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Abstract
The olfactory epithelium contains neuronal progenitor cells capable of continuous neurogenesis and
is a unique model for studying neural degeneration, regeneration, axon outgrowth and recovery from
injury. Matrix metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases (TIMPs), have
been implicated in cell turnover, development, migration, and metastatic processes. We used Western
blot and immunohistochemistry to determine whether MMP-2 and associated proteins TIMP-2 and
membrane type 1 matrix metalloproteinase (MT1-MMP) are present in the olfactory epithelium of
mice. We found MMP-2 expression localized to the olfactory basal cells and immature neurons. After
injury-induced neural degeneration, MMP-2 and MT1-MMP levels decreased while TIMP-2 levels
increased. However, following 35 days of neurogenesis and cell replacement TIMP-2 and MT1-
MMP returned to control levels. The results show a correlation between MMP and TIMP levels and
the stages of neural degeneration, regeneration and recovery of the olfactory epithelium following
injury.
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INTRODUCTION
The olfactory epithelium is a region of continuous neurogenesis, cell proliferation, migration
and differentiation. It provides a unique model for the study of molecules involved in the
turnover of neural progenitor cells and remodeling of the extracellular environment during
neurite outgrowth [1–3].

The olfactory epithelium consists of three major cell types: olfactory receptor neurons,
supporting cells and basal cells [4]. The basal cell layer of the olfactory epithelium contains
neuronal progenitor cells that continuously generate new receptor neurons [2]. Olfactory
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receptor cells are bipolar neurons derived from the differentiation of basal cells. Their axons
penetrate the basement membrane of the epithelium where they form unmyelinated axon
bundles surrounded by olfactory ensheathing cells. The continuous replacement of olfactory
neurons by basal cells occurs throughout the life span of vertebrates, and in response to neuronal
injury [5]. Following injury there is a rapid degeneration of olfactory neurons and an increase
in basal cell proliferation. Once basal cells receive the signal to proliferate, migrate to a new
position, and differentiate into new olfactory receptor cells, they must send out both dendrite
and axon processes to reach the epithelial surface and olfactory bulb. The differentiation and
replacement of olfactory neurons involves communication between neighboring cells and the
reorganization of the extracellular milieu [6]. Understanding the molecules responsible for the
regulation of neurogenesis, migration and maturation of olfactory neurons, as well as molecules
that guide olfactory axon fibers to specific target areas in the olfactory bulb may provide insight
into the restorative capacities of the nervous system.

Matrix metalloproteinases (MMPs) are mediators of extracellular remodeling that occurs in
developmental, reparative, homeostatic and metastatic processes [7,8]. MMPs can degrade
extracellular matrix molecules, cell surface molecules, and modulate the bioavailability of
growth factors. Growth factors and cell surface cytokines in turn regulate other processes such
as cell proliferation and cell recruitment. Members of the MMP family of molecules have also
been found in the nervous system [9–11], and have been implicated in both normal and
pathological processes [12]. MMP-2, a type IV collagenase, is associated with the degradation
of extracellular matrix molecules. MMP-2 activity can be modulated by tissue inhibitors of
metalloproteinases-2 (TIMP-2), and membrane type 1 matrix metalloproteinase (MT1-MMP),
which initiates the activation of MMP-2 [7,13].

In the present study we demonstrate for the first time the presence of MMP-2, MT1-MMP and
TIMP-2 in the olfactory epithelium, a well-characterized model of neuronal degeneration and
recovery [14,15].

MATERIALS AND METHODS
Surgical procedures

Adult CD-1 mice (Charles River Lakeview, Wilmington, MA, USA) were anesthetized with
sodium pentobarbital (80 mg/kg, i.p.). After anesthesia, removal of bulb tissue (bulbectomy)
was achieved by aspiration using a sterile 23 gauge needle. This assured the transection of
olfactory nerve fibers that project into the bulb. All procedures were approved by the
Institutional Animal Care and Use Committee of Virginia Commonwealth University.

