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1. INTRODUCTION
Traumatic Brain Injury (TBI) is an acquired injury caused by sudden trauma to the head which disrupts normal 
brain functioning and leads to either transient or chronic impairments in physical, cognitive, emotional, and/or 
behavioral functions. In the civilian population, TBI is typically associated with direct, close impact mechanical 
trauma to the brain due to falls, motor vehicle accidents and sports. In contrast, TBI among military personnel, 
particularly among veterans returning from the Persian Gulf region as part of service in Operation Enduring 
Freedom (OEF) or Operation Iraqi Freedom (OIF), is primarily due to exposure to blast pressure waves 
stemming from blast-producing weaponry, such as improvised explosive devices (IEDs).  There is growing 
evidence of persistent long-term impacts of TBI on cognition. In particular, there is strong epidemiological 
evidence (Van Den et al., 2007) and growing pathophysiological (Johnson et al., 2010) and experimental 
(Sivanandam and Thakur, 2012) evidence linking prior exposure to traumatic brain injury (TBI) to increased 
risk for development of Alzheimer’s disease (AD). However, the details of the biological interrelationship 
between TBI exposure and long-term complications such as AD, how to identify individuals with TBI who are 
at a higher risk for these long-term complications, and how to alter the prognosis of those individuals are poorly 
understood. We recently found among a civilian TBI study cohort that exposure to TBI is associated with long-
term aberrant down-regulation of specific olfactory receptors (ORs) (e.g., OR11H1, OR4M1 and OR52N5) in 
peripheral blood mononuclear cells (PBMCs) (Zhao et al., 2013). In addition, we found down-regulation of 
these ORs is significantly correlated with the severity of brain injury and TBI-specific symptoms, and a two-
biomarker panel, comprised of OR11H1 and OR4M1, provides the best criterion for segregating the TBI and 
control cases, with 90% accuracy, 83.3% sensitivity, and 100% specificity (Zhao et al., 2013; Appendix 1). 
More importantly, we also found lower contents of these ORs in select brain regions among cases who have 
suffered from TBI, suggesting that down-regulation of these ORs in the brain following TBI might contribute to 
TBI-related neuropathological alterations leading to long-term neurological complications, such as AD. Both 
AD and TBI exhibit tau neuropathology, which plays a key role in TBI complication and AD dementia. Based 
on our in vitro feasibility evidence suggesting activation of our OR TBI biomarkers modulates tau 
neuropathology-related phenotypes we hypothesized that presence and activation of ectopically expressed OR 
TBI biomarkers in the brain may protect against abnormal tau processing and that down-regulation of OR TBI 
biomarkers in response to TBI may lead to tau neuropathology, thereby promoting the development of AD 
dementia among OIF/OEF veterans with exposure to TBI. Based on this, our overall study is designed to 
explore whether down-regulation of ORs post-TBI may contribute to long-term TBI complications such as AD, 
and clarify the underlying mechanisms for this.  The overall study is separated into three parts:  in vitro studies 
using primary neuron culture to identify high affinity, selective ligands for OR TBI biomarkers OR4M1, 
OR11H1 and OR52N5; in vitro study using these high-affinity OR ligands to investigate the impacts of OR 
downstream signaling on tau neuropathogenic mechanisms in primary neuron cultures; and in vivo assessment 
of OR and tau signaling in a blast exposure rodent model of mild (m) TBI. 

2. KEYWORDS
Olfactory receptors, mild traumatic brain injury, Alzheimer’s disease, tau neuropathology, in silico drug 
screening, tau phosphorylation, JNK signaling 

3. ACCOMPLISHMENTS

What were the major goals of the project?

Major goals of the projects, specified as Tasks 1 and 2 in the Statement of Work, are as follow: 
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TASK 1. To Continue to Characterize OR Signal Transduction Pathways Associated with Attenuation of 
TBI Neuropathology (Months 1-18).
A.  Screening a larger odorant library to identify individual compounds that are able to selectively activate 

OR11H1, OR4M1 or OR52N5 with high affinity. (Months 1-6). 
 -   100% completion 

B. Identifying cellular signals that are associated with OR-mediated modulation of tau neuropathology (months 
6-18).  

-  100 % completion 

TASK 2. To Continue to Explore the Association between Exposure to TBI, OR Expression and Abnormal 
Tau Processing in Experimental Rodent Models (Months 13-24).
A. Assessing if blast TBI in a rodent model may promote tau neuropathology over time and whether induction 

and progression of tau neuropathology might be associated with down-regulation of OR TBI biomarkers 
(Months 13-24) 

-  100 % completion 

What was accomplished under these goals?

Accomplishments under the purview of Task 1 and 2 are summarized below: 

Accomplishments under Task 1A: 
Identification of candidate high-affinity, selective OR4M1 ligands via virtual receptor modeling and in 
silico ligand screening.  

1. We initially identified several low-affinity OR4M1 agonists that are able to activate OR4M1 at 10 M
concentrations (Zhao et al., 2013; Appendix 1). To screen for OR4M1 agonist with higher affinity, we
constructed a virtual 3D structure for OR4M1, from which we identified a ligand binding pocket as an
initial target for high throughput, 3-D in silico screening against virtual compound libraries for the
identification of candidate small molecular OR4M1 ligands. As we have discussed in our Second Year
Final Report, we conducted an in silico screening against approximately 5 million lead-like compounds
(Teague et al., 1999) from the ZINC library of commercially available compounds and identified 57
candidate OR4M1 ligands. The identified compounds were grouped into 32 clusters based on chemical
similarities. Based on the availability of these compounds, we chose 25 commercially available
compounds for experimental validation.  In parallel studies, we also generated a NSE-OR4M1
transgenic mouse line with overexpression of OR4M1 in brain neurons (Zhao et al, 2015 Provisionally
accepted; Appendix 2), which provided us with a standardized and consistently reproducible source of
primary cortico-hippocampal neuron cultures with overexpression of OR4M1 for testing bioactivity of
candidate OR4M1 ligands. As we have discussed in our Second Year Final Report and in Zhao et al.,
2015 (Provisionally Accepted; Appendix 2) we tested the candidate OR4M1 ligands using NSE-OR4M1
primary cortico-hippocampal neuron cultures and identified multiple OR4M1 agonists that are capable
of interacting with and activating OR4M1, as evident by observations of ligand-mediated induction of
cellular cAMP, an early and key component of cellular signal transduction by ORs. Among the
identified novel OR4M1 agonist, ZINC10915775 was particularly efficient in the activation of OR4M1
as indicated by increases in cellular cAMP contents in response to ligand treatment, inducing OR4M1
signaling at nM concentrations with maximal OR4M1 activation at 100 nM concentration (Zhao et al.,
2015, Provisionally Accepted; Appendix 2). Consistent with our working hypothesis that activation of
OR TBI biomarkers in the brain reduces tau neuropathology, we observed that treatment of NSE-
OR4M1 primary cortico-hippocampal neuron cultures with the OR4M1 agonist Z221560030
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significantly reduced cellular Tau phosphorylation (Zho et al., 2015, Provisionally Accepted; Appendix 
2). While our observation specifically highlighted beneficial effects of OR4M1 activation by 
pharmacological means, our observation also support the possibility that pharmacological activation of 
other OR TBI biomarkers, such as OR11H1 or OR52N5, might also similarly attenuate tau 
neuropathological phenotypes.  

Based on information relating to chemical structures and OR4M1-activiting bioactivity of the small 
molecular ligands we generated from our initial screening process, we further refined our in silico 
screening model system to optimize the efficacy of the model system for identifying candidate OR4M1 
ligands with improved affinity and specificity. As we have discussed in our Second Year Final Report, 
we used this refined model in an in silico screening against virtual compounds from the ZINC database, 
as well as additional compounds from our in-house FSL library of drug-like compounds and the NCI 
Open library of compounds. We identified 64 candidate small molecular OR4M1 ligands that might be 
more potent and selective than ZINC10915775 for activating OR4M1 for future pharmacological 
development.  
 

2. Using a strategy similar to our screening program for OR4M1 agonists, we constructed a virtual 3D 
structural model for OR11H1 and identified a receptor binding pocket, which we used as a target for 3D 
in silico screening against virtual compounds from the ZINC library.  As we have discussed in our 
Second Year Final Report, we identified 83 candidate small molecular OR11H1 ligands that showed 
good occupancy of the predicted binding pocket. We found the 83 compounds can be grouped into 7 
clusters of structurally similar compounds; the remaining 64 compounds did not fall into clusters. These 
compounds provide key targets for future pharmacological development of select OR11H1 agonists for 
modulating Tau neuropathology phenotypes in veteran and civilian subjects with TBI and/or AD.   

