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INTRODUCTION

The olfactory receptor cells are located in the epithelium lining the dorsomedial
portion of the nasal cavity. Their unmyelinated axons terminate within the olfactory
bulb in circumscribed areas of grey matter termed glomeruli (Pinching & Powell,
1971; Shepherd, 1972; Willey, 1973). The olfactory epithelium is the only region of
the nervous system in adult mammals in which neurons are regularly replaced (see
Takagi, 1971; Graziadei & Monti Graziadei, 19784, 1979). Non-neuronal cells at
the base of the olfactory epithelium divide and differentiate into receptor cells. Their

. axons then grow through the olfactory nerves to the olfactory bulb and terminate
within glomeruli. In rodents, the life span of each receptor neuron is approximately
five weeks.

It is generally held that transection of the olfactory nerves results in death of the
olfactory receptor cells (Oley et al. 1975; Simmons, Rafols & Getchell, 1981). The
transection also deprives the glomeruli of their primary olfactory afferent fibres.
New receptor cells are formed within the olfactory epithelium, and their axons grow
through both peripheral and central nervous tissue to reinnervate the glomeruli.
(Oley et al. 1975; Graziadei & Monti Graziadei, 1976, 19785, 1980; Harding,
Graziadei, Monti Graziadei & Margolis, 1977; Monti Graziadei, Kaplan, Bernstein
& Graziadei, 1980).

In studies of the re-innervation of the mammalian olfactory bulb, the olfactory
nerves have been transected on the intracranial side of the cribriform plate of the
ethmoid bone. Here the axons are ensheathed by Schwann cells of the peripheral
nervous system. In this study, we examine the re-innervation of glomeruli denervated
by cutting their afferent axons within the central nervous system, in the nerve fibre
layer of the olfactory bulb. The ensheathing cells here are not Schwann cells but
central neuroglia, ultrastructurally similar to the astrocytes of very young animals
(Doucette, 1981). The re-innervation of glomeruli denervated by incising the nerve
fibre layer is compared with the re-innervation that follows transection of the
olfactory nerves at the cribiform plate.

* Reprint requests to Dr J. A. Kiernan.
1 Present address: Department of Neuroscience, McMaster University, 1200 Main Street West,
Hamilton, Ontario L8N 3Z5, Canada.
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MATERIALS AND METHODS

Male albino Wistar rats weighing 200-250 g were used. The animals were anaes-
thetised, for all operative procedures including perfusion of fixative and killing by
decapitation, with intraperitoneally injected pentobarbitone and chloral hydrate
(Valenstein, 1961).

This communication is concerned with the olfactory bulbs of the experimental
animals. Changes in the olfactory epithelia of some of the rats are the subject of
another paper (Doucette, Kiernan & Flumerfelt, 1983).

Normal material

Eleven rats were perfused with formaldehyde-glutaraldehyde solution exactly as
described by Palay & Chan-Palay (1974). The olfactory bulbs were exposed and their
fixation was continued by immersion in the same fluid for 18 hours at 4 °C. The
olfactory bulbs were then removed, cut into sagittal slices approximately 0-5 mm
thick, post-fixed in 2 % osmium tetroxide in 0-12 M phosphate buffer containing 7 %,
dextrose, contrast-stained ern bloc with uranyl acetate, dehydrated, and embedded in
an Epon-Araldite mixture (Anderson & Flumerfelt, 1980). A glass knife was used to
cut sections 0-5-1-0 zm thick, which were then stained with 1 %, toluidine blue in 1 %
borax for optical microscopy. After further trimming of the blocks, ultrathin sec-
tions of selected areas were cut with a diamond knife, stained on grids with lead
citrate (Venable & Coggeshall, 1965) and examined in an electron microscope.

Transection of olfactory nerves

The right olfactory bulb was exposed by drilling through the frontal bone in 14
rats, and the olfactory nerves were severed by passing the blade of a cataract knife
between the bulb and the cribriform plate. We have shown elsewhere (Doucette ef al.
1983), as have Monti Graziadei & Graziadei (1979), that this procedure transects
approximately three quarters of the fascicles that traverse the cribriform plate. Most
of the spared nerve fibres enter the ventromedial surface of the olfactory bulb. After
operation, the rats were allowed to survive for intervals ranging from 4 to 56 days.
Specimens of the olfactory bulbs were then prepared as described above for the
normal tissues.

