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Curriculum Vitae 
 
 

Andreas Mershin, Ph.D. 
 

Research Scientist,  
Lead, Label Free Research Group 

 
Massachusetts Institute of Technology, Center for Bits and Atoms E15-404g 

20 Ames St., Cambridge, Massachusetts 02139-4307, U.S.A. 
(617) 324-7143 Office, (617) 515-4192 Mobile, (617) 258-5239 Fax 

mershin@mit.edu 
    
 
Personal Website: www.mershin.org 

 
 

Education  
 
1997      M. Sci, Physics 

Thesis: Computer Simulation of Cosmic Microwave 
Background Anisotropies 
Advisor: Prof. Andy Albrecht 
 

Imperial College of 
Science, Technology 
and Medicine, 
University of London, 
UK 

2000      M.S., Physics 
Thesis: Quantum Physics Motivated Neurobiology 
Advisor: Distinguished Prof. Dimitri V. Nanopoulos
  
 

Texas A&M University, 
USA 
 

2003     Ph.D. Physics 
Dissertation: Tubulin in Vivo, in Vitro and in Silico  
Advisor: Distinguished Prof. Dimitri V. Nanopoulos  
 

Texas A&M University, 
USA 
 

2003-
2004     

Postdoctoral Fellow, Physics 
PIs: H.A. Schuessler & D.V. Nanopoulos 
Biophysics instrumentation and microfluidics for 
cytoskeleton and fibrous protein studies 
 

Texas A&M University, 
USA 

2004-
2008     

Senior Postdoctoral Associate, Center for Biomedical 
Engineering 
PI: Shuguang Zhang 
Automation, biophotovoltaics, protein electronics, label-
free molecular interaction instrumentation, machine 
olfaction 
 

Massachusetts Institute 
of Technology, USA 

 

mailto:mershin@mit.edu


Andreas Mershin, PhD CV  22 January 2018 Page 2 of 16
  

Academic Positions: 
2008-2010 Project Manager, Lead co-PI DARPA-MITRealNose, Center for Biomedical 

Engineering, MIT 
 
2008-2011 Research Scientist, Center for Biomedical Engineering, MIT 
 
Current Appointments 
2011-present Research Scientist, Label-Free Research Group Leader. Center for Bits and 

Atoms, MIT.  
 
2014- present Executive Education Instructor MIT Sloan: "Lab to Market the MIT Way" 
 
Professional Memberships: 
American Physical Society (2003- ), Sigma Xi Scientific Research Society (2003-), Aircraft 
Owners and Pilots Association (2003- ), Associate of the Royal College of Science (1997-) 
 
Entrepreneurship, Leadership, Service: 
2005-2007  Co-founder & Lead Organizer, Hellenic Business Network Big Idea Competition 

(Advisor (2007-2009) 
2005- Co-founder, Law and Liability Officer (Aircraft Procurement) and Staff Advisor 

to MIT Flying Club: MIT Campus Aerial Photography, Helicopter Rides for MIT 
Students 

2006-2015  Science consultant to MIT 100K teams  
 Tree Power Inc., (bioenergy harvesting, mesh-networked climate sensing became 

VoltreePower) BioBit/FitGain (quantified self wearable biosensing -became 
FitBit), LiveTrack (machine learning for internet traffic trend mining), 
AntiDark(distributed, scalable solar hextiles: MIT100K Accelerate Phase 
Business Idea Plan Competition winner 2015 & Mass Challenge summer startup 
incubator winners 2015),  

 Scientific Advisor to Minder (wearable EEG neurofeedback for meditators -
Cornell Business Plan Competition $3K winner)  

2006- Co-founder and Director of the International Molecular Frontiers Inquiry Prize for 
youth, the world's first prize awarded for questions, supported by the The Royal 
Swedish Academy of Sciences and the Nobel Foundation.  
(molecularfrontiers.org and mfinquiryprize.org) 

2006 Youth Mentoring at MIT Chapter of Molecular Frontiers 
2006 MIT Youth Guest Lecture Series Organizer: Benoit Mandelbrot and Fractals  
2008-2011  Co-founder and science advisor, Voltree Power LLC 
2009 Co-organizer, speaker, selection committee member of the “Membrane Protein 

Frontiers” International Workshop, Mykonos, Greece  
2014-  Co-founder Resonant Brain Dynamics/MindBoostr.com (non-medical 

 applications of Self-Calibrating Protocols to wearable EEG neurofeedback  
2014  Co-organizer, speaker, selection committee member "Bits <-> Biology" CBA 

 @ MIT May 1-2 2014 
2015-  Founder: Label Free Research Guest Lecture Series and CBA Journal Club  

 organizer 

http://archive.is/DbZSf
http://tech.mit.edu/V128/N28/flying.html
https://thetech.com/photos/1084
https://www.thetech.com/2008/05/02/flying-v128-n23
https://www.thetech.com/2008/05/02/flying-v128-n23
http://news.mit.edu/2008/trees-0923
http://www.molecularfrontiers.org/people/116
http://www.molecularfrontiers.org/partners
http://www.kva.se/en/startsida
http://www.kva.se/en/startsida
https://www.nobelprize.org/nobel_organizations/nobelfoundation/
http://www.molecularfrontiers.org/
http://mfinquiryprize.org/
http://news.mit.edu/2006/frontiers-0927
http://news.mit.edu/2006/father-fractals-takes-stock-market
https://www.youtube.com/watch?v=XHFD1gHdz88&t=7s
http://mindboostr.com/
http://cba.mit.edu/events/14.05.BB/index.html
https://youtu.be/mOJMYrnwwc0
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2016-  Advisor, Envision Princeton Conference 
2017-  Advisory board member, Zino Ventures 
2018-  Expert consultant, Medical Detection Dogs "Canine olfactory detection of human  
  colorectal cancer in urine and fecal samples" UK Bowel and Cancer Research    
 
Honors: 
2001 1st place, poster competition, Texas A&M Univ. Graduate Student Research Week: 

"Biological (qu)bits: theory and experiment”  
2003  Winner, Best Business Idea ($1k). Texas A&M Univ. Center for New Ventures and 

Entrepreneurship, Business Idea Competition for entry "Portable Brailler" 
2004 Scholar of the A.S. Onassis Public Benefit Foundation -awarded for academic and 

research excellence. 
2008 Young Researcher Award administered by Chemistry Nobel Laureate Sir Harry Kroto 

and EU Science Commissioner Andreas Mitsios  (2008) 
2008 Invited Young Scientist, 58th Meeting of Physics Nobel Laureates at Lindau, 

Germany 
 
 
Peer-Reviewed Publications 
 
A. Mershin, D.V. Nanopoulos & E.M.C. Skoulakis. Quantum Brain?  PROC. ACAD. 
ATHENS, 74 A (1999) 
 
N.E. Mavromatos, A. Mershin & D.V. Nanopoulos. QED-Cavity model of microtubules implies 
dissipationless energy transfer and biological quantum teleportation INT. J. MODERN 
PHYSICS B, 16, No. 24 3623-3642 (2002) 
 
H.A. Schuessler, A. Mershin, A.A. Kolomenski & D.V. Nanopoulos. Surface plasmon 
resonance study of the actin-myosin sarcomere complex and tubulin dimer, J. MODERN 
OPTICS, 50 No. 15-17, 2381-2391 (2003)  
 
A. Mershin, E. Pavlopoulos, O. Fitch, B.C. Braden, D.V. Nanopoulos & E.M.C. Skoulakis. 
Learning and memory deficits upon TAU accumulation in Drosophila mushroom body neurons. 
LEARNING & MEMORY,  May-June; 11(2):277-287 (2004) 
 
A. Mershin, A.A. Kolomenski, H.A. Schuessler & D.V. Nanopoulos. Tubulin dipole moment, 
dielectric constant and quantum properties: computer simulations, experimental results and 
suggestions. BIOSYSTEMS, 77:73-85  (2004) 
 
V. Lioubimov, A.A. Kolomenski, A. Mershin, D.V. Nanopoulos, & H.A. Schuessler. The effect 
of varying electric potential on surface plasmon resonance sensing APPLIED OPTICS June 10, 
43, No 17 (2004) 
 
D. Toback, A. Mershin & I. Novikova Integrating web-based teaching tools into large 
university physics courses THE PHYSICS TEACHER, 43, 594-597 (2005) 
 

https://envision-conference.com/
http://www.zino.co.nz/
https://www.medicaldetectiondogs.org.uk/
http://www.worldscientific.com/doi/abs/10.1142/S0217979202011512
http://www.worldscientific.com/doi/abs/10.1142/S0217979202011512
https://arxiv.org/pdf/quant-ph/0302159
https://arxiv.org/pdf/quant-ph/0302159
https://www.ncbi.nlm.nih.gov/pubmed/15169857
https://www.ncbi.nlm.nih.gov/pubmed/15527947
https://www.ncbi.nlm.nih.gov/pubmed/15527947
https://www.ncbi.nlm.nih.gov/pubmed/15527947
https://www.ncbi.nlm.nih.gov/pubmed/15219023
https://www.ncbi.nlm.nih.gov/pubmed/15219023
http://aapt.scitation.org/doi/abs/10.1119/1.2136456
http://aapt.scitation.org/doi/abs/10.1119/1.2136456
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H. Sanabria, J.H. Miller, A. Mershin, R.F. Luduena, A.A. Kolomenski, H.A. Schuessler & D.V. 
Nanopoulos. Dielectric spectroscopy of -tubulin heterodimer BIOPHYSICAL JOURNAL 
90:4644-4650 (2006)  
 
Love, C., Zhang, S., Mershin, A.  Source of Sustained Voltage Difference between the Xylem of 
a Potted Ficus benjamina Tree and Its Soil. PLoS ONE 3(8): e2963 (2008) 
 
Franco, MI., Turin, L., Mershin, A., Skoulakis E.M.C., Molecular vibration sensing component 
in Drosophila melanogaster olfaction.  PNAS March 1, vol. 108 no. 9 3797-3802 (2011) 
Highlighted on date of online pub (02/14/2011) by both NATURE Flies Sniff Out Heavy 
Hydrogen and SCIENCE: Do Vibrating Molecules Give Us Our Sense of Smell?  
 
