
Chem. Senses 35: 655–661, 2010 doi:10.1093/chemse/bjq056
Advance Access publication June 7, 2010

Matrix Metalloproteinase-9 and -2 Expression in the Olfactory Bulb
Following Methyl Bromide Gas Exposure

Stephen R. Bakos1, James E. Schwob2 and Richard M. Costanzo1

1Department of Physiology and Biophysics, Virginia Commonwealth University School of
Medicine, Richmond, VA 23298, USA and 2Department of Anatomy and Cellular Biology, Tufts
University Medical School, Boston, MA 02111, USA

Correspondence to be sent to: Richard M. Costanzo, Department of Physiology and Biophysics, Virginia Commonwealth University School
of Medicine, 1101 E. Marshall Street, Richmond, Virginia 23298. e-mail: rcostanz@vcu.edu

Accepted May 5, 2010

Abstract

Matrix metalloproteinase-9 (MMP-9) and MMP-2 are important for recovery following direct traumatic injury within the central
nervous system (CNS). However, most CNS injury models include both direct trauma and neuronal deafferentation. This limits
the ability to determine if these MMPs are important to one or both components of injury. To establish if MMPs play a role in
the deafferentation processes, we investigated MMP-9 and MMP-2 in the olfactory bulb following methyl bromide gas
exposure. This injury model lesions neurons within the olfactory epithelium and thereby leads to deafferentation of the bulb
without damaging it directly. We measured the response of MMP-9 and MMP-2 in the olfactory bulb from 1 to 60 days during
neuronal deafferentation and recovery. MMP-9 increased rapidly on day 5 and remained elevated for 10 days. MMP-2
expression levels were low compared with MMP-9. Immunohistological staining performed on days 1, 5, and 10 revealed
MMP-9 was localized to inflammatory cells within the olfactory nerve and glomerular layers. Our results demonstrate MMP-9
is present in inflammatory cells during deafferentation processes in the olfactory bulb. Although MMP-9 is elevated in other
CNS injury models, this is the first report to demonstrate an increase in MMP-9 associated with neuronal deafferentation in the
absence of direct trauma.
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Introduction

Matrix metalloproteinases (MMPs) are a family of over 20
structurally related enzymes comprised of a propeptide and

a Zn2+-binding catalytic domain. These enzymes are impli-

cated in the degradation of extracellular matrix (ECM) com-

ponents including laminin, collagen IV, and elastin (Yong

et al. 2001). In normal physiological processes, such as an-

giogenesis, wound healing, learning and memory, MMPs

serve an important role in the remodeling of the ECM

(Nagase and Woessner 1999). Though their enzymatic action
is necessary for tissue restructuring and repair, the MMPs

are highly regulated due to their potential destructive capa-

bility toward the ECM. Most MMPs are secreted as zymo-

gens and require cleavage of the prodomain and association

of a Zn2+ in the catalytic domain to become fully activated.

Studies have shown that uncontrolled activation of these en-

zymes can result in certain pathologies including arthritis,

multiple sclerosis, and Alzheimer’s disease (Yong et al.
1998; Yoshihara et al. 2000).

In the central nervous system (CNS), several MMPs are
modulated after neuronal injury. Two specific MMPs,

MMP-9 and MMP-2, have defined temporal expression pat-

terns following different models of neuronal injuries

(Rosenberg et al. 1996; Romanic et al. 1998; Wang et al.

2000, 2002). For example, after spinal cord injury, MMP-

9 expression increased within hours, whereas MMP-2 ex-

pression was delayed for up to a week (de et al. 2000;

Goussev et al. 2003). The early presence of MMP-9 corre-
lates with inflammation, degradation of blood vessel walls,

edema, and neuronal death. The delay in MMP-2 expression

is important for remodeling the ECM and breakdown of

scar, ensuring the proper conditions necessary for neuronal

recovery (Zuo et al. 1998; Hsu et al. 2006).