Western blot analysis
At 1, 4, 7, 11, 15 or 35 days after bilateral bulbectomy, animals were deeply anesthetized with
carbon dioxide, sacrificed by rapid decapitation and tissue samples removed from the nasal
cavity. Tissue samples from control animals were also obtained using the same procedure.
Strips of olfactory epithelium were collected from the nasal septum and dorsal recess areas of
the right and left sides of the nasal cavity. Epithelium samples were not obtained from the
turbinate areas due to contamination with bone and cartilage, which are known to have high
levels of MMPs. Immediately following removal of the olfactory epithelium the tissue was
immersed in protein extraction buffer (50mM Tris–HCl, 150mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 1% sodium dodecyl sulfate) containing a protein inhibitor cocktail (Calbiochem,
San Diego, California, USA) and homogenized. The tissue was incubated at 4°C for 15 min
and then centrifuged at 16 000 r.p.m. for 15 min at 4°C. Solubilized proteins in the supernatant
were then assayed. Extracted protein was quantified against a bovine serum albumin (BSA)
standard using a DC protein assay reagent kit (Bio-Rad, Hercules, California). Measurements

Tsukatani et al. Page 2

Neuroreport. Author manuscript; available in PMC 2009 July 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were made at 720nm using a BMG Fluorostar Galaxy 403 plate reader (BMG Lab
Technologies, Inc. Offenburg, Germany). Equal protein was loaded onto Bis-Tris 4–12%
density gradient gels and electrophoresis was performed using NuPAGE MES [12(N-
morpholino) ethane sulfonic acid] reducing buffer system (Invitrogen, Carlsbad, California,
USA) for 50 min at 200V. Protein was transferred to nitrocellulose membranes for 2 h at 25V.
Non-specific binding was blocked with 5% bovine milk in TBS-T (Tris buffered saline plus
0.05% Tween 20). Primary antibodies against MMP-2 (AB809, 1:1000), MT1-MMP (1:2000)
and TIMP-2 (1:500) were obtained from Chemicon International, Temecula, California, USA.
Anti-GAP-43 antibody (Novus Biochemicals, Littleton, CO, USA; 1:4,000) and anti-olfactory
marker protein antibody (gift of Dr Frank Margolis, 1:40,000), were used to assay degeneration
and regeneration of the olfactory receptor neurons. Anti-cyclophyllin A antibody (Upstate,
Lake Placid, NY, USA; 1:2000) was used as a standard to determine protein loading. All
densitometer measurements were adjusted for protein loading using cyclophyllin A. For
MMP-2, TIMP-2, GAP-43 and cyclophyllin A, the nitrocellulose membranes were treated with
species-specific peroxidase conjugated IgG (Rockland, Gilbertsville, PA, USA) and exposed
to Blue Sensitive Autoradiography Film (Marsh Bioproducts, Rochester, NY, USA) after a 1
min incubation with ECL detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ,
USA). For MT1-MMP and OMP, membranes were treated with species-specific biotinylated
secondary antibodies (Jackson Immuno Research Laboratories, West Grove, PA, USA) and
an avidin–biotinylated horseradish peroxidase system (Vector Laboratories, Burlingame, CA,
USA).