Franco, MI., Turin, L., Mershin, A., Skoulakis E.M.C., Reply to Hettinger: Olfaction is a 
physical and a chemical sense in Drosophila PNAS August 2, Vol. 108 no. 31 (2011) 
 
Mershin, A., Matsumoto, K., Kaiser, L., Yu, D., Vaughn, M., Bruce, D., Graetzel, M., & Zhang, 
S. Self-assembled photosystem-I biophotovoltaics on nanostructured TiO2 and ZnO.  Nature 
Scientific Reports, 2,  doi:10.1038/srep00234 www.nature.com/articles/srep00234 (Feb  2 2012) 
 
T. Karydis, F. Aguiar, S. L. Foster, and A. Mershin. Performance characterization of self-
calibrating protocols for wearable EEG applications. PETRAe Conf. Proc., ISBN: 978-1-4503-
3452-5 doi>10.1145/2769493.2769533 Proceedings of the 8th ACM International Conference on 
PErvasive Technologies Related to Assistive Environments Article No. 38 (2015) 
 
T. Karydis, F. Aguiar, S. L. Foster, and A. Mershin. Self-Calibrating Protocols as diagnostic 
aids for personal medicine, neurological conditions and pain assessment. PETRAe Conf. 
Proc., ISBN: 978-1-4503-4337-4 doi>10.1145/2910674.29358522016 Proceedings of the 9th 
ACM International Conference on PErvasive Technologies Related to Assistive Environments 
Article No. 61 (2016) 
 
F.Tourlomousis, C.Jia, T.Karydis, A.Mershin, H.Wang, R.C Chang 
Machine Learning and AI for dimensional metrology of stem-cell-matrix interactions in 3D-
printed microscale fibrous tissue analogues (in preparation for submission to Biomaterials Dec 
2017) 
 
A. Mershin, George Church, and Kate Adamala, K. The Prospects of Synell Technologies (in 
preparation for submission to Nature Biotechnology Jan  2018)  
 
James F. Pelletier, Lijie Sun, Kim S. Wise, Nacyra Assad-Garcia, Bogumil J. Karas, Thomas J. 
Deerinck, Mark H. Ellisman, Andreas Mershin Neil Gershenfeld, Ray-Yuan Chuang, John I. 
Glass, Elizabeth A. Strychalski. Genetic basis for variation of cell size and shape in minimal 
cells Technologies (in preparation for submission to Cell Jan 2018)  
 
List of Published Work in NIH format "My Bibliography": 
http://www.ncbi.nlm.nih.gov/sites/myncbi/1tkVX7_YAFNkg/bibliograpahy/46207595/public/?s
ort=date&direction=descending  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1471852/
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0002963
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0002963
http://www.pnas.org/content/108/9/3797.full
http://www.pnas.org/content/108/9/3797.full
http://www.nature.com/news/2011/110214/full/news.2011.39.html
http://www.nature.com/news/2011/110214/full/news.2011.39.html
http://news.sciencemag.org/sciencenow/2011/02/do-vibrating-molecules-give-us-o.html?ref=hp
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3150894/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3150894/
https://www.nature.com/articles/srep00234
http://www.nature.com/srep/2012/120202/srep00234/full/srep00234.html
https://dl.acm.org/citation.cfm?id=2769533
https://dl.acm.org/citation.cfm?id=2769533
https://doi.org/10.1145/2769493.2769533
https://dl.acm.org/citation.cfm?id=2935852&preflayout=tabs
https://dl.acm.org/citation.cfm?id=2935852&preflayout=tabs
https://dl.acm.org/citation.cfm?doid=2910674.2935852
http://www.ncbi.nlm.nih.gov/sites/myncbi/1tkVX7_YAFNkg/bibliograpahy/46207595/public/?sort=date&direction=descending
http://www.ncbi.nlm.nih.gov/sites/myncbi/1tkVX7_YAFNkg/bibliograpahy/46207595/public/?sort=date&direction=descending
http://www.ncbi.nlm.nih.gov/sites/myncbi/1tkVX7_YAFNkg/bibliograpahy/46207595/public/?sort=date&direction=descending
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Book Chapters 
 
Mershin, A. "Personalized Machine Learning and AI for Perceptual Engineering" (in progress 
to appear in book "Wearable Technologies" Ed. by Jesus Ortiz, Close Mobile R&D & COMBA 
Group, Spain (2018) 
 
Mershin A., & Nanopoulos D.V., Memory depends on the cytoskeleton but is it quantum? 
Chapter 7 of QUANTUM ASPECTS OF LIFE ed. Davies, P. Imperial College Press ISBN: 978-
1-84816-253-2 (2008)  
 
Renugopalkrishnan, V., Kannan, A.M., Srinivasan S., Thavasi, V., Ramakrishna, S., Li, P., 
Mershin, A., Filipek, S., Kumar, A., Dutta, J., Jaya, A., Munukutta, L., Velumani, S. and 
Audette, G.F. Nanomaterials for Energy Conversion Applications pp 1-24 in 
NANOMATERIALS FOR ENERGY STORAGE APPLICATIONS; ed. Nalwa H.S., ISBN: 1-
58883- 120-5 (2008) 
 
A. Mershin, H. Sanabria, J.H. Miller, D. Nawarathna, E.M.C. Skoulakis, N.E. Mavromatos, 
A.A. Kolomenski, H.A. Schuessler, R.F. Luduena & D.V. Nanopoulos Towards experimental 
tests of quantum effects in cytoskeletal proteins THE EMERGING PHYSICS OF 
CONSCIOUSNESS Springer-Verlag Berlin, Heidelberg, New York, ISBN-13-9783540238904 
Chapter 4: 95-170 (2006) 
 
 
Invited Publications: 
D. Toback, A. Mershin & I. Novikova New Pedagogy for Using Internet-Based Teaching Tools 
in Physics Courses, e-print   http://xxx.lanl.gov/abs/physics/0408034 (2004) 
 
A. Mershin, B. Cook, L. Kaiser & S. Zhang. A classic assembly of nanobiomaterials NATURE 
BIOTECHNOLOGY, 23 No. 11: 9-10  (2005)   
 
Mershin A., We Need a Nobel prize for Kids. Op. Ed. NEW SCIENTIST April 29th (2008) 
http://www.newscientist.com/article/dn13798-comment-we-need-a-nobel-prize-for-
kids.html?DCMP=ILC-hmts&nsref=specrt10_pic 
 
  

https://www.intechopen.com/
https://www.scribd.com/document/357719245/Memory-Depends-on-Cytoskeleton-But-is-It-Quantum
https://www.scribd.com/document/357719245/Memory-Depends-on-Cytoskeleton-But-is-It-Quantum
http://www.worldscientific.com/worldscibooks/10.1142/p581
https://link.springer.com/chapter/10.1007/3-540-36723-3_4
https://link.springer.com/chapter/10.1007/3-540-36723-3_4
https://arxiv.org/pdf/physics/0408034
https://arxiv.org/pdf/physics/0408034
http://xxx.lanl.gov/abs/physics/0408034
https://www.nature.com/articles/nbt1105-1379
https://www.newscientist.com/article/dn13798-comment-we-need-a-nobel-prize-for-kids/?DCMP=ILC-hmts&nsref=specrt10_pic
http://www.newscientist.com/article/dn13798-comment-we-need-a-nobel-prize-for-kids.html?DCMP=ILC-hmts&nsref=specrt10_pic
http://www.newscientist.com/article/dn13798-comment-we-need-a-nobel-prize-for-kids.html?DCMP=ILC-hmts&nsref=specrt10_pic
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Keynote, Plenary and Invited  
• Invited Video Talk: "Label-Free" P61VMag: Pioneers of Interdisciplinary Innovation Issue 05 

www.proj61.com/vmag (12/14/2017) 
• "Smelling skin cancer with your smartphone" NZTV (11/30/2017) 
• Invited Lecture: "VR and Wearables for Perceptual Engineering: Pain, Olfaction and Mental 

Health" University of Auckland Dept of Psychological Medicine, Auckland New Zealand 
(11/29/2017) 

• Invited Lecture: "Perception Engineering via Personalized Machine Learning EEG 
Neurofeedback", Waikato University School of Engineering, Hamilton, New Zealand 
(11/27/2017) 

• Keynote: "Deploy for Impact, Adapt for Income" StartupFest, Zino Ventures, Auckland, New 
Zealand (11/24/2017) 

• Invited Lectures: "Build it to Understand It: MIT's Global Impact" Callaghan Innovation & 
"When Structure Isn't Function: the Global Pharma Crisis" Victoria University Wellington, New 
Zealand (11/23/2017) 

• Invited Masters Talk: "Make and Deploy for Impact: Motifs of the MIT Way" MindLab & 
TechFutureLab, Auckland, New Zealand (11/22/2017) 

• Invited Talk: "Curiosity Is A Superpower" TEDx Beacon St MA, USA (11/04/2017) 
• Invited Lecture: "Advances in NanoBioTech" Industrial Liaison Program, MIT, MA, USA 

(10/18/2017) 
• Invited Lecture: "Beyond the Dog's Nose" Medical Detection Dogs, Milton Keynes, UK 

(07/21/2017) 
• The Dave Kelly Keynote Lecture: "Molecular Phrenology" UK Semiochemistry Network, 

Gonville and Caius College, University of Cambridge, Cambridge, UK (07/18/2017) 
• Invited Lecture: "Protein Electronics Science and Bionanotechnology". Communication in 

Biology Systems and Applications in Bionanotechnology, University of Patras, GREECE 
(06/28/2017) 

• Invited Lecture: “Self Calibrating Protocols (SCP)  for Wearables and Personalized Machine 
Learning” The 10th ACM International Conference on PErvasive Technologies Related to 
Assistive Environments, Rhodes, GREECE (06/23/2017) 

• Invited Lecture: "Membrane Proteins: The Trillion Dollar Space Between Wet and Dry".  Naval 
Underwater Warfare Center, Newport, RI USA (4/19/2017) 

• Invited Lecture: "Role of Curiosity in Research and Technology"  Consciousness Hacking: 
Meditation, Neuroscience and Technology Symposium. Harvard Divinity School, Cambridge, 
MA USA youtube.com/watch?v=giphnnBvxRE  (3/30/2017)  

• Invited Lecture: "BioNanoTechnology of membrane proteins: from scents to cures" Epoch 
Foundation, TSMC & MediaTek Taipei, TAIWAN, (11/9/2016) 

• Invited Lecture: "Future of Wearable Biosensors (wearable personalized machine learning and 
EEG) Mayorty of Wuxi, CHINA  (11/7/2016) 

• Invited Nanotechnology Keynote: "Unlocking the Nanoscale".  Princeton Envision Conference, 
Princeton, NJ, USA www.youtube.com/watch?v=c0s6sQacqaE (12/2/2016)  

• Invited Seminar: "Olfaction: A Scientific Goldmine" Olfaction Research Group, Weizmann 
Institute of Science, Department of Neurobiology, ISRAEL (11/2/2016) 

