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Abstract

Loss of olfactory function is an early indicator of traumatic brain injury (TBI). The regenerative capacity and well-defined

neural maps of the mammalian olfactory system enable investigations into the degeneration and recovery of neural circuits

after injury. Here, we introduce a unique olfactory-based model of TBI that reproduces many hallmarks associated with

human brain trauma. We performed a unilateral penetrating impact to the mouse olfactory bulb and observed a significant

loss of olfactory sensory neurons (OSNs) in the olfactory epithelium (OE) ipsilateral to the injury, but not contralateral. By

comparison, we detected the injury markers p75NTR, b-APP, and activated caspase-3 in both the ipsi- and contralateral OE.

In the olfactory bulb (OB), we observed a graded cell loss, with ipsilateral showing a greater reduction than contralateral

and both significantly less than sham. Similar to OE, injury markers in the OB were primarily detected on the ipsilateral

side, but also observed contralaterally. Behavioral experiments measured 4 days after impact also demonstrated loss of

olfactory function, yet following a 30-day recovery period, we observed a significant improvement in olfactory function and

partial recovery of olfactory circuitry, despite the persistence of TBI markers. Interestingly, by using the M71-IRES-tauLacZ

reporter line to track OSN organization, we further determined that inducing neural activity during the recovery period with

intense odor conditioning did not enhance the recovery process. Together, these data establish the mouse olfactory system as

a new model to study TBI, serving as a platform to understand neural disruption and the potential for circuit restoration.

Key words: apoptosis; APP; biomarker; circuit repair; mouse model; olfactory system; p75NTR; regeneration; traumatic

brain injury.

Introduction

Traumatic brain injury (TBI) is a major public health

problem affecting approximately 1.7 million in the United

States each year at a cost of $76.5 billion annually.1,2 At a physi-

ological level, TBI results in a complex set of symptoms and

neurological impairments that vary based upon the nature and se-

verity of the injury. TBI is typically characterized by cell death

resulting from an initial mechanical insult followed by a cascade of

secondary injury processes, including edema, excitotoxicity, oxi-

dative stress (OS), inflammation, and a broad immune response.3,4

Loss of olfactory function or anosmia is an early indicator of both

the type and severity of a TBI,5 and studies using quantitative

olfactory testing methods have further shown that a majority of

head injury patients exhibit anosmia, whereas others may show

different levels of hyposmia.6,7 In order to use olfaction tests as a

diagnostic tool, more research should be done to elucidate the ways

in which various types of TBI affect olfaction.

Despite the growing data linking TBI to olfactory dysfunction, the

precise portion of the olfactory circuitry that is involved is unclear.

One model attributes TBI-associated olfactory loss to shearing of the

olfactory nerve (cranial nerve 1) along the cribriform plate as the

brain suddenly shifts in the cranial cavity during TBI.8 It is also

possible that a coup-contra-coup sequelae affect higher-level olfac-

tory circuits, such as the olfactory bulb (OB) or downstream cortical

areas, which is certainly consistent with the complexity of the data in

studies of human TBI.9 One recent study revealed that despite the

regenerative ability of primary olfactory sensory neurons (OSNs),

only a small portion (10%) of TBI patients diagnosed with anosmia

show functional improvement after 1 year, suggesting that both the

nature of the damage and potential for recovery varies.10 Most ani-

mal TBI studies have focused principally on cortical and hippo-

campal regions, because they are central to the cognitive deficits

experienced by many TBI sufferers.11–13 One limitation of these

studies is the complexity of these brain regions, which makes it

difficult to judge the subtle changes in neural circuitry that may result

from TBI. Thus, a critical gap in TBI studies has been access to a

simple model system with a known neural map that can be used to

accurately study disruption and repair of neural circuitry after TBI

and provide more clear anatomical and behavioral readouts.
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To address this gap, we developed a new in vivo TBI model

based upon the mammalian olfactory system that can be applied in

studies of recovery from brain injury. We recognize that the cranial

structure of the mouse and human are quite distinct, which makes it

difficult to fully reproduce the consequences of human TBI in mice.

However, we sought to focally recreate the olfactory aspects of a

TBI, including OSN shearing, nerve compression, tissue damage,

as well as the associated consequences to olfactory function. Many

studies have demonstrated the experimental accessibility of the

mammalian olfactory system, an organized circuit that gives rise to

precise neural maps in the olfactory bulbs.14 These stereotyped

maps can be imaged using a variety of molecular and functional

imaging techniques,15,16 enabling direct determination of the effect

of TBI on network function and organization. Because the sense of

smell is intimately tied to innate behaviors,17 we expanded this

model with behavioral assays that measure functional loss and re-

covery of neural connections. In addition to its experimental ac-

cessibility, the olfactory system possesses life-long regenerative

abilities,18 presenting a novel platform to study recovery after in-

jury. In sum, this new olfactory-based model broadens the range of

questions that can be explored surrounding TBI-based neurode-

generation, neuroprotection, and neural repair.

Our olfactory-based TBI model exhibits many of the same

molecular and anatomical features associated with other controlled

cortical impact (CCI) studies, but these phenotypes are centered on

olfactory circuitry. Functional deficits revealed through behavior

assays also correlate with anatomical damage after injury, and re-

covery experiments show that olfactory circuitry and function may

be partially restored despite the lingering persistence of some injury

markers. Interestingly, whereas injury enhanced the number of

some OSNs after recovery, strong odorant-induced stimulation

suppressed that enhancement, suggesting a complex interaction

exists between injury and subsequent neural activity.

Methods

Mice

Experiments were performed using the transgenic (Tg) line,

OMP-GFP.19 This knock-in mouse line expresses the green fluo-

rescent protein (GFP) reporter in all mature OSNs in the nasal

epithelium. This line is used to assess the anatomical integrity of the

primary olfactory nerve (cranial nerve 1). Because the GFP also

labels the OSN axons that synapse directly onto the brain through

the OB, the presence or absence of OSN axons on the surface of the

bulb is a direct indicator of TBI. We also used M71-IRES-tauLacZ

mice, a line that has the tau-b-galactosidase (tau-bgal) fusion

protein gene inserted directly downstream of the M71 odorant re-

ceptor coding region.19,20 The M71-OSNs send axons that con-

verge on the surface of the OB and allow for the select visualization

of all neurons expressing the M71 receptor type through the use of

X-Gal staining. Importantly, the odor ligand, acetophenone, has

been shown to functionally and specifically activate these neu-

rons.21 All mice were bred in-house and all animal procedures

conformed to National Institutes of Health guidelines and were

approved by the National Institute of Neurological Disorders and

Stroke/Animal Care and Use Committee.

Surgery procedure: Olfactory bulb impact

Mice at 7.5 weeks of age were anesthetized with an intraperi-

toneal (i.p.) injection of 100 mg/kg of ketamine hydrochloride and

10 mg/kg of xylazine hydrochloride and maintained with 100%

oxygen supplemented with a 1.0–3.0% isofluorane gas inhalant.

Mice were then secured in a small stereotaxic apparatus containing

zygomatic cuffs (no ear bars) and placed under a low-magnification

10 · Leica microscope (Leica Microsystems, Nussloch, Germany).

The scalp was retracted over the dorsal surface of the OBs, a 2-mm

craniotomy was made using a portable drill over the left OB, and

the bone flap was removed. Mice were subjected to olfactory bulb

impact (OBI) using the benchmark digital stereotaxic impactor

(Impact One�; myNeuroLab.com). The 1-mm impactor tip ac-

celerated down over a 1.0-mm distance, reaching the preset ve-

locity of 3.5 m/sec, and the applied force remained there for a

duration of 100 ms and then retracted automatically. Impact co-

ordinates were preset at 4.28 mm anterior to bregma and 1.0 mm

lateral to bregma (see Supplementary Fig. 4) (see online supple-

mentary material at http://www.liebertpub.com). A contact sen-

sor indicated the exact point of contact for reproducible results.

After, the scalp was closed with sutures, anesthesia discontinued,

and mice were permitted to recover in their cages on a heating

pad. Sham-operated mice underwent the same surgical proce-

dures (including craniotomy), with the exception of the traumatic

impact.

Olfactory behavior assays

Naris occlusion. One day after OBI (or 22 days for recovery

experiments), mice were anesthetized with 100% oxygen supple-

mented with 4.0% isofluorane gas inhalant. Mice were then posi-

tioned on their back and placed under a low-magnification 10 ·
Leica MZFL3 microscope (Leica Microsystems). Visualizing the

naris region, a polyethylene tube (Becton Dickinson, Mountain

View, CA), 3–5 mm in length, coated with sterile ocular lubricant

(Puralube Ointment; Fougera, Melville, NY), was inserted into the

right nostril and mice quickly returned to consciousness after

insertion.

Habituation/dishabituation assay

Four days after OBI (or 29 days for recovery tests), olfactory

functioning was assessed using a version of the habituation/dish-

abituation assay. This simple test, which was first described in the

1980s,22 is used to assess an animal’s ability to detect odors. Ani-

mals were placed in a lidded, clean, bedding-free, empty mouse

cage and left to acclimate to the new environment for 30 min to

reduce the interference of exploration of a novel environment

during the testing period. A solution of 0.001% amyl acetate

(Thermo Fisher Scientific, Inc., Pittsburgh, PA) in MilliQ H20 was

used to test the animal’s ability to detect odors. The assay consisted

of four 2-min trials, with a 30-sec interval between each trial.

During the first three trials (habituation trials), a 1-square-inch (in2)

piece of filter paper saturated with 40 lL of MilliQ water (no odor)

was dropped at the end of the cage and left for the animal to explore.