Incision in the olfactory bulb

In 34 rats, the right olfactory bulb was exposed and an incision approximately
0-5 mm deep was made transversely across its dorsal surface. The cut was located
1-2 mm caudal to the rostral pole of the bulb. After intervals from 2 to 183 days,
the olfactory bulbs of 27 of the operated animals were prepared for electron micro-
scopy as described above.

In the remaining 7 rats, approximately 1 mg of horseradish peroxidase (HRP;
‘Type VI’, Sigma Chemical Co., St Louis, Mo., U.S.A.) was applied to the olfactory
bulb. In three rats, it was placed on the incision immediately after bleeding had
ceased; these rats were killed 24 hours later. The other animals were allowed to
survive for 14 or 31 days before re-exposing the olfactory bulb and applying horse-
radish peroxidase to a second transverse incision. This second incision was made near
the rostral pole of the bulb, anterior to the previous lesion. The rats were killed
24 hours later. The olfactory bulbs of the animals to which horseradish peroxidase
was applied were processed for histochemical demonstration of peroxidase in serial
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sagittal frozen sections. The method of Mesulam (1978), with the minor mecdifica-
tions proposed by Mesulam et al. (1980), was followed exactly. With this technique,
it was possible to observe anterogradely transported horseradish peroxidase in the
distal parts of the severed axons of the nerve fibre layer of the olfactory bulb. The
positions of glomeruli labelled with horseradish peroxidase were plotted diagram-
matically in relation to the positions of the lesions. This enabled us to compare the
normal distribution of glomeruli innervated by axons coursing across the dorsal
surface of the olfactory bulb with the distribution two or four weeks after transection
of the primary olfactory fibres.

RESULTS
Normal olfactory bulb

The ultrastructure of the normal olfactory bulb has been thoroughly studied (see
Shepherd, 1977), so we mention only those features that are important for comparison
with the material taken from the experimental animals. The olfactory bulb is a
laminated structure in which the primary olfactory afferent axons form the most
superficial layer (Fig. 1). Here, the olfactory axons were arranged in bundles. The
cytoplasmic processes of the ensheathing neuroglial cells divided the bundles into
smaller groups, each cell enclosing 10-50 axons in the same mesaxon. The olfactory
axons were unmyelinated, 0-1-0-5 pm in diameter, and contained microtubules,
neurofilaments and occasional mitochondria.

Within glomeruli (Fig. 2), the terminal and pre-terminal portions of the olfactory
axons were electron-dense and were arranged in groups of varying size. Each group
of axons was separated from others by the dendritic processes of mitral, tufted and
periglomerular cells. Astrocytic processes were only rarely observed within glomeruli.
Olfactory axons were presynaptic to the dendrites within a glomerulus and were
never observed to occupy postsynaptic positions. Dendrodendritic synaptic terminals
were frequently observed in the glomeruli. It was not possible to determine whether
any individual dendrite belonged to a mitral, a tufted, or a periglomerular cell. The
larger profiles were assumed to be those of mitral and tufted cells. However, as the
dendrites of the latter two types of neuron approach their termination, they become
smaller (Pinching & Powell, 1971) and therefore resemble the dendrites of the peri-
glomerular cells. For this reason, dendrites of small diameter could not be assigned
to any particular type of neuron.

Degenerating olfactory terminals, which contained swollen and irregularly shaped
vesicles, were occasionally found within the glomeruli of unoperated animals. In the
glomeruli, the dendrites sometimes contained dense membranous whorls and multi-
vesicular bodies in their cytoplasm. Similar structures have been described in
dendrites following partial de-afferentation of the inferior olivary nuclei of adult cats
(Walberg, 1963), and in the lateral geniculate nucleus of the monkey following
enucleation of an eye (Wisniewski, Ghetti & Horoupian, 1972). They are thought to
be derived from degenerated presynaptic terminals that have been phagocytosed by
dendrites.