• Invited Keynote: "Drowing in 'Omes", Monsanto Science Fellows Symposium, Chesterfield MO 
USA (4/13/2016) 

http://www.proj61.com/vmag
https://www.mershin.org/
http://www.tedxbeaconstreet.com/speakers/andreas-mershin/
https://www.medicaldetectiondogs.org.uk/
https://www.youtube.com/watch?v=QzpbdRGerEA
http://petrae.org/index.html
http://petrae.org/index.html
youtube.com/watch?v=giphnnBvxRE
https://www.youtube.com/watch?v=giphnnBvxRE
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=0ahUKEwjOxOqvksDXAhUKxCYKHdGXCtcQFgg8MAI&url=http%3A%2F%2Fwww.epoch.org.tw%2Fsites%2Fwww.epoch.org.tw%2Ffiles%2Fshi_dai_ji_jin_hui_ji_bao_2016q4.pdf&usg=AOvVaw3fBmxBtIK_P4wbIuHnxWeR
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=0ahUKEwjOxOqvksDXAhUKxCYKHdGXCtcQFgg8MAI&url=http%3A%2F%2Fwww.epoch.org.tw%2Fsites%2Fwww.epoch.org.tw%2Ffiles%2Fshi_dai_ji_jin_hui_ji_bao_2016q4.pdf&usg=AOvVaw3fBmxBtIK_P4wbIuHnxWeR
http://www.wuxilifepark.com.cn/main/portal.php?mod=view&aid=466
)%20www.youtube.com/watch?v=c0s6sQacqaE
https://www.youtube.com/watch?v=c0s6sQacqaE
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• Plenary Lecture: "From Olfaction to Pharma", Monsanto Science Fellows Symposium 
Chesterfield MO USA (4/14/2016) 

• Invited Lecture: "Beyond Structure-Function: the Science and Bio-nano-technology of 
Membrane Proteins".  Bioorganic Chemistry Seminar, Russian Academy of Sciences. 
Lomonosov University, Moscow, RUSSIA, (12/28/2015) 

• Invited Outside Lecture: "Drug Discovery Through The Nose" GlaxoSmithKline Science Week, 
Stevenage, UK (10/8/2015) 

• Exhibits and Invited Lectures "Distributed Solar Hextiles", "Modular Microfluidics" 
"Personalized Machine Learning for EEG Wearables" MIT-China Wuxi Conference Jiangsu 
Province, CHINA (05/22-24/2015) 

• Invited Talk: "Biomolecular Recognition". CBA Bits<-> Bio Conference. MIT, Cambridge, MA 
USA (5/1/2014) https://www.youtube.com/watch?v=raS_PWgk_iI  

• Invited Talk: "Bio Nano Technology-New Frontiers in Molecular Engineering" TEDx-Athens, 
GREECE (11/24/2012) 

• Invited Lecture: "Nature’s Templates" University of Pennsylvania, Department of Physics, 
Philadelphia, USA (08/15/2011) 

• Invited Lecture: "Bio-Nano-Materials" National Center for Nuclear Research EKEFE 
Demokritos, Athens GREECE (11/30/2010) 

• Invited Lecture: "Bioenergy harvesting and protein-based sensing".  IDTechEx Energy 
Harvesting and Wireless Sensors Conference, Cambridge USA (11/17/2010) 

• Invited Panel: "In-Field Fabrication of Bio-Photovoltaics" Pune FAB5: Fifth International Fab 
Lab Forum and Symposium on Digital Fabrication, INDIA (via satellite link) (08/20/2009)  

• Keynote Lecture: "Bio-Nano-Mechancs: Using Nature’s Templates" Technological University of 
Monterrey, 7th International Congress on Mechatronics Engineering, Monterrey, MEXICO 
(03/27/2009) 

• Invited Lecture: "Quantum Brain?" Boston Skeptics in the Pub, Cambridge, MA USA 
(01/26/2009) 

• Invited Panel: "Flexible BioPhotoVoltaics Manufacturing" Leaders for Manufacturing MIT 
Sloan School of Business. Cambridge, MA USA (11/06/2008) 

• Invited Lecture: "Self-assembled, bio-engineered photovoltaics and other applications of bio-
nano-tech" Alexander Fleming Institute: Vari, GREECE (06/25/2008) 

• Plenary Lecture: "Bio-Engineered Photosystem-I Sensitized Solar Cells on Nanostructured TiO2, 
and ZnO Photoanodes" 1st Int. Conf. on Nanoparticles, Nanomaterials Nanodevices and 
Nanosystems, Chalkidiki, GREECE (06/17/2008) and Biological Memory Depends on the 
Cytoskeleton but is it Quantum? Chalkidiki, GREECE (06/16/2008) 

• Invited Presentation: "Membrane protein photovoltaics" Biological Engineering Department 
MIT, Cambridge, MA, USA (11/20/2007) 

• Invited Lecture: "From patent to market: a guide for startups". Consulate General of Greece. 
Boston, MA USA (11/19/2007) 

• Invited Technology Presentation: "Early Wildfire Alert Network". USDA Forest Service, 
National Interagency Fire Center, Boise, Idaho, USA (08/13/2007) 

• Invited Panel: "Bio-Sensitized Solar Cells on ZnO nanowires"  Intel™  Power-Plus Forum: 
INTEL HQ, Portland, Oregon, USA (08/10/2007) 

• Invited Presentation: "Biosensing Devices" ROHM™ Kyoto, JAPAN (08/02/2007) 

http://cba.mit.edu/events/14.05.BB/
https://www.youtube.com/watch?v=raS_PWgk_iI
https://www.youtube.com/watch?v=sjV7NNwm1GU
https://vimeo.com/3029997
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• Invited Lecture: "Stabilized Membrane Proteins for Energy and Sensing Applications" 
NOKIA™, Helsinki, FINLAND, (07/17/2007) 

• Invited Talk: "Bottom-up Nano-biotechnology" Center for Bits and Atoms, Media Lab, 
Massachusetts Institute of Technology, Cambridge, MA, USA, (10/12/2006) 

• Keynote Lecture: Bio Nano Materials for Energy Applications: Joint 8th International 
Symposium on Hydrothermal Reactions & 7th International Conference on Solvo-Thermal 
Reactions, Sendai, JAPAN (08/07/2006) 

• Plenary Lecture:"Photosystem-I biosolar" The Protein Society 19th Symposium, Boston, USA 
(03/13/2006) 

• Invited Technology Presentation: "Protein-based nanowire photovoltaics" Delta 
Electronics,Taipei, TAIWAN (07/30/2005) 

• Invited Lecture: "Quantum biophysics: testing a controversial hypothesi"s Research for 
Undergraduates (RUG) program, Texas A&M Univ.. College Station, TX USA   (06/17/2003) 

• Plenary Lecture: "Experimental quantum brain?" Quantum Mind 2003 Conference, Univ. of 
Arizona Tucson, AZ, USA   (03/15/2003) 
 
Contributed Talks/Seminars 

• "Battery-less remote sensing and mesh-networked forest wildfire protection -E.W.A.N." Hellenic 
Technology Cluster Initiative (Ministry of Development)” GDT/Corallia, Athens, GREECE 
(06/13/2008) 

• "Bio-Nanotechnology: integrating membrane proteins with electronic circuits" Seminar: 
National Technical University of Athens, GREECE (10/16/2007) 

• "Biomimicry in nanotechnology" Marine Biology Institute, Heita-Kamaishi, JAPAN 
(03/12/2005) 

• "Photosynthetic electric power RIKEN, Yokohama, JAPAN " (03/10/2005) 
• "Peptide-assisted bio-nanodevices" Center for Astrophysics, Harvard University, Cambridge, 

MA, USA  (02/25/2005)  
• "Biological Engineering of Peptide-Stabilized Membrane Protein Chips" Massachusetts Institute 

of Technology, Cambridge, MA USA (12/09/2004), 
• " Bio(qu)bits: theory, simulation and experiment" Centre for Structural Biology, Imperial 

College of Science, Technology and Medicine, Univ. of London, UK (02/20/2004) 
• "Biomolecules as substrates for classical and quantum computation" Joint NSF/DARPA PI 

meeting, Ft. Lauderdale, FL USA (05/15/2003) 
• "Directed overexpression of vertebrate tubulin in Drosophila mushroom bodies causes 

neuroplasticity decrement in olfactory associative memory" Texas A&M Univ. Center for 
Advanced Invertebrate Molecular Neurobiology, USA (05/01/2001) 

• "Biophysics of the cytoskeleton" Houston Advanced Research Center (HARC), USA 
(11/28/2000) 
 
Invited Posters/Abstracts 

• "Shifted-Wavelength Photosynthesis for Biomass Production" Nature-Inspired Biomimicry 
Summit Exploration for Aerospace NASA/Ohio Aerospace Institute Cleveland, OH USA 
(10/5/2017) 

• "United States of E-coli" poster and multi-cultural directed evolution strategy presentation with 
Shannon L. Johnson for CBA entry to Evolthon Genome Engineering Challenge at Genome 

http://www.weizmann.ac.il/conferences/GE2016/
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Evolution Conference, Weizmann Institute of Science, Shannon L. Johnson, Timothy Stiles, 
Rachel Soo-Hoo Smith, Andreas Mershin Rehovot, ISRAEL(11/1-3/2016) 

• "BioManufacturing Impossible Materials"DARPA MTO Workshop, Dana Point, CA, USA 
(02/25/2011) 

• "Bio-based RealNose" DARPA RealNose Industry Day: Arlington, VA, USA (01/15/2008) 
• Joint NSF/DARPA PI meeting, Ft. Lauderdale, FL, USA, Electromagnetic and informational 

processes in biomolecular polymers (05/15/2003) 
 
Selected Mass Media:  
Thousands of media impressions in national and international print, TV, radio, Internet: CNN, 
Fox, BBC, VoA, NYT, FT (updated with latest 0.5M live viewers NZTV 
http://www.mershin.org) 

• New Scientist, Forbes, Xconomy, Popular Mechanics, Fast Company, Gizmodo, EEtimes, 
ZDNet, CleanTechLA, Environment Report, InventorSpot, TechTalk, MITNews, Nature 
Network Boston, Physorg, ETCounsel, Technology Review, Boston Globe, Wired, Engineering 
for Change: “The Biosolar Race is On”, PhysOrg: BioPV alternative to traditional solar cells  

• TV Specials: “Visions of the Future” (with Michio Kaku) BBC4 (2007), “Quantum Mysteries” 
(2003)  

http://www.mershin.org/
https://www.newscientist.com/article/dn17767-trees-could-be-the-ultimate-in-green-power/
https://www.newscientist.com/article/dn17767-trees-could-be-the-ultimate-in-green-power/
https://www.forbes.com/forbes/welcome/?toURL=https://www.forbes.com/sites/jenniferhicks/2012/02/21/grass-grass-clippings-turned-into-solar-cells-by-mit-scientist/&refURL=https://www.google.com/&referrer=https://www.google.com/
https://www.xconomy.com/boston/2008/11/26/the-roots-of-power-how-voltree-is-tapping-tree-energy-to-save-forests/
https://www.fastcompany.com/54384/if-popeye-were-biochemist
http://www.gizmodo.co.uk/2012/02/make-your-own-diy-solar-cells-from-just-grass-cuttings/
https://www.eetimes.com/document.asp?doc_id=1271712
http://www.zdnet.com/article/diy-solar-cells-made-from-grass-clippings/
http://inventorspot.com/articles/electricity_trees_could_prevent_forest_fires_17909
https://www.tempsensornews.com/weather/preventing-forest-fires-with-tree-power/
http://news.mit.edu/2006/frontiers-0927
https://phys.org/news/2012-02-photovoltaic-panels-material-cheap-alternative.html
https://www.linkedin.com/pulse/artificial-olfaction-from-darpa-mits-real-nose-new-drugs-vollrath/
https://www.technologyreview.com/s/426956/do-it-yourself-solar/
http://news.mit.edu/2012/biosolar-0203
https://www.wired.com/2008/03/ff-kurzweil-sb/
https://www.engineeringforchange.org/the-biosolar-race-is-on
https://www.engineeringforchange.org/the-biosolar-race-is-on
https://phys.org/news/2012-02-photovoltaic-panels-material-cheap-alternative.html
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  Patents 
• Lai, David (GSK) & Tourlomousis, Filippos, Gershenfeld, Neil, Mershin, Andreas 