(Animals are inherently curious and typically spend a lot of time

exploring the paper on the first trial and less on subsequent trials as

the object becomes familiar.) On the fourth trial, odor paper laced

with amyl acetate was presented. Amy acetate typically activates a

broad portion of the OB from ventral medial to ventral lateral OB,

but very little activation occurs in the dorsal OB. The trials were

timed with a stopwatch and video recorded to score the assay after

administration of the test. Animals were scored based on the

amount of time (in seconds) that they spent actively exploring the

piece of filter paper. ‘‘Exploration’’ meant that their nose was 1 in

or less from the paper and that they were clearly engaged in sniffing

behavior (such as head bobbing).
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Buried food assay

Four days after OBI (or 30 days for recovery tests), olfactory

functioning was assessed using the buried food assay. This test was

first described in the 1970s23,24 and uses a simple paradigm to

measure an animal’s ability to smell. Animals were given three

Pepperidge Farm cheddar goldfish per day for 3 days leading up to

the assay to accustom them to the taste of the food. Twenty-four

hours before the test, all food was removed from the cages to de-

prive the animals and ensure hunger motivation during the task. On

the day of the test, animals were placed in a lidded, clean rat cage

with 3-cm-deep bedding and left to acclimate to the environment

for 30 min. The mouse was placed in a holder cage while the food

was hidden under 2 cm of bedding at one end (but not corner) of the

cage. Animals were placed at the opposite end of the cage and timed

(10-min cut-off/failure point) for the latency to find (clasp in paws)

the buried food.

Odor conditioning

M71-IRES-tauLacZ mice received 30 days of odor conditioning

beginning 1 day after undergoing surgery. A 10% acetophenone

(Sigma-Aldrich, St Louis, MO) in mineral oil solution was applied

to the interior walls of the cage one time each day using cotton-

tipped swabs that were then left on the cage floor bedding until the

next conditioning day.

Immunohistochemistry

Four days after OBI (or 30 days for recovery experiments), mice

were euthanized with an overdose injection of 200 mg/kg of keta-

mine hydrochloride and 20 mg/kg of xylazine hydrochloride i.p. and

transcardially perfused with 1 · phosphate-buffered saline, followed

by 4% paraformaldehyde. OBs were removed and cryoprotected in

30% sucrose for 1 day, coronally sectioned on a cryostat at 40 lm,

placed onto Superfrost slides (Fisher Scientific, Houston, TX) after

antibody (Ab) incubation and washes, and mounted with Vectashield

containing 4¢,6¢-diamidino-2-phenylindole (DAPI; Vector Labora-

tories, Burlingame, CA). Immunohistochemistry (IHC) was per-

formed on 40-lm floating sections at a 1:1000 dilution incubated

overnight at 4�C. Primary Abs used were as follows: rabbit anti-b-

amyloid precursor protein (APP; Covance, Princeton, NJ); rabbit

anti-cleaved caspase-3 (Cell Signaling Technology, Danvers, MA);

rabbit anti-growth-associated protein 43 (GAP-43; Novus, Littleton,

CO); rabbit anti-p75NTR (Promega, Madison, WI); rabbit anti-glial

fibrillary acidic protein (GFAP; Life Technologies, Grand Island,

NY); and mouse anti-aquaporin 4 (AQP4; United States Biological,

Salem, MA). Primary incubation was followed by a biotin-conjugated

anti-rabbit or -mouse secondary at a 1:1000 dilution (Jackson Im-

munoResearch, West Grove, PA) and a Cy-3-conjugated streptavidin

reporter (Jackson ImmunoResearch) at a 1:500 dilution, each for

1 day at 23�C.

Image acquisition and laminar measures

Images for OMP-GFP mouse tissue were collected using a laser

scanning confocal microscope Zeiss LSM 510 Meta attached to a

Zeiss Axioscope 2 (excitation 543 nm, emission 570 nm; Carl Zeiss

GmbH, Jena, Germany). OB and olfactory epithelium (OE) sec-

tions were imaged with a Plan-Neofluar 10 · /0.30 objective, a

Plan-Neofluar 25 · /0, 88 Imm Korr differential interference con-

trast (DIC), and a Plan-Neofluar 40 · /1, 3 oil DIC. Stacks (z-series)

were acquired for these experiments using Zeiss LSM software

(Carl Zeiss GmbH). For each picture, a z-series was collected from

30% and 50% of the anterior and posterior extent of the tissue. Five-

micrometer z-stacks were collected at 1-lm intervals as 8 bit,

1024 · 1024 images. Single images located halfway through each

z-stack were then used for TBI marker-panel pictures highlighting

changes in protein expression and also for cell counting and OB

area measurements. Quantification of OB area and OE GFP + cells

was done using Volocity Image Analysis Software (PerkinElmer

Inc., Waltham, MA). A single section from each animal was used

for quantification. DAPI counterstain was used to delineate laminar

boundaries in the OB. The freeform tool was used to outline each

layer. Measurements were collected adjacent to the impacted re-

gion between 500 and 1000 lm and ventral to the impacted region

between 1000 and 1250 lm. The penumbra region was collected

immediately anterior the impacted site. OE GFP + cells were

counted manually from 10 · images from the dorsal septum

spanning a region of 250 lm. Each image was expanded to a size of

8.5 · 11 in so that individual positive cells from the septum could be

readily distinguished and counted.

X-Gal staining, cell quantification, and glomerular
size measures

X-Gal staining procedures were based on and modified from

Mombaerts and Brennan.16,25 OBs and OE tissue was dissected

out of each animal and incubated overnight at 37�C, shaking to

achieve optimal staining. After staining, the epithelium was im-

aged with a microscope mounted digital camera at 6.3 · magni-

fication and M71-positive OSNs were counted by eye in turbinates

1 and 2. After whole-mount X-Gal staining, bulbs were cryo-

protected and coronally sectioned at 30 lm on a sliding micro-

tome, and floating sections were picked out for the visible

presence of the M71 glomerulus. Sections containing the glo-

merulus were mounted on a Superfrost slide and imaged with a

microscope mounted digital camera at 20 · magnification. DAPI

counterstain was used to delineate laminar boundaries. Quantifi-

cation of the glomerulus area was done using Volocity Image

Analysis Software (PerkinElmer), and these area measurements

were summated for each glomerulus.

Statistical analysis

Comparisons were performed using the two-tailed t-test. p val-

ues of < 0.05 were considered statistically significant and are noted

in each figure.

Results

To mimic the olfactory circuit disruption associated with a hu-

man TBI, we targeted a distinct region of the mouse brain on the

dorsal surface of the OB. Given the anatomical differences between

mice and humans, this OBI generates a perpendicular stretching

and tearing force on the OSNs that simulates the human condition.

In Figure 1, we show the coordinates and parameters of the pene-

trating injury, which impacted the tissue and altered several layers

of cells in the OB and OE. Because this injury has a pronounced

influence on OSNs and their connections with the glomerular layer

of the OB, we tested this model using the OMP-GFP mouse line, a

transgenic line in which all mature OSNs are labeled with GFP.19

This knock-in mouse line was used to assess the integrity of the

primary olfactory nerve, and because the GFP also labels the OSN

axons that terminate at the OB, the presence (or absence) of these

cells is a direct indicator of TBI. Thus, in a mouse line that offers
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clear visualization of olfaction circuitry, we demonstrate that

an OBI induces olfactory nerve damage and loss of OSNs; pro-

viding a new in vivo model for studies of TBI and recovery from

injury.

We first sought to determine the degree of neural loss in the OE

after an OBI. In Figure 2, we demonstrate loss of mature OSNs

(GFP + ) in a 250-lm region along the dorsal septum of the OE.

OSN numbers were significantly reduced on the side project-

ing axons to the injured OB (ipsilateral) as compared to sham

( p < 0.00008), and also significantly less than the noninjured con-

tralateral side ( p < 0.0000003). Although no significant difference

was observed between the contralateral side of injured animals, and

sham, some individuals appeared to have some cell loss. Low-

power representative images of the OE show a robust reduction in

the thickness of the mature OSN layer and reduced intensity of GFP

signal on the ipsilateral side, as compared with the contralateral

side (Supplementary Fig. 1) (see online supplementary material at

http://www.liebertpub.com); which was obvious by eye and con-

firmed by OSN quantification. After establishing that OBI causes

significant cell loss in the OE, we sought to examine the expression

of various markers already linked to TBI.

TBI is characterized by cell death as a result of the initial me-

chanical insult followed by a cascade of secondary injury pro-

cesses, such as excitotoxicity, OS, and inflammation.3 To further

evaluate the effect of OBI, we assessed the OE using a variety of

molecular markers and associated neuronal processes. In Figure 3,

we demonstrate the expression of various proteins associated with

brain injury. Again, we consistently focused on an area of OE along

the septum and compared marker expression in sham animals as

well as the ipsi- and contralateral side of animals 4 days after

undergoing an OBI.

We performed IHC staining for the low-affinity neurotrophin

receptor, P75 (p75NTR), which has been implicated in regulating

neuronal survival.26 As a proinflammatory cytokine tumor necrosis

factor receptor, P75 has also been postulated to contribute to the

neuropathology observed after TBI resulting from its up-regulation

during inflammatory responses.27 Blocking this pathway has also

been postulated as a potential therapeutic target after TBI.28 In

Figure 3, we demonstrate p75NTR immunosignal in the OE, which

was detectable in the nerve bundles and basal cells of OBI animals.

Low levels of p75NTR were detected in the OE of sham animals.