Accomplishments under Task 1B: 
Identifying cellular signals underlying modulation of tau neuropathology by OR TBI biomarkers. 
1. To assess the potential role of OR4M1 on tau phosphorylation in brain neuronal cells, we designed and 

constructed a lentiviral OR4M1 expression plasmid and packaged the construct into OR4M1 lentiviral 
particles capable of overexpressing OR4M1 in mammalian cells. We then transduced primary cortico-
hippocampal neuron cultures with purified OR4M1 lentiviral particles to induce neuronal 
overexpression of OR4M1. Using OR4M1 lentivirus transduced primary neuron cultures, we screened 
known odorants for their potential to interact with and activate OR4M1 by monitoring for odorant-
mediated induction of cAMP as an index of OR4M1 activation. We identified several low-affinity 
OR4M1 agonists that are able to activate OR4M1, but only in the presence of high, M concentrations 
of the agonists (Zho et al., 2013; Appendix 1). We continued and investigated effects of OR4M1 
activation on tau neuropathological phenotypes using one of the identified low-affinity OR4M1 
agonists, acetophenone. We found that treatment of  OR4M1 lentivirus transduced primary cortico-
hippocampal neuron cultures with 10 M of acetophenone significantly reduced tau phosphorylation, in 
part, by inhibiting cellular JNK signaling that plays a key role in tau hyperphosphorylation and that is 
known to be activated by various forms of stress (Zho et al., 2013; Appendix 1). 
 
The cause-effect relationship between neuronal activation of OR4M1 and protection against tau 
neuropathological phenotypes were further examined using NSE-OR4M1 primary cortico-hippocampal 
neuron cultures and the higher-affinity OR4M1 agonist, ZINC10915775. Consistent with our evidence 
using the low-affinity OR4M1 agonist acetophenone, we found that treatment with 100 nM Z221560030 
significantly decreased tau phosphorylation on Ser202/Thr205 (AT8 epitope) and also on 
Thr212/Ser214 (AT100 epitope), but not on Ser396/404 (PHf1-epitope) (Zhao et al, 2015, Provisionally 
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Accepted; Appendix 2). Moreover, we observed that these modulatory effects of Z221560030 on 
neuronal tau phosphorylation are mediated, in part, by the inhibition of cellular JNK signaling cascade 
in response to OR4M1 activation (Zhao et al, 2015, Provisionally Accepted; Appendix 2).   

Accomplishments under Task 2A: 
Explore the Association between TBI exposure, OR expression and abnormal tau processing in vivo.

1. Based on our initial observation from a civilian mTBI study cohort implicating OR11H1, OR4M1 and
OR52N5 mRNA as biomarkers for TBI, we continued and investigated regulations of the three OR TBI
biomarkers using banked PBMCs from a cohort of five OEF/OIF veteran and a control cohort of seven
age- and gender-matched veterans with TBI (non-TBI veterans) (Zho et al., 2013; Appendix 1). Similar
to our observation from the civilian study cohort, we found all three OR TBI biomarkers are
significantly down-regulated in PBMC specimens of veteran TBI cases compared to that of non-TBI
control cases (Zho et al., 2013; Appendix 1). Continuing to explore the potential relevance of OR11H1,
OR4M1, and OR52N5 to TBI clinical symptoms, we found that the contents of the three OR biomarkers
in PBMCs were significantly and inversely correlated with TBI severity: lower OR mRNA contents in
PBMCs are associated with exposure to more severe head injury (Fig. 4A–C). We also found that OR
TBI biomarker contents in PBMCs were significantly correlated with select aspects of self-reported
clinical TBI symptoms. In particular, PBMC contents of OR11H1 or OR4M1 were significantly
associated in an inverse fashion with TBI-specific symptoms, a summation of 25 cognitive symptoms
that are sensitive and specific to TBI (Zhao et al., 2013; Appendix 1). OR11H1 or OR4M1 content
within PBMCs were not associated with self-assessments of mood (Fig. 4D). Expression level of the
third OR biomarker, OR52N5, was not correlated with TBI-specific symptoms or self-assessment of
mood (Zhao et al., 2013; Appendix 1).

2. We continued and explored the potential physiological relevance of OR11H1, OR4M1, and OR52N5 in
the brain using post-mortem brain specimens. We found the three TBI biomarker ORs are expressed in
multiple regions of the brain, including temporal gyrus, entorhinal cortex, occipital cortex, and the
hippocampal formation (Zhao et al., 2013; Appendix 1). Our observation that the three OR biomarkers
were ectopically expressed in multiple brain regions outside of the olfactory bulb suggested potential
function(s) of these ORs in the brain unrelated to the detection and processing of olfactory information.

3. We continued and explored the potential inter-relationship between TBI exposure and down-regulation
of ORs in a blast-induced mTBI (bTBI) rat model that was initially developed by Chavko et al. 2006
(Chavko et al., 2006).  We monitored the expression of ORs in bTBI rats longitudinally, for up to 12
month after blast exposure. Similar to what we previously found in subjects with a history of TBI (Zhao
et al., 2013; Appendix 1), we found significantly lower contents of Olr1612, the rodent ortholog of
human OR4M1, in PBMCs of bTBI rats compared to age- vender-matched control rats without blast
treatment. We also observed, in PBMCs of bTBI rats, down regulation of several ORs (Olr1671, Olr322
and Olr735 that, respectively, are rodent orthologs of human OR2J3, OE4D9 and OR4X1) that we
previously found down-regulated in PBMCs of humans with TBI (Zhao et al., 2013; Appendix 1).
Collectively, our evidence demonstrated a cause-effect relationship between TBI and OR down-
regulation.

What opportunities for training and professional development has the project provided?
Nothing to report 

How were the results disseminated to communities of interest?
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Results were reported in two scientific research manuscripts for publication in peer-reviewed journals. One 
manuscript, Zhao et al., 2013 (Appendix 1) was published in Journal of Alzheimer’s Disease. The second 
manuscript, Zhao et al., 2015 (Appendix 2) has been provisionally accepted to the Journal of Cellular 
Biochemistry.  
 
We have also reported our studies in scientific meetings:   

Pasinetti, GM. Attenuation of neuropathological features shared by TBI and AD through olfactory 
receptor activation. Arrowhead’s 3rd Annual TBI Conference, Washington D.C., USA, March, 2013 
 
Pasimetti, GM. Role of olfactory receptors in Traumatic Brain Injury-associated tauopathy. Society of 
Biological Psychiatry 67th Annual Convention, Philadelphia, PA, USA, May, 2012 
 
Pasinetti GM, Gordon W, Ho L, Zhao W. Role of olfactory receptor in Traumatic Brain Injury-
Associated Tauopathy. Ninth World Congress on Brain Injury, Edinburgh, Scotland, March, 2012.  
 
Pasinetti GM, Gordon W, Dams-O’Connor K, Zhao W, Ho L. Traumatic Brain Injury (TBI) induces 
down-regulation of olfactory receptors that are ectopically expressed in the brain: implications in TBI-
mediated tauopathy. Experimental Biology Meeting, San Diego, CA, USA, April, 2012. 

 

What do you plan to do during the next reporting period to accomplish the goals?
Nothing to Report 
 

 
4. IMPACT Describe distinctive contributions, major accomplishments, innovations, successes, or any change 

in practice or behavior that has come about as a result of the project relative to: 
 

What was the impact on the development of the principal discipline(s) of the project? 
The overall goal of the project was to investigate whether down-regulation of select OR TBI biomarkers in the 
brain may contribute to the elevation of tau neuropathological phenotypes, thereby promoting the development 
of AD dementia among Operation Enduring Freedom (OEF) and Operation Iraqi Freedom (OIF) veterans with 
exposure to TBI. Outcomes from our study demonstrated that abnormal tau processing in subjects with a history 
of TBI may be traced back to abnormal down-regulation of certain OR TBI biomarkers, including OR4M1 and 
OR11H1, in the brain (Zhao et al., 2013). We also demonstrated that activation of OR TBI biomarkers, such as 
OR4M1 may reduce tau neuropathological phenotypes, in part, by inhibiting cellular JNK signaling, thereby 
interfering with the phosphorylation of tau at select residues that are associated with tauopathies. Interestingly 
the physiological relevance of OR4M1 is consistent with the recent study demonstrating that controlled cortical 
impact TBI activates JNK and increases tau phosphorylation in a 3xTg mouse model of AD (Tran et al., 2011). 
Our studies also identified a novel high-affinity OR4M1 agonist and demonstrated that in primary neuronal 
cultures, activation of OR4M1 by this agonist significantly reduced cellular tau phosphorylation. Collectively, 
our findings support our hypothesis that inactivation of certain ubiquitous ORs in response to conditions 
associated with TBI might be at the basis for potential abnormal tau phosphorylation possibly through 
mechanisms associated with the JNK pathway. This evidence suggests a potential fine-tuning character of OR-
mediated JNK regulation in response to conditions associated with TBI. 
 
Our observation from the experimental bTBI model demonstrated, for the first time, a direct cause-and effect 
relationship between long-term down regulation of select ORs and a neuropathological feature in TBI. This 
validates our hypothesis that down regulation of select ORs in PBMCs and in the brains of our human TBI 
study cohort may be caused by prior TBI exposure (Zhao et al., 2013; Appendix 1). Our 3-D in silico screening 
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model provides an innovative means to identify novel compounds that can modulate tau phosphorylation 
through activation of ORs. Future studies will focus on structure-activity relationships (SAR) around the active 
compound and the optimization of an in silico screening system based on this information to identify 
compounds with higher potency and specificity as potential preventative and possibly therapeutic agents for 
TBI associated pathologic phenotypes at early stages. 
 