Transection of olfactory nerves at the cribriform plate

By the fourth post-operative day, the glomeruli on thz dorsal surface of the
olfactory bulb contained degenerating boutons, though some normal ones were also
present. The degeneration progressed with time, so that by the 24th day (Fig. 3)
there were no normal olfactory axons left in the dorsal part of the bulb, and most of

I-2



J. R. DOUCETTE, J. A. KIERNAN AND B. A. FLUMERFELT

~ o

e 7k : 1 or >y - -

Fig. 1. The nerve fibre layer of a normal rat’s olfactory bulb. The nucleus of an astrocyte is
present in the top right hand part of the field. This cell forms the basal lamina of the external
glial limiting membrane (arrow) and also encircles a fascicle (F) of primary olfactory afferent
axons. The cytoplasmic processes within the fascicle belong to cells other than the astrocyte.
Electron micrograph. x 25500.
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Fig. 2(a—c). Glomeruli in a normal rat’s olfactory bulb. (a) Neuropil near the edge of a glomerulus,
and a periglomerular neuron (PG). The dark profiles are of primary olfactory axons; the light
profiles are of dendrites. Some axodendritic synapses are marked by arrows. Electron micro-
graph. x10250. (b) Another area of glomerular neuropil, including two astrocytic processes
(A) and a dendrite containing osmiophilic debris (D). Electron micrograph. x 12600. (c) A
degenerating olfactory axonal terminal (O) containing swollen synaptic vesicles, in a normal
glomerulus. A dendrite (D) contains phagocytosed membranous material. Electron micrograph.
% 20550.
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Fig. 3. Nerve fibre layer of the dorsal surface of the olfactory bulb, 24 days after transection of
the olfactory nerves at the cribriform plate. Axons are absent and the hypertrophied processes
of astrocytes (4) predominate. Electron micrograph. x 10700.

the degenerating ones had evidently been phagocytosed. Electron-dense debris
indicative of phagocytosis occurred abundantly in the dendrites of the glomeruli at
this time and also in cells that had appeared within the glomerular neuropil. These
small cells had elongated nuclei, and cytoplasm that contained numerous dense
bodies, scanty endoplasmic reticulum and no microtubules, in an electron-dense
matrix. They were identified as reactive microglial cells, which are believed to enter
abnormal regions of the central nervous system by emigration from blood vessels
(see Fujita & Kitamura, 1976; Oehmichen, 1978). The denervated glomeruli also
contained the cytoplasmic processes of hypertrophied astrocytes, recognisable by
their content of glial filaments.

Re-innervation of the glomeruli occurred gradually after the 24th post-operative
day. Although large areas of some glomeruli were still denervated, most glomeruli
contained normal numbers of olfactory axons in synaptic contact with dendrites by
42 days (Fig. 4). At this time, and also at 56 days, phagocytic debris was still present
in many of the dendrites, and occasional reactive microglial cells were present in
some glomeruli. The degeneration and reappearance of axons in the nerve fibre layer
paralleled that observed in the glomeruli, but the phagocytic cells were hypertrophied
astrocytes, recognisable by virtue of their abundant cytoplasmic filaments.

Site of incision in dorsal surface of olfactory bulb

In all cases, the transversely oriented incision extended through the nerve fibre
and glomerular layers into the external plexiform layer, and it usually reached the
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Fig. 4(a-b). The olfactory bulb 42 days after transection of the olfactory nerves at the cribriform
plate. (@) Nerve fibre layer with large bundles of axons. Electron micrograph. x 12650. (b)
Glomerulus, with olfactory axons (dark), dendrites (light) and some axodendritic synapses
(arrows). Electron micrograph. x 10800.

granule cell layer. There was often a slight depression where the knife had penetrated
the surface of the bulb, and at this level there was also a dislocation of the mitral
cell layer (Fig. 5). Otherwise, the incision did little damage to the structure of the
bulb. Even those glomeruli lying in close proximity to the lesion were undistorted.
At the site of the lesion (Fig. 6), the astrocytic processes were hypertrophic and con-
tained dense bodies in their cytoplasm. Reactive microglial cells were also present.
Connective tissue, continuous with the pia mater, was present only in the most super-
ficial zone of the lesion and was separated by a basement membrane from the gliotic
zone that marked the passage of the knife through the true central nervous tissue
of the olfactory bulb.