The b-amyloid protein is formed after sequential cleavage of

APP, a transmembrane glycoprotein. Evidence suggests that APP

levels increase after TBI29 and may stay elevated in certain regions

of the brain,30 potentially playing a role in subsequent neurode-

generation and delayed neural toxicity. As shown in Figure 3, we

detected b-APP immunosignal in the nerve bundle layer of both the

ipsi- and contralateral OE, whereas b-APP expression was not

detected in the OE of sham animals.

Caspase-3 is a cystein protease that is activated by several dif-

ferent initiator pathways. Activation of caspase proteases has been

strongly implicated in apoptotic processes after central nervous

system (CNS) injuries, including TBI.31,32 Not surprisingly, inhi-

bition of caspase-3-mediated apoptotic pathways has been widely

explored as a potential way to lessen degeneration after TBI.33 As

demonstrated in Figure 3, we detected cleaved caspase-3 in the

nerve bundle layer of injured animals 4 days after OBI.

GAP-43, an intracellular membrane-associated phosphoprotein,

is present throughout the entire population of olfactory receptor

neurons in newborns and is found throughout the cells from their

ciliated dendritic knobs to their axon terminals in the bulb.34 With

increasing age, this protein becomes progressively restricted to

FIG. 1. Schematic of experimental paradigm and injury parameters. (A) Dorsal view of a mouse head illustrating the location of the
impact site over the olfactory bulb with associated coordinates and impact details. (B) Sagittal view of impact site with schematic of
olfactory circuitry. Olfactory sensory neurons that express the same odorant receptor (depicted as purple or blue) in the olfactory
epithelium project axons that converge onto the same location in the olfactory bulb to produce the glomerular olfactory map. Output
neurons receive the olfactory information and transmit their signal to the piriform cortex. Impact to the dorsal bulb disrupts olfactory
function and the stereotyped anatomical circuitry. OBI, olfactory bulb impact. Color image is available online at www.liebertpub.com/neu
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neural growth cones and presynaptic terminals, although it appears

at elevated levels during development and regeneration. It has been

implicated in neuronal growth, synaptic remodeling, and neuronal

sprouting after injury, and this marker is often used as an indicator

of neuronal plasticity.35 In Figure 3, we show high levels of GAP-

43 immunosignal 4 days after OBI. This marker was present in the

nerve bundles and basal cells of injured, as well as sham, animals.

On the ipsilateral side of OBI animals, the distribution of staining

reverted back to a more newborn-like state, indicated by the intense

GAP-43 signal in the dendritic knobs.

After determining the degree of cell loss and assessing protein

expression in the OE after OBI, we examined the OB of animals

after TBI and observed changes throughout the layers of the bulb.

In Figure 4, we demonstrate a graded bilateral loss of OB neurons

after injury, as determined by a loss of bulb area in distinct layers.

Figure 4A shows the core site of the OBI, demonstrating tissue

destruction in multiple layers of the ipsilateral OB after a 1-mm

impact. We quantified cell loss in the glomerular layer (GL) and the

exterior plexiform layer (EPL) of the OB by taking area measure-

ments in the region directly adjacent to impact and the region

ventral to impact. We found a graded cell loss in each area. In both

layers adjacent to impact, cell loss was greatest in the ipsilateral OB

(significantly more than both contralateral and sham), and cell loss

in the contralateral OB was significantly greater than in sham an-

imals. In both layers ventral to impact, cell loss was greatest in the

ipsilateral OB (significantly more than both contralateral and

sham), and cell loss in the contralateral OB was significantly more

than in sham animals in the EPL, but not GL.

Figure 4B shows the penumbra, or region slightly anterior to the

site (or path) of impact, where neuron loss was assessed by an area

measurement in the overall OB, GL, EPL, and granule cell layer

(GCL). We saw a graded cell loss in the OB (ipsilateral bulb area

was significantly less than contralateral and sham, and contralateral

bulb area was significantly less than sham). We saw a graded cell

loss in the GL (ipsilateral bulb area was significantly less than

contralateral and sham). We saw graded cell loss in the EPL (ip-

silateral area had great variability, but was significantly less than

sham, and although it trended toward less, contralateral EPL area

was not significantly different than sham. We saw graded cell loss

in the GCL (both injured OBs showed significant cell loss in this

layer, compared to sham).

After demonstrating significant cell loss in multiple layers of the

OB, we took a closer look by using various molecular markers

associated with TBI. In Figure 5, we show changes in injury

markers in the OB 4 days post-OBI. GFAP, an intermediate fila-

ment protein expressed mainly in astrocytes of the CNS, has been

shown to be up-regulated in activated astrocytes and is an indicator

of cell damage and inflammation.36 We detected GFAP expression

in both olfactory bulbs 4 days after OBI. On the contralateral side,

GFAP signal was mainly found in the GCL (see also low-power

representative bilateral image in Supplementary Fig. 2) (see online

supplementary material at http://www.liebertpub.com); however,

on the ipsilateral side, expression was more widely distributed.

We observed expression of the apoptosis signaling protein

caspase-3 in OBI but not sham mice. Cleaved caspase-3 was de-

tected in the GCL, EPL, and GL (see also low-power representative

FIG. 2. Olfactory sensory neuron loss after injury. (A) Cartoon depicting cellular organization in the olfactory epithelium (OE) and
highlighting location of the mature olfactory sensory neurons (OSNs; OMP + ) and the immature OSNs (growth-associated protein 43;
GAP-43 + ). (B) Representative images of sham (top), contralateral (middle), and ipsilateral (bottom) OE in OMP-GFP mice. Sections used
in quantification were taken from the dorsal septal region depicted by the red boxed region in (A). (C) Histogram comparing the number of
cells per 250-micron region of the dorsal septum in injured and noninjured animals: sham/ipsilateral side ( p < 0.00008) and ipsilateral side/
contralateral side ( p < 0.0000003). GFP, green fluorescent protein. Color image is available online at www.liebertpub.com/neu
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bilateral image in Supplementary Fig. 2) (see online supplementary

material at http://www.liebertpub.com). By comparison, we ob-

served b-APP expression only on the ipsilateral side of injured

animals, such that cells in the GCL and ONL of the OB were

positive for this marker. This is an indication of injured CNS axons

forming swellings at their tips (retraction bulbs), which mark the

nongrowing components of growth cones, and contain a disorga-

nized microtubule network.37 b-APP-positive retraction bulbs were

commonly detected at the core injury site (Supplementary Fig. 3)

(see online supplementary material at http://www.liebertpub.com).

Recent studies suggest that AQP4, a water channel protein that

facilitates the rapid transport of water, plays a significant role in the

pathophysiology of brain edema after TBI.38 AQP4 is usually found

in astrocytic end-foot processes and ependymal cells in the brain

and is up-regulated during edema.39 To determine whether edema

is also involved in olfactory system dysfunction associated with

TBI, we assessed AQP4 expression in our OBI model. We observed

AQP4 expression in the OB 4 days after OBI. The ONL of the

contralateral bulb of impacted animals showed this marker. In the

ipsilateral bulb, expression was detected in the GL and throughout

the ONL (see also low-power representative bilateral image in

Supplementary Fig. 2) (see online supplementary material at http://

www.liebertpub.com). At higher magnification, AQP4 is shown

localized to nonstellar astrocytes within the GL (Supplementary

Fig. 3) (see online supplementary material at http://www.liebert

pub.com), which was not observed in sham animals.

Another marker of neural damage that was undetectable in ol-

factory neurons of sham animals was p75NTR. This molecular

FIG. 3. Markers of traumatic brain injury (TBI) in the olfactory epithelium 4 days post-OBI (olfactory bulb impact). Representa-
tive images from sham, contralateral, and ipsilateral olfactory epithelium (OE) are shown from left to right. p75NTR (A), beta amyloid
precursor protein (b-APP) (B), cleaved caspase-3 (C), and growth-associated protein 43 (GAP-43) (D) show a differential change in TBI
markers between the ipsi- and contralateral epithelium. Color image is available online at www.liebertpub.com/neu
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marker was highly expressed throughout the nerve layer of OBI

mice (Fig. 5; see also low-power representative bilateral image in

Supplementary Fig. 2) (see online supplementary material at http://

www.liebertpub.com).

Given the significant loss of olfactory neurons after OBI and the

presence of TBI protein markers, we suspected a correlated func-

tional loss. Thus, to determine the effect of OBI on olfactory

function, we used two different behavior assays. In the first, we took

animals after undergoing OBI and performed a unilateral naris

occlusion (right side), requiring them to use only the naris associate

with the injured OB in behavior tests. In Figure 6A, we demonstrate

a clear functional loss in mice 4 days after injury, as measured by

the habituation/dishabituation assay (see Methods). Olfactory loss

is illustrated by a significant difference in investigation time be-

tween sham and OBI animals on trial 4 of this assay ( p < 0.01).

Thus, animals suffering a TBI did not dishabituate (no difference

between trials 3 and 4) and showed a decreased sensitivity to odor

(shorter investigation time between sham and injured animals). In

Figure 6B, we used a buried food assay to further demonstrate

olfactory functional loss in OBI animals, because they failed to

locate the buried food after a 24-h period of food deprivation,

indicating a decreased sensitivity to complex odors 4 days after

injury ( p < 0.01). Taken together, these results demonstrate that the

mouse olfactory system undergoes significant anatomical changes

after TBI that cause a clear, measureable deficit in olfactory

function.