Immunohistochemistry
For immunohistology, experimental animals (n=15) received a unilateral bulbectomy (removal
of the left olfactory bulb) and histological sections were prepared from animals after 4, 7, 11,
15 and 35 days. Control animals (n=3) did not receive the bulbectomy procedure and sections
from these animals served as reference tissue. After deep anesthesia with pentobarbital (90 mg/
kg), mice were perfused intracardially using 4% paraformaldehyde in phosphate buffer
proceeded by a phosphate-buffered saline (PBS) rinse. The nasal cavity and anterior portion
of the skull were removed en block and postfixed by immersion in 4% paraformaldehyde for
1 h and then placed in a decalcification solution for 5–7 days. The tissue was cryoprotected
with 30% sucrose for 2 days, then immersed in embedding compound, snap-frozen in liquid
nitrogen and sectioned on a cryostat. Serial coronal sections were cut at 7.5 µm and mounted
on glass slides. Sections were then processed by immersion for 1 min intervals in a series of
alcohol solutions (70, 95, 100, 95, 70% ethanol) and incubated with 0.5% BSA, 0.3% Triton
X-100 in Tris-buffered saline for 30 min. Sections were treated with 0.03% H2O2 for 10 min
to block endogenous peroxidase activity and then DAKO protein block serum-free (DAKO,
Carpinteria, CA, USA) for 10 min to block non-specific binding. Sections were then reacted
overnight at 4°C with one of the following primary antibodies: anti-MMP-2 polyclonal
antibody (Catalog AB808, Chemicon International; 1:1000), anti-olfactory marker protein
antibody (gift of Dr Frank Margolis, 1:20,000) or anti-GAP-43 antibody (Novus Biologicals;
1:4000). Antibodies were visualized using goat anti-rabbit immunoglobulins conjugated to a
peroxidase-labeled polymer (DAKO EnVision +™, DAKO) or biotinylated rabbit anti-goat
immunoglobulins (Jackson ImmunoResearch laboratories) and avidin–biotinylated
horseradish peroxidase system (Vector Laboratories). Diaminobenzidine (DAB) was used as
a chromogen. Negative controls consisted of replacing the primary antibody with the
immunoglobulin fraction of serum from non-immunized rabbits (DAKO, X0903) at a
concentration level identical to the primary antibody.
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RESULTS
MMP-2 expression in the olfactory epithelium

We used Western blot analysis to study protein expression at different time points during
degeneration, neurogenesis, and replacement of olfactory receptor neurons following bilateral
bulbectomy. Western immunoblot data for proteins expressed in the olfactory epithelium are
shown in Fig. 1. Densitometric measurements of protein bands (Fig. 1a,b) were normalized to
cyclophyllin A and plotted in Fig. 1c,d.

MMP-2, MT1-MMP and TIMP-2 were present in all samples of the olfactory epithelium,
including those from control animals. Following bulbectomy, MMP-2 levels decreased
reaching a low point at day 11 (Fig. 1c). A slight increase in MMP-2 was observed at day 15,
and higher levels were obtained on day 35. MT1-MMP expression also decreased following
bulbectomy. However, there was a large decrease in MT1-MMP only 1 day after bulbectomy,
and levels continued to decrease until day 11. Recovery of MT1-MMP was first observed on
day 15 and a return to control levels was observed on day 35. In contrast to MMP-2 and MT1-
MMP, TIMP-2 levels were relatively low in control animals and increased after bulbectomy.
TIMP-2 levels peaked at day 11, which is the opposite of MMP-2. TIMP-2 returned to control
levels by day 35.

The time course of neural degeneration in the olfactory epithelium following bulbectomy, and
the subsequent neurogenesis and replacement with new cells, were monitored using antibodies
to the olfactory marker protein, which recognizes mature olfactory receptor cells, and the
growth associated protein (GAP-43), a marker for immature developing neurons. The
expression of the olfactory marker protein decreased beginning at day 4, indicating a
degeneration of the mature olfactory neurons. Expression remained low until day 11 and
showed a gradual increase beginning at day 15 (Fig. 1d). GAP-43 showed increased levels of
expression beginning at day 7, indicating a replacement with immature neurons. Maximum
expression of GAP-43 was observed at day 15 and it returned to control levels by day 35. These
data are consistent with the time course of degeneration and recovery of olfactory receptor
neurons reported in the hamster, rat and mouse [14–16]. These results demonstrate for the first
time that changes in MMP-2, MT1-MMP and TIMP-2 expression are associated with phases
of olfactory cell neurogenesis, growth and development of immature neurons.