What was the impact on other disciplines? 
Results from studies demonstrating activation of OR TBI biomarkers reduces tau neuropathology support 
further development of select OR agonists as novel therapeutics for modulating tau neuropathology in TBI, AD, 
as well as in other tauopathies such as progressive supranuclear palsy, chronic traumatic encephalopathy, 
frontotemporal dementia and parkinsonism linked to chromosome17, among others.  
 

What was the impact on technology transfer? 
Our 3-D in silico screening model provides an innovative means to identify novel compounds that can modulate 
tau phosphorylation through activation of ORs. Future studies will focus on structure-activity relationships 
(SAR) around the active compound and the optimization of an in silico screening system based on this 
information to identify compounds with higher potency and specificity as potential preventative and possibly 
therapeutic agents for TBI associated pathologic phenotypes at early stages. 
 

What was the impact on society beyond science and technology? 
Increasing epidemiological evidence demonstrated prior exposure to TBI is associated with increased risk for 
AD. Outcomes from our studies provide novel mechanistic supports linking TBI exposure and AD, thereby 
strengthening the association between TBI exposure and risk for AD. This information will help raises 
awareness among both civilians and military personnel of the long-term complications from, which will provide 
the impetus to mobilize resources and or political will to develop novel strategies that would minimize TBI 
exposure and/or that would improve outcomes following TBI exposure. 
 
5. CHANGES / PROBLEMS  
 

Changes in approach and reasons for change 
 Nothing to report 
 

Actual or anticipated problems or delays and actions or plans to resolve them 
 We requested for and received a no cost extension of the project to from 24 to 30 months for us to complete 
 our proposed studies. 
 

Changes that had a significant impact on expenditures 
 Nothing to report 
 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select 
agents 

 Nothing to report 
 

Significant changes in use or care of human subjects 
Nothing to report 
 
Significant changes in use or care of vertebrate animals. 
Nothing to report 
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Significant changes in use of biohazards and/or select agents 
Nothing to report 
 
 

6. PRODUCTS:  
 

Publications, conference papers, and presentations 
 
Journal publications.  

Zhao W, Ho L, Varghese M, Yemul S, Dams-O'Connor K, Gordon W, Knable L, Freire D, Haroutunian 
V, Pasinetti GM. Decreased level of olfactory receptors in blood cells following traumatic brain injury 
and potential association with tauopathy. J Alzheimers Dis., 2013;34(2):417-29.  

Zhao W, Ho L, Wang J, Bi W, Yemul S, Ward L, Freire D, Mazzola P, Brathwaite J1, Mezei M, 
Roberto Sanchez R, Elder GA, Pasinetti GM. In Silico Modeling of Olfactory Receptor 4M1 and 
Biochemical Characterization of Novel Ligands in Tauopathy Attenuation. Journal of Cellular 
Biochemistry, 2015 (Provisionally Accepted). 

Books or other non-periodical, one-time publications.  
Nothing to report 
 
Other publications, conference papers, and presentations.   

Pasinetti, GM. Attenuation of neuropathological features shared by TBI and AD through olfactory 
receptor activation. Arrowhead’s 3rd Annual TBI Conference, Washington D.C., USA, March, 2013 
 
Pasimetti, GM. Role of olfactory receptors in Traumatic Brain Injury-associated tauopathy. Society of 
Biological Psychiatry 67th Annual Convention, Philadelphia, PA, USA, May, 2012 
 
Pasinetti GM, Gordon W, Ho L, Zhao W. Role of olfactory receptor in Traumatic Brain Injury-
Associated Tauopathy. Ninth World Congress on Brain Injury, Edinburgh, Scotland, March, 2012.  
 
Pasinetti GM, Gordon W, Dams-O’Connor K, Zhao W, Ho L. Traumatic Brain Injury (TBI) induces 
down-regulation of olfactory receptors that are ectopically expressed in the brain: implications in TBI-
mediated tauopathy. Experimental Biology Meeting, San Diego, CA, USA, April, 2012. 

 
Website(s) or other Internet site(s) 
Nothing to report 
 
Technologies or techniques 
Our OR4M1 lentivirus and our NSE-OR4M1 transgenic mouse line are available for investigators by other 
scientists, upon request. 
 
Inventions, patent applications, and/or licenses 
Nothing to report 
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Other Products 
Nothing to report

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?
Provide the following information for: (1) PDs/PIs; and (2) each person who has worked at least one person
month per year on the project during the reporting period, regardless of the source of compensation (a person
month equals approximately 160 hours of effort). If information is unchanged from a previous submission,
provide the name only and indicate "no change."

Name: Giulio Maria Pasinetti 
Project Role: PI 
Researcher Identifier 
(e.g. ORCID ID): 

Nearest person month 
worked: 36 

Contribution to Project: 

Oversaw the design and execution of the overall study, 
interpretation of the data gathered and preparation of reports and 
manuscripts. 

Funding Support: 

Name: Lap Ho 

Project Role: Co-Investigator 

Researcher Identifier 
(e.g. ORCID ID): 

Nearest person month 
worked: 36 

Contribution to Project: 

Conducted gene expression of PBMCs from the civilian and the 
veteran TBI study cohort leading to the identification of OR TBI 
biomarkers, conducted the studies exploring the regulation of OR 
biomarkers in the bTBI rat model, and helped with the design of 
the overall studies, interpretation of the data and preparation of 
the manuscripts  

Funding Support: 

Name: Wei Zhao 

Project Role: Co-Investigator 

Researcher Identifier 
(e.g. ORCID ID): 
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Nearest person month 
worked: 30 

Contribution to Project: 

Conducted the investigations on distributions of OR TBI 
biomarkers in the brain, prepared the OR4M1 lentiviral virus, 
conducted the in silico screening studies toward identification of 
candidate ligands for OR4M1 and OR11H1. Also conducted the 
studies exploring OR4M1-activating bioactivities of candidate OR 
ligands, effects of OR4M1 activation on tau phosphorylation in 
primary neuronal cultures, and molecular mechanisms by which 
activation of OR4M1 reduces tau neuropathology. Helped with the 
execution of the studies exploring the regulation of OR biomarkers 
in the bTBI rat model, the design of the overall studies, 
interpretation of the data and preparation of the manuscripts 

Funding Support: 

 
Name: Merina Varghese 

Project Role: Co-investigator 

Researcher Identifier 
(e.g. ORCID ID): 

Nearest person month 
worked: 12 

Contribution to Project: 

Assisted with the execution of the studies exploring effects of 
OR4M1 activation on tau phosphorylation in primary neuronal 
cultures, and molecular mechanisms by which activation of 
OR4M1 reduces tau neuropathology. 

Funding Support: 

 
Name: Hanna Reding 

Project Role: Co-Investigator 

Researcher Identifier 
(e.g. ORCID ID): 
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Abstract. Traumatic brain injury (TBI) is a leading cause of death and disability among children and young adults in the United
States. In this study, we explored whether changes in the gene expression profile of peripheral blood mononuclear cells (PBMC)
may provide a clinically assessable “window” into the brain, reflecting molecular alterations following TBI that might contribute
to the onset and progression of TBI clinical complications. We identified three olfactory receptor (OR) TBI biomarkers that
are aberrantly down-regulated in PBMC specimens from TBI subjects. Down-regulation of these OR biomarkers in PBMC
was correlated with the severity of brain injury and TBI-specific symptoms. A two- biomarker panel comprised of OR11H1
and OR4M1 provided the best criterion for segregating the TBI and control cases with 90% accuracy, 83.3% sensitivity, and
100% specificity. We found that the OR biomarkers are ectopically expressed in multiple brain regions, including the entorhinal-
hippocampus system known to play an important role in memory formation and consolidation. Activation of OR4M1 led to
attenuation of abnormal tau phosphorylation, possibly through JNK signaling pathway. Our results suggested that addition of
the two-OR biomarker model to current diagnostic criteria may lead to improved TBI detection for clinical trials, and decreased
expression of OR TBI biomarkers might be associated with TBI-induced tauopathy. Future studies exploring the physiological
relevance of OR TBI biomarkers in the normal brain and in the brain following TBI will provide a better understanding of the
biological mechanisms underlying TBI and insights into novel therapeutic targets for TBI.
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of
death and disability among children and young adults
in the United States [1]. TBI is an acquired injury
caused by a sudden trauma to the head that disrupts
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normal brain functioning, which leads to either tran-
sient or chronic impairments in physical, cognitive,
emotional, and/or behavioral functions. In the civil-
ian population, TBI is typically associated with direct,
closed impact mechanical trauma to the brain due
to falls, motor vehicle accidents, sports, etc. [2]. In
contrast, TBI among military personnel, particularly
amongveterans returning from thePersianGulf region,
is primarily due to exposure to blast pressure waves
stemming from blast-producing weaponry, leading to
prototypical cognitive deficits including impairments
in attention, memory, processing speed, and executive
functioning [2–4]. Both civilians and veteranswho suf-
fer from TBI exhibit symptoms that range in severity
from mild to very severe, with a minimal to profound
impact on daily functioning. The reasons why TBI
induces different clinical symptoms among affected
individuals are not yet known.
New evidence has highlighted defects in neural