There were no axons in the nerve fibre layer at the exact site of the incision at any
of the post-operative times studied. Bundles of longitudinally oriented olfactory axons
were only rarely observed immediately rostral or caudal to the lesion. At all times,
however, these locations contained small bundles of transversely aligned axons,
which were cut in cross section. By the 183rd post-operative day, an ectopic glome-
rulus was occasionally seen in the external plexiform layer immediately rostral to
the incision (Fig. 7). Ectopic glomeruli are areas of neuropil that resemble normal
olfactory glomeruli, but are situated in abnormal locations. They have been de-
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Fig. 5. Site of a transverse incision in the dorsal surface of the olfactory bulb, 14 days after
operation. The line of the incision is indicated by arrows. Glomeruli (G) appear undistorted,
but the mitral cell layer (MCL) and underlying granular layer have been displaced ventrally on
the caudal (left hand) side of the lesion. Parasagittal paraffin section, stained with iron-haema-
toxylin and van Gieson. x 18.

scribed in the olfactory bulb and in other parts of the telencephalon following
abnormally directed growth of axons from transected olfactory nerves (Graziadei &
Samanen, 1980).

Caudal to incision in dorsal surface of olfactory bulb

As early as the second post-operative day, the neuroglial processes were more than
normally large and numerous in the nerve fibre layer for a distance of 1:0-1-5 mm
caudal to the lesion. Numerous astrocytic processes were also present in the under-
lying glomeruli. Small, dark, phagocytic cells, identified as reactive microglia, were
present in both the nerve fibre layer and the glomeruli caudal to a transverse incision.
These appearances persisted for three to four weeks. Swollen and degenerating axons
were found in the nerve fibre layer caudal to the site of the incision from two to ten
days after operation. During this time, there were also degenerating olfactory axonal
terminals within the glomeruli caudal to the lesion (Fig. 8). The dendrites within
these glomeruli were swollen on the second post-operative day, but were of normal
size thereafter. Membranous and amorphous electron-dense inclusions were present
in the dendrites, however, up to 183 days. The engulfment of degenerating boutons
by dendrites was most commonly seen ten days after placement of the lesion. These

Fig. 6. Site of a transverse incision in the nerve fibre layer of the olfactory bulb, 40 days after
operation. The most abundant elements are the cytoplasmic processes of hypertrophied astro-
cytes (some of the larger ones marked by arrows). The basal lamina of the external limiting
glial membrane at the surface of the bulb is shown (BL) at the top of the picture. Electron
micrograph. x 6050.
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Fig. 7(a-b). Transverse incision in olfactory bulb, 183 days post-operatively. (a) An ectopic
glomerulus (G) has developed in the external plexiform layer on the rostral (left hand) side of the
lesion. Arrows mark the line of the incision. Plastic-embedded tissue; 1 #m section stained with
alkaline toluidine blue. x 150. (b) Electron micrograph of the ectopic glomerulus. Olfactory
axons are recognisable by virtue of their high electron density. Some axodendritic synapses
are marked by arrows. x 11950.
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Fig. 8(a-b). Electron micrographs of glomeruli caudal to transverse incisions in the nerve fibre
layer. (a) On the 4th post-operative day, the neuropil has become infiltrated by the cytoplasmic
processes of astrocytes (A4). Olfactory axons (O) show signs of degeneration and are much less
numerous than in a normal glomerulus. x 9800. (b) On the 14th post-operative day, no olfactory
axons remain. Most of the profiles in this field are of dendrites. An astrocyte process (A4) is also
present. x 15000.

11
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Fig. 9(a-b). Electron micrographs of the olfactory bulb caudal to the site of a transverse in-
cision in the nerve fibre layer, on the 30th post-operative day. (a) Large bundles of primary
olfactory axons in the nerve fibre layer. The fibres are cut both longitudinally and transversely.
x 8800. (b) Glomerular neuropil containing numerous olfactory axons (dark) and axodendritic
synapses (arrows). x21000.
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Fig. 10. In a normal rat, horseradish peroxidase was applied to a freshly made transverse in-
cision in the dorsal surface of the olfactory bulb at the site shown by the arrow. After a survival
of 24 hours, the enzyme had been transported caudally (to the right) in the axons of the nerve
fibre layer and into the underlying glomeruli (enlarged in inset).

observations indicate that, as after transection of the olfactory nerves, the dendrites
participate in the removal of degenerated presynaptic boutons.