MMP-2 is localized to the basal cell layer
Immunohistochemical sections of the olfactory epithelium from control animals revealed a
localization of MMP-2 staining to the basal and immature cell layers near the basement
membrane (Fig. 2, arrowheads). Staining was not observed in negative control sections (not
shown). Immature olfactory cells, their dendrites and axons were identified using GAP-43
staining. GAP-43 did not stain basal cells located near the basement membrane (Fig. 2,
asterisks). Olfactory marker protein staining was used to identify the mature receptor neurons
located in the upper layers of the epithelium. At days 4 and 7 following bulbectomy, there was
a marked degeneration of the mature receptor neurons and a decrease in the thickness of the
epithelium. At day 7, only a few MMP-2-positive cells were observed in the basal cell layer
(Fig. 2, Day 7, arrowhead) and the thickness of the epithelium had reached its lowest level.
Consistent with the olfactory degeneration–regeneration model, the mature neurons, positive
for the olfactory marker protein, degenerate after their axons are removed by bulbectomy.
However, GAP-43-positive immature cells are spared from bulbectomy because their axons
had not reached the olfactory bulb. At days 11 and 15 there was an increase in the number of
cells and the thickness. At day 15, there was an increase in MMP-2 expression in the basal and
immature cell layers (Fig. 2, day 15, arrowheads), and just below the basement membrane, the
outgrowth of MMP-2-positive axon processes can be seen (Fig. 2, day 15, arrows). The increase

Tsukatani et al. Page 4

Neuroreport. Author manuscript; available in PMC 2009 July 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in GAP-43- and olfactory marker-protein-positive cells seen at day 15 indicates the remarkable
capacity of the olfactory epithelium to undergo neurogenesis and replacement of its olfactory
neurons. At day 35 there was a further increase in MMP-2 expression in the basal cell layer.
In addition, GAP-43 staining decreased while olfactory marker protein staining increased.
These results demonstrate the localization of MMP-2 expression in the olfactory epithelium,
and that the expression levels change during the degeneration and recovery of olfactory neurons
following bulbectomy.

MMP-2 expression is associated with axon outgrowth
In addition to the MMP-2 staining observed among the basal cells adjacent to the basement
membrane, staining was sometimes seen along the surface of axon bundles extending deep into
the lamina propria in control animals (Fig. 3a,b). This could represent the labeling of olfactory
ensheathing cells that surround axon bundles. After recovery from olfactory bulbectomy (Fig.
3c,d), MMP-2 staining was observed on axon processes (arrows) associated with newly
differentiated neurons (arrowhead). We also observed MMP-2 staining in the deep layers of
the lamina propria during recovery days 7, 11 and 15. These data provide evidence that MMP-2
activity may be associated with the outgrowth of axons and the ensheathing cells that surround
olfactory nerve bundles.

DISCUSSION
The primary function of MMPs is thought to be the degradation and remodeling of the
extracellular matrix. Recently, MMPs have been implicated in many processes, including
morphogenesis, cell migration, proliferation, apoptosis and wound healing. We hypothesized
that MMPs might be present in the olfactory epithelium because in this system there is a
continuous neurogenesis in the basal cell layer resulting in the differentiation, migration and
replacement of mature olfactory receptor cells. Our results are the first to report the expression
of MMP-2 in the olfactory epithelium.

We found that MMP-2, MT1-MMP and TIMP-2 are temporally expressed (Fig. 1) during
olfactory degeneration, neurogenesis and axonal outgrowth following injury. In the normal
olfactory epithelium, MMP-2 was localized to cells in the basal cell layer as well as axon
outgrowth processes extending into the lamina propria (Fig. 2 and Fig 3). These findings
suggest that MMP-2 activity may be associated with axon elongation and cell turnover within
the basal cell layer.

MMP-2 can be activated by interactions with MT1-MMP and TIMP-2 at the cell surface
[17]. TIMPs reversibly inhibit MMPs in a 1:1 stoichiometric manner [18]. We observed that
when TIMP-2 levels are at their peak, MMP-2 levels are at their lowest point, suggesting
inhibition of MMP-2 activation (Fig. 1). Independent of the inhibitory activity of TIMPs
towards MMPs, TIMPs also act as mitogens [7] and have been shown to be spatially and
temporally regulated in the developing CNS [19]. Interestingly, in this study the highest
expression of TIMP-2 was seen during the regenerative and proliferative phases of cell
replacement.