We have previously reported the expression of MMP-9 and

MMP-2 following direct trauma to olfactory neurons using

a nerve transection (NTx) injury model. In this model, the
axons are lesioned as they penetrate through the cribriform
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plate before entering the olfactory bulb. The NTx injury is

not limited to the axons alone but also injures other CNS

structures including the anterior ventral portion of the bulb

and blood vessels. Following NTx, there is a temporal ex-

pression of these two specific MMPs, similar to other
CNS neuronal injuries. MMP-9 is elevated within hours fol-

lowing NTx, whereas MMP-2 levels did not increase until

a week after injury (Costanzo et al. 2006; Costanzo and

Perrino 2008). The temporal expression of these two enzymes

provides insight into the molecular processes associated with

olfactory degeneration and regeneration. Though the expres-

sion of MMP-9 and MMP-2 in CNS injury has been estab-

lished, these models involve some component of trauma. It is
unknown if MMP-9 and MMP-2 are upregulated in the ab-

sence of direct trauma or toxic injury, that is, by deafferen-

tation alone.

Unlike most models of CNS injury, the olfactory system is

unique in that the cell bodies of sensory neurons are located

outside the CNS, in the peripheral olfactory epithelium and

project their axons to the olfactory bulb, a CNS structure.

This organization allows for the study of direct (NTx) injury
to the CNS versus isolated deafferentation via the destruc-

tion of the neuronal population. The latter is achieved

through methyl bromide (MeBr) gas exposure. MeBr is pas-

sively inhaled, filling the nasal cavity and leading to destruc-

tion of over 90% of cells in the olfactory epithelial, including

olfactory neurons (Schwob et al. 1995). This leads to deaf-

ferentation of the olfactory bulb without direct trauma.

In this study, we examined the expression levels of MMP-9
and MMP-2 in the olfactory bulb following MeBr exposure

to determine if these MMPs are associated with neuronal

deafferentation in the absence of direct CNS trauma. A com-

parison of findings from both these indirect (MeBr) and di-

rect (NTx) CNS injury models provides a new approach to

investigating the role of MMPs in neuronal injury and recov-

ery processes.

Materials and methods

MeBr gas exposure

Adult C57/BL6 mice were exposed to MeBr gas as previously
described (Schwob et al. 1995; Chen et al. 2004). Mice were

placed in a wire enclosure measuring 15 · 15 · 15 cm centered

within a plexiglass box measuring 30 · 30 · 30 cm and ex-

posed to 180 ppm MeBr gas in purified air at a flow rate of 10

L/h for 6 h. Mice exposed to room air served as controls. All

procedures were approved by the Institutional Animal Care

and Use Committees of Virginia Commonwealth University

and Tufts University School of Medicine.

Tissue sampling and preparation

At 1, 3, 5, 7, 10, 15, 40, and 60 days after MeBr gas exposure,

mice were anesthetized with sodium pentobarbital and sac-

rificed by rapid decapitation. The olfactory bulbs were re-

moved from the skull, flash frozen in liquid nitrogen and

processed as previously described (Costanzo and Perrino

2008). The anterior ventral portion of the bulbs and samples

from frontal cortex were removed for protein measurements.

All tissue samples were placed in protein extraction buffer
(50 mM Tris–HCl, 150 mM NaCl, 1% NP-40, 1% sodium

dodecylsulfate, 1% deoxycholic acid) and homogenized with

a motor-driven plastic homogenizer. The tissue was incu-

bated on a rotating platform at 4�C for 30 min, rehomogen-

ized and centrifuged at 4�C for 30 min at 16 000 revolutions

per minute. Samples were then placed in a minus 80�C freezer

for storage. Solubilized proteins in the supernatant were

quantified using DC protein assay reagent kit (Bio-Rad Lab-
oratories) using bovine serum albumin as a standard. Protein