circuit and synapses, and the plastic processes con-
trolling these functions, in TBI [5–11]. While genes
relevant to these processes are expressed in the brain,
some of these genes are also expressed in circulating
blood cells, such as peripheral bloodmononuclear cells
(PBMCs) [12–15]. Consistent with this, recent stud-
ies have illustrated that PBMC-associated biomarkers
may provide insights into the pathogenesis of neuro-
logical disorders such as Alzheimer’s disease and can
be used to monitor disease diagnosis and progression
[16, 17]. Thus, PBMCmay also provide an ideal, clin-
ically assessable “window” into the brain, reflecting
molecular alterations following TBI which might con-
tribute to the onset and progression of clinical TBI
phenotypes.
Evidence suggests that appropriate interventions can

reduce functional impairment after TBI [18–20]. In
order to demonstrate the efficacy of clinical interven-
tions, research must identify the biological, clinical,
and neurological indexes that are sensitive to the detec-
tion of functional impairments after TBI. Therefore, in
this study we explored the feasibility of identifying
clinically assessable TBI biomarkers and the potential
function of identified TBI biomarkers in TBI neu-
ropathology.

MATERIALS AND METHODS

Civilian TBI and control subjects

Eleven individuals with TBI (five male and six
female), with TBI severity ranging frommild to severe,

and nine control participants (four male and five
female) were recruited from the Brain Injury Research
Center at the Mount Sinai School of Medicine
(MSSM).Medical documentationofTBIwas reviewed
for each participant. The age- and education-matched
controls were recruited using advertisements placed in
localmedia andflyers, and throughwordofmouth. Fol-
lowing a capacity screening to assess the individual’s
ability to comprehend the purpose and procedures of
the study and provide informed consent, the informed
consent process was performed in accordance with
MSSM IRB policies and procedures.
All participantswere screened using theBrain Injury

Screening Questionnaire (BISQ) [21, 22] to assess the
kinds of situations in which a brain injury might have
occurred, and the number and severity of hits to the
head sustained throughout the lifespan. Using infor-
mation gained from the BISQ and from individual
interviews conducted by the authors, injury severity
was classified using a 7-point scale ranging from 1 (no
loss of consciousness, no confusion (i.e., no TBI)) to 7
(loss of consciousness greater than4weeks in duration)
[21, 22]. For those who have been injured, question-
naires in the BISQ solicit participants’ self-reported
measures of functional difficulties and symptoms asso-
ciated with brain injury and events, conditions other
than brain injury that might lead to symptoms similar
to those seen in brain injury, as well as the occurrence
of persistent, highly disruptive symptoms (functional
changes) that do not “go away”, which TBI partici-
pants may continue to experience following the blow
to the head.

Veteran TBI and control subjects

For this biomarker validation study, we obtained
banked PBMCs from a cohort of five OEF/OIF
veterans and a control cohort of seven age- and gender-
matched veterans without TBI (non-TBI veterans).
TBI diagnosis is based on confirmation according to
Defense and Veterans Brain Injury Center (DVBIC)
criteria of sustained injury to the head plus subsequent
alteration of consciousness, andRepeatableBattery for
Neuropsychological Testing (RBANS) scores of one
standard deviation below the norms established for age
and education of individuals in question.Non-TBI con-
trol classification is based on DVBIC confirmation of
no sustained injury to the head and RBANS scores
less than one standard deviation below the norms
established. Most of the veteran TBI cases exhibit co-
morbid post-traumatic stress disorder (PTSD). Thus,
our non-TBI control cases are also matched for PTSD
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diagnosis. In this study, diagnosis of PSTD is based on
a score of 50 or more in the PTSD Checklist – Civilian
Version.

Postmortem brain specimens

Human postmortem brain samples from 4 neuro-
logically normal cases (characterized by a Clinical
Dementia Rating (CDR) of 0) were obtained from the
Alzheimer’s Disease Brain Bank of the Mount Sinai
School of Medicine. A multistep approach based on
cognitive and functional status during the last 6months
of life was applied to the assignment of CDR [23] as
previously reported [24, 25].

PBMC and RNA isolation

Blood specimens were collected into BD Vacu-
taineer CPT Cell Preparation Tubes. PBMC were
isolated following manufacturer’s instructions (Bec-
ton, Dickinson and Company) and were stored at
−80◦Cuntil use. Total RNAwas isolated from approx-
imately 10–50mg of PBMC using RNA STAT-60
(Tel-Test) according to themanufacturer’s instructions.
The purity and concentration of RNA samples were
determined from OD260/280 readings using a dual
beam UV spectrophotometer and RNA integrity was
determined by capillary electrophoresis using theRNA
6000 Nano Lab-on-a-Chip kit and the Bioanalyzer
2100 (Agilent Technologies).

Microarray study and analysis

Total RNA was directly labeled using the
FlashTag™ HSR Biotin RNA Labeling Kit accord-
ing to the manufacturer’s instructions (Genisphere).
Verification of biotin labeling was obtained by an
enzyme-linked oligoabsorbant assay (ELOSA) using
Immobilizer™ Amino – 8 well strips (Nunc/Thermo
Fisher Scientific) according to instructions supplied
by Genisphere. Labeled RNA (1.0�g) was hybridized
for 16 h at 48◦C to Affymetrix HuGene 1.0 ST
arrays containing probe sets for 28,869 genes. Arrays
were washed and stained on a Fluidics Station
450 (Affymetrix) according to the manufacturer’s
recommended procedures. The arrays were stained
with phycoerythrein-conjugated streptavidin (Life
Technologies) and the fluorescence intensities were
determined using a GCS 3000 7G high-resolution con-
focal laser scanner and AGCC software (Affymetrix).
The scanned images were analyzed with the RNA

QC tool (Affymetrix) using RMA global background
correction, quantile normalization and median polish
summarization to generate quantified data (as recom-
mended by Genisphere). Quality control metrics for
arrays included normalized signal values >1000 for
five spike-in control oligo probe sets (Genisphere).
RNA probe sets exhibiting significant differential

expression (SDE) were identified using the following
steps in GeneMaths XT (AppliedMaths): 1) Probe sets
with array detection p-values ≤0.05 for all samples
in at least one experimental group were selected for
further analysis; 2) Performed Discriminant Analysis
(DA) and determined the largest percentage of remain-
ing probe sets that permitted correct group assignment
of samples in unsupervised hierarchical clustering by
the Unweighted Pair-Group Method using Arithmetic
averages (UPGMA) based on cosine correlation of row
mean centered log2 signal values; this was the top 50
percentile; and 3) in the DA top 50 percentile, selected
probe sets with absolute signal log2 fold changes≥1.0
and independent t-test p-values ≤0.05 adjusted for
multiple testing error by theBenjamini-Hochberg FDR
correction method. Unsupervised hierarchical clus-
tering of probe sets and heat map generation were
performed in GeneMaths XT following row mean
centering of log2 transformed MAS5.0 signal values;
probe set clustering was performed by the UPGMA
method using Cosine correlation as the similarity met-
ric. For comparative purposes, clustered heat maps
included probe sets for spike-in controls (Genisphere),
or endogenous small RNAs exhibiting: 1) Array detec-
tion p-values≤0.05, and 2) either a) a log2 signal value
standard deviation ≤0.025 for all samples or b) in the
DA top 50 percentile with a FC >1.3 in the opposite
direction of the selected SDE profile.

Confirmatory quantitative PCR

First strand cDNA was synthesized from 1�g
of total RNA using Superscript III Super-mix for
qRT-PCR (Invitrogen). Quantitative RT-PCR was
performed using Maxima SYBR Green master mix
(Fermentas) in ABI Prism 7900HT in four replicates
with primers amplifying the seven olfactory receptor
candidates: OR4Q3 (Forward: CACCTGCTCCAATC
TCCTATG, Reverse: TCCCCTAACATCTTTGGCA
C); OR51L1 (Forward: TTCCCACACCTTTGCTA
CTG, Reverse: AATACTGTTGGTCCTGGCATC);
OR4D10 (Forward: CCATCTCTGTCACCTTCAC
TG, Reverse: ATGGCTGACTTCATCTCATGG);
OR4M1 (Forward: TCTGTTAATGTCCTATGC-
CTTCC, Reverse: AATGTGGGAATAGCAGGTGG);
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OR52N5 (Forward: ATGCTACCACACTCACCAAC,
Reverse: CATCAGCAATACACCCCTCAG); OR2J3
(Forward: CCTCTCATCCTCATTCTCACTTC, Re-
verse: CAAACACTTTCTGAAGCCCAG); OR11H1
(Forward: AACTGGTCATACTGTGCTGG, Reverse:
GGGCAGAAACACAATCCAATG). Human TATA-
binding protein (TBP, Forward: TGCACAGGAGCC
AAGAGTGAA, Reverse: CTGGAACGGTGAAG-
GTGACA) expression level was used as an internal
control. Data were normalized using the 2−��Ct

method [26]. Levels of olfactory receptor mRNAs
were expressed relative to those in control groups and
plotted in GraphPad Prism.