Because neurons of the olfactory system are known to regen-

erate, we sought to determine whether a 30-day recovery period

was sufficient to produce measureable restoration of the olfactory

network after OBI.40 We first assessed changes in the molecular

markers that were previously observed 4 days after OBI. In

Figure 7A, we show that p75NTR was still detectible at low levels in

the OE. Similarly, b-APP expression was still detectible at low

levels in the OE. By contrast, cleaved caspase-3 was no longer

present in the OE 30 days after OBI, whereas GAP-43 was still

highly detectable in both sides of the OE. In Figure 7B, we show

changes in TBI marker expression in the OB after a 30-day re-

covery period. We observed that GFAP levels were observed on the

contralateral OB of impacted animals, and GFAP expression shif-

ted so that it was more detectable in outer layers of the ipsilateral

bulb (glomerular layer and ONL). As with the OE, cleaved caspase-

3 was not present in either ipsi- or contralateral OB after 30 days of

recovery. AQP4 was still detected in both bulbs and was high in the

ONL and core injury site on the ipsilateral side. We also found that

p75NTR was still detectable in the ONL of the ipsilateral bulb. After

observing these changes in protein expression level following this

brief recovery period, we also examined recovery of circuitry in

these animals by measuring OSN numbers and OB area at this same

time point.

To measure the level of OE restoration, we counted OSNs

(GFP + ) along the dorsal septal region, revealing a clear increase in

cell number after a 30-day recovery period from OBI. In Figure 8A,

we show that both the contra- and ipsilateral sides have increased

OSN numbers, with levels in the contralateral side even surpassing

that of recovering sham animals. The ipsilateral side showed a

2-fold increase in the number of GFP-positive neurons, compared

FIG. 4. Bilateral loss of olfactory bulb (OB) neurons after injury. (A) Representative images at the core injury site from sham, contralateral,
and ipsilateral OB are shown from left to right with cartoon illustrating relationship of impact site and sampled regions. (B) Representative
images at the penumbra from sham, contralateral, and ipsilateral OB are shown from left to right with cartoon illustrating sampled regions. (C)
Graphs showing measurements of: 1 = outer boundary of the glomerular layer (GL); 2 = inner boundary of the GL and outer boundary of the
external plexiform layer (EPL); 3 = inner boundary of the EPL. Histograms showing the area measured adjacent to the impact (500–1000
microns ventral to the dorsal tip of the OB; top panels) and ventral to the impact (1000–1250 microns ventral to the dorsal tip of the OB;
bottom panels) in the GL and EPL layers. (D) Histogram showing the area measured at the penumbra (anterior to the impact site) for the whole
OB (1), GL (1–2), EPL (2–3), and granule cell layer (GCL) (3). Color image is available online at www.liebertpub.com/neu
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to 4-day post-OBI (see Fig. 2C). Interestingly, there was still a

significant difference in OSN number between the ipsi- and con-

tralateral side after 30 days of recovery ( p < 0.02). To quantify

recovery in the OB after OBI, we took area measurements of the

OB and glomerular layer, 30 days postinjury. In Figure 8B, we

demonstrate a partial return of circuitry in the OB, as indicated by

an increase in the overall areas of both the ipsi- and contralateral

bulb. Despite this partial recovery (compare with Fig. 4D, OBI (1)),

there was still a significant difference between the ipsilateral OB/

contralateral OB and ipsilateral OB/sham animals ( p < 0.002;

p < 0.02). This partial recovery was also demonstrated by measur-

ing the glomerular layer of the OB (compare with Fig. 4D, GL

(1–2)), where we also still saw a significant difference between the

ipsilateral OB/contralateral OB and ipsilateral OB/sham animals

( p < 0.0002; p < 0.002).

In order to examine functional recovery associated with these

anatomical changes 30 days post-OBI, we again used the habitua-

tion/dishabituation assay and the buried food assay and found a

partial return of olfactory function. In Figure 8C, we show that on

trial 4 (trial in which novel odor is presented after period of ha-

bituation), sham and injured animals behaved nearly the same,

exhibiting similar sensitivity to the odor stimulus after recovery

( p < 0.44; compare with Fig. 6A). In Figure 8D, we further dem-

onstrate improvement in olfactory functioning using the buried

food assay; though still significantly different than sham ( p < 0.03),

some animals were able to locate the food after 30 days of recovery,

whereas all animals failed in this task at 4 days after injury (see Fig.

6B). These experiments demonstrate a partial return of olfactory

function that correlates with changes in olfactory circuitry after a

brief recovery period.

Studies have shown that the olfactory system maintains a high

level of neural plasticity throughout adulthood that is activity de-

pendent and responds to environmental odors.41 To investigate

plasticity after TBI in the olfactory system, we utilized M71-IRES-

tauLacZ reporter mice (Tg line that coexpresses b-galactosidase in

OSNs that express the M71 odorant receptor) to test the effect of

odorant-induced activity on olfactory circuitry recovery. Given that

acetophenone has been identified as a ligand for the M71 recep-

tor,21 after unilateral OBI, we exposed M71-IRES-tauLacZ mice to

30 days of acetophenone odor conditioning. In Figure 9, we report

differences in M71 OSN number and glomerular size. We chose to

quantify changes in the M71 medial glomerulus on the contralateral

(uninjured side) since the impacted bulb typically suffers extensive

dorsal tissue damage and complete ablation of the M71 glomerulus,

which was still absent after 30 days of recovery. We found that

data trends for OSN number paralleled those for glomerular size

among the four groups. Animals undergoing an OBI without odor

conditioning had the largest glomerular size, as compared to all

FIG. 5. Markers of traumatic brain injury (TBI) in the olfactory
bulb (OB) 4 days post-OBI (olfactory bulb impact). Representative
images from sham, contralateral, and ipsilateral OB are shown from
left to right. Glial fibrillary acidic protein (GFAP) (A), cleaved
caspase-3 (B), beta amyloid precursor protein (b-APP) (C), aqua-
porin 4 (AQP4) (D), and p75NTR (E) showing a variable increases
in TBI markers between ipsi- and contralateral OB with some
changes extending into deeper layers. GCL, granule cell layer; EPL,
external plexiform layer; GL, glomerular layer. Color image is
available online at www.liebertpub.com/neu

FIG. 6. Olfactory functional loss 4 days post-OBI (olfactory
bulb impact). Olfactory behavior assays indicate a clear loss of
function after traumatic brain injury. (A) The habituation/dish-
abituation assay utilizes an animal’s innate ability to investigate
novel odorants and is a measure of olfactory sensitivity and
function. Mice are exposed to four trials in which they are pre-
sented with a small piece of filter paper. In the first three trials,
mice are presented with water, and as the trials proceed, mice
become gradually less interested in exploring the water-laced filter
paper. This increasingly shorter investigation time to a sequen-
tially presented stimulus is called habituation. Odor (amyl acetate)
is presented in the fourth trial, and if the mice can detect it, they
will resume investigating and sniffing the odor-laced paper
(dishabituation). Sham mice clearly dishabituated and were able to
smell the odor (compare trials 3 and 4; p < 0.01). In contrast, the
injured animals did not dishabituate, indicating that they are much
less sensitive to the odor and possibly even anosmic (compare
sham and OBI; p < 0.01). (B) The buried food assay utilizes an
animal’s innate ability to forage and is a measure of olfactory
sensitivity and function. After overnight food deprivation, mice
were given 10 min to find a Pepperidge Farm fish buried under
bedding. Sham littermates all found the food in less than the al-
lotted time, unlike the injured animals that all failed. Importantly,
these animals show no motor or cognitive impairments, as de-
termined by their neurological severity scores (data not shown).
This indicates that OBI mice have a lower olfactory sensitivity to
the odor in the food presented because of their injury.
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other groups, with a significantly greater size than sham animals

that received 30 days of odor conditioning ( p < 0.02). Animals

undergoing OBI without odor conditioning had a significantly

greater OSN number than all other groups. The greatest differences

were observed between the OBI/no-odor group and control ani-

mals (no injury or odor exposure; p < 0.004) and between OBI/no-

odor and sham/odor ( p < 0.001). Control and sham animals

receiving odor conditioning had the smallest glomerular size as

well as OSN number. Overall, these data demonstrates that OBI

results in an increase of M71-positive OSNs and M71 glomerulus

size on the side opposite the impact after 30 days of recovery, and

this increase may be inhibited or suppressed by strong odor-

induced activity.

Taken together, the results of this study establish the olfactory

system as a useful model to study TBI. We have shown that, 1) a

penetrating unilateral OBI significantly alters olfactory circuitry,

causing widespread changes in protein expression and associated

deficits in olfactory functioning, 2) changes in TBI molecular

markers and improvement in olfactory functioning after a 30-day

recovery period, and 3) introducing odor activity during this re-

covery period may not be beneficial to plasticity processes that

occur after TBI in the olfactory system.

Discussion

In the present study, we establish the mouse olfactory system as

a new model to study TBI. We directly impacted the dorsal surface

of the mouse olfactory bulb and found that this penetrating injury

resulted in a loss of mature OSNs on the ipsilateral side and a

graded loss in adult cells in several layers of the OB, both at the core

injury site as well as in the penumbra region. Various nerve injury

models have been used to investigate neural recovery and regen-

eration of the olfactory system after brain injury. Mild and Severe

TBI has been examined by passing a blade through nerve fibers

between the OB and cribriform plate.42 Whereas this model em-

ploys a direct surgical transection and ours uses an indirect shearing

of the nerves resulting from a shifting force applied to the dorsal

surface of the OB, we both find functional recovery despite in-

complete anatomical restoration. This common finding through

complementary models strengthens the interpretation that persis-

tent olfactory dysfunction may not be solely the result of loss of

OSN connectivity.