By the 14th post-operative day, none of the glomeruli 1-0-1-5 mm caudal to the
lesion contained any terminal boutons of primary afferent fibres (Fig. 8). These
glomeruli had, therefore, been completely denervated. Bundles of olfactory axons of
healthy appearance were present, however, in the nerve fibre layer above the de-
nervated glomeruli, and in one animal there were a few intraglomerular axons, but
no terminals. At 19 days, the glomeruli were still completely denervated in one
animal. In other animals at 19 and 21 days after operation, some olfactory nerve
fibres and terminals were present within the glomeruli, thougp large areas of the
neuropil were still denervated. Thus, the glomeruli began to be te-innervated two to
three weeks after the axons that formerly supplied them had lbeen transected. At
later times after placement of the lesion, large bundles of olfactory axons were present
in the nerve fibre layer, and the glomeruli contained olfactory fibres and terminals
whose numbers increased with time. Re-innervation was usually completed by the
end of the fourth post-operative week (Fig. 9).

Anterograde transport of horseradish peroxidase

When horseradish peroxidase was applied to an incision in the surface of the
olfactory bulb, the enzyme was detected 24 hours later in the nerve fibre layer and
in glomeruli on the dorsal surface of the bulb for 1-3 mm posterior to the lesion
(Fig. 10). This distribution corresponds with that of degenerating boutons seen after
transection of the same axons in the same place. Thus, both methods showed that
glomeruli on the dorsal aspect of the olfactory bulb received afferent fibres that
passed rostrocaudally through the immediately rostral region of the nerve fibre layer.

The course of the re-innervation of olfactory glomeruli after transection of their
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Fig. 11(4-E). Drawings of the dorsal aspect of the right olfactory bulb, showing the distribu-
tion of glomeruli labelled by anterogradely transported horseradish peroxidase. The enzyme was
applied at an incision along the line marked by arrowheads. The thicker line in (B), (C), (D) and
(E) shows the site of an earlier transverse incision in the nerve fibre layer. Glomeruli caudal to
(below) the thick line have been re-innervated. (4) Control animal (compare with Fig. 10). (B and
C) Horseradish peroxidase was applied 14 days after the initial incision. (D and-E) Horseradish
peroxidase was applied 31 days after the initial incision.

afferent axons in the nerve fibre layer could be followed in rats in which horseradish
peroxidase was applied to a second incision, slightly anterior to the original one,
14 or 31 days later. The results are plotted in Figure 11, where it can be seen that the
glomeruli lateral and caudal to the first lesion were re-innervated after 14 days in
one animal and after 31 days in two animals. In another animal, the glomeruli were
not innervated after 14 days, even though labelled glomeruli were present medial
and lateral to the incisions. In all four animals there was also dense labelling of the
nerve fibre and glomerular layers in the zone between the two incisions. Labelled
mitral cells were commonly observed in all the animals, a consequence, no doubt, of
the fact that the second lesion always extended into the external plexiform layer of
the olfactory bulb.
DISCUSSION

Identity of axons re-innervating glomeruli

It is fortunate that the terminal parts of the primary olfactory axons are easily
recognisable in electron micrographs by virtue of their electron-dense cytoplasm. No
other cellular processes in the olfactory bulb resemble them (Shepherd, 1972, 1977).
Consequently, it can be stated with confidence that following denervation, as the
result of a lesion in either the peripheral or the central nervous system, the glomeruli
were re-innervated only by the axons of the olfactory receptor neurons.

Absence of axonal sprouting

It is noteworthy that at no time were the denervated dendrites in the glomeruli
contacted by any other neuronal processes. There is evidently no sprouting of intact
axons within the denervated olfactory bulb. Such sprouting, also known as ‘plasti-
city’, occurs following de-afferentation of several regions of the nervous system in-
cluding the spinal grey matter (Liu & Chambers, 1958), the septal area (Raisman,
1969) and the hippocampal formation (Cotman & Nadler, 1978). In these regions,
the postsynaptic sites vacated by degenerated boutons become re-occupied by newly
formed branches of neighbouring axons. The olfactory bulb resembles the trigeminal
nuclear complex (Kerr, 1972) and the cerebellar cortex (Anderson, 1981), regions
in which little or no axonal sprouting follows the transection of afferent fibres. In the
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brains of very young animals, axonal sprouting following injury can lead to con-
spicuous, persistent abnormalities of neuronal connectivity (Lund, 1978). In adults,
however, Goldberger & Murray (1978) and Cotman, Nieto-Sampedro & Harris (1981)
have pointed out that sprouting axons never grow outside the bounds of their normal
fields of projection. This rule evidently applies to the olfactory bulb, in which no axons
other than those from the olfactory nerve are normally present within the glomeruli.