measurements were made at 750 nm on a micro-Quant plate

reader (BioTek Instruments Inc.). Equal amounts of protein

(20 lg for MMP-9 and 40 lg for MMP-2) from the tissue

extracts and purified murine MMP-9 and MMP-2 (R and

D Systems) were loaded onto 4–12% Bis–Tris density gradi-

ent gels and separated using NuPAGE MES [2-(N-morpho-

lino) ethane sulfonic acid] reducing buffer system
(Invitrogen) for 1 h at 200 V and 4�C. Protein was transferred

to nitrocellulose membrane for 2 h at 25 V and 4�C; 5% bo-

vine, nonfat dry milk in Tris-buffered saline, and 0.05%

Tween-20 was used to block nonspecific binding for 1 h. Pri-

mary antibodies against MMP-9, MMP-2 (1:200; R and D

Systems), olfactory marker protein (1:20 000; Wako Chem-

icals), and glial fibrillary acidic protein (1:50 000; DakoCy-

tomation) were used. Cyclophilin A (1:7000; Upstate)
antibodies (CPA) were obtained to control for protein load-

ing. Nitrocellulose membranes were incubated in the pri-

mary antibody overnight at 4�C. Membranes were then

exposed to the appropriate species peroxidase-conjugated

immunoglobulin G secondary antibody (Rockland) for 1

h. The membranes were incubated for 1 min in Western

Lightning Plus reagent (Perkin Elmer) and exposed to Blue

Sensitive Autoradiography film (ThermoScientific).

Protein measurements

Quantification of protein expression on the nitrocellulose

membrane was performed using Quantity One Analysis soft-

ware (Bio-Rad Laboratories). The protein bands were

measured both by band density and band area. The den-

sity–area measurements for MMP-2, MMP-9, olfactory

marker protein (OMP) and glial fibrillary acidic protein
(GFAP) at each recovery time point were then divided by

the corresponding density–area measurement for CPA in

the same gel to adjust for differences in protein loading. These

protein ratios were then divided by control samples to obtain

normalized expression levels.

Immunohistochemistry

Immunohistochemical staining for MMP-9 and MMP-2 was

performed on horizontal sections at three different time

points after MeBr exposure: days 1, 5, and 10. After washing
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with Invitrogen phosphate-buffered saline (PBS) for 10 min,

sections were placed in 0.01 M citric acid with steam for

10 min, and washed in PBS for 10 min. Sections were then

immersed for 1-min intervals in a series of alcohol solutions

(70%, 95%, 100%, 95%, and 70%) and placed in PBS wash
for 5 min. This was followed by incubation with 10%

normal rabbit serum, 4% bovine serum albumin, 5% nonfat

dry milk, and 0.5% Triton X-100 in PBS for 1 h and placed

with MMP-9 or MMP-2 primary antibody (1:10) overnight.

Sections were then incubated in peroxidase-conjugated rab-

bit antigoat immunoglobulin (1:50) and exposed to 3,3#-
diaminobenzidine (DAB; Vector Laboratories, Inc.). Sec-

tions were counterstained with Harris-modified hematoxylin
(Fisher Scientific) and visualized on a Eclipse E600 micro-

scope (Nikon Inc.).

MMP-9-labeled cell counts

Digital images of immunostained histological sections were

used to obtain cell counts of MMP-9-positive cells located

withindifferent layersof theolfactorybulb.Foreacholfactory

bulb section, the total number of MMP-9-positive cells was
counted within each of four defined regions: the combined

nerve and glomerular layer, the external plexiform layer,

the combined mitral and internal plexiform layer, and the

granular cell layer. The criteria used to define a MMP-9-

labeled cell was positive DAB staining and visualization of

the cell nucleus. Three separate bulb sections were used to ob-

tain the mean number of cells for each region. We also mea-

sured the average area (mm2) for each bulb region using
ImageJ analysis software (National Institutes of Health).

Statistical analysis

A comparison of protein levels at each of the different recov-

ery time points relative to controls was performed using one-

way analyses of variance and a Dunnett two-sided post hoc

test. A probability of less than 0.05 was considered statisti-
cally significant. All statistical analysis was performed using

SPSS software (IBM).