Regardless of the specific nature of the injury, these olfactory

models make it possible to measure specific molecular and ana-

tomical changes to a defined circuitry after TBI and then assess the

functionality of those circuits through innate behaviors. We ex-

amined changes in protein expression throughout the OB and OE

and used two innate olfactory behavior assays to show a loss in

olfactory functioning after OBI, with injured animals displaying

significantly diminished odor sensitivity. We examined changes in

olfactory circuitry after a brief recovery period and found that some

molecular markers were still detectable, and some shifted to dif-

ferent parts of the OB or OE. We demonstrated a partial restoration

of olfactory circuitry and functioning after 30 days of recovery that

is hindered by odor exposure during this time period.

TBI can result from an abrupt acceleration and deceleration of

the brain (a rapid change in direction causing the brain to collide

twice with the skull, known as a coup/contra-coup injury), blunt

FIG. 7. Markers of traumatic brain injury (TBI) in the olfactory epithelium (OE) and olfactory bulb (OB) after a 30-day recovery
period. Representative images from sham, contralateral, and ipsilateral OB are shown from left to right. OE (A) and OB (B). Markers:
p75NTR; beta amyloid precursor protein (b-APP); cleaved caspase-3; growth-associated protein 43 (GAP-43); glial fibrillary acidic
protein (GFAP); and aquaporin 4 (AQP4), revealing a reduction in some TBI markers while others persist. Color image is available
online at www.liebertpub.com/neu
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force trauma (such as a fall), pressure waves (blast-induced injury),

or a penetrating force on the brain tissue (such as a bullet). The

current general model of TBI posits that after an injury, neuronal

degeneration occurs in a biphasic manner with primary and sec-

ondary processes defining the pathology.43,44 The primary process

reflects the initial mechanical insult to the brain and is characterized

by a deformation of tissue and degradation of cell membranes.45 A

secondary process involves diverse biochemical and molecular

cascades that further cell death, damage surrounding structures, and

impair functionality. Progressing from hours to days after the initial

trauma, this is largely a result of injury of the cerebral vascula-

ture.46 Also, multi-organ damage in trauma patients can lead to

elevated circulatory levels of inflammatory cytokines that may

contribute to the postinjury pathogenesis of the brain.47 The spe-

cific nature of these events is dependent on the location and severity

of the injury, but it is often accompanied by vascular damage,48

alterations in neurotransmitter release, such as calcium- and

acetylcholine-signaling changes,49,50 activation of microglia and

macrophages through inflammatory responses,51 blood–brain bar-

rier disruption,52 and edema.53

Although circuit disruption, functional deficits and sympto-

mology after TBI vary based on the location and severity of the

injury, anosmia and hyposmia have been found to be early and

fairly common indicators of head trauma. Several group studies

have found that a majority of people suffering from TBI exhibit

anosmia (ranging from 56% to 67%), whereas others show hy-

posmia (20–23%).6,7 Interestingly, there are recorded cases of very

mild TBIs that cause complete and permanent anosmia, whereas

some severe injuries have resulted in no smell deficit or a brief case

of anosmia.5 This variance suggests that many factors, such as

injury location, severity, and postinjury environment, interact to

determine whether a person will suffer from anosmia or hyposmia

after head trauma. Further, some studies have revealed that among

TBI patients suffering from anosmia, only a small portion (10%)

show functional improvement within 1 year.10,54 Although the

likelihood of recovery has been observed to decrease with time

after injury, there was a reported case of a patient that recovered

from complete anosmia 9 years after a severe TBI.55 Taken to-

gether, these studies of anosmia prevalence and recovery rates

suggest that the nature of olfactory-deficit–inducing damage varies

FIG. 8. Partial return of olfactory circuitry and function after a 30-day recovery period. Histogram comparing olfactory sensory
neuron (OSN) numbers of sham, contralateral side, and ipsilateral side (contra/Ipsi: p < 0.02; compare with Fig. 2C). (A) Histogram of
olfactory bulb (OB) and glomerular layer (GL) of partially recovered animals (sham/Ipsi: p < 0.001; sham/contra: p < 0.002 for OB;
sham/ipsi: p < 0.03; sham/contra: p < 0.0001 for GL. Compare with Fig. 4D). (B) Sham mice dishabituated and were able to smell the
odor (compare trials 3 and 4; p < 0.04). (C) Similarly, the injured/recovered animals also dishabituated and were able to smell the odor
( p < 0.01; compare with Fig. 6A). (D) Sham and injured animals all found the food in less than the allotted time in the buried food assay.
The injured animals improved, but were slower to find the buried food compared to sham animals ( p < 0.03; compare with Fig. 6B).
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greatly and should be studied more extensively to implement ef-

fective diagnostic and treatment strategies after TBI.

More specifically, a better understanding of the specific time

course of up-regulation and clearance of injury markers would be

useful to identify the window of opportunity for various pharma-

cological and behavioral treatments. The aforementioned protein

markers that can be observed in the OE, OB, and throughout several

other regions of the brain after injury are dynamic, with levels

changing rapidly in the brain after injury.56,57 Further, several of

these markers are detectible in the blood and cerebrospinal fluid of

TBI sufferers.58 Specifically, several studies have suggested that

TBI patient GFAP and S100B serum levels are useful indicators

of neuronal damage as well as predictors of outcome in clinical

trials.59 Using the olfactory system model to study these and other

biomarkers that may be detectable in human fluids, in combination

with refined olfactory function assays, could lead to great advances

in the diagnosis and prognosis of TBI.

To date, most animal TBI studies have focused on cortical and

hippocampal regions of the brain, because these areas are implicated

in many of the learning, memory, and motor dysfunctions that follow

brain injuries. Studies have shown that, in a CCI model, injury results

in elevated caspase activation within the first hours after TBI,60 and

subsequent increased b-APP levels have been linked with a height-

ened risk for the development of Alzheimer’s disease.61 Further,

studies examining the role of molecular changes associated with TBI

have highlighted that pharmacologically or genetically altering ex-

pression of multiple proteins and signaling pathways could benefit

long-term TBI outcome. For example, one study found that blocking

caspase signaling suppresses apoptosis and the subsequent b-APP

accumulation that has been found to play a role in dementia.62 An-

other study demonstrated that modulation of p75NTR signaling

constituted a potent therapeutic strategy for TBI.63

Water channel proteins (specifically aquaporins) and associated

edema after TBI have been examined as a therapeutic target in the

prevention of brain swelling64,65 to aid in recovery. AQP4, ex-

pressed mainly in the astrocytic end-feet processes of the brain, was

examined in the present study and found to be present in the OB for

up to 30 days after impact. Some studies have shown that inhibiting

AQP4 expression leads to reduced cerebral infarction and better

outcomes after neural insult.66 One study found that intranasal

administration of nerve growth factor after TBI attenuated the

edema response and decreased cell death and associated this with a

marked decrease in AQP4 content.67 Other studies suggest a det-

rimental effect of AQP4 inhibition,38 and a critical role in clearance

of interstitial solutes, including amyloid-b from injured brains.68

Thus, the specific type of injury, postinjury environment, and na-

ture of the edema itself should be closely examined in the im-

plementation of aquaporin-targeted interventions.

GAP43 is expressed in immature neurons and has been exam-

ined in several CCI-TBI studies as an indicator of axonal plasticity

FIG. 9. Effect of odor-induced activity on olfactory system recovery after TBI. Images show X-Gal staining of M71 + olfactory
sensory neurons (OSNs) in turbinates 1 and 2 of M71-IRES-tauLacZ mice after 30 days of 10% acetophenone conditioning after injury.
(A) Quantification of M71 OSNs in turbinates 1 and 2. Olfactory bulb impact (OBI)/no odor animals had greatest OSN number (vs.
sham/aceto: p < 0.0001; vs. control/no odor p < 0.004). (B) X-Gal staining of M71 glomerulus on uninjured OB. (C) Glomerular volume
of mice after 30 days of odor conditioning and controls. (D) Graph shows that OBI/no odor animals had largest glomerular volume (vs.
sham/aceto: p < 0.02). Color image is available online at www.liebertpub.com/neu
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and regeneration.69 It has been found to be up-regulated (peaking at

24–48 h) in the hippocampus and cortex after moderate, but not

severe, TBI70; therefore, this protein not only has the potential for

use as an indicator of the severity of trauma, but also illuminates the

capacity for recovery after injury. Given that we saw a dramatic and

long-lasting up-regulation of GAP43 in our OBI model, this also

shows that the olfactory system possesses great potential for studies

of regeneration after TBI. More broadly, our 30-day recovery

studies, showing partial circuit restoration through quantification of

OMP-GFP OSNs and OB layers, demonstrate that different parts of

this circuitry have varying capacities for recovery after TBI, but

changes in this highly dynamic system can be observed through

protein marker changes as well as OSN and OB layer regeneration

As previously mentioned, most TBI studies have focused on

hippocampal and cortical regions of the brain. Even given the

neurogenesis observed in regions of the hippocampus, use of this

structure is somewhat limited by the complexity of its neural maps.

Alternatively, the mammalian olfactory system possesses clear,

anatomically distinct structural layers in the OB, simple molecular

maps based upon odorant receptor expression, and odor columns

that define an intrabulbar map.18 Additionally, this system pos-

sesses great plasticity and a unique ability to regenerate relatively

rapidly in an activity-dependent manner.71,72 It has also been found

that olfactory map plasticity has no critical period and extends

throughout adulthood, allowing for TBI recovery and regeneration

studies in animals of all ages.71 Importantly, the olfactory system’s

restorative ability offers an advantage for repair studies, but the

findings of these studies may not be limited to areas that regenerate.