The primary olfactory axons themselves belong to neurons that are, perhaps,
never fully mature. They might, therefore, be expected to sprout outside the territory
of their glomeruli if the neighbouring external plexiform layer of the olfactory bulb
were partially de-afferented. This possibility could be tested by examining the ex-
ternal plexiform layer at various intervals of time after destruction of its afferent
neurons, which are located mainly in the anterior olfactory nucleus and the nucleus
of the diagonal band (Price & Powell, 19704, b).

Absence of true axonal regeneration

The length of time required for re-innervation of glomeruli on the dorsal surface
of the olfactory bulb was approximately the same when the afferent axons had been
transected at the level of the cribriform plate or within the nerve fibre layer of the
bulb. It is, therefore, most unlikely that the severed axons regenerated by growing
distally from their proximal stumps in the same way as those of an ordinary peri-
pheral nerve. Had such been the case, re-innervation would have occurred much
more rapidly after cutting the axons in the bulb than after cutting the olfactory
nerves. Our results indicate that the primary olfactory axons do not regenerate from
the site of axotomy, whether this be within the territory of the central or the peri-
pheral nervous system. Further evidence against the occurrence of true axonal
regeneration (as defined by Kiernan, 1979) in the primary olfactory pathway derives
from the degeneration and disappearance of the neurons in the olfactory epithelium
following transection of their axons (Graziadei & DeHan, 1973 ; Harding et al. 1977).
The retrograde degeneration occurs sooner after transection at the cribriform plate
than after transection in the nerve fibre layer of the bulb. This difference is probably
not due to the distances of lesions of the two types from the neuronal somata.
Possible reasons for the discrepancy have been discussed by Doucette et al. (1983).

We conclude that the axons re-innervating the glomeruli were those of new neurons
that had differentiated in the nasal epithelium. The elongating axons of such neurons
had to cover the same distances irrespective of the sites at which their predecessors
had been transected, so the time required for re-innervation of the glomeruli was the
same for both types of lesion.

Origin and course of re-innervating axons

After transection of most of the olfactory nerves at the cribriform plate, the axons
of the new receptor neurons must grow through the site of the lesion, there being no
other route by which they could reach the olfactory bulb. The reunited olfactory
nerves are clearly visible in paraffin sections of decalcified specimens (Doucette et al.
1983), but we have been unable to follow the courses of the individual axons because,
despite many attempts, they cannot be adequately stained by silver methods. This
difficulty is probably due to the fact that the diameters of the primary olfactory axons
are close to the limit of resolution of the light microscope while the individual
fibres are separated from one another by distances far too small to be optically
resolvable.

Having grown across the site of the lesion, the new axons must then traverse the
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junction between peripheral and central nervous tissue. Their ensheathing cells change
from the Schwann cells of the olfactory nerve to the central neuroglia of the most
superficial layer of the olfactory bulb. This junctional zone has not yet been studied
with the electron microscope, but it may differ from the equivalent one in the dorsal
spinal roots which has been described in detail by Berthold & Carlstedt (1977). It
may also be significant that the neuroglial cells ensheathing the axons in the nerve
fibre layer of the olfactory bulb have several distinctive ultrastructural features
(Doucette, unpublished observations). It is not yet. known whether these neuroglial
cells have the special property of permitting the entry of growing axons into the
olfactory bulb. The failure of regenerating axons to grow from a dorsal root into the
spinal cord (Paskind, 1936; Kimmel & Moyer, 1947; Taub, Harger, Grier & Hodos,
1980) is sometimes attributed to a barrier formed by astrocytes (Berthold & Carlstedt,
1977; Stensaas, Burgess & Horch, 1979), though other explanations have also been
suggested (Berry, 1979; Kiernan, 1979). Finally, the growing axons must enter the
denervated glomeruli, where they are no longer ensheathed by neuroglial cells, and
synapse with the dendrites of the mitral, tufted and periglomerular cells. The full
complement of presynaptic terminals is restored gradually, between the third and
sixth post-operative weeks. The slow progress of the re-innervation is probably due
partly to the different lengths of the olfactory nerve fibres supplying each glomerulus
(Doucette et al. 1983) and partly to the time taken up by the growth of terminal
branches from the intraglomerular portions of the axons.