Results

MMP-9 and MMP-2 protein expression was measured in the

olfactory bulb shortly after MeBr gas exposure (day 1) and
during neuronal degeneration (days 1–15) and regeneration

(days 15–60) time periods. Western blot analysis of MMP-9

and MMP-2 expression following MeBr is shown in Figure 1.

Density–area measurements of MMP protein bands were

compared with that of CPA (Figure 1A) to determine the

relative amounts of MMP-9 and MMP-2 in the bulb at each

time point. The mean values normalized to control (CTRL)

levels from four separate experiments are plotted in
Figure 1B,C. In CTRL samples, MMP-9 expression was ab-

sent and MMP-2 levels were barely detectable. MMP-9 re-

mained at CTRL levels during the first 3 days, increased

rapidly between days 3 and 5, and reached maximum expres-

sion, 33 times higher than control values, at day 5. MMP-9

remained elevated for 2 weeks after MeBr and then returned

to control levels by day 40.

MMP-2 expression was low in control animals and re-

mained near control values following MeBr injury, though

an increase in expression (2.1 times higher than control)
was detected on day 5.

Figure 1 Changes in MMP-9 and MMP-2 protein expression in the
olfactory bulb following MeBr gas injury. (A) Representative Western blots
illustrating changes in MMP-9 and MMP-2 expression at different time points
following injury. Lane 1 shows purified murine MMP-9 and MMP-2 standards
(STD). Lane 2 shows an absence of MMP-9 and minimal detection of MMP-2
in control (CTRL) tissue. CPA bands for each lane were used as controls for
protein loading. (B) and (C) Plots of the relative amounts of MMP-9 and
MMP-2 expressed as a percentage of CPA and normalized to CTRL levels.
MMP-9 increased rapidly on day 5, reaching 33 times the expression levels in
control samples. MMP-9 remained elevated for 10 days and then returned to
control levels by day 40. MMP-2 expression was detectable but at low levels
following injury. At day 5, MMP-2 expression was increased 2-fold above
background control levels. The doublet bands in the MMP-2 Western blot
represent the pro and active forms of MMP-2. Data points represent the
mean normalized to CTRL � SEM (n = 4 for each time point; *P < 0.05; **P <
0.01).
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To determine if the MeBr injury leads to a widespread ac-

tivation of MMP-9 in the CNS, we monitored MMP-9 ex-

pression in the frontal cortex (Figure 2). At each recovery

time point, MMP-9 expression in frontal cortex remained

at control levels, suggesting that the MeBr injury response
was limited to the olfactory system in contrast with other sys-

temically administered toxins (Colı́n-Barenque et al. 2008).

This finding is consistent with other studies of MeBr injury

(Schwob et al. 1995).

In addition to MMP expression, we monitored changes in

OMP and GFAP within the olfactory bulb (Figure 3). OMP,

a protein expressed in mature olfactory neurons, was used to

monitor deafferentation and subsequent reinnervation of the
bulb. The mean OMP values from four separate experiments

normalized to CTRL levels are plotted in Figure 3A. OMP

reached its lowest levels by day 15, corresponding to deaffer-

entation of the bulb. By day 40, OMP levels had increased

approaching CTRL levels, indicating reinnervation of the

bulb by regenerated olfactory neurons.

Monitoring GFAP levels allowed for the assessment of re-

active gliosis following injury. GFAP is an intermediate fil-
ament protein present within astrocytes that increases in

response to CNS injury (Silver and Miller 2004). Mean val-

ues of GFAP normalized to CTRL levels from four separate

experiments are plotted in Figure 3B. After MeBr gas expo-

sure, GFAP expression remained near control levels through

day 3. GFAP levels increased by day 10 and achieved max-

imal expression at day 15. By day 40, GFAP expression

started to decrease, although at day 60 it was still slightly
elevated.