(MIT) "Methods and Apparatus for Variable Emulsification" -joint assignees GSK-MIT, 
US Provisional Application Number 62598724, Filed Dec 14 2017 

 
• Mershin, Andreas & Adamala, Katarzyna "Methods and Apparatus for Synthetic Cell 

(Synell) Creation, Evolution, and Digital Transmission" MIT Ref. No. 19194X Ser. No. 
62/429,787  US Utility Application Number 15/831,379 Filed Dec. 5 2017 

 
• Mershin, Andreas "Methods and Apparatus for Temporal Stereoscopy" US Provisional 

Application No. 62/581,508 Filed November 3, 2017  
 
• Mershin, Andreas, "Methods and apparatus for shifted-wavelength photosynthetic 

energy harvesting and biomass production". United States Utility Patent EFS ID 
28882766 Utility Application Number: 15483572 Filing Date: April 10 2017, Publication 
Date Oct 19 2017 

 
• Johnson, Shannon & Mershin, Andreas )"Methods and Apparatus for Directed 

Exaptation" Disclosure to MIT Case No. 19895X Aug 29 2017 
  
• Mershin, Andreas, Karydis, Thrasyvoulos "Methods, Systems, and Apparatus For Self-

Calibrating EEG Neurofeedback" United States Patent Application 20160235324 Utility 
Application Number: 15/043909 Publication Date: 08/18/2016, Filing Date: 02/15/2016  

 
• Mershin, Andreas, Pelletier, James, Gershenfeld, Neil, Glass, John, Strychalski, 

Elizabeth. Methods and Apparatus for Transplantation of Nucleic Acid Molecules United 
States Utility Patent Application 20150037890 Application Number 14/449106 
Publication Date: Feb 05 2015  

 
• Mershin, A., Noireaux V, Pelletier JF, Gershenfeld NA "Methods and Apparatus for 

Cell-Free Microfluidic- Assisted Biosynthesis". US Utility 14/735,132. 2015 June 09 
2015 

 
• Mershin A. Leffell A. "Methods and Apparatus for Microfluidic Perfusion". US 

62164072. US9610578 B2 GrantUS 15/158,644 April 4, 2017 Filing date May 19, 2016 
Priority date May 20 2015  

 
• Mershin A, Cook B.L., Kaiser L, Bikker J.F., Miura Y. inventors "Multiplexed olfactory 

receptor-based microsurface plasmon polariton detector" US 8748111. June 10 2014 
 
• Mershin Andreas, Wassie Asmamaw, Maguire Yael, Kong Dave, Zhang Shuguang, 

Moran Patrick, Corin Karolina inventors, "Methods and Apparatus for Artificial 
Olfaction. US 13/966,169. August 13 2013  

 
• Mershin A, Zhang S, Prakash M, Kong D, Maguire Y., inventors Bio-sensing 

nanodevice. US 20090156427. June 18 2009 

http://www.freepatentsonline.com/result.html?sort=relevance&srch=top&query_txt=andreas+mershin&submit=&patents=on
http://www.freepatentsonline.com/y2017/0298312.html
http://www.freepatentsonline.com/y2017/0298312.html
http://www.freepatentsonline.com/y2016/0235324.html
http://www.freepatentsonline.com/y2016/0235324.html
http://www.freepatentsonline.com/y2016/0235324.html
https://www.google.com/patents/WO2015017733A1?cl=en&dq=andreas+mershin&hl=en&sa=X&ved=0ahUKEwiytcvF8L_XAhUDWCYKHYxGA2IQ6AEIQjAE
http://www.freepatentsonline.com/y2015/0037890.html
https://www.google.com/patents/US20160002611
https://www.google.com/patents/US20160002611
https://www.google.com/patents/US20160339429?dq=Methods+and+Apparatus+for+Microfluidic+Perfusion
https://www.google.com/patents/US8748111?dq=Multiplexed+olfactory+receptor-based+microsurface+plasmon+polariton+detector&hl=en&sa=X&ved=0ahUKEwiM9vfq8b_XAhWBbiYKHV7oASoQ6AEIJjAA
https://www.google.com/patents/US8748111?dq=Multiplexed+olfactory+receptor-based+microsurface+plasmon+polariton+detector&hl=en&sa=X&ved=0ahUKEwiM9vfq8b_XAhWBbiYKHV7oASoQ6AEIJjAA
https://www.google.com/patents/US9140677
https://www.google.com/patents/US9140677
https://www.google.com/patents/WO2009018467A3?cl=en&dq=andreas+mershin&hl=en&sa=X&ved=0ahUKEwiim_Ow77_XAhUJ5SYKHf5CASQQ6AEILTAB
https://www.google.com/patents/WO2009018467A3?cl=en&dq=andreas+mershin&hl=en&sa=X&ved=0ahUKEwiim_Ow77_XAhUJ5SYKHf5CASQQ6AEILTAB
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• Mershin A, Cook BL, Zhang S. inventors,  Bio-sensitized solar cells (BSSC). US 

8796544. Publication date August 05 2014, Priority date Dec 14 2005 
 
 
Ongoing research support: 
2013-2018 PI: GlaxoSmithKline label-free biomolecular interaction assays, machine 

olfaction, drug discovery, synthetic biology bioprinting ($200-$500K/year) 
 
2013- co-PI: Bay Valley Innovation Center, Shanghai, China. synthetic biology fab labs, 

next generation microfluidic perfusion (~$250K/year)  
 
Pending  research support: 
2018-2019 co-PI: MGH-MIT Strategic Partnership Grand Challenge Round 2: Cost-effective 

Accurate Diagnostics. "Wearable, Self-Calibrated EEG Monitoring to Diagnose 
and Predict Suicidal Thoughts and Behaviors" submitted Jan 16 2018  
($100K/year) 

2018-2021 PI: NSF Manufacturing Machines and Equipment "Additive Manufacturing with 
In-Situ Assembly & Patterning of Micron-Sized Bioreactors" submitted Jan 19 
2018 ($300K total) 

 
 
Completed research support: 
2013-2017 PI and Project Manager GSK-CBA sponsorship ($~1.1M) 
 
2012-2013 Key personnel and “Biological Parcel Service (BPS)” project manager of DARPA 

Living Foundries “Programmable Biomatter” project. ($~1M) 
 
2011-2012 PI and Project Manager: Label-Free Molecular Interaction Recognition Platform 

for Machine Olfaction Applications (~$175K industry sponsored research -
Quantum Recognition)  

 
2008-2010  Project Manager and lead co-PI: DARPA “MITRealNose” (Microfluidic-

Integrated Transduction RealNose): $9.8M for three Phases (only Phase I 
completed before DARPA cancellation of entire program ~$4M) 

 
2007-2008 co-PI MIT-ROHM Multiplexed Biosensing   ($1M) 
 
2001-2003   NSF grant in support of PhD research $250K 
 
2001-2003  Texas Informatics Task Force in matching support of PhD dissertation research 

$236K 
 
1999-2002 Received two direct research grants from the TAMU Dean of Science $15K  
 

https://www.google.com/patents/US8796544?dq=Bio-sensitized+solar+cells+(BSSC)&hl=en&sa=X&ved=0ahUKEwjr0tKe8r_XAhXFOyYKHUfVDFoQ6AEIJjAA
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Teaching 
1997-2002  Teaching Assistant, Physics Department, Texas A&M University.  Taught all 

undergraduate physics courses to engineers (201&218 Mechanics, 202&208 
Electricity & Magnetism). Received consistently excellent student reviews. 
Conducted lectures, recitations, laboratories, reviews, tutorials. 
 

2001-2003  Developed all content and deployed the first ever web-based teaching tools at 
Texas A&M University: "Automated Mathematics Evaluation System" (AMES) 
and "Computerized Homework Assignment Grading System" (CHAGS). Both 
became standard curriculum for engineering and physics students (~30,000users 
per year) (http://faculty.physics.tamu.edu/toback/218/quiz/) 

 
2004-2010  Molecular Structure of Biological Materials 
  MIT 20.342/442 Guest lecturer for sessions on bio-nano-materials, bioelectronics 
 
2005-2007  "Learning to Fly in the Boston Area"  
 MIT Flying Club bi-annual seminar for private pilot candidates 
 
2012- MIT Sloan Executive Education 
 "Lab-to-Market the MIT way" 
 
2012  MIT Course 8 
 Experimental Study Group ("Hard" Undergraduate Physics) 
 
  
2014- MIT Industrial Liaison Program 
 "Lab-to-Market Transitions within Industrial Innovation Cultures" 
 
 
2015- MIT IAP annual class and practical olfactory training:  
 "Making Sense of Scent"  
 -Jan 24 2018 1:45-5pm E14-633 
   
   
2018 MIT IAP class & design challenge with architect Chris Maurer (RedHouse) 
 "Creating Extreme Biomaterials, Designing a Sustainable Future for Architecture 

- Jan 25 2018 11am-4pm E15-359 
 
Mentorship 
Jing Han (MIT EE 2007 -researcher at Intel), Christopher J. Love (MIT Chem Eng 2009 -MITEI 
PhD 2014 Fellow), Asmamaw T. Wassie (MIT Chem/BE 2012, SynNeuroBio PhD 2018), 
Michael Kotson (MIT BS Physics 2012,  PhD candidate in Astrophysics U Hawaii), Alex 
Siegrist (MIT visiting 2006 -MS ETH 2007), Brian Cook (MIT BE PhD 2009, MIT CBE 
Postdoc 2010), Dirk Steurwald (MS visiting MIT -PhD 2013 Zurich), Andrish Reddy (MIT 
visiting PhD Biomedical Engineering U of Cape Town 2014), Karolina Corin (MIT PhD BE 
2011, -MIT CBE & CBA PostDoc 2012), Marco Salazar (MIT freshman –UROP 2012), Thomas 

http://faculty.physics.tamu.edu/toback/218/quiz/
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Duval (MS visiting scholar MIT 2013), Ali Farag (UROP 2013) Dionysis Christodouleas 
(PostDoc Harvard 2014-2017), Quiyi Han (MIT PostDoc 2017-2018), Rui Quing (MIT PostDoc 
2016-2018) Mani Jammalamadaka (MIT MS 2017), Michael Skuhersky (2013-2-15 MIT CBA 
technician, 2015- MIT MAS) Nick Savides (MIT PostDoc 2015-2017), 
Alex Leffel (MIT MechEnd 2017), Thrasyvoulos Karydis (MAS MS 2017, PhD '20), Shannon 
Johnson (MIT CBA Technician, MAS MS '19), Filippos Tourlomousis, (PhD Stevens Institute of 
Technology 2017, MIT CBA PostDoc 2017-2019) 
 
Languages 
Fluent in English, Greek and Russian  
C++, FORTRAN, BASIC, HTML, AVS, TINKER, MatLab, UNIX, MacOS, WinXX. 
 