Despite the increased recognition and prevalence of TBI, the

pathogenesis of TBI-induced brain injury is still poorly understood

and we lack effective treatments. The complex nature and pro-

gression of TBI-induced pathology limits treatment options to ei-

ther blocking the secondary injury phase or facilitating plasticity

and repair at certain optimal time points. In studying the effec-

tiveness of various treatments, the olfactory system may lend un-

ique benefits. To gain a better understanding of the time course of

secondary phase progression and the interplay of injury biomark-

ers, we utilized the simple circuitry of the olfactory system with its

well-defined layers that allow for good visualization of these pro-

cesses. Because olfaction is a dynamic sensory system in which

new cells are continually incorporated into the circuitry in an

activity-dependent manner,72 studying the mechanisms by which

this plasticity is enhanced could provide broad insight that extends

to other areas of the brain.

Additionally, simple smell assays, such as the tests performed in

the present study, could be conducted to assess return of func-

tioning after TBI as various pharmacological treatments are im-

plemented. For example, studies have shown that nicotinamide, a

B-group vitamin, is effective in both reducing cortical infarct size

and facilitating recovery of functioning when administered both

shortly after CCI and at longer time points.73,74 Whereas these

studies utilize working memory tasks to assess behavior improve-

ments induced by administration of the drug, the simple olfactory

tests that our model uses could track functional improvements and

shed more light on the ideal window for administration of neuro-

protective drugs to maximize outcome.

Other neuroprotective drugs found to facilitate anatomical and

behavioral improvements after TBI target detrimental processes in

the neurovasculature. Secondary injury processes in endothelial

cells exacerbate damage; specifically, as the BBB is broken down,

excessive superoxide reacts with nitric oxide to form peroxynitrite,

which hinders recovery.75,76 Treatment with S-nitrosoglutathione

(GSNO), a nitrosylation-based signaling molecule, has been shown

to reduce brain levels of peroxynitrite and improve behavioral

outcome, as indicated by improved performance on the sensori-

motor deficit behavioral test and rotarod test.76 Again, our olfactory

system model would be useful in similar studies of recovery from

TBI-induced neurovascular damage. These studies demonstrate

that long-term treatment of TBI with a low dose of GSNO promotes

plasticity and enhances the expression of various neurotrophic

factors leading to functional improvement. In the olfactory system,

damaged axons can regenerate to form new connections on OB

glomeruli, showing easily traceable targeting fibers and associated

changes in glomerular size. This could be used as a simple measure

of drug-enhanced plasticity in the CNS after TBI, accompanying

easily measurable olfactory functional improvements.

The subventricular zone (SVZ) along the walls of the lateral

ventricles continuously produces new neurons in adulthood,77,78

and these cells travel along the rostral migratory steam (RMS) to

reach the OB. Further, peripheral OSNs are continuously replaced

in adulthood by new OSNs generated from local progenitors in the

epithelium. These dynamic processes are influenced by sensory

experience and activity; the continuous addition of new cells pro-

vides a level of plasticity that allows circuits to adjust to changing

environments.78,79 TBI drastically changes the physiology of the

brain; the initiation of apoptotic processes that lead to cell death

after injury is accompanied by up-regulating of signaling molecules

that aid in regeneration and repair. Previous studies have shown

that lesions produced by an injection of N-methyl-d-aspartic acid

into the OB triggered increases in the size of the RMS.80 Further,

brain ischemia has been widely reported to powerfully stimulate

neurogenesis in the SVZ and subgranular zone, and this heightened

proliferation has been shown to aid in repair through neuronal

migration to damaged circuits.80–84 Interestingly, our recovery

studies showed that OSN numbers as well as OB/GL size on the

contralateral side surpass that of sham animals after 30 days of

recovery from OBI. An OBI may create an environment of stim-

ulated neural proliferation in the OE, leading to a cell increase in a

region that was not directly damaged, but may be experiencing the

effects of various neurotrophic factors that aid in the recovery

process. Our M71 (odor-conditioning) recovery studies also sup-

port the notion that TBI induces heightened neurogenesis in regions

not directly injured; OBI animals had the largest glomerular vol-

ume and OSN number (contralateral side), surpassing that of con-

trol animals.

Some studies have reported that activity-dependent plasticity is

related to an increased activation of various neurotrophic factors.

Specifically, brain injury has been shown to increase growth-

promoting molecules, which may lead to enhanced cell proliferation

in a compromised system. One study showed that a fluid percussion

brain injury results in significant increases in several intracel-

lular signaling proteins, such as synapsin 1, calcium-calmodulin–

dependent protein kinase 2, and phosphorylated mitogen-activated

protein kinase 1 and 2.84 Interestingly, this study also demonstrated

that acute voluntary exercise decreased expression of these proteins

(including cyclic adenosine monophosphate response-element-

binding protein), failed to increase brain-derived neurotrophic factor

levels (as exercise does in an uninjured brain) and severely worsened

outcome for rats undergoing TBI. This suggests that the injured brain

experiences a period after insult during which activation of the

system may be detrimental to recovery.

As previously mentioned, inducing activity with odor condi-

tioning has been shown to dynamically change the circuitry of the

olfactory system. We showed that intense odor conditioning with
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acetophenone for 30 days after OBI results in an inhibition of the

up-regulated plasticity in the olfactory system that appears to fol-

low TBI, as demonstrated by fewer OSNs and smaller glomerular

size in odor-conditioned animals. Our results are in line with the

concept that TBI induces plasticity signals that aid in recovery, but

that the injured system may have difficulty repairing itself with the

addition of heightened activity soon after injury. Various other

interventions have been studied extensively in an effort to shed

light on the best way and time to facilitate anatomical and func-

tional recovery from TBI. As such, dietary changes/nutritional

supplementation85,86 and exercise regimens87,88 are further exam-

ples of possibilities that may be promising to enhance plasticity and

repair in the CNS after trauma, but are sensitive to the specific

nature of the injury and time windows of implementation. This

posits that further research is important to determine the proper type

of activity and time window during which intervention aids in

recovery.

In summary, we show that the overall experimental accessibility

of the olfactory system offers great potential for studies that can

shed light on pharmacological and behavioral therapeutics for TBI.

Ultimately, our olfactory system model presents three unique op-

portunities for TBI studies: changes in protein expression within

easily accessed and well-defined neural maps; olfactory function-

ality deficits that can be assessed using simple smell tests; and a

regenerative capacity not seen anywhere else in the mammalian

brain that opens the door for studies of recovery from TBI.

Acknowledgments

This work was supported by the Center for Neuroscience and

Regenerative Medicine (HJF# 60855–CNRM) and the National

Institute of Neurological Disorders and Stroke Intramural Research

Program (ZIANS003116-02).

Author Disclosure Statement

No competing financial interests exist.

References

1. Faul, M., Xu, L., Wald, M.M., Coronado, V., and Dellinger, A.M.
(2010). Traumatic brain injury in the United States: national estimates
of prevalence and incidence, 2002–2006. Inj. Prev. 16, A268–A268.

2. Finkelstein, E., Corso, P.S., and Miller, T.R. (2006). The incidence
and economic burden of injuries in the United States. Oxford Uni-
versity Press: Oxford, UK.

3. Bramlett, H.M., and Dietrich, W.D. (2004). Pathophysiology of ce-
rebral ischemia and brain trauma: similarities and differences. J.
Cereb. Blood Flow Metab. 24, 133–150.

4. Enriquez, P., and Bullock, R. (2004). Molecular and cellular mecha-
nisms in the pathophysiology of severe head injury. Curr. Pharm. Des.
10, 2131–2143.

5. Sumner, D. (1964). Post-traumatic anosmia. Brain 87, 107–120.
6. Callahan, C.D., and Hinkebein, J.H. (2002). Assessment of anosmia

after traumatic brain injury: performance characteristics of the Uni-
versity of Pennsylvania Smell Identification Test. J. Head Trauma
Rehabil. 17, 251–256.

7. Doty, R.L., Yousem, D.M., Pham, L.T., Kreshak, A.A., Geckle, R.,
and Lee, W.W. (1997). Olfactory dysfunction in patients with head
trauma. Arch. Neurol. 54, 1131–1140.

8. Reiter, E.R., DiNardo, L.J., and Costanzo, R.M. (2004). Effects of
head injury on olfaction and taste. Otolaryngol. Clin. North Am. 37,
1167–1184.

9. Schofield, P.W., Moore, T.M., and Gardner, A. (2014). Traumatic
brain injury and olfaction: a systematic review. Front. Neurol. 5, 5.

10. Haxel, B.R., Grant, L., and Mackay-Sim, A. (2008). Olfactory dys-
function after head injury. J. Head Trauma Rehabil. 23, 407–413.

11. Creed, J.A., DiLeonardi, A.M., Fox, D.P., Tessler, A.R., and Raghu-
pathi, R. (2011). Concussive brain trauma in the mouse results in acute
cognitive deficits and sustained impairment of axonal function. J.
Neurotrauma 28, 547–563.

12. Gao, X., and Chen, J. (2013). Moderate traumatic brain injury pro-
motes neural precursor proliferation without increasing neurogenesis
in the adult hippocampus. Exp. Neurol. 239, 38–48.

13. Gao, X., Deng-Bryant, Y., Cho, W., Carrico, K.M., Hall, E.D., and
Chen, J. (2008). Selective death of newborn neurons in hippocampal
dentate gyrus following moderate experimental traumatic brain injury.
J. Neurosci. Res. 86, 2258–2270.

14. Belluscio, L., and Katz, L.C. (2001). Symmetry, stereotypy, and to-
pography of odorant representations in mouse olfactory bulbs. J.
Neurosci. 21, 2113–2122.

15. Bozza, T., McGann, J.P., Mombaerts, P., and Wachowiak, M. (2004).
In vivo imaging of neuronal activity by targeted expression of a ge-
netically encoded probe in the mouse. Neuron 42, 9–21.