Lentiviral plasmid construction and lentivirus
packaging

We obtained pCMV6-XL5-OR4M1 cDNA clone
from Origne and subcloned the OR4M1 ORF into
lentivial plasmid pLVX-IRES-ZsGreen (Clontech).
The inserted OR4M1 sequence was verified by
sequencing. For lentivirus packaging, we transfected
Lenti-X 293T cells with either pLVX-OR4M1-IRES-
ZsGreen or pLVX-IRES-ZsGreen using Lentiviral
Packaging System (Clontech). Medium was collected
48 h after transfection and a ten-fold concentration
step was performed using Lenti-X Concentrator
(Clontech).

Primary neuron culture, lentiviral transduction,
and cAMP assay

Embryonic day 15 cortico-hippocampal neuronal
cultures were prepared from C57BL6 mouse (Jack-
son Laboratory) as previously described [27]. Cells
were seeded onto poly-D-lysine-coated 12-well plates
at 5× 105 cells per well and cultured in Neu-
robasal medium supplemented with 2% B27, 0.5mM
L-glutamine, and 1% penicillin-streptomycin (Life
Technologies). On Day 5 of culture, primary cortico-
hippocampal neuron cultures were transduced with
lentiviral particles overexpressing OR4M1 or control
lentiviral particles by spin infection (800 g× 90min
at 30◦C). Transduction efficiency was monitored by
ZsGreen expression. 72 h after lentiviral transduction,
cells were pretreated with 3-isobutyl-l-methylxanthine
(IBMX), an inhibitor of cAMP phosphodiesterase,
for 10min followed by ligand treatment (10�M) for
10min. cAMP assaywas performed using a colorimet-
ric cAMP ELISA assay kit (Cell Biolabs).

Luminex multiplex assay and western blot analysis

Primary cortico-hippocampal neuronswere infected
with OR4M1 lentiviral particles and stimulated with
acetophenone (10�M) for 1 h. Multiplex luminex
assay was performed using the Milliplex xMAP
8-plex multipathway signaling-phosphoprotein kit
(Millipore) as previously described [28]. Protein
concentrations were determined using the BCA pro-
tein assay kit (Thermo Scientific). 30�g of total
protein were loaded onto 12% SDS-PAGE and
subjected to western blot analysis with antibody
recognizing phospho-JNK (T183/Y185) (Cell Signal-
ing), phospho-ERK (T185/Y187) (Cell Signaling),
and PHF-1 (phospho-tau (S396/S404), a generous
gift from Peter Davies at Albert Einstein College of
Medicine). Blots were quantified in ImageJ (NIH),
normalized with glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (Santa Cruz Biotechnologies)
and then plotted in GraphPad Prism.

RESULTS

Identification of select olfactory receptors as
clinically accessible candidate TBI biomarkers

We analyzed the gene expression profile in PBMC
derived from subjects with TBI and age-, gender-, and
education-matched healthy controls. Our data showed
that female subjects had a more robust profile than
males probably due to a rather smaller number of male
subjects in the study cohort. Taking this into consider-
ation, further analysis and confirmatory studies were
all performed in a subset of the study cohort which
only contains female subjects. Demographic infor-
mation for the female TBI and control participants
is summarized in Table 1. Using microarray gene
expression profile analysis, we identified a panel of
102 candidate biomarker genes (36 annotated and 66
non-annotated genes) that are differentially regulated
(t-test p< 0.05) following Benjamini-Hochberg false
discovery rate correction [29] by >1.5-fold in PBMC
specimens of TBI cases compared to control cases
(Fig. 1A). More importantly, we were able to correctly
separate all cases into TBI and non-TBI groupings
using this panel of 102 genes in an unsupervised hier-
archical clustering analysis (Fig. 1A). Interestingly,
among the panel of 102 candidate TBI biomarkers that
we identified from microarray data, 7 were olfactory
receptors (Fig. 1B). Our microarray studies revealed
that each of the 7 ORs were down-regulated in PBMC
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Table 1
Demographic information for the civilian study cohort. TBI sever-
ity was classified using a 7-point scale ranging from 1 (no loss of
consciousness, no confusion (i.e., no TBI)) to 7 (loss of conscious-
ness greater than 4 weeks in duration) [23]. Time post injury is the
time frame between the occurrence of brain injury and volunteer’s

participation in this biomarker study

Control TBI

Number of cases 5 6
Gender 100% female 100% female
TBI severity
Mean ± SD 1± 0 4± 1.67
Range 1 2–6
Age (mean y±SD) 34.80± 14.48 35.33± 13.32
at study participation
Post injury interval — 5.42± 5.30
(mean y±SD)
Education 16.80± 1.10 14.50± 2.35
(mean y±SD)
Ethnicity composition
White-Caucasian 80% 66.7%
Black-African American — 33.3%
Hispanic 20% —

of TBI cases compared to those of control cases in
this study cohort (Figs. 1B, 2A).

Confirmatory qPCR studies

Using independent qPCR assays, we confirmed
that three of the ORs (OR11H1, OR4M1, and
OR52N5)were significantly down-regulated in PBMC
of TBI cases (Fig. 2B). For the remaining four ORs
(OR4D10, OR2J3, OR4Q3, OR51L1), our qPCR evi-
dence showed lower levels of these ORs in PBMC of
TBI compared to control cases, but these differences
did not reach statistical significance (Fig. 2B). This
particular result is conceivably due to a high degree
of gene expression variability for these 4 ORs among
healthy control cases and the relatively small sample
sizes that we used in our exploratory study.
We continued to explore the sensitivity and speci-

ficity of an individual or combined role of OR11H1,
OR4M1, and OR52N5 in distinguishing TBI cases
from normal healthy controls in our study cohort
(Fig. 2C). Using unsupervised clustering analyses, we
found that a two- biomarker panel comprised of OR11-
H1 and OR4M1 provides the best criterion for segre-
gating the TBI and control cases with 90% accuracy,
83.3% sensitivity, and 100% specificity (Fig. 2C, D).
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Fig. 1. Development of blood biological indices (biomarkers) capable of correctly segregating TBI and control cases. Gene expression profile
analysis of PBMC specimens from TBI and 5 age-, gender-, and education-matched control cases using a microarray platform (Affymetrix)
led to the identification of a panel of 102 candidate biomarker genes. A) The 108 differentially-regulated genes identified were subjected to
unsupervised hierarchical clustering analysis using the UPGMA algorithm with cosine correlation as the similarity metric. Results are presented
as a heat map (left panel) demonstrating that the content of the 108 biomarker panel is able to correctly segregate TBI from control cases. B) 7
ORs and one OR pseudogene that are down-regulated in PBMC of TBI cases.
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Fig. 2. Down-regulation of OR genes in PBMC of TBI cases provide a sensitive and specific criterion for distinguishing TBI from control cases.
mRNA contents for each of the 7 candidate OR biomarker genes in TBI and control cases were analyzed by microarray (A) or independent
qPCR (B). Bar graphs represent mean±SEM. *p< 0.05, **p< 0.01, ***p< 0.001 by student t-test, TBI versus control. The efficacy of using
biomarker contents from PBMC as a criterion to correctly segregate TBI and control cases was tested by unsupervised clustering analysis
using the UPGMA algorithm with cosine correlation as the similarity metric. C) The accuracy, sensitivity, and specificity of OR11H1, OR4M1,
OR52N5, or panels of ORs to distinguish TBI from control cases. D) A heat map graphically depicting the efficacy of using the two biomarker
panel to distinguish TBI cases and control cases by unsupervised clustering analysis.

TBI biomarker validation studies: Testing the
validity of OR11H1, OR4M1, and OR52N5 to
distinguish TBI from non-TBI control cases from a
study cohort of OEF/OIF veterans

The pathophysiological mechanisms underlying
mechanical and blast-related TBI may differ in some
ways, but they share important pathophysiological
features. Similarities between the pathophysiologies
of mechanical and blast-related TBI [2] suggested
that information gathered from TBI cases in the
civilian population may also be relevant to combat-
related TBI. Based on this, we tested the ability of
OR11H1, OR4M1, and OR52N5 to distinguish TBI
cases from non-TBI controls from a study cohort of
OEF/OIFveterans. For this biomarker validation study,
we obtained banked PBMCs from a cohort of five
OEF/OIF veterans and a control cohort of seven age-
and gender-matched veterans without TBI (non-TBI
veterans) (Table 2). Similar to our above-mentioned

observations regarding OR biomarkers from the civil-
ian study cohort, we found that OR4M1 (Fig. 3A),
OR11H1 (Fig. 3B), and OR52N5 (Fig. 3C) are also
significantly down-regulated in PBMC specimens of
veteran TBI cases compared to that of non-TBI con-
trol cases. The two biomarker panel of OR11H1 and
OR4M1 we identified from the civilian TBI study
cohort is also capable of distinguishing veteran TBI
from control veteran cases with 83% accuracy, 80%
sensitivity, and 86% specificity (Fig. 3D & E).