Histological sections of the olfactory bulb following MeBr

injury are shown in Figure 4. The low-power image

(Figure4A)providesorientationtothedistinctmorphological

layers of the bulb. Figure 4B shows immunohistochemical

staining for MMP-9 and MMP-2 during the degeneration

of pre-existing olfactory axons (days 1, 5, and 10). No

MMP-9 signal was detected on day 1, confirming the Western

blot analysis. At day 5, MMP-9 immunoreactivity was ob-

served in cells in all regions of the bulb, though the cells labeled

with MMP-9 were highly concentrated in the olfactory nerve
and glomerular layers where the olfactory axons traverse and

terminate, respectively (Figure 4B and Table 1). By day 10,

MMP-9 immunoreactivity decreased although still detectable

within thebulb.MMP-2-labeledcellswerenotobserved atany

of the three time points. The combination of DAB and hema-

toxylin staining (Figure 5 A,B) was used to demonstrate that

MMP-9 was localized to neutrophils, which were identifiable

on the basis of their lobulated nuclei.

Discussion

Comparison of the two injury models

Following trauma, the CNS uses different mechanisms to

prevent further injury and to initiate a recovery process.

Most CNS injury models include both deafferentation and

direct trauma and therefore are unable to distinguish be-

tween the two. This limits our understanding of how the

Figure 2 Comparison of MMP-9 expression in the olfactory bulb and
frontal cortex following MeBr gas (MeBr) exposure. Bar graphs represent the
relative amount of MMP-9 expressed as a ratio of CPA normalized to control
(CTRL) levels. The expression of MMP-9 in the olfactory bulb (black) remains
at control levels through day 3 following MeBr. Between days 3 and 5,
MMP-9 levels increase rapidly and reach maximum expression. MMP-9 levels
begin to decrease by day 7 and return to CTRL levels by day 40. In the frontal
cortex (gray), MMP-9 expression did not increase above CTRL levels. Data
points represent the mean normalized to CTRL � SEM (n = 4 for each time
point; *P < 0.05;**P < 0.01).

Figure 3 Changes in OMP and GFAP in the olfactory bulb following MeBr
gas exposure. Plots represent relative amount of protein for OMP and GFAP
expressed as a ratio of CPA normalized to control (CTRL) levels in four
separate experiments. (A) OMP is a marker for degeneration and
regeneration of olfactory neurons. OMP levels declined slowly following
MeBr injury, reaching a minimum at day 15, indicating deafferentation of
the bulb. By day 40, OMP begins to increase toward control levels, cor-
responding to reinnervation of the bulb. (B) GFAP, representing astrocytic
activation and gliosis, remained low until day 5, slowly increased and
reached a maximum level at day 15. Data points represent the mean
normalized to CTRL � SEM (n = 4 for each time point).
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CNS responds to and resolves deafferentation versus direct

trauma. The olfactory system offers a unique opportunity to

assess mechanisms following both deafferentation (MeBr)

and direct traumatic injury (NTx) in the CNS. These two ol-

factory injury models result in deafferentation followed by

a reinnervation of the olfactory bulb. MeBr is a peripheral

deafferentation injury for which there is no direct lesion to
the CNS since the olfactory epithelium is separated from the

bulb by the bony cribriform plate. In contrast, NTx injury

includes direct trauma to CNS tissue including the olfactory

bulb and nerve layer in addition to bulb deafferentation. Com-

paring these two injury models allows for the identification

of processes associated with deafferentation and/or trauma.

Expression of MMPs in both injury models suggests they

play a common role in deafferentation of the olfactory bulb.

MMPs in CNS injury

Recovery from CNS injury requires the remodeling of the

ECM and breakdown of scar tissue for successful recovery.

MMPs have become the focus of recent studies of neuronal
injury due to their ability to degrade many prominent com-

ponents of the ECM and scar. Previous reports demon-

strated that MMP-9 and MMP-2 have temporal

expression patterns following different CNS trauma models

including olfactory NTx, spinal cord injury, and stroke sug-

gesting an important role in neuronal injury and recovery

(Romanic et al. 1998; de et al. 2000; Costanzo et al. 2006;

Costanzo and Perrino 2008). MMP-9 expression increases
early in response to these CNS injuries, corresponding to in-

flammation, vascular breakdown, edema, and neuronal

death. The inflammatory leukocytes are colocalized with

MMP-9. These cells may use MMP-9 to penetrate the blood

vessel walls and migrate through the ECM to reach the site of

injury (Fleming et al. 2006; Rosell et al. 2008; Busch et al.

