of age by the procedure of Whitten 
(1956). Gelfoam was used to fill the intracranial cavity to prevent inappropriate 
synapse formation between regenerating olfactory axons and neurons of the 
forebrain. After either 10 or 16 weeks post-operation, animals were sacrificed 
and prepared for immunocytochemistry as described previously (Hempstead 
and Morgan, 1983a). Animals were examined visually following perfusion in 
order to establish that bulbectomy had been successful. In animals of this 
age it was found that at least 90% of the olfactory bulb could be removed 
by simple aspiration, usually only a small spicule of degenerating bulb 
remaining compressed against the cribriform plate. The results reported here 
were from rats in which bulbectomy was essentially complete. In all experi- 
ments sagittal sections of olfactory epithelium were processed for double 
indirect immunofluorescence using one of the anti-neuronal monoclonal 
antibodies and anti-OMP (Hempstead and Morgan, 1983a). To compare the 
effect of bulbectomy on the expression of the various determinants, photo- 
graphs were taken of regions spanning the central septum separating left 
from right (lesioned and unlesioned) epithelia. 

Results 

Unilateral olfactory bulbectomy results in a reduction in the number 
of OMP-positive neurons in the ipsilateral olfactory mucosa as 

evidenced by a reduction in the thickness of the OMP-reactive 
neuron layer (Figs. 1 to 4) confirming previous studies (Harding and 
Margolis, 1976; Monti Grazradei, 1980; Monti Graziadei, 1983). 
lmmunocytochemical staining with two anti-neuronal monoclonal 
antibodies NEU4 (Fig. 1) and NEU-9 (Fig. 4) also show a marked 
attenuation in the ipsilateral epithelium. However, whereas OMP 
staining of nerve bundles appears to become punctate and diffuse 
after bulbectomy (Figs. 1 to 3) loss of reactivity to both NEU4 and 
NEU9 seems to be generalized (Figs. 1 and 4, respectively). In 
contrast, a second group of monoclonal antibodies shows no ap- 
preciable loss of reactivity in the decentralized epithelium (Figs. 2 
and 3). These results may thus reveal the presence of antigenic 
determinants the expression of which is dependent upon a functional 
connection with the olfactory bulb. 

Bulbectomy also produces a number of organizational alterations 
in the olfactory neuroepithelium. As revealed in Figure 4, the decen- 
tralized epithelium contains a population of cells that span the 
mucosa and that are reactive with the NEU-9 monoclonal antibody. 
These cells have not been observed with other monoclonal anti- 
bodies, and their precise phenotype and lineage is not certain. By 
their position in the receptor neuron layer and their reactivity with an 
anti-neuronal antibody, we would suggest that they are some form 
of neuron. However, their gross morphology is more like that of a 
sustentacular cell (Fig. 4). These cells are occasronally observed in 
the normal epithelium, raising the possibility that bulbectomy has 
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F/gure 2. The starnrng charactensks of NEU-1 monoclonal antrbody on rat olfactory eprthelrum. Details of sample preparation are as in the legend to 
Figure 1. A shows rmmunoreactrvrty with OMP antiserum and B shows reactivity with NEU-1 monoclonal antibody. Control (C) eprthelrum and lesroned 
eprthelrum (L) are as descrrbed previously. The arrowhead shows the posrtion of an OMP-poor nerve bundle that IS reactive with the monoclonal antibody. 
There IS no apparent drfference between statnrng of normal or lesroned eprthelrum wrth the NEU-1 antibody. Magnification X 150. 

caused an alteration in the dynamics of differentiation of some cell 
type, possibly neurons, that results in a greater number of these 
cells now being present. 