OR biomarker contents in PBMCs are correlated
with TBI severity & long-term clinical
neuropsychological complications

Continuing to explore the potential relevance of
OR11H1, OR4M1, andOR52N5 to TBI clinical symp-
toms, we found that the contents of the three OR
biomarkers in PBMC was significantly and inversely
correlated with TBI severity: lower OR mRNA
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Table 2
Demographic information for the veteran study cohort. TBI diagno-
sis is based on confirmation according toDefense andVeterans Brain
Injury Center (DVBIC) criteria of sustained injury to the head plus
subsequent alteration of consciousness, and Repeatable Battery for
Neuropsychological Testing (RBANS) scores of one standard devia-
tion below the norms established for age and education of individuals
in question. Non-TBI control classification is based on DVBIC con-
firmation of no sustained injury to the head and RBANS scores less
than one standard deviation below the norms established. Most of
the veteran TBI cases exhibit co-morbid post-traumatic stress disor-
der (PTSD). Thus, our non-TBI control cases are also matched for
PTSD diagnosis. In this study, diagnosis of PSTD is based on a score

of 50 or more in the PTSD Checklist – Civilian Version

Control TBI

Number of cases 7 5
Gender 57% male 80% male
Age (mean y±SD) 30.1± 9.4 31.0± 7.1
Interval since last deployment 2.8± 2.3 4.0± 3.8
(mean y±SD)
Education (mean y±SD) 13.3± 2.8 13.8± 1.5
Percentage of cases with 85.7% 100%
co-morbid PTSD
Ethnicity composition
Black-African American 14.3% 40%
Hispanic 85.7% 60%

contents in PBMCs are associated with exposure to
more severe head injury (Fig. 4A–C). We also found
that ORTBI biomarker contents in PBMCwere signif-
icantly correlated with select aspects of self-reported

clinical TBI symptoms. In particular, PBMC contents
of OR11H1 or OR4M1 were significantly associated
in an inverse fashion with TBI-specific symptoms, a
summation of 25 cognitive symptoms that are sen-
sitive and specific to TBI [22]. OR11H1 or OR4M1
content within PBMC were not associated with self-
assessments of mood (Fig. 4D). Expression level of the
third OR biomarker, OR52N5, was not correlated with
TBI-specific symptoms or self-assessment of mood
(Fig. 4D).

Ectopic expression of OR TBI biomarkers in
multiple brain regions outside of the olfactory bulb

The brain represents a key target tissue for
understanding TBI clinical complications and for
the development of clinical interventions. In order
to explore the potential physiological relevance of
OR11H1, OR4M1, and OR52N5 in the brain, we
assessed the RNA contents of OR biomarkers in the
brain.We found that the threeTBI biomarkerORswere
expressed in multiple regions of the brain from post-
mortem brain specimens, including temporal gyrus
(BM22), entorhinal cortex (BM36), occipital cortex
(BM17), and the hippocampal formation (Fig. 5A &
B). In agreement with our RT-PCR data, we also

Fig. 3. Validation of OR TBI biomarkers in a veteran study cohort. The mRNA contents for (A) OR4M1, (B) OR11H1, and (C) OR52N5 in
TBI and control cases from a veteran study cohort were analyzed by qPCR. Bar graphs represent mean + SEM. *p< 0.05 by student t-test, TBI
versus control. D) The accuracy, sensitivity, and specificity of OR11H1, OR4M1, OR52N5, or panels of ORs to distinguish veteran TBI from
control veteran cases. E) A heat map graphically depicting the efficacy of using the two biomarker panel to distinguish veteran TBI cases and
control veteran cases by unsupervised clustering analysis.
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Fig. 4. Olfactory receptor TBI biomarker contents in PBMCs are inversely correlated with TBI severity and long-term neuropsychological
complications. Correlation analysis was used to test the potential association between PBMC OR11H1, OR4M1, and OR52N5 mRNA content
and the severity of TBI injury or self-reported measures of TBI complications. OR11H1 (A), OR4M1 (B), and OR52N5 (C) content in PBMCs
are inversely correlated with TBI severity. D) Correlation coefficients and p-values of associations between individual OR biomarker content
in PBMCs and TBI severity, TBI-specific symptoms (a summation of 25 cognitive symptoms that are sensitive and specific to TBI) and
self-assessment of mood.

found the expression of OR TBI biomarkers in the
hippocampal formation region from the human brain
genome-wide microarray database [30] (Fig. 5C–E).
Our observation that the three OR biomarkers were
ectopically expressed in multiple brain regions outside
of the olfactory bulb suggested potential function(s) of
these ORs in the brain unrelated to the detection and
processing of olfactory information.

Activation of OR TBI biomarker modulates tau
neuropathology-related phenotypes in vitro

Olfactory receptors are members of the class A
rhodopsin-like family of G protein-coupled recep-
tors (GPCRs). Once the odorant has bound to
the odor receptor, the receptor undergoes structural
changes and it binds and activates the olfactory-type
G protein on the inside of the olfactory recep-
tor neuron. The G protein (Golf and/or Gs) in
turn activates adenylate cyclase, which converts ATP
into cyclic AMP (cAMP). So we first examined

the expression level of Golf and �-arrestin in
the PBMC of TBI and control subject and no
change was detected (Supplementary Figure 1; avail-
able online: http://www.j-alz.com/issues/34/vol34-
2.html#supplementarydata04).
Considering that tau neuropathology is a main

pathological feature following TBI, we continued to
explore whether OR4M1 activation might influence
tau processing mechanisms. We transduced primary
cortical-hippocampal neuron culture with OR4M1
lentiviral particles and screened several odorants for
their ability to activate OR4M1 using cAMP ELISA
assay. In Fig. 6A, we presented some representative
odorants that were capable or not capable of activat-
ing OR4M1. Positive ligands were used to stimulate
OR4M1-overexpressing primary cortico-hippocampal
neurons and the potential impact of activation of
OR4M1 on signaling pathways and aberrant tau phos-
phorylation were assessed. Using luminex multiplex
technology, we found that upon acetophenone stim-
ulation, phosphorylation of c-Jun N-terminal kinase
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Fig. 5. Olfactory receptor TBI biomarkers expression in the brain. OR11H1, OR4M1, and OR52N5 mRNA expression by (A) RT-PCR and (B)
relative expression level in postmortem superior temporal gyrus (BM22), hippocampal formation (HF), occipital cortex (BM17), and entorhinal
cortex (BM36) specimens from neurologically normal cases. Expression pattern of (C) OR4M1, (D) OR11H1, and (E) OR52N5 in the brain by
genome-wide microarray from the Allen Human Brain Atlas [30].

(JNK) at Thr183/Tyr185 was significantly reduced in
neurons overexpressing OR4M1 (Fig. 6B), indicat-
ing the activation of OR4M1 might influence JNK
signaling pathway. The phosphorylation of ERK1/2
(Fig. 6B), among others (STAT3, MEK, p70S6, IKBa,
and CREB, see Supplemental Figure 2), did not
change upon acetophenone stimulation, suggesting
that this inhibition of JNK signaling is rather spe-
cific. The stress-activated kinase JNK belongs to the
mitogen-activated protein kinase family and takes part
in signaling cascades initiated by various forms of
stress. Its targets include the microtubule-associated
protein tau [31]. Hyperphosphorylation of tau at
Ser396/Ser404 is a known feature associated with tau
neuropathology in neurodegenerative disorders such
as Alzheimer’s disease. Encouragingly, we observed
that overexpression and activation of OR4M1 in pri-

mary neurons significantly reduced cellular content
of abnormally phosphorylated tau at Ser396/Ser404
(PHF1 epitope) (Fig. 6C), suggesting that activation
of OR4M1might result in protection against abnormal
tau processing.
Collectively, our data demonstrated that select olfac-

tory receptors (e.g., OR11H1, OR4M1, and OR52N5)
were down-regulated in the PBMC of TBI cases and
could serve as TBI biomarkers. Activation of OR4M1
resulted in protection against tau neuropathological
features possibly through the JNK signaling pathway
(Fig. 7).