2009). MMP-9 has also been shown to disrupt the ECM

and neuronal connections, leading to neuronal degeneration
and death (Siebert et al. 2001; Gu et al. 2002). MMP-2 ex-

pression increases within a week following many CNS inju-

ries. This corresponds to the reparative phases of neuronal

Figure 4 Coronal sections of the mouse olfactory bulb following MeBr gas
exposure. (A) Diagram (left) illustrates approximate location of histological
images. Image (right) shows the different anatomical layers of the olfactory
bulb. (B) Images stained for MMP-9 and MMP-2 at recovery days 1, 5, and
10. MMP-9 expression was not observed at day 1. MMP-9-labeled cells were
detected in all layers of the olfactory bulb, concentrated within the olfactory
nerve and glomerular layers at day 5. Fewer MMP-9-labeled cells were
observed at day 10. MMP-2 labeled cells were not observed at day 1, 5, or
10. GCL, granular cell layer; IPL, internal plexiform layer; MCL, mitral cell
layer; EPL, external plexiform layer; GL, glomerular layer; ONL, olfactory nerve
layer.

Table 1 Average number of MMP-9-positive cells and area measurements
for olfactory bulb layers

Bulb
layer(s)

Mean � SD

Day 1 Day 5 Day 10 Area (mm2)

ONL and GL 15.0 � 3.0 236.3 � 29.8 39.3 � 11.8 0.171 � 0.29

EPL 5.0 � 1.7 72.0 � 3.6 17.3 � 10.5 0.163 � 0.050

ML and IPL 1.7 � 0.5 10.3 � 2.1 3.3 � 2.5 0.057 � 0.025

GCL 2.7 � 2.1 49.0 � 8.9 9.7 � 6.5 0.187 � 0.096

ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform
layer; ML, mitral layer; IPL, internal plexiform layer; GCL, granular cell layer.

Figure 5 Localization of MMP-9 to inflammatory cells in the olfactory bulb
at day 5. (A) and (B) At low magnification (40·), MMP-9-labeled cells are
observed in the olfactory nerve and glomerular layers of the olfactory bulb.
Lower panels: At high magnification (60·), MMP-9 labeling was observed in
neutrophils, having the characteristic polymorphic nuclei. Arrows in (A) and
(B) (low magnification) identify cells shown below at high magnification.
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recovery when MMP-2 participates in the remodeling of the

ECM, digests scar components, and participate in angiogen-

esis (Zuo et al. 1998; Montaner et al. 2001; Hsu et al. 2006).

The inhibition of these enzymes has demonstrated the im-

portance of MMPs in the injury and recovery process. In the
absence of MMP-9, there is improved recovery in stroke in-

jury models, whereas the inhibition of MMP-2 is detrimental

to neuronal recovery (Asahi et al. 2001; Noble et al. 2002;

Lee et al. 2004; Hsu et al. 2006). The modulation and tem-

poral expression of MMP-9 and MMP-2 during olfactory

injury and recovery provides potential targets for therapeutic

intervention and improved outcome.

MMPs in olfactory injury and recovery

In this report, we demonstrate increased MMP-9 and MMP-

2 expression in the olfactory bulb after MeBr exposure.

Between days 3 and 5, MMP-9 rose rapidly and reached ex-

pression levels 33 times higher than in control samples at day

5. This increase following MeBr is isolated to the olfactory

system, as demonstrated by the absence of MMP-9 exp-
ression in the frontal cortex following MeBr exposure

(Figure 2), confirming that MeBr injury does not have a dif-

fuse MMP response in the CNS. The increase in MMP-9 ex-

pression in MeBr injury is delayed when compared with the

5-h increase with direct CNS injury such as olfactory NTx.