16. Mombaerts, P., Wang, F., Dulac, C., Chao, S.K., Nemes, A., Men-
delsohn, M., Edmondson, J., and Axel, R. (1996). Visualizing an ol-
factory sensory map. Cell 87, 675–686.

17. Brennan, P.A., and Keverne, E.B. (1997). Neural mechanisms of
mammalian olfactory learning. Prog. Neurobiol. 51, 457–481.

18. Cummings, D.M., and Belluscio, L. (2008). Charting plasticity in the
regenerating maps of the mammalian olfactory bulb. Neuroscientist
14, 251–263.

19. Potter, S.M., Zheng, C., Koos, D.S., Feinstein, P., Fraser, S.E., and
Mombaerts, P. (2001). Structure and emergence of specific olfactory
glomeruli in the mouse. J. Neurosci. 21, 9713–9723.

20. Treloar, H.B., Feinstein, P., Mombaerts, P., and Greer, C.A. (2002).
Specificity of glomerular targeting by olfactory sensory axons. J.
Neurosci. 22, 2469–2477.

21. Bozza, T., Feinstein, P., Zheng, C., and Mombaerts, P. (2002).
Odorant receptor expression defines functional units in the mouse
olfactory system. J. Neurosci. 22, 3033–3043.

22. Gregg, B., and Thiessen, D.D. (1981). A simple method of olfactory
discrimination of urines for the Mongolian gerbil, Meriones un-
guiculatus. Physiol. Behav. 26, 1133–1136.

23. Alberts, J.R., and Galef, B.G., Jr. (1971). Acute anosmia in the rat: a
behavioral test of a peripherally-induced olfactory deficit. Physiol.
Behav. 6, 619–621.

24. Edwards, D.A., Thompson, M.L., and Burge, K.G. (1972). Olfactory
bulb removal vs peripherally induced anosmia: differential effects on
the aggressive behavior of male mice. Behav. Biol. 7, 823–828.

25. Zhao, H., Otaki, J.M., and Firestein, S. (1996). Adenovirus-mediated
gene transfer in olfactory neurons in vivo. J. Neurobiol. 30, 521–530.

26. Chu, G.K., Yu, W., and Fehlings, M.G. (2007). The p75 neurotrophin
receptor is essential for neuronal cell survival and improvement of
functional recovery after spinal cord injury. Neuroscience 148, 668–682.

27. Hensler, T., Sauerland, S., Bouillon, B., Raum, M., Rixen, D., Helling,
H.J., Andermahr, J., and Neugebauer, E.A. (2002). Association be-
tween injury pattern of patients with multiple injuries and circulating
levels of soluble tumor necrosis factor receptors, interleukin-6 and
interleukin-10, and polymorphonuclear neutrophil elastase. J. Trauma
52, 962–970.

28. Wang, Y.X., You, Q., Su, W.L., Li, Q., Hu, Z.Q., Wang, Z.G., Sun,
Y.P., Zhu, W.X., and Ruan, C.P. (2013). A study on inhibition of
inflammation via p75TNFR signaling pathway activation in mice with
traumatic brain injury. J. Surg. Res. 182, 127–133.

29. Itoh, T., Satou, T., Nishida, S., Tsubaki, M., Hashimoto, S., and Ito, H.
(2009). Expression of amyloid precursor protein after rat traumatic
brain injury. Neurol. Res. 31, 103–109.

30. Bramlett, H.M., Kraydieh, S., Green, E.J., and Dietrich, W.D. (1997).
Temporal and regional patterns of axonal damage following traumatic
brain injury: a beta-amyloid precursor protein immunocytochemical
study in rats. J. Neuropathol. Exp. Neurol. 56, 1132–1141.

31. Venero, J.L., Burguillos, M.A., and Joseph, B. (2013). Caspases
playing in the field of neuroinflammation: old and new players. Dev.
Neurosci. 35, 88–101.

32. Yakovlev, A.G., Knoblach, S.M., Fan, L., Fox, G.B., Goodnight, R.,
and Faden, A.I. (1997). Activation of CPP32-like caspases contributes
to neuronal apoptosis and neurological dysfunction after traumatic
brain injury. J. Neurosci. 17, 7415–7424.

33. Tang, C.H., Fu, X.J., Xu, X.L., Wei, X.J., and Pan, H.S. (2012). The
anti-inflammatory and anti-apoptotic effects of nesfatin-1 in the
traumatic rat brain. Peptides 36, 39–45.

MOUSE OLFACTORY MODEL OF TBI 1289



34. Verhaagen, J., Oestreicher, A.B., Gispen, W.H., and Margolis, F.L.
(1989). The expression of the growth associated protein B50/GAP43
in the olfactory system of neonatal and adult rats. J. Neurosci. 9, 683–
691.

35. Strittmatter, S.M., Vartanian, T., and Fishman, M.C. (1992). GAP-43
as a plasticity protein in neuronal form and repair. J. Neurobiol. 23,
507–520.

36. Pelinka, L.E., Kroepfl, A., Schmidhammer, R., Krenn, M., Buchinger,
W., Redl, H., and Raabe, A. (2004). Glial fibrillary acidic protein in
serum after traumatic brain injury and multiple trauma. J. Trauma 57,
1006–1012.

37. Maxwell, W.L., Povlishock, J.T., and Graham, D.L. (1997). A
mechanistic analysis of nondisruptive axonal injury: a review. J.
Neurotrauma 14, 419–440.

38. Taya, K., Marmarou, C.R., Okuno, K., Prieto, R., and Marmarou, A.
(2010). Effect of secondary insults upon aquaporin-4 water channels
following experimental cortical contusion in rats. J. Neurotrauma 27,
229–239.

39. Oliva, A.A., Jr., Kang, Y., Truettner, J.S., Sanchez-Molano, J., Fur-
ones, C., Yool, A.J., and Atkins, C.M. (2011). Fluid-percussion brain
injury induces changes in aquaporin channel expression. Neuroscience
180, 272–279.

40. Farbman, A.I. (1990). Olfactory neurogenesis: genetic or environ-
mental controls? Trends Neurosci. 13, 362–365.

41. Rochefort, C., Gheusi, G., Vincent, J.D., and Lledo, P.M. (2002).
Enriched odor exposure increases the number of newborn neurons in
the adult olfactory bulb and improves odor memory. J. Neurosci. 22,
2679–2689.

42. Kobayashi, M., and Costanzo, R.M. (2009). Olfactory nerve recovery
following mild and severe injury and the efficacy of dexamethasone
treatment. Chem. Senses 34, 573–580.

43. Davis, A.E. (2000). Mechanisms of traumatic brain injury: biomechan-
ical, structural and cellular considerations. Crit. Care Nurs. Q. 23, 1–13.

44. Roth, P., and Farls, K. (2000). Pathophysiology of traumatic brain
injury. Crit. Care Nurs. Q. 23, 14–25; quiz, 65.

45. LaPlaca, M.C., Prado, G.R., Cullen, D., and Simon, C.M. (2009).
Plasma membrane damage as a marker of neuronal injury. Conf. Proc.
IEEE Eng. Med. Biol. Soc. 2009, 1113–1116.

46. Golding, E.M. (2002). Sequelae following traumatic brain injury. The
cerebrovascular perspective. Brain Res. Brain Res. Rev. 38, 377–388.

47. Ghirnikar, R.S., Lee, Y.L., and Eng, L.F. (1998). Inflammation in
traumatic brain injury: role of cytokines and chemokines. Neurochem.
Res. 23, 329–340.

48. Len, T.K., and Neary, J.P. (2011). Cerebrovascular pathophysiology
following mild traumatic brain injury. Clin. Physiol. Funct. Imaging
31, 85–93.

49. Rzigalinski, B.A., Weber, J.T., Willoughby, K.A., and Ellis, E.F.
(1998). Intracellular free calcium dynamics in stretch-injured astro-
cytes. J. Neurochem. 70, 2377–2385.

50. Shao, L., Ciallella, J.R., Yan, H.Q., Ma, X., Wolfson, B.M., Marion,
D.W., Dekosky, S.T., and Dixon, C.E. (1999). Differential effects of
traumatic brain injury on vesicular acetylcholine transporter and M2
muscarinic receptor mRNA and protein in rat. J. Neurotrauma 16,
555–566.

51. Yu, I., Inaji, M., Maeda, J., Okauchi, T., Nariai, T., Ohno, K., Higuchi,
M., and Suhara, T. (2010). Glial cell-mediated deterioration and repair
of the nervous system after traumatic brain injury in a rat model as
assessed by positron emission tomography. J. Neurotrauma 27, 1463–
1475.

52. Habgood, M.D., Bye, N., Dziegielewska, K.M., Ek, C.J., Lane, M.A.,
Potter, A., Morganti-Kossmann, C., and Saunders, N.R. (2007).
Changes in blood-brain barrier permeability to large and small mol-
ecules following traumatic brain injury in mice. Eur. J. Neurosci. 25,
231–238.

53. Unterberg, A.W., Stover, J., Kress, B., and Kiening, K.L. (2004).
Edema and brain trauma. Neuroscience 129, 1021–1029.

54. Jimenez, D.F., Sundrani, S., and Barone, C.M. (1997). Posttraumatic
anosmia in craniofacial trauma. J. Craniomaxillofac. Trauma 3, 8–15.

55. Mueller, C.A., and Hummel, T. (2009). Recovery of olfactory function
after nine years of post-traumatic anosmia: a case report. J. Med. Case
Reports 3, 9283.

56. Buritica, E., Villamil, L., Guzman, F., Escobar, M.I., Garcia-Cairasco,
N., and Pimienta, H.J. (2009). Changes in calcium-binding protein
expression in human cortical contusion tissue. J. Neurotrauma 26,
2145–2155.