DISCUSSION

Consistent with accumulation evidence suggest-
ing that PBMC-associated biomarkers may provide
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Fig. 6. Activation of OR4M1 resulted in reduced tau phosphorylation via JNK signaling pathway. Primary cortico-hippocampal neuron culture
was transduced with lentiviral particles overexpressin OR4M1 or control lentiviral particles by spin infection (250 g× 90min at 30◦C). A)
Transduced cells were treated by (1) hedione, (2) (+) citronellal, (3) acetophenone, (4) pyrazine, and (5) 2-isobutyl-3-methopyrazine (all at
10�M, Sigma-Aldrich) for 10min and cAMP assay was performed. Transduced neurons were also treated with acetophenone for 1 h, and
multiplex luminex assay was performed using the Milliplex xMAP 8-plex multipathway signaling-phosphoprotein kit (Millipore) according to
manufacturer’s protocol: (B) Change of JNK phosphorylation on Thr183/Tyr185 and (C) ERK1/2 phosphorylation on Thr185/Tyr187. JNK and
tau phosphorylation were also measured by (D) western blot analysis using antibodies recognizing phospho-JNK, phospho-ERK, or phospho-tau
(PHF-1 epitope) and quantified (E, F) using GAPDH as a loading control. *p<0.05, **p< 0.01, ***p< 0.001 by two-tailed student t-test.

Fig. 7. Scheme of working hypothesis.

insights into the pathogenesis of neurological disor-
ders, results from our studies revealed that expression
of select ORs in PBMCmay serve as clinically assess-
able surrogate biological indices of TBI. ORs are G
protein-coupled receptors known to be expressed in
nasal epithelium olfactory neurons, where they are
responsible for the detection of odorants [32]. How-
ever, ectopic expression of select ORs, defined as a
biological event or process that occurs in an abnormal
location or position in the brain or other tissues, has
also been described [33].Our high throughputmicroar-
ray evidence, followed by data from independent
qPCR confirmatory studies, led to the identification
of three OR TBI biomarkers (OR11H1, OR4M1, and
OR52N5) that are ectopically expressed in PBMC and
are aberrantly down-regulated in PBMC specimens
from subjects with a history of TBI. Among the TBI

cases in our study cohort, there was a significant time
lag between the occurrence of brain injury and the
volunteers’ participation in this biomarker study; the
average post-injury interval among the TBI cases was
5.4± 5.3 years (Table 1). Thus, down-regulation of the
three ORs in PBMC among TBI cases was reflections
of long-term physiological consequences of TBI.
We found that down-regulation of the three OR

biomarkers in PBMC were directly correlated with
the severity of brain injury in our TBI participants.
Among the three OR biomarkers, we found that a two-
biomarker panel, comprised of OR11H1 and OR4M1,
provides the best criterion for segregating the TBI
and control cases with 90% accuracy, 83.3% sensi-
tivity, and 100% specificity. Interestingly, we found
that PBMC contents of OR11H1 and OR4M1 were
inversely correlated with cognitive-related symptoms.
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While additional studies will be required to clar-
ify the mechanisms underlying the inter-relationships
between changes in OR biomarker contents in PBMC,
the initial severity of brain injury, and long-term clin-
ical consequences of TBI, outcomes from our studies
suggest that additional applications of this two-OR
biomarker panel to current diagnostic criteria may lead
to improved TBI detection andmore sensitive outcome
measures for clinical trials.
Initial and persistent cognitive deficits are the most

commoncomplaints after TBI [34, 35]. The entorhinal-
hippocampus system is known to play an important
role in the formation and consolidation of memo-
ries, particularly spatialmemories [36–38]. Among the
brain regions surveyed, we found the highest content
of OR TBI biomarkers in the hippocampal formation,
with relatively lower levels of OR TBI expression in
the entorhinal cortex. Based on this and on our observa-
tion that the down-regulation of OR11H1 and OR4M1
in the PBMC are inversely correlated with self-
reported indexes of cognitive functions, it is likely that
ectopic expression of OR biomarkers in the entorhinal-
hippocampus circuitry might be relevant to long-term
deficits in cognitive functions following TBI.
It is well known that TBI may be a risk fac-

tor for dementia [39], but recent evidence suggests
that Alzheimer’s disease-related neuropathological
mechanisms may contribute to cognitive dysfunction
in TBI. The two characteristic neuropathologies of
Alzheimer’s disease are the abnormal accumulation
and deposition of amyloid-� peptides and tau pro-
teins in the brain. Evidence from humans [40–42] and
experimental animal models [43] has also revealed
abnormal accumulations of amyloid-� peptides and
tau proteins in the brain and in cerebrospinal fluid
following TBI. Interestingly, elevation of plasma tau
levels has been associatedwith increasingly severe out-
comes of TBI [44]. Multiple signaling pathways have
been demonstrated to be involved in TBI pathology,
including the AKT signaling pathway [45], glycogen
synthase kinase-3 signaling pathway [46], STAT3 sig-
naling pathway [47], ERK signaling pathway [48], and
JNK signaling pathway [49]. We found that activation
of OR4M1 could lead to attenuation of abnormal tau
phosphorylation on S396/404 via JNK signaling path-
way, suggesting a possible link between OR4M1 and
TBI-related tauopathy. Further studies will be needed
to investigate abnormal tau phosphorylation level in the
serum/cerebrospinal fluid of TBI subjects, especially
the phosphorylation of Thr181, which has been impli-
cated as a fluid-based marker in dementia [50]. Studies
will also be needed to dissect in detail the signaling

pathways that are associated with the attenuation of
tau neuropathology through OR activation.

ACKNOWLEDGMENTS

This study was supported in part by discretionary
funding to GMP and in part from the National Center
for Research Resources (NCRR), a component of the
National Institutes of Health (NIH) (UL1RR029887).
Authors’ disclosures available online (http://www.j-

alz.com/disclosures/view.php?id=1571).

REFERENCES

[1] Centers for Disease Control and Prevention (1999) Trau-
matic brain injury in the United States: A report to Congress.
http://www.cdc.gov/ncipc/pub-res/tbi congress/TBI in the
US.PDF

[2] Elder GA, Cristian A (2009) Blast-related mild traumatic
brain injury: Mechanisms of injury and impact on clinical
care. Mt Sinai J Med 76, 111-118.

[3] Lezak M, Howieson DB, Loring DW (2004) Neuropsycho-
logical Assessment, Oxford University Press.

[4] Vasterling JJ, Proctor SP, Amoroso P, Kane R, Heeren T,
White RF (2006) Neuropsychological outcomes of army per-
sonnel following deployment to the Iraq war. JAMA 296,
519-529.

[5] Redell JB, Zhao J, Dash PK (2011) Altered expression of
miRNA-21 and its targets in the hippocampus after traumatic
brain injury. J Neurosci Res 89, 212-221.

[6] Reeves TM, Lyeth BG, Povlishock JT (1995) Long-term
potentiation deficits and excitability changes following trau-
matic brain injury. Exp Brain Res 106, 248-256.

[7] Cohen AS, Pfister BJ, Schwarzbach E, Grady MS, Goforth
PB, Satin LS (2007) Injury-induced alterations in CNS elec-
trophysiology. Prog Brain Res 161, 143-169.

[8] Gao X, Deng P, Xu ZC, Chen J (2011) Moderate traumatic
brain injury causes acute dendritic and synaptic degeneration
in the hippocampal dentate gyrus. PLoS One 6, e24566.

[9] Gobbel GT, Bonfield C, Carson-Walter EB, Adelson PD
(2007) Diffuse alterations in synaptic protein expression fol-
lowing focal traumatic brain injury in the immature rat.Childs
Nerv Syst 23, 1171-1179.

[10] Witgen BM, Lifshitz J, Smith ML, Schwarzbach E, Liang
SL,GradyMS,CohenAS (2005)Regional hippocampal alter-
ation associated with cognitive deficit following experimental
brain injury: A systems, network and cellular evaluation.Neu-
roscience 133, 1-15.

[11] Wu A, Molteni R, Ying Z, Gomez-Pinilla F (2003) A
saturated-fat diet aggravates the outcome of traumatic brain
injury on hippocampal plasticity and cognitive function by
reducing brain-derived neurotrophic factor. Neuroscience
119, 365-375.

[12] Patanella AK, Zinno M, Quaranta D, Nociti V, Frisullo G,
Gainotti G, Tonali PA, Batocchi AP, Marra C (2010) Correla-
tions between peripheral blood mononuclear cell production
ofBDNF,TNF-alpha, IL-6, IL-10 and cognitive performances
in multiple sclerosis patients. J Neurosci Res 88, 1106-1112.



428 W. Zhao et al. / Olfactory Receptor and TBI-Related Tauopathy

[13] van Heerden JH, Conesa A, Stein DJ, Montaner D, Russell V,
Illing N (2009) Parallel changes in gene expression in periph-
eral blood mononuclear cells and the brain after maternal
separation in the mouse. BMC Res Notes 2, 195.

[14] Alberini CM (2009) Transcription factors in long-term mem-
ory and synaptic plasticity. Physiol Rev 89, 121-145.

[15] Gardiner E, Beveridge NJ, Wu JQ, Carr V, Scott RJ, Tooney
PA, Cairns MJ (2011) Imprinted DLK1-DIO3 region of
14q32 defines a schizophrenia-associated miRNA signature
in peripheral blood mononuclear cells. Mol Psychiatry 17,
827-840.