The course followed by newly growing axons after transection of their predecessors
on the dorsal surface of the olfactory bulb is evidently similar to that discussed above
for the events that follow transection at the cribriform plate. However, both electron
microscopy and anterograde tracing with horseradish peroxidase indicate that none
of the new axons grow through the site of the lesion in the nerve fibre layer of the
bulb. The axons must, therefore, reach the glomeruli behind the lesion by some other
route. Horseradish peroxidase applied rostral to the original lesion, after re-innerva-
tion had taken place, was distributed to the glomeruli that had been denervated.
Thus, the axons of the new neurons followed the same course as their predecessors,
almost up to the site of transection. In order to reach the glomeruli on the other side
of that site, the axons could have been diverted either beneath the lesion, through
the external plexiform or granule cell layer, or around the lesion, in the nerve fibre
layer. The occasional development of an ectopic glomerulus within the external
plexiform layer immediately rostral to the lesion indicates that some axons were de-
flected into the deeper layers of the bulb, formed ectopic synapses there, and grew
no further. We saw no evidence of any olfactory axons in passage within the deeper
parts of the bulb at and around the site of the transverse incision. On the other hand,
the distribution of glomeruli labelled with horseradish peroxidase (see Fig. 11), and
the preponderance of transversely oriented axons in the nerve fibre layer immediately
rostral and caudal to the lesion, strongly suggest that the re-innervating axons grew
around the ends of the incision, within the most superficial layer of the olfactory
bulb.

The growth of axons through uninjured central nervous tissue near a wound may
not be unique to the olfactory system. Foerster (1980, 1982) has presented evidence
for the regenerative growth of axons around lesions in the adult rat’s brain. Moulton-
Barrett & Berry (1980) and McConnell & Berry (1982) have demonstrated extensive,
though misdirected, axonal growth in the retina after transection of the axons of the
ganglion cells in the adult mouse. Their observations were facilitated by examining
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the retina as a whole-mount. In most other parts of the brain and spinal cord, the
necessity for sectioning the tissue may prevent the observation of axons growing
tortuously in several directions.

SUMMARY

The re-innervation of the olfactory bulb has been studied in rats in which the
primary afferent axons were transected either in the peripheral nervous system, on
the intracranial side of the cribriform plate, or in the central nervous system, in the
nerve fibre layer of the bulb. Both procedures resulted in denervation of glomeruli on
the dorsal surface of the olfactory bulb. Re-innervation of these glomeruli was first
seen approximately three weeks after operation and was largely completed by the
sixth week, irrespective of the site of the lesion. The similarity of the timing of re-
innervation following the two procedures indicates that the cut fibres did not re-
generate from their sites of transection. It is much more probable that the re-
innervating axons were those of neurons newly generated in the olfactory epithelium.
This view is supported by the results of other investigations, in which retrograde
degeneration and subsequent replacement of the neurons have been found to follow
transection of the olfactory nerves.

After transection of the olfactory nerves, the new axons entering the bulb grew
through the site of the lesion, across the interface between peripheral and central
nervous tissue, through the nerve fibre layer and into the glomeruli. Thus, they
followed the same course as normally growing primary olfactory axons. After the
afferent fibres had been cut within the olfactory bulb, the site of transection was
transformed into a scar composed largely of astrocytes. No olfactory axons grew
through the scar and none passed beneath it in the deeper layers of the bulb. How-
ever, by tracing the anterograde axonal transport of horseradish peroxidase, it has
been shown that axons immediately rostral to the lesion terminated in the re-inner-
vated glomeruli. These denervated glomeruli were, therefore, probably re-innervated
by axons that grew through the intact central nervous tissue of the nerve fibre layer
on either side of the lesion.
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