Other Interests 
Airplane pilot, glider pilot, SCUBA Dive Master, VF750 ’88 SuperMagna 
 
     Label Free Research  
  

 
  

http://shannonljohnson.com/
http://shannonljohnson.com/
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A. Mershin, E. Pavlopoulos, O. Fitch, B.C. Braden, D.V. Nanopoulos & E.M.C. Skoulakis. 
Learning and memory deficits upon TAU accumulation in Drosophila mushroom body neurons. 
LEARNING & MEMORY,  May-June; 11(2):277-287 (2004) 
 
  

https://www.ncbi.nlm.nih.gov/pubmed/15169857


Research

Learning and Memory Deficits Upon TAU
Accumulation in Drosophila Mushroom Body Neurons
Andreas Mershin,1 Elias Pavlopoulos,2,3 Olivia Fitch,2 Brittany C. Braden,2

Dimitri V. Nanopoulos,1,4,5 and Efthimios M.C. Skoulakis2,3,6,7

1Department of Physics and 2Department of Biology, Texas A&M University, College Station, Texas 77843, USA; 3Institute
of Molecular Biology and Genetics, BSRC “Alexander Fleming,” Vari, Greece 16672; 4Astro Particle Physics Group, Houston
Advanced Research Center (HARC), The Mitchell Campus, Woodlands, Texas 77381, USA; 5Academy of Athens, Chair
of Theoretical Physics, Division of Natural Sciences, Athens 10679, Greece

Mutations in the neuronal-specific microtubule-binding protein TAU are associated with several dementias and
neurodegenerative diseases. However, the effects of elevated TAU accumulation on behavioral plasticity are
unknown. We report that directed expression of wild-type vertebrate and Drosophila TAU in adult mushroom body
neurons, centers for olfactory learning and memory in Drosophila, strongly compromised associative olfactory
learning and memory, but olfactory conditioning-relevant osmotactic and mechanosensory responses remained
intact. In addition, TAU accumulation in mushroom body neurons did not result in detectable neurodegeneration or
premature death. Therefore, TAU-mediated structural or functional perturbation of the microtubular cytoskeleton
in mushroom body neurons is likely causal of the behavioral deficit. These results indicate that behavioral plasticity
decrements may be the earliest detectable manifestations of tauopathies.

The dynamic microtubular cytoskeleton is thought to be essen-
tial for the complex structural and functional polarity in neurons
(Baas 1999; Garcia and Cleveland 2001). Axonal microtubules,
unlike their dendritic counterparts, appear uniformly oriented,
indicating unique properties and functions (Baas 1999). In addi-
tion to the dynamic instability of anchored microtubules (Mit-
chison and Kirschner 1984), they may have both ends free (Gar-
cia and Cleveland 2001), allowing subunit addition to one end
and loss from the other (treadmilling; Panda et al. 1999). These
properties are thought to underlie microtubule stability, length,
interactive capacity, and axonal transport (Baas 1999). Microtu-
bule stability, interactive properties, and transport are mediated
at least in part by TAU, a microtubule-associated protein prefer-
entially distributed in axons of central nervous system neurons
(Buee et al. 2000).

TAU binds to microtubules through three or four imperfect
highly conserved repeats located near its C terminus. In verte-
brates, regulated alternative splicing yields multiple TAU iso-
forms differing by the length of their N termini and the presence
of three (3R) or four (4R) microtubule-binding repeats, whose
ratio within neurons appears essential for their survival and func-
tion (Buee et al. 2000; Lee et al. 2001). Human mutations that
alter TAU binding to microtubules, or the ratio of 3R/4R isoform
accumulation, result in progressive formation of intraneuronal
and glial fibrillar tangles, thought to be causal of degenerative
neuronal loss (Buee et al. 2000; Lee et al. 2001). Neurofibrillary
tangles (NFTs), comprised mostly of aggregated TAU, characterize
dementing cognitive disorders including the fronto-temporal de-
mentias with Parkinsonism (FTDP-17), Progressive Supranuclear
Palsy, and Alzheimer’s disease among other such “tauopathies”
(Garcia and Cleveland 2001; Lee et al. 2001). Although muta-

tions in the human TAU gene have been unequivocally linked to
FTDP-17 (Lee et al. 2001), the exact role of TAU dysfunction in
the cognitive pathology of these diseases is unknown.

The recently identified Drosophila protein (dTAU) contains
four putative tubulin-binding repeats (Heidary and Fortini 2001).
They exhibit 42% and 46% identity (62% and 66% similarity)
with the respective sequence of bovine (bTAU) and human
(hTAU) homologs (Himmler 1989; Himmler et al. 1989; Ito et al.
1997; Heidary and Fortini 2001). Although the N terminus of the
fly protein is highly charged, it lacks the repeats present in many
vertebrate isoforms (Heidary and Fortini 2001).

Animal models of tauopathies have focused on NFT forma-
tion and neurodegeneration. Transgenic mice expressing 3R or
4R splice variants exhibit mild motor deficits and neuropathol-
ogy without apparent NFTs (Hutton et al. 2001). In contrast,
animals expressing transgenes harboring FTDP-17-linked muta-
tions develop modest NFTs, progressive motor deficits, and neu-
rodegeneration (Lewis et al. 2000; Hutton et al. 2001). Expression
of human wild-type and FTDP-17-linked mutations in Drosophila
resulted in age-dependent neurodegeneration without NFTs
(Wittman et al. 2001) unless wild-type TAU was phosphorylated
by overexpressed Drosophila glycogen synthase kinase-3 (Jackson
et al. 2002). Interestingly, elevated nonfilamentous TAU in the
“pretangle” (non-NFT) state observed in tauopathies may under-
lie preneurodegeneration cognitive symptoms including
memory loss (Brion et al. 1999; Hutton et al. 2001). Indeed,
triple-transgenic mice harboring tau, presenilin 1 (PS1), and A!
Peptide Precursor (APP) mutant transgenes, manifest synaptic dys-
function prior to development of plaques, NFTs, and overt de-
generation (Oddo et al. 2003). Synaptic dysfunction likely un-
derlies the dementia-associated deficits, but the effect of elevated
pre-NFT TAU in this is unclear.

To investigate whether associative learning and memory are
affected by elevated TAU, we directed expression of wild-type tau
transgenes in adult Drosophila mushroom body neurons. The
mushroom bodies (MBs) are bilateral neuronal clusters in the
dorsal posterior cortex of each Drosophila brain lobe essential for
olfactory learning and memory (Roman and Davis 2001). The

6Present address: Institute of Molecular Biology and Genetics, BSRC
“Alexander Fleming,” Vari, Greece 16672; skoulakis@fleming.gr.
7Corresponding author.
E-MAIL eskoulakis@mail.bio.tamu.edu; FAX (979) 845-6305.
Article and publication are at http://www.learnmem.org/cgi/doi/10.1101/
lm.70804.
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dendrites (calyces), where inputs arrive conveying sensory infor-
mation, lie ventrally to the cell bodies, while their axons fascicu-
late to form the pedunculus, which projects to the anterior of the
brain. There, it bifurcates with processes extending medially (!,
!!, and " lobes) and others projecting dorsally to comprise the #
and #! lobes (Crittenden et al. 1998). We report that accumula-
tion of wild-type bovine, human, and Drosophila TAU in mush-
room bodies precipitated a substantial decrement in associative
learning and memory retrieval or stability. However, wild-type
TAU accumulation did not result in neurodegeneration, early
death, or decline in nonassociative processes and sensory percep-
tion.

RESULTS

GAL4 Driver Expression Pattern and TAU
Accumulation in Mushroom Body Neurons
Directed accumulation of TAU in the mushroom bodies was
achieved from UAS-btau, UAS-htauwt1, and UAS-dtau transgenes
driven in these neurons with GAL4 (Brand and Perrimon 1993).
To eliminate potential complications caused by expression of
TAU in the developing nervous system, we selected strains ex-
pressing GAL4 in the mushroom bodies (MB drivers) with re-
stricted temporal expression. We focused on MB drivers c492 and
c772 because they direct preferential expression in late pupal and
adult mushroom body neurons (Armstrong et al. 1998). The ex-
pression pattern of both MB drivers is shown in Figure 1. Both
c492 and c772 GAL4 drivers directed preferential bTAU distribu-
tion in the dendrites (Fig. 1A,B), the fasciculated axons (Fig.
1C,D), and lobes (Fig. 1E,F) of mushroom body neurons. How-
ever, accumulation in the " lobes appeared reduced in c492 in
comparison with the robust staining under c772 (Fig. 1E,F). In
addition, c772 directed bTAU accumulation in ellipsoid body
ring neurons (Fig. 1D), whereas barely above background stain-
ing was observed throughout the CNS. In addition to the mush-
room bodies, c492 directed TAU accumulation in antennal lobe
intrinsic neurons and neurons of the subesophageal ganglion
(Fig. 1C,G). The temporally restricted expression of TAU to late
pupae and adult heads was verified with Western blots (data not
shown). Although accumulation of the bovine protein (bTAU)
was used to monitor the expression patterns under c492 and
c772 because of the availability of an anti-bTAU monoclonal an-
tibody, identical results were obtained with a polyclonal anti-
body that recognizes the human isoform. A working antibody
specific to the Drosophila protein was not available.

To investigate the relative level of TAU accumulation within
adult heads, we performed semiquantitative Western analyses.
Vertebrate TAU was present in head lysates of animals carrying
both vertebrate tau transgenes and the MB drivers, but not in
strains carrying either of them alone (Fig. 2). The level of bTAU
did not appear to change significantly over a 3-wk period, indi-
cated by densitometric quantification of results from three inde-
pendent experiments represented by that shown in Figure 2A.
Similarly, the level of hTAU appeared relatively constant (Fig. 2B;
data not shown). In addition, the results in Figure 2, A and B,
indicate that transgenic protein accumulation was higher under
the c772 driver. Results from RT-PCR investigation of dtau RNA
accumulation from the UAS-dtau4 transgenic line were consis-
tent with that observation (Fig. 2C). Therefore, in vertebrate and
Drosophila tau-expressing transgenic animals, the overall level of
TAU within the mushroom bodies is likely to be much higher
than normal and represent a condition of elevated TAU accumu-
lation in these neurons.