[16] Maes OC, Schipper HM, Chertkow HM, Wang E (2009)
Methodology for discovery of Alzheimer’s disease blood-
based biomarkers. J Gerontol A Biol Sci Med Sci 64, 636-645.

[17] Speciale L, Calabrese E, Saresella M, Tinelli C, Mariani C,
Sanvito L, Longhi R, Ferrante P (2007) Lymphocyte sub-
set patterns and cytokine production in Alzheimer’s disease
patients. Neurobiol Aging 28, 1163-1169.

[18] Archer T, Svensson K, Alricsson M (2012) Physical exercise
ameliorates deficits induced by traumatic brain injury. Acta
Neurol Scand 125, 293-302.

[19] Qu C, Mahmood A, Ning R, Xiong Y, Zhang L, Chen J, Jiang
H, Chopp M (2010) The treatment of traumatic brain injury
with velcade. J Neurotrauma 27, 1625-1634.

[20] Dams-O’Connor K, Gordon WA (2010) Role and impact of
cognitive rehabilitation. Psychiatr Clin North Am 33, 893-
904.

[21] Cantor JB, Gordon WA, Schwartz ME, Charatz HJ, Ashman
TA, Abramowitz S (2004) Child and parent responses to a
brain injury screening questionnaire. Arch Phys Med Rehabil
85, S54-S60.

[22] GordonWA, Haddad L, BrownM, Hibbard MR, Sliwinski M
(2000) The sensitivity and specificity of self-reported symp-
toms in individuals with traumatic brain injury. Brain Inj 14,
21-33.

[23] Berg L (1988) Clinical dementia rating (CDR). Psychophar-
macol Bull 24, 637-639.

[24] Haroutunian V, Purohit DP, Perl DP, Marin D, Khan K, Lantz
M,DavisKL,MohsRC (1999)Neurofibrillary tangles in non-
demented elderly subjects and mild Alzheimer disease. Arch
Neurol 56, 713-718.

[25] Haroutunian V, Perl DP, Purohit DP, Marin D, Khan K, Lantz
M, Davis KL, Mohs RC (1998) Regional distribution of neu-
ritic plaques in the nondemented elderly and subjects with
very mild Alzheimer disease. Arch Neurol 55, 1185-1191.

[26] Livak KJ, Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the 2(-
Delta Delta C(T)) Method. Methods 25, 402-408.

[27] Wang J, Ho L, Chen L, Zhao Z, Zhao W, Qian X, Humala
N, Seror I, Bartholomew S, Rosendorff C, Pasinetti GM
(2007) Valsartan lowers brain beta-amyloid protein levels and
improves spatial learning in a mouse model of Alzheimer
disease. J Clin Invest 117, 3393-3402.

[28] Zhao W, Varghese M, Yemul S, Pan Y, Cheng A, Marano
P, Hassan S, Vempati P, Chen F, Qian X, Pasinetti GM
(2011) Peroxisome proliferator activator receptor gamma
coactivator-1alpha (PGC-1alpha) improves motor perfor-
mance and survival in a mouse model of amyotrophic lateral
sclerosis. Mol Neurodegener 6, 51.

[29] Benjamini Y, Hochberg Y (1995) Controlling the false dis-
covery rate: A practical and powerful approach to multiple
testing. J R Stat Soc Series B Stat Methodol 57, 289-300.

[30] (2012) Allen Human Cortex Study [Internet]. Allen Institute
for Brain Science ©2009, Seattle, WA. http://humancortex.
alleninstitute.org.

[31] Reynolds CH, Betts JC, BlackstockWP, Nebreda AR, Ander-
ton BH (2000) Phosphorylation sites on tau identified by
nanoelectrospray mass spectrometry: Differences in vitro
between the mitogen-activated protein kinases ERK2, c-Jun
N-terminal kinase and P38, and glycogen synthase kinase-
3beta. J Neurochem 74, 1587-1595.

[32] DeMaria S, Ngai J (2010) The cell biology of smell. J Cell
Biol 191, 443-452.

[33] Feldmesser E, Olender T, Khen M, Yanai I, Ophir R, Lancet
D (2006)Widespread ectopic expression of olfactory receptor
genes. BMC Genomic 7, 121.

[34] LovellM, FranzenM (2012)Neuropsychological assessment.
In Neuropsychiatry of Traumatic Brain Injury, Silver JM,
Yudofsky SC, Hales RE, Eds. American Psychiatric Press,
Inc, Washington, DC.

[35] Whyte J, Polansky M, Cavallucci C, Fleming M, Lhulier J,
Coslett HB (1996) Inattentive behavior after traumatic brain
injury. J Int Neuropsychol Soc2, 274-281.

[36] Derdikman D, Moser EI (2010) A manifold of spatial maps
in the brain. Trends Cogn Sci 14, 561-569.

[37] Eichenbaum H, Lipton PA (2008) Towards a functional orga-
nization of the medial temporal lobe memory system: Role
of the parahippocampal and medial entorhinal cortical areas.
Hippocampus 18, 1314-1324.

[38] Squire LR, Zola-Morgan S (1991) The medial temporal lobe
memory system. Science 253, 1380-1386.

[39] van Duijn CM, Tanja TA, Haaxma R, Schulte W, Saan RJ,
Lameris AJ, ntonides-Hendriks G, Hofman A (1992) Head
trauma and the risk of Alzheimer’s disease. Am J Epidemiol
135, 775-782.

[40] IkonomovicMD, Uryu K, Abrahamson EE, Ciallella JR, Tro-
janowski JQ,LeeVM,ClarkRS,MarionDW,Wisniewski SR,
DeKosky ST (2004) Alzheimer’s pathology in human tempo-
ral cortex surgically excised after severe brain injury. Exp
Neurol 190, 192-203.

[41] Marklund N, Blennow K, Zetterberg H, Ronne-Engstrom E,
Enblad P, Hillered L (2009) Monitoring of brain interstitial
total tau and beta amyloid proteins bymicrodialysis in patients
with traumatic brain injury. J Neurosurg 110, 1227-1237.

[42] Olsson A, Csajbok L, Ost M, Hoglund K, Nylen K, Rosen-
gren L, Nellgard B, Blennow K (2004) Marked increase of
beta-amyloid(1-42) and amyloid precursor protein in ventric-
ular cerebrospinal fluid after severe traumatic brain injury.
J Neurol 251, 870-876.

[43] Szczygielski J, Mautes A, Steudel WI, Falkai P, Bayer TA,
Wirths O (2005) Traumatic brain injury: Cause or risk of
Alzheimer’s disease? A review of experimental studies. J
Neural Transm 112, 1547-1564.

[44] Liliang PC, Liang CL, Weng HC, Lu K, Wang KW, Chen
HJ, Chuang JH (2010) Tau proteins in serum predict out-
come after severe traumatic brain injury. J Surg Res 160,
302-307.

[45] Chen T, Zhang L, Qu Y, Huo K, Jiang X, Fei Z (2012) The
selective mGluR5 agonist CHPG protects against traumatic
brain injury in vitro and in vivo via ERK and Akt pathway. Int
J Mol Med 29, 630-636.

[46] Dash PK, JohnsonD, Clark J, Orsi SA, ZhangM, Zhao J, Grill
RJ, Moore AN, Pati S (2011) Involvement of the glycogen
synthase kinase-3 signaling pathway in TBI pathology and
neurocognitive outcome. PLoS One 6, e24648.

[47] Oliva AA, Kang Y, Sanchez-Molano J, Furones C, Atkins
CM (2012) STAT3 signaling after traumatic brain injury. J
Neurochem 120, 710-720.

[48] Chen T, Cao L, Dong W, Luo P, Liu W, Qu Y, Fei Z (2012)
Protective effects of mGluR5 positive modulators against



W. Zhao et al. / Olfactory Receptor and TBI-Related Tauopathy 429

traumatic neuronal injury through PKC-dependent activation
of MEK/ERK Pathway. Neurochem Res 37, 983-990.

[49] Tran HT, Sanchez L, Brody DL (2012) Inhibition of JNK
by a peptide inhibitor reduces traumatic brain injury-induced
tauopathy in transgenic mice. J Neuropathol Exp Neurol 71,
116-129.

[50] Sjogren M, Davidsson P, Tullberg M, Minthon L, Wallin A,
Wikkelso C, Granerus AK, Vanderstichele H, Vanmechelen
E, Blennow K (2001) Both total and phosphorylated tau are
increased in Alzheimer’s disease. J Neurol Neurosurg Psychi-
atry 70, 624-630.



John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

Provisionally Accepted



Page 1 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 2 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 3 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

Page 4 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 5 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 6 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 7 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 8 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 9 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 10 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 11 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 12 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 13 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 14 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

 
 

 
 

 

 

 

 
 

 

 

 
 

 

 

 
 

Page 15 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Page 16 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 17 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 18 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 19 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 20 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Page 21 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 22 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 23 of 23

John Wiley & Sons, Inc.

Journal of Cellular Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60