Both molecular processes and specific proteins have been implicated in the remodeling of the
microenvironment that permits the successful connection of axons to specific targets in the
nervous system. Laminin promotes neurite outgrowth in in vitro bioassays of regenerating
dorsal root ganglionic neurons, and chrondroitin sulfate proteoglycans upregulated after
peripheral nerve injury inhibit this activity. MMP-2 has been shown to reverse the inhibition
of laminin by proteolysis of chrondroitin sulfate proteoglycan in this model [20]. In the
olfactory system, laminin has also been shown to stimulate migration of neuronal precursors
and promote neurite outgrowth along olfactory ensheathing cells. Chondroitin sulfate
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proteoglycans in the surrounding mesenchyme inhibit cell spreading and confine the neurite
outgrowth to specific pathways [6]. Our finding that MMP-2 is present during normal
maintenance of the olfactory epithelium suggests a possible role in the regulation of olfactory
neuron outgrowth. The slow recovery of both OMP and MMP-2 levels after injury may be
related to the death of mature olfactory neurons and the disruption of cell to cell interactions
within the epithelium.

CONCLUSION
The presence of MMP-2, TIMP-2, and MT1-MMP in the olfactory epithelium suggests that
MMPs may play a role in the normal maintenance of the epithelium. The localization of MMP-2
staining and the temporal expression of the three proteins during olfactory degeneration and
regeneration further suggest that MMPs are involved in mechanisms of neural recovery. Future
investigations using the olfactory epithelium as a research model may provide a better
understanding of the role of MMPs and TIMPs in neurogenesis, migration, and outgrowth of
neurons.
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Fig.1.
Western immunoblot analysis of protein expression in the olfactory epithelium. (a,b)
Representative Western blot showing protein expression in control tissue (Ctrl), and changes
during degeneration and recovery following bulbectomy. Both the pro form (heavy band) and
active form (lighter band) of MMP-2 can be seen in control tissue. Growth-associated protein
(GAP-43) and olfactory marker protein (OMP) were used to monitor changes in immature and
mature olfactory neurons. (c,d) Plot of densitometric measurements for each protein shown in
(a,b) normalization to cyclophyllin A (CPA) and expressed as a percentage of the maximum
value. (c) Immediately following bulbectomy MMP-2 and MT1-MMP levels
decreasedwhileTIMP-2 levels increased. Beginning at day 11, a gradual recovery in MMP-2
and MT1-MMP was observed and TIMP-2 began to decline. (d) During the first 7 days after
bulbectomy, degeneration of the mature olfactory neurons was detected by a decrease in OMP.
The increase inGAP-43 levels beginning at day 4 and peaking at day 15 indicates growth of
the immature replacement neurons.
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Fig.2.
Expression and localization of MMP-2, GAP-43 and OMP in the olfactory epithelium of
control and bulbectomizedmice. (Control) MMP-2 expression is seen among the basal cells
and immature olfactory neurons (arrowheads). Basal cells (asterisks) located adjacent to the
basement membrane (BM) did not stain with anti GAP-43 antibodies. Only the immature
neurons, their dendrites and axon bundles were GAP-43-positive. OMP identified the
population of mature olfactory neurons. (Day 7) After bulbectomy the thickness of the olfactory
epithelium (OE) decreased and very few MMP-2 positive cells were observed (arrowhead). At
this time point there were many GAP-43-positive cells and only an occasional OMP-positive
neuron (Day 15).An increase in the number of MMP-2-positive cells was observed in the basal
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and immature cell layers (arrowheads) of the epithelium, and just below the basement
membrane newly growing axons were observed (arrows).GAP-43-positive cells were present
above the layer of MMP-2-positive cells and more OMP-positive cells were present in the
epithelium. Tissue sections for each time point shown are near adjacent sections from the nasal
septum. Brackets indicate thickness of the epithelium. Bar = 25 µm.
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Fig.3.
MMP-2 expression associated with axon outgrowth. (a,b) In control animals, MMP-2
expression was observed among basal cells and in the lamina propria (arrows). (b) High
magnification of lamina propria shown in (a). (c,d) After recovery from bulbectomy (day 15),
MMP-2 expression is observed among the basal cells and axon processes. A young developing
neuron (arrowhead) and its axon process (arrows) can be seen passing through the basement
membrane (BM). (d) Higher magnification of axon process shown in (c). Bar = 10 µm.
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