A second effect of bulbectomy on the organization of the olfactory 
epithelium is the presence of large OMP-positive structures at the 
level of the basal cell and the neuron layers (Fig. 5). Such structures 
are also reactive with anti-neuronal monoclonal antibodies (NEU-5 is 
depicted in Fig. 5) but are not stained with antibodies to sustentacular 
cells or basal cell layer (data not shown). The structures appear to 
be misplaced nerve bundles as is emphasized by a strong reactivity 
with the NEU-5 antibody (Fig. 5) which normally gives little staining 
of cell bodies but strong staining of nerve bundles (Hempstead and 
Morgan, 1985; Fig. 5). Serial sections of these structures reveal 
them to have a single connection to the lamina propria mucosae 
(Fig. 5, arrowhead 2) which we would suggest is the point at which 
a nerve bundle has inappropriately entered the mucosa. We do not 
know whether this situation results in any long-term pathological 
consequences for these animals. 

Discussion 

Removal of the target organ for olfactory receptor neurons results 
in alterations in neuronal differentiation such that there is a diminution 
in the number of cells expressing OMP (Figs. 1 to 4; Monti Graziadei, 
1983). The immunocytochemical data presented here point to further 
antigenic determinants of receptor neurons the expression of which 
is linked to an intact connection with the olfactory bulb (Figs. 1 and 
4). These determinants may be contrasted with others that do not 
respond tangibly to olfactory bulbectomy (Figs. 2 and 3). Further- 

more, it can be seen that those antibodies that react equally well 
with control and decentralized epithelia stain OMP-negatrve nerve 
bundles rn the olfactory mucosa (Fig. 2). We have suggested that 
these axonal tracts are elements of the vomeronasal nerve (Hemp- 
stead and Morgan, 1985) and we have observed these fibers exiting 
the vomeronasal organ (unpublished observation). Thus, this class 
of anti-neuronal antibodies may recognize an antigenic determi- 
nant(s) common to both primary olfactory neurons and axons of the 
vomeronasal nerve that is not subject to regulation by the main 
olfactory bulb or accessory olfactory bulb, respectively. 

Although there is much evidence to suggest some role, direct or 
indirect, of the olfactory bulb rn the differentiation of receptor neurons 
and in the control of OMP expression (Harding and Margolis, 1976; 
Farbman and Margolis, 1980; Monti Graziadei, 1980; Chuah and 
Farbman, 1983) there is also much evidence prior to this study to 
indicate that the decentralized receptor neuron can still be differen- 
tiated from its basal cell precursor (Monti Graziadei, 1983; Morrison 
and Graziadei, 1983) and can express OMP in the absence of an 
olfactory bulb (Barber et al., 1982; Heckroth et al., 1983; Monti 
Graziadei, 1983). This has been taken to indicate that OMP expres- 
sion IS not directly controlled by the olfactory bulb but, rather, that 
the overall dynamics of neuronal turnover is increased by a lack of 
central nervous system interaction (Monti Graziadei, 1983). Thus, 
OMP may not be the marker of choice for olfactory receptor neurons 
when attempting to address questions relating to the direct influence 
of the olfactory bulb on gene expression in olfactory neurons. The 
antibodies used here may, however, prove useful in the latter context 
since they may represent probes with which to identify molecules 



Figure 3. The starnrng charactenstrcs of NEU-3 monoclonal antrbody on rat olfactory eprthelium. Details are as in the legends to Figures 1 and 2. A shows 
stainrng with anti-OMP and 13 shows stainrng with NEU-3 monoclonal antibody on control (C) and bulbectomized (L) epithelrum. Magnification X 150. 