Accumulation of Wild-Type TAU in the
Mushroom Bodies Does Not Affect Viability
or Cause Neurodegeneration
Pan-neural accumulation of human wild-type and mutant TAU
proteins in the Drosophila nervous system from embryogenesis to
adulthood, or targeted expression in cholinergic neurons has
been reported to result in neurodegeneration and premature
death of adult flies (Wittman et al. 2001). To determine whether
TAU accumulation restricted to late pupal and adult mushroom
bodies and the other brain neurons described above affects vi-
ability, we evaluated the survival of btau-, htauwt1-, and dtau-
expressing flies over a period of 30 d posteclosion (Table 1). Be-
cause both male and female animals are typically used for our
behavioral experiments, we used mixed-sex populations to evalu-
ate survival, unlike previous studies (Buchanan and Benzer 1993;
Wittman et al. 2001). We hypothesized that accumulation of

Figure 1 Expression of bTAU in mushroom body neurons. Immunohis-
tochemical detection of bovine TAU (bTAU) accumulation within adult
Drosophila brain in 5-µm frontal paraffin sections challenged with a
monoclonal anti-bTAU antibody. Dorsal is up in all photographs. Accu-
mulation of bTAU is shown in c492; UAS-btau (A,C,E,G), and c772; UAS-
btau (B,D,F,H) heterozygotes. (A,B) Accumulation of bTAU within the
dendrites (calyxes) of mushroom body neurons in the posterior of the
head. (C,D) bTAU accumulates within mushroom body pedunculi (aster-
isks), the ellipsoid body (arrow) of c772; UAS-btau, but not of c492;
UAS-btau heterozygotes. In the latter, bTAU was found within distinct
neurons of the subesophageal ganglion (arrowhead). (E,F) In the axonal
projections of mushroom body neurons, bTAU was abundant in the #
(arrow) and ! (arrowhead) lobes, but in lesser amounts in the !! lobe and
heel (asterisks) in c492; UAS-btau animals. In addition, bTAU was found
in intrinsic neurons of the antennal lobe (large arrowhead). However, in
c772; UAS-btau animals, the protein was found throughout the #, #!
(arrow), and ! (arrowhead) lobes and heel (star) of the mushroom bodies
and the antennal nerve (large arrowhead). (G,H). In contrast to the mod-
est accumulation of bTAU in the " lobes of c492; UAS-btau brains, the
protein was abundant in the " lobes of c772; UAS-btau brains. Large
arrowheads indicate expression within antennal lobe neurons for c492;
UAS-btau and the antennal nerve for c772; UAS-btau animals.

Mershin et al.
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TAU within the mushroom bodies would not affect survival be-
cause these neurons are dispensable for viability (DeBelle and
Heisenberg 1994). However, the effect of TAU accumulation on
longevity in additional neurons where c772 and c492 drivers are
active (Fig. 1) was unknown. Expression of vertebrate or Dro-
sophila tau in adult mushroom body and other brain neurons did
not result in decreased survival (Table 1). Because 3–6-d-old flies
are typically used for behavioral experiments, we limited our sys-
tematic observations to 30 d. A similar lack of overt differences
from control strains was observed for a limited set of animals that
were evaluated for viability for four additional weeks (data not
shown). Furthermore, TAU accumulation did not appear to result
in gross morphological differences from control strains or de-
creased fecundity and vigor.

Although the mushroom bodies are not essential for viabil-
ity, TAU-mediated degeneration of these neurons would severely
impair behavioral plasticity (DeBelle and Heisenberg 1994). To
determine whether TAU accumulation in adult MBs results in
degeneration, we examined their anatomy in animals that ex-
press tau transgenes using standard hematoxylin-eosin staining
(data not shown) and staining with various mushroom body an-
tigenic markers (Crittenden et al. 1998). The results obtained
with the anti-LEO antibody are shown in Figure 3. Because the
severity of neurodegeneration due to pan-neural tau expression
increased with age and expression level (Wittman et al. 2001), we

focused on 21-d-old animals to increase the sensitivity of detec-
tion. Degenerating cells and large vacuoles (Wittman et al. 2001)
were not present in the mushroom bodies of controls or 21-d-old
animals expressing transgenic TAU (Fig. 3A–L), indicating an ab-
sence of degeneration or inability to detect it with the methods
used.

To determine whether neurodegeneration in MB neurons is
detectable with our methods, we expressed the wild-type and the
R406W mutation of hTAU under c492. Pan-neural expression of
hTAUR406W has been reported to cause severe neurodegenera-
tion and shorten the life span to ∼35 d. Similar expression of
wild-type hTAU (hTAUwt) precipitated milder degeneration and
a smaller life-span reduction (Wittman et al. 2001). The 3–21-d-
old hTAUwt- and hTAUR406W-accumulating flies did not ex-
hibit obvious degeneration or vacuoles in their MBs. To enhance
our ability to detect degeneration in MBs, we maintained TAU-
expressing animals for at least 60 d. Mild neurodegeneration was
observed in most 60-d-old hTAUwt-expressing flies, whereas se-
vere neurodegeneration and large vacuoles were observed in the
MBs of similarly aged hTAUR406W-expressing animals (Fig. 3M–
X). Degeneration appeared specific to TAU-accumulating neu-
rons, as degenerating neurons and vacuoles were observed in the
MBs but not in ellipsoid body neurons where the c492 driver is
inactive (Fig. 3Q,W). Interestingly, neurodegeneration was barely
detectable in 60-d-old bTAU- and dTAU-expressing flies (data not
shown). Therefore, MB degeneration was detectable with the
methods used, but was not apparent in 3- to 21-d-old animals
expressing wild-type vertebrate or Drosophila TAU. These data
strongly indicate that the 3–5-d wild-type TAU-accumulating
animals used in the behavioral experiments detailed below were
unlikely to harbor degenerating neurons in their MBs, or that
such perturbations were not detectable with the techniques used.

Olfactory Learning and Memory Deficits Upon
Vertebrate TAU Accumulation in Mushroom Bodies
Because the mushroom bodies are essential for olfactory learning
and memory (DeBelle and Heisenberg 1994; Roman and Davis
2001), we used negatively reinforced associative olfactory learn-
ing tasks to determine whether TAU accumulation affects these
processes. Initially, we assessed the response of 3–5-d-old btau-
and htau-expressing animals and controls to the aversive odors
used as conditioned stimuli (CS+ and CS" ) and the electric
shock, the unconditioned stimulus (US). Controls and vertebrate
tau-expressing animals avoided equally the aversive odors benz-
aldehyde and 3-octanol (CS) at two different odor concentrations
given the choice of fresh air (Table 2). In addition, we tested the
response of btau- and htau-expressing animals relative to controls
to the attractive odor geraniol in olfactory trap assays (Philip et
al. 2001). Although this odor is not task relevant, it provided an
independent measure of olfactory acuity toward a qualitatively
different odor. As shown in Table 2, the performance of tau-
expressing animals was not significantly different from controls.
Thus, btau- and htau-expressing animals retained normal olfac-
tory responses to the odors tested. Lack of osmotactic defects was
particularly important for transgenes under c492, which directs
accumulation in antennal lobe neurons (Fig. 1G,H). Avoidance
of electrified grids kept at 90 V (normal US stimulus) or 45 V was
not different between tau-expressing animals and controls (Table
2), indicating a lack of mechanosensory deficits due to TAU ac-
cumulation. In addition, exposure of flies to 29°C for 48–52 h did
not appear to affect their olfactory and mechanosensory re-
sponses. Collectively, these results indicate that TAU accumula-
tion in mushroom body and other central brain neurons de-
scribed above did not precipitate deficits in sensory modalities
requisite for olfactory conditioning.

Figure 2 TAU accumulation in adult Drosophila heads. (A) A semiquan-
titative Western blot of 15 µg from adult head lysates obtained from
animals aged 7–21 d as indicated. The genotypes of the animals used are
indicated above for each lane. The blot represents one of a triplicate set
that was used to quantify the amount of bovine TAU (bTAU) in the lysates
densitometrically using the level of syntaxin (SYX) as a reference. There
was no significant change in the level of bTAU over the period tested. (B)
Expression of human TAU (hTAU) in adult Drosophila heads. Here 15 µg
of head lysate from animals of the indicated genotypes aged 3–7 d was
used. As with A, expression under the c492 mushroom-body driver was
more pronounced. (C) Overexpression of Drosophila tau RNA (dtau) in
adult heads. One of three independent experiments is shown. The geno-
type of the animals is indicated above each lane. (T) Incubation for 48–52
h at 29°C prior to tissue isolation. The leo RNA was used as quality control
for the RT-PCR and serves as a semiquantitative indicator of the relative
levels of dtau. The level of dtau1 under c772 at 23°–24°C was investigated
in a different experimental set and is not shown here, but it was found at
the same or greater level than that of c492/+; dtau1/+ after 48–52 h of
incubation at 29°C.
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An additional olfactory conditioning-relevant control is the
reported (Preat 1998) decrement in response to the CS" after
experiencing the coupled CS+/US stimuli. Because defects in this
experience-dependent nonassociative response may underlie the
associative learning and memory defects of certain mutants
(Preat 1998), we quantified the reduction in CS" response fol-
lowing CS+/US pre-exposure. Although CS+/US pre-exposure re-
duced significantly subsequent avoidance of the CS" , tau-
expressing animals and controls exhibited equal decrements (Fig.
4A). Therefore, vertebrate TAU accumulation did not cause dif-
ferential responses to odor–shock pre-exposure.

To determine whether TAU accumulation in the mushroom
bodies affected associative processes, we trained btau- and htau-
expressing animals and controls in the LONG version of a nega-
tively reinforced, olfactory associative learning task (Tully and
Quinn 1985; Skoulakis and Davis 1996). c492/+; UAS-btauI/+,
c772/+; UAS-btauI/+, and c772/+; UAS-htauwt1/+ heterozygotes
exhibited a highly significant 25%–30% impairment in learning
compared with controls (Fig. 4B, immediate). In addition,
memory of the conditioned association 90 min later was signifi-
cantly depressed in tau-expressing animals, and to a lesser degree
at 180 min (Fig. 5B). These results demonstrated that TAU accu-
mulation in the mushroom bodies compromised behavioral plas-
ticity underlying associative olfactory learning and memory.