57. Giraud, J.C., Lebon, P., and Zenou, M. (1957). [Two cases of trau-
matic anosmia without fracture of the cranial base]. Rev. Otoneur-
oophtalmol. 29, 306–307.

58. van Geel, W.J., de Reus, H.P., Nijzing, H., Verbeek, M.M., Vos, P.E.,
and Lamers, K.J. (2002). Measurement of glial fibrillary acidic protein
in blood: an analytical method. Clin. Chim. Acta 326, 151–,154.

59. Vos, P.E., Lamers, K.J., Hendriks, J.C., van Haaren, M., Beems, T.,
Zimmerman, C., van Geel, W., de Reus, H., Biert, J. and Verbeek,
M.M. (2004). Glial and neuronal proteins in serum predict outcome
after severe traumatic brain injury. Neurology 62, 1303–1310.

60. Knoblach, S.M., Nikolaeva, M., Huang, X., Fan, L., Krajewski, S.,
Reed, J.C., and Faden, A.I. (2002). Multiple caspases are activated
after traumatic brain injury: evidence for involvement in functional
outcome. J. Neurotrauma 19, 1155–1170.

61. Gentleman, S.M., Graham, D.I., and Roberts, G.W. (1993). Molecular
pathology of head trauma: altered beta APP metabolism and the ae-
tiology of Alzheimer’s disease. Prog. Brain Res. 96, 237–246.

62. Abrahamson, E.E., Ikonomovic, M.D., Ciallella, J.R., Hope, C.E.,
Paljug, W.R., Isanski, B.A., Flood, D.G., Clark, R.S., and DeKosky,
S.T. (2006). Caspase inhibition therapy abolishes brain trauma-in-
duced increases in Abeta peptide: implications for clinical outcome.
Exp. Neurol. 197, 437–450.

63. Shi, J., Longo, F.M., and Massa, S.M. (2013). A small molecule
p75(NTR) ligand protects neurogenesis after traumatic brain injury.
Stem Cells 31, 2561–2574.

64. Bloch, O., Papadopoulos, M.C., Manley, G.T., and Verkman, A.S.
(2005). Aquaporin-4 gene deletion in mice increases focal edema
associated with staphylococcal brain abscess. J. Neurochem. 95, 254–
262.

65. Papadopoulos, M.C., and Verkman, A.S. (2008). Potential utility of
aquaporin modulators for therapy of brain disorders. Prog. Brain Res.
170, 589–601.

66. Kikuchi, K., Tancharoen, S., Matsuda, F., Biswas, K.K., Ito, T.,
Morimoto, Y., Oyama, Y., Takenouchi, K., Miura, N., Arimura, N.,
Nawa, Y., Meng, X., Shrestha, B., Arimura, S., Iwata, M., Mera, K.,
Sameshima, H., Ohno, Y., Maenosono, R., Tajima, Y., Uchikado, H.,
Kuramoto, T., Nakayama, K., Shigemori, M., Yoshida, Y., Ha-
shiguchi, T., Maruyama, I., and Kawahara, K. (2009). Edaravone at-
tenuates cerebral ischemic injury by suppressing aquaporin-4.
Biochem. Biophys. Res. Commun. 390, 1121–1125.

67. Lv, Q., Fan, X., Xu, G., Liu, Q., Tian, L., Cai, X., Sun, W., Wang, X.,
Cai, Q., Bao, Y., Zhou, L., Zhang, Y., Ge, L., Guo, R., and Liu, X.
(2013). Intranasal delivery of nerve growth factor attenuates aqua-
porins-4-induced edema following traumatic brain injury in rats. Brain
Res. 1493, 80–89.

68. Iliff, J.J., Wang, M., Liao, Y., Plogg, B.A., Peng, W., Gundersen,
G.A., Benveniste, H., Vates, G.E., Deane, R., Goldman, S.A., Na-
gelhus, E.A., and Nedergaard, M. (2012). A paravascular pathway
facilitates CSF flow through the brain parenchyma and the clearance
of interstitial solutes, including amyloid beta. Sci. Transl. Med. 4,
147ra111.

69. Benowitz, L.I., and Routtenberg, A. (1997). GAP-43: an intrinsic
determinant of neuronal development and plasticity. Trends Neurosci.
20, 84–91.

70. Thompson, S.N., Gibson, T.R., Thompson, B.M., Deng, Y., and Hall,
E.D. (2006). Relationship of calpain-mediated proteolysis to the ex-
pression of axonal and synaptic plasticity markers following traumatic
brain injury in mice. Exp. Neurol. 201, 253–265.

71. Marks, C.A., Cheng, K., Cummings, D.M., and Belluscio, L. (2006).
Activity-dependent plasticity in the olfactory intrabulbar map. J.
Neurosci. 26, 11257–11266.

72. Cummings, D.M., and Belluscio, L. (2010). Continuous neural plas-
ticity in the olfactory intrabulbar circuitry. J. Neurosci. 30, 9172–9180.

73. Hoane, M.R., Pierce, J.L., Holland, M.A., and Anderson, G.D. (2008).
Nicotinamide treatment induces behavioral recovery when adminis-
tered up to 4 hours following cortical contusion injury in the rat.
Neuroscience 154, 861–868.

74. Hoane, M.R., Akstulewicz, S.L., and Toppen, J. (2003). Treatment
with vitamin B3 improves functional recovery and reduces GFAP
expression following traumatic brain injury in rats. J. Neurotrauma 20,
1189–1199.

75. Khan, M., Sakakima, H., Dhammu, T.S., Shunmugavel, A., Im, Y.B.,
Gilg, A.G., Singh, A.K., and Singh, I. (2011). S-nitrosoglutathione
reduces oxidative injury and promotes mechanisms of neurorepair
following traumatic brain injury in rats. J. Neuroinflammation 8, 78.

1290 STEUER ET AL.



76. Khan, M., Im, Y.B., Shunmugavel, A., Gilg, A.G., Dhindsa, R.K.,
Singh, A.K., and Singh, I. (2009). Administration of S-ni-
trosoglutathione after traumatic brain injury protects the neurovascular
unit and reduces secondary injury in a rat model of controlled cortical
impact. J. Neuroinflammation 6, 32.

77. Alvarez-Buylla, A., and Garcia-Verdugo, J.M. (2002). Neurogenesis
in adult subventricular zone. J. Neurosci. 22, 629–634.

78. Mackay-Sim, A., and Kittel, P.W. (1991). On the life span of olfactory
receptor neurons. Eur. J. Neurosci. 3, 209–215.

79. Ardiles, Y., de la Puente, R., Toledo, R., Isgor, C., and Guthrie, K.
(2007). Response of olfactory axons to loss of synaptic targets in the
adult mouse. Exp. Neurol. 207, 275–288.

80. Liu, J., Solway, K., Messing, R.O., and Sharp, F.R. (1998). Increased
neurogenesis in the dentate gyrus after transient global ischemia in
gerbils. J. Neurosci. 18, 7768–7778.

81. Jin, K., Minami, M., Lan, J.Q., Mao, X.O., Batteur, S., Simon, R.P.,
and Greenberg, D.A. (2001). Neurogenesis in dentate subgranular
zone and rostral subventricular zone after focal cerebral ischemia in
the rat. Proc. Natl. Acad. Sci. U. S. A. 98, 4710–4715.

82. Yagita, Y., Kitagawa, K., Ohtsuki, T., Takasawa, K., Miyata, T.,
Okano, H., Hori, M., and Matsumoto, M. (2001). Neurogenesis by
progenitor cells in the ischemic adult rat hippocampus. Stroke 32,
1890–1896.

83. Urrea, C., Castellanos, D.A., Sagen, J., Tsoulfas, P., Bramlett, H.M.,
and Dietrich, W.D. (2007). Widespread cellular proliferation and focal
neurogenesis after traumatic brain injury in the rat. Restor. Neurol.
Neurosci. 25, 65–76.

84. Griesbach, G.S., Gomez-Pinilla, F., and Hovda, D.A. (2004). The
upregulation of plasticity-related proteins following TBI is disrupted
with acute voluntary exercise. Brain Res. 1016, 154–162.

85. Sharma, S., Zhuang, Y., Ying, Z., Wu, A., and Gomez-Pinilla, F.
(2009). Dietary curcumin supplementation counteracts reduction in
levels of molecules involved in energy homeostasis after brain trauma.
Neuroscience 161, 1037–1044.

86. Wu, A., Ying, Z., and Gomez-Pinilla, F. (2006). Dietary curcumin
counteracts the outcome of traumatic brain injury on oxidative stress,
synaptic plasticity, and cognition. Exp. Neurol. 197, 309–317.

87. Griesbach, G.S., Gomez-Pinilla, F., and Hovda, D.A. (2007). Time
window for voluntary exercise-induced increases in hippocampal
neuroplasticity molecules after traumatic brain injury is severity de-
pendent. J. Neurotrauma 24, 1161–1171.

88. Griesbach, G.S., Hovda, D.A., and Gomez-Pinilla, F. (2009). Ex-
ercise-induced improvement in cognitive performance after traumatic
brain injury in rats is dependent on BDNF activation. Brain Res. 1288,
105–115.

Address correspondence to:

Leonardo Belluscio, PhD

Developmental Neural Plasticity Section

National Institute of Neurological Disorders and Stroke

Porter Neuroscience Research Center

Building 35

Room 3E-410

35 Convent Drive

MSC 3703

Bethesda, MD 20892-3703

E-mail: belluscl@ninds.nih.gov

MOUSE OLFACTORY MODEL OF TBI 1291