This delay in MMP-9 expression may reflect the time neces-

sary for the degeneration process to reach the axon terminals

within the bulb. In contrast, the rapid response of MMP-9
following NTx could be due to components of direct injury,

specifically vascular disruption and trauma to CNS struc-

tures such as the anterior ventral surface of the bulb. With

vascular injury, components of clotting cascade are increased,

including tissue plasminogen activator and urokinase plas-

minogen activator, both known regulators of MMP-9 expres-

sion (Menshikov et al. 2002; Wang et al. 2003). Since MeBr

injury occurs within the olfactory epithelium, a site distant
from the olfactory bulb, bleeding is unlikely to occur within

the CNS and therefore vascular-induced MMP-9 expression

is not expected.

The constellation of findings in the olfactory bulb after

MeBr exposure are similar in many respects to direct

CNS injury (i.e., NTx), and therefore, MMP-9 may be play-

ing a common role. During the initial recovery period follow-

ing neuronal injury, two processes that rely on MMP-9, glial
scar formation and leukocyte infiltration, are increased at the

site of injury (Hsu et al. 2008). We demonstrated that MMP-

9 is localized to neutrophils concentrated in the region of the

injured nerve axonal projections following MeBr (Figure 4

and 5 and Table 1). This suggests that the signal for

MMP-9 expression is the deafferentation injury. MMP-9

may allow these inflammatory leukocytes to penetrate

through the vascular wall and ECM to reach and degrade
the injured axons. Likewise, following MeBr injury, astro-

cytic activation is observed within the bulb as demonstrated

by high levels of GFAP at day 10 and in previous immuno-

histochemical analysis (Schwob et al. 1999). The increased

expression of GFAP paralleled the elevated levels of

MMP-9. This association is also demonstrated following ol-

factory NTx, where GFAP increased 3 days following injury

during elevated MMP-9 expression. This suggests similar
processes are involved in both MeBr and NTx, leading to

increases in MMP-9 expression.

MMP-2 expression was detectable but low in both control

and MeBr injury samples, though a 2-fold increase was ob-

served on day 5. Low levels of MMP-2 detection may reflect

its constitutive expression in the CNS (Rosenberg 2002). The

response of MMP-2 following MeBr is minimal compared

with NTx, where up to a 20-fold increase in expression
has been reported (Costanzo et al. 2008). This dramatic in-

crease in MMP-2 following NTx occurs 7 days after injury,

corresponding to the transition between deafferentation and

reinnervation of the bulb. In MeBr injury, this transforma-

tion was observed between days 15 and 40, as demonstrated

by changes in OMP (Figure 3A). The transition between

deafferentation and reinnervation of the bulb following

MeBr is delayed compared with NTx and may explain the
relatively low MMP-2 expression in our MeBr injury model.

The small increase in MMP-2 at day 5 may represent changes

in the olfactory bulb with second-order neurons, specifically

the mitral and tuft cells. As mitral and tuft cells synaptic con-

nections are lost in the glomerular layer, these neurons may

secrete MMP-2 in order to modify the ECM in an attempt to

create new synapses. Further work will be necessary to de-

termine if MMP-2 is being expressed by the regenerated first-
order neurons, or the second-order neurons, in an attempt to

create new synaptic connections.

Conclusion

A comparison of MeBr and NTx injury models has proved

useful in uncovering important information underlying neu-

ronal injury and recovery in the olfactory system. In both

injury models, we demonstrated an early expression of

MMP-9 corresponding to inflammatory processes. This sug-

gests that, regardless of the mechanism of injury, inflamma-

tion is a key component of neuronal injury and recovery.
Though the importance of MMP-2 is still unclear, we did

observe differences in the timing of MMP-2 expression be-

tween the two injury models. This is the first report demon-

strating that MMP-9 expression is associated with

deafferentation in the absence of direct trauma. Further

studies are needed to determine the underlying mechanisms

and contributions of MMP-9 and MMP-2 to neuronal injury

and recovery processes.
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