To examine the learning and memory deficits of btau- and
htau-expressing animals more closely, we used the SHORT vari-
ant of associative olfactory training (Beck et al. 2000). Because
the LONG paradigm uses a 60-sec CS+ presentation concurrent
with 11 90-V electric shocks, performance represents learning
from multiple rounds of massed CS/US pairings. In contrast, for
SHORT program training, a 10-sec CS+ presentation is coupled to
a single 90-V shock, allowing assessment of learning after a single
CS/US pairing (Beck et al. 2000; Cheng et al. 2001). Furthermore,
performance in SHORT training improves upon multiple pairings
with a 15-min intertrial interval (Beck et al. 2000; Cheng et al.
2001). This allows experimental manipulation to produce
equivalent learning in control and experimental animals, a nec-
essary condition to investigate memory stability and retrieval
properties.

The results in Figure 4C demonstrate that a single CS/US
pairing in btau- and htau-expressing animals yielded learning
scores nearly 50% lower than those of controls. As with controls,
the performance of tau-expressing animals improved upon mul-
tiple CS/US pairings. However, three CS/US pairings were neces-
sary for tau-expressing animals to perform equivalently to con-
trols after two such training episodes (Fig. 4C). This indicated
that TAU accumulation either impaired learning elicited by each
CS/US pairing, or compromised memory stability, retrieval, or a
combination thereof. To distinguish between these possibilities,
we trained c772; UAS-btau and c772; UAS-htauwt1 heterozygotes
to the same performance level as controls (three pairings for tau-
expressing animals and two for controls) and measured retention
of the association after 30 min. The tau-expressing animals ex-
hibited a significant decrease in 30-min memory, despite per-
forming equivalently to controls immediately after training, in-
dicating that memory retrieval and /or stability were compro-
mised in TAU-expressing animals. This result implies that
accumulation of TAU protein within mushroom body neurons
inhibits mechanisms that underlie memory stability and/or re-
trieval. Given the microtubule-binding properties of TAU, the
results indicate that the behavioral deficits were likely precipi-
tated by burdening these neuronal cytoskeletal elements with
excessive TAU protein.

Accumulation of dTAU in Mushroom Body Neurons
Impairs Olfactory Learning and Memory
Despite the apparent ability to bind Drosophila microtubules, the
effects of vertebrate TAU accumulation in the mushroom bodies
could result from the potential structural and conformational
differences between the vertebrate TAU proteins and the native
dTAU. Alternatively, the learning and memory deficits could re-
sult from the elevation of TAU within mushroom body neurons
alone and the subsequent compromise in their physiology. To
address these hypotheses, we generated dtau transgenic flies and
investigated the effects of increasing the amount of dTAU on
mushroom-body-mediated learning and memory.

We used two different dtau transgenic lines that yield quan-
titatively very different levels of transgenic products (Fig. 2C).

Table 1. Accumulation of TAU in Central Brain Neurons Does Not Affect Viability

Genotype

% Survival

Day 1 Day 7 Day 14 Day 21 Day 30

c492/+ 100 # 0 84.7 # 1.5 77.9 # 3.1 68.9 # 4.2 64.4 # 3.2
c772/+ 100 # 0 88.7 # 3.9 76.2 # 2.9 71.7 # 3.6 66.1 # 3.6
UAS-btau/+ 100 # 0 86.9 # 3.7 79.5 # 4.1 68.8 # 2.9 62.8 # 4.3
UAS-htauwt1/+ 100 # 0 83.5 # 3.6 78.6 # 5.6 69.5 # 3.6 66.7 # 3.8
UAS-dtau1/+ 100 # 0 86.5 # 3.2 81.9 # 4.3 74.9 # 6.1 63.7 # 4.8
UAS-dtau1/+ at 29°C 100 # 0 80.7 # 2.9 71.3 # 3.8 66.7 # 4.6 61.9 # 5.3
UAS-dtau 4/+ 100 # 0 83.4 # 3.5 78.8 # 2.7 70.3 # 3.1 63.4 # 3.7
c492/+; UAS-btau/+ 100 # 0 87.8 # 4.3 78.1 # 3.1 71.2 # 4.9 65.4 # 4.2
c492/+; UAS-htauwt1/+ 100 # 0 84.6 # 3.2 78.6 # 4.3 72.5 # 3.8 64.5 # 3.9
c492/+; UAS-dtau1/+ 100 # 0 84.8 # 3.4 77.6 # 4.9 72.3 # 4.3 66.2 # 3.7
c492/+; UAS-dtau1/+ at 29°C 100 # 0 83.7 # 4.2 73.7 # 3.7 67.2 # 3.9 59.5 # 4.7
c492/+; UAS-dtau4/+ 100 # 0 86.2 # 4.2 78.1 # 3.1 73.6 # 3.5 66.3 # 2.4
c772/+; UAS-btau/+ 100 # 0 87.1 # 3.5 77.4 # 3.3 69.7 # 3.9 63.2 # 3.3
c772/+; UAS-htauwt1/+ 100 # 0 83.9 # 4.6 78.8 # 3.7 72.7 # 4.7 67.6 # 5.1
c772/+; UAS-dtau1/+ 100 # 0 89.7 # 3.9 83.6 # 3.8 73.7 # 2.8 64.8 # 3.9
c772/+; UAS-dtau1/+ at 29°C 100 # 0 80.3 # 3.6 72.8 # 4.2 62.7 # 4.6 58.6 # 5.4
c772/+; UAS-dtau4/+ 100 # 0 87.6 # 3.2 80.2 # 2.9 76.9 # 2.4 67.1 # 4.4

Survival of mixed-sex populations of the indicated genotypes was monitored over 4 wk and expressed as the percentage of starting animals alive
on the indicated days. There was no significant difference in survival of all strains on day 7 (F(1, 76) = 0.856, NS), day 14 (F(1, 71) = 0.386, NS), day
21 (F(1, 74) = 1.453, NS), and day 30 (F(1, 70) = 0.659, NS). Although not significantly different from controls, survival of UAS-dtau1/+ and experimental
animals (c492/+; dtau1/+; and c772/+; dtau1/+) exposed to 29°C appeared somewhat reduced.
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Interestingly, the level of transgenic dtau RNA in line UAS-dtau1
was undetectable when driven by c492 (Fig. 2C) and very low
under c772 in heads of flies raised at 23°–24°C. However, the
amount of RNA increased significantly if the flies were incubated
at 29°C for 48–52 h prior to RNA isolation (Fig. 2C). This is likely
the result of suboptimal expression caused by the chromosomal
location of the transgene (position effects) in the line dtau1. The
apparent increase in dtau RNA upon temperature elevation is a
property of the UAS promoter and has been described previously
(Duffy 2002). In wild-type animals, dTAU is distributed through-
out the adult nervous system including the mushroom bodies
(Heidary and Fortini 2001; E.M.C. Skoulakis, unpubl.). Accumu-
lation of dTAU in the adult mushroom bodies did not result in a
reduction in responses to sensory stimuli (Table 2), or alter re-

sponses to CS+/US pre-exposure (Fig. 5A) of animals highly ex-
pressing dtau (dtau4 transgenics), indicating that as with verte-
brate TAU-expressing animals, task relevant experience-
dependent behaviors remain unaffected. Similar results were
obtained with the low expressing dtau1 transgenics (data not
shown). In contrast, accumulation of dTAU in MBs resulted in a
25%–30% decrease in olfactory learning and 90-min memory
(Fig. 5B), similar to that observed in btau- and htauwt1-expressing
animals. These results strongly implied that the decrements in
learning and memory observed in btau- and htau-expressing ani-
mals were not caused by accumulation of a vertebrate protein,
but rather by excess TAU within these neurons. This conclusion
was further supported by investigating learning in dtau1 trans-
genics that express the transgene at detectable levels only after a

Figure 3 Neurodegeneration caused by accumulation of wild-type and mutant TAU. Degeneration of TAU-expressing neurons was investigated in
5-µm frontal paraffin sections of the brains of TAU-accumulating animals and controls using multiple antigenic markers. In the figure, the structure of
mushroom body neurons was investigated in 21-d-old animals expressing wild-type bovine (D–F), human (G–I), and Drosophila (J–L) tau transgenes and
controls (A–C) with the anti-LEO antibody that decorates most mushroom body neurons. (M–X) High-magnification images from the brains of 3–5-d
and 45-d-old htauwt1 and the R406W mutation-expressing animals decorated with the anti-LEO antibody. Arrows point to degenerating neurons and
arrowheads to vacuoles. Images of the affected tissues collected from independent animals have been inserted in the upper right corner in W and X.
(A,D,J,M,P,S,V) Posterior sections at the level of the dendrites (calyces). (B,E,K) Anterior sections at the level of the #, #!, !, and !! lobes and heel.
(C,F,I,L,O,R,U,X) Anterior sections at the level of the " lobe. (N,Q,T,W) Sections in the middle of the head at the level of the ellipsoid body and
pedunculus.
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48–52-h period at 29°C (Fig. 2C). Under conditions of low dtau
transcription, the performance of c492/+; UAS-dtau1/+ animals
was not affected. However, elevation of dtau transcription pre-
cipitated learning deficits similar to those observed with verte-
brate tau and dtau4 transgenics (Fig. 5C). Similar deficits were
observed with c772/+; UAS-dtau1/+ animals (Fig. 5C), except the
effect of elevating transgene expression was not as pronounced
because the c772 driver appeared more active than c492 at 23°–
24°C (Fig. 2C). The effects of dTAU accumulation in the mush-
room bodies were extinguished if c492/+; UAS-dtau1/+ animals
were allowed a 48–52-h rest at 18°–20°C following the 48–52-h
period at 29°C (data not shown). These results strongly indicate
that the associative learning and memory deficits in vertebrate
tau- and dtau-expressing animals were precipitated by elevated
TAU accumulation within mushroom body neurons and not be-
cause of the conformational differences between vertebrate and
Drosophila proteins.

DISCUSSION
Directed expression of vertebrate and Drosophila tau transgenes
in adult mushroom bodies appears to represent a condition of
overall elevated TAU protein similar to that described in humans
and animal models (Bancher et al. 1989; Braak et al. 1994; Brion
et al. 1999) prior to tangle formation, and, therefore, it is suitable
to investigate its effects on behavioral plasticity. Accumulation of
mutant human TAU in the Drosophila nervous system from early
embryos to adults resulted in neurodegeneration and severely
reduced life span, which was much less pronounced if transgenes
bearing the wild-type sequence were used. In contrast, directed
expression within Drosophila cholinergic neurons, which are par-
ticularly sensitive to tauopathy-mediated neurodegeneration in
humans and flies, did not reduce life span despite marked degen-
eration of these neurons (Wittman et al. 2001). In agreement

with the latter and the dispensability of MBs for viability (DeBelle
and Heisenberg 1994), accumulation of wild-type vertebrate or
Drosophila TAU in the mushroom bodies did not appear to cause
life-span reduction or overt neurodegeneration, except in very
old animals. The life span was not reduced even for hTAUR406W-
expressing animals exhibiting severe neurodegeneration. More-
over, the onset of neurodegeneration was significantly delayed in
c772 or c492 compared with elav-GAL4-driven hTAUR406W
transgenics (E.M.C. Skoulakis and S. Kosmidis, unpubl.), likely
the result of using the late pupal and adult onset drivers c492 and
c772.