Figure 4. The stainrng characteristics of NEU-9 monoclonal antibody on rat olfactory eprthelium. Procedural details are as in the legends to Figures 1 and 
2. A shows rmmunoreactrvrty with OMP and B shows reactivity wrth NEU-9 monoclonal antibody on control (C) or decentralized (L) eprthelrum. The arrowhead 
shows the positron of cells starned by the NEU-9 antibody that are not seen in the control epithelium. Magnification (A and 6) X 150. C depicts the staining 
of the novel cell type with the NEU-9 antibody at hrgher magnrfrcatron (X 650). It may also be noted that the absence of the olfactory bulb causes a dramatic 
reduction in the staining of the olfactory epithelrum with the NEU-9 monoclonal antibody. 
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Figure 5. The starnrng of misplaced nerve bundles In decentralrzed olfactory eprthelium by anti-OMP antrserum and the NEU-5 monoclonal antibody. A 
shows the starnrng of bulbectomrzed eprthelrum by an anti-OMP antiserum; 6 shows the same sections stained wrth the NEU-5 monoclonal antibody. 
Normally placed nerve bundles (nb) may be seen In the lamrna propna mucosae, while three abnormally positioned bundles or tangles (arrowhead 7) may 
be seen In the mucosa proper, The section has been selected to show what appears to be the point at which the bundle penetrates the lamina propna 
(arrowhead 2). Magnrficatron X 150. 
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the expressiorl of which is directly controlled by the olfactory bulb 
(Figs. 1 and 4). 

The demonstration of the presence of a previously unreported cell 
type in the ipsilateral neuroepithelium (Fig. 4) may also relate to the 
notion of increased turnover of neuronal elements. Since these cells 
are present, albeit less frequently, in normal epithelium, an increased 
presence in bulbectomized epithelium may be reflecting enhanced 
production of these cells. This might be caused by a general overall 
increase in turnover through lowered elimination of these cells, or 
they may represent an alternative differentiated state of some cell 
type. Because of their location and reaction with an anti-neuronal 
antibody (Fig. 4), we feel that these cells are basically neuronal in 
phenotype. Although their gross morphology is rather more like that 
of a sustentacular cell (Fig. 4), they are neither positioned correctly 
nor do they react with a sustentacular cell-specific monoclonal 
antibody in either control or bulbectomized epithelia (Hempstead 
and Morgan, 1983a). During the preparation of this paper evidence 
has been presented for a subset of olfactory neurons that are rich 
in carbonic anhydrase (Brown et al., 1984). The position and mor- 
phology of these novel cells are similar to those reported here for 
NEU-9-positive cells. The data of Brown et al. (1984) also show 
primary olfactory neurons and a band of cells at about the level of 
the basal lamina to be carbonic anhydrase positive in a manner 
essentially identical to the distribution of NEU-9 labeling shown here 
(Fig. 4). To date we cannot show NEU-9 to be reactive with rat 
carbonic anhydrase by Western blotting (data not shown); demon- 
stration of this point will estabish the identity of the two cell types. 

One final observation merits further comment; that is, the presence 
of apparently misplaced axonal bundles in the decentralized epithe- 
lium (Fig. 5). All immunological evidence indicates these structures 
to be neuronal in nature (Fig. 5, and data not shown) and no cell 
bodies are evident in conventionally stained sections of these struc- 
tures (data not shown). Although it cannot be proven that these 
putative axonal tangles have entered the mucosa from the lamina 
propria mucosae, this would seem the most likely explanation since 
the single link point through the lamina propria appears to be on an 
axonal bundle (Fig. 5). The alternative would be a failure of many 
axons to find their normal passage through the basement membrane 
and then to form these ball-like structures, finally to exit the mucosa 
at a single area. One fascinating point relating to these structures is 
that they apparently form within the receptor neuron and basal cell 
layers and do not penetrate the sustentacular cell layer (Fig. 5). This 
would indicate the existence of cell-cell recognition/association sys- 
tems for olfactory neurons. 

The monoclonal antibodies discussed here represent unique 
probes for the olfactory epithelium which may be used to establish 
whether the target olfactory bulb has any direct control upon gene 
expression in the olfactory receptor neuron. By next identifying the 
molecular nature of the antigenic determinants recognized by the 
various monoclonal antibodies, it may be possible to extend these 
observations to determine the mechanism by which the olfactory 
bulb might influence receptor neuron differentiation and to establish 
the temporal sequelae of induction of basal cells. 
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