TAU-mediated degeneration is not a likely explanation for
the learning and memory decrements in the young animals used
in this study for two reasons. First, the flies used for behavioral
assays were younger than 7 d, a time when degeneration was not
detectable under the late pupal and adult c492 and c772 GAL4
drivers, or even the early onset elav-GAL4 driver (Wittman et al.
2001). In addition, degeneration could not have escaped detec-
tion because our methods were sensitive enough to detect it.
Second, sensory and nonassociative experience-dependent be-
haviors necessary for associative learning were normal in tau-
expressing animals. This is especially important for neurons
within the antennal lobe (in tau-expressing animals under c492),
whose functions appear intact in two different experience-
independent olfactory tasks (Table 1) and experience-dependent
tasks (Figs. 4A and 5A). Degenerating antennal lobe neurons
would likely precipitate olfactory deficits that were not observed
in 3–7-d-old (Table 2) and 18–21-d-old animals (data not shown).

In agreement with genetic and pharmacological disruption
of MB neurons (DeBelle and Heisenberg 1994; Connoly et al.
1996), TAU accumulation did not affect responses to odors (CS)
or shock (US; Table 2). However, because for olfactory condition-
ing, normal perception of the control odor (CS" ) following ex-

Table 2. Task-Relevant Sensory Behaviors and Osmotactic Response to an Attractive Odor

Genotype

Benzaldehydea Octanolb Electroshockc

Geraniold1$ 0.1$ 1$ 0.1$ 90 V 45 V

c492 73.24 # 2.31 61.59 # 4.18 78.91 # 4.54 59.86 # 5.07 76.31 # 3.61 56.41 # 6.44 68.05 # 4.75
c772 87.98 # 3.33 66.57 # 3.79 86.91 # 2.21 71.23 # 4.54 77.09 # 4.02 60.17 # 5.06 62.61 # 7.57
UAS-btau/+ 80.13 # 2.39 59.22 # 2.43 83.96 # 2.33 59.04 # 4.55 69.05 # 5.09 58.51 # 4.01 78.94 # 4.48
c492/+; UAS-btau/+ 86.31 # 4.33 73.83 # 2.16 87.35 # 4.87 69.97 # 4.41 82.91 # 4.09 58.26 # 3.28 67.87 # 4.35
c772/+; UAS-btau/+ 76.03 # 5.26 67.55 # 2.73 82.64 # 2.78 74.09 # 6.73 70.24 # 5.29 49.11 # 8.41 70.19 # 4.13
UAS-htauwt1 82.89 # 2.86 68.73 # 3.45 79.78 # 3.27 62.37 # 3.87 74.59 # 4.68 56.78 # 5.27 66.72 # 4.62
c492/+; UAS-htauwt1/+ 81.26 # 3.67 64.58 # 2.96 82.47 # 3.98 67.79 # 4.39 76.46 # 4.89 54.89 # 4.78 71.87 # 4.64
c772/+; UAS-htauwt1/+ 78.76 # 2.97 67.81 # 3.66 81.78 # 4.27 70.91 # 2.98 78.68 # 3.95 53.97 # 5.17 68.72 # 4.49
UAS-dtau1/+ 81.66 # 2.78 67.12 # 3.26 85.48 # 3.08 66.27 # 3.74 76.82 # 2.99 49.93 # 5.34 64.48 # 4.32
UAS-dtau1/+ at 29°C 80.03 # 3.10 63.93 # 2.93 86.69 # 3.34 61.94 # 3.92 73.27 # 3.46 52.78 # 4.97 68.72 # 4.49
UAS-dtau4/+ 82.14 # 2.37 63.48 # 3.57 80.96 # 2.87 64.36 # 4.28 74.08 # 4.29 56.82 # 4.39 67.24 # 5.27
c492/+; UAS-dtau1/+ 77.73 # 3.76 65.28 # 2.84 80.46 # 3.24 66.15 # 3.94 79.12 # 4.53 51.32 # 4.88 69.47 # 4.78
c492/+; UAS-dtau1/+ at 29°C 84.23 # 4.24 71.17 # 4.21 84.25 # 2.82 60.82 # 4.08 75.14 # 4.28 52.36 # 4.67 66.86 # 4.38
c772/+; UAS-dtau1/+ 78.76 # 2.97 64.59 # 3.49 82.47 # 3.54 65.38 # 4.73 75.27 # 3.77 56.23 # 5.43 65.84 # 5.49
c772/+; UAS-dtau1/+ at 29°C 81.57 # 3.17 69.22 # 3.62 86.18 # 3.21 68.17 # 4.46 71.89 # 4.95 55.62 # 4.71 67.48 # 4.72
c492/+; UAS-dtau4/+ 84.76 # 2.72 70.88 # 4.04 83.85 # 2.73 63.36 # 3.92 76.36 # 4.16 52.88 # 4.64 63.87 # 4.97
c772/+; UAS-dtau4/+ 80.69 # 3.18 66.47 # 3.29 82.94 # 2.58 67.11 # 4.24 74.83 # 3.78 57.74 # 4.89 65.47 # 4.28

aAvoidance of benzaldehyde at the concentration used for conditioning (1% , column 2), or a 10-fold dilution (0.1% , column 3; n $ 7). Although
the effect of benzaldehyde dilution was significant (F(1, 271) = 9.075, p < 0.005), ANOVA did not reveal differences among strains at either dilution.
bAvoidance of octanol as used for conditioning (1% , column 4), or a 10-fold dilution (0.1% , column 5; n $ 7). Significant effects were revealed for
odorant dilution (F(1, 267) = 11.624, p < 0.005) and marginally among strains for 0.1% octanol avoidance (F1, 134) = 3.987, p < 0.05). Subsequent
pairwise comparisons revealed differences among all strains and c772/+, c772/+; UAS-btau/+; heterozygotes, which is unlikely to have contributed
to defects in associative behaviors (Fig. 4) because the c772 control is normal in that assay.
cAvoidance of electrified grids kept at 90 V (column 6) or 45 V (column 7; n $ 7). Two-way ANOVA revealed significant effects of stimulus strength
(F1, 262) = 11.873, p< 0.005), but among strains either at 90 or 45 V.
dOsmotaxis and navigation toward an attractive odor (column 8). There was no statistical difference in attraction toward 0.05% geraniol and
entrance into the olfactory traps (n $ 12).
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Figure 4 Experience-dependent nonassociative and associative behaviors in vertebrate tau-expressing animals and controls. (A) Nonassociative
pre-exposure effect. (1) Avoidance of benzaldehyde after pre-exposure to full-strength octanol and 90-V electric shock (filled bars) in comparison to
avoidance without such pre-exposure (open bars; n $ 7). ANOVA revealed significant effects of treatment (F(1, 111) = 12.832, p < 0.005), but not for
genotype. (2) Avoidance of octanol after pre-exposure to benzaldehyde and 90-V electric shock (filled bars) in comparison to octanol avoidance without
pre-exposure (open bars; n $ 7). ANOVA revealed significant effects of treatment (F(1, 112) = 14.316, p < 0.005), but not for genotype. (B) Olfactory
memory after LONG paradigm conditioning. The mean Performance Index # SEM at the indicated times after conditioning for the genotypes indicated
on the right of the graph are shown. Immediate (3-min) memory (n $ 9). For all other time intervals, n $ 8. Two-way ANOVA revealed significant effects
of genotype [(F(6, 72) = 9.765, p < 0.005; immediate), (F(6, 64) = 7.043, p < 0.005; 1.5 h), (F(6, 66) = 3.026, p < 0.01; 3 h)] and time (F(2, 202) = 8.725,
p < 0.005). Subsequent Dunnett’s tests for each time interval did not reveal significant differences in performance among the c492/+, c772/+,
UAS-btau/+, and UAS-htauwt1/+ control strains, or between the c492/+; UAS-btau/+, and c772/+; UAS-btau/+ and c772/+; UAS-htauwt1/+ heterozy-
gotes. However, the differences between c492/+; UAS-btau/+ and c772/+; UAS-btau/+ heterozygotes and c772/+; UAS-htauwt1 and the control strains
were highly significant (p < 0.001) for immediate memory and 1.5-h memories. The differences among experimental and control strains at 3 h after
training were not as significant (p < 0.05). Similar results were obtained with c492; UAS-htauwt1 heterozygotes (data not shown). (C) Performance after
SHORT conditioning paradigm. The average performance (PI + SEM) of c772/+, UAS-btau/+ heterozygotes and UAS-htauwt1/+ compared with that of
c772/+; UAS-btau/+ and c772/+; UAS-htauwt1/+ heterozygotes after one, two, and three CS/US pairings (number of pairings) is shown (n $ 8). The
scale has been reduced for clarity. Two-way ANOVA indicated significant effects of genotype [(F(2, 125) = 12.665, p < 0.005), 3-min memory (immediate),
(F(2, 26) = 8.739, p < 0.005, n $ 7) for 30-min memory]. Subsequent Dunnett’s tests revealed significant differences between the performance of c772/+;
UAS-btau/+ and c772/+; UAS-htauwt1/+ heterozygotes and control strains (p < 0.001 for both) for each pairing. However, the performance of c772;
UAS-btau/+ and c772/+; UAS-htauwt1/+ heterozygotes after three pairings was not significantly different from that of controls after two pairings.
Dunnett’s tests for 30-min memory scores indicated that effects of genotype were attributable to depressed performance of c772; UAS-btau/+ and
c772/+; UAS-htauwt1/+ heterozygotes in comparison to controls (p < 0.001).
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posure to the CS+ and the electric shock US is requisite for US-
dependent establishment of a CS+ versus CS" differential re-
sponse (Joynes and Grau 1996), it is surprising that this
experience-dependent nonassociative process was not affected by
TAU accumulation (Figs. 4A and 5A). This may be because as
Preat (1998) suggested, the CS+/US pre-exposure-dependent de-
cline in subsequent response to the CS" is mediated at least in
part by brain centers other than the MBs. Therefore, TAU accu-
mulation under c772 and c492 in the various neurons outside
the MBs did not affect this nonassociative experience-dependent
response and is unlikely to underlie the observed learning and
memory deficits.

Collectively, the results of the behavioral analyses indicate
that the level of TAU within mushroom body neurons is essential
for both olfactory learning elicited by each CS/US and memory
retrieval or stability and this may underlie the cognitive deficits
observed early in many human tauopathies. Because equivalent
associative learning and memory decrements were observed irre-

spective of whether vertebrate or Drosophila TAU accumulated in
the MBs, potential conformational differences between dTAU
and its vertebrate homologs were unlikely causal of these deficits.
In contrast, the overall level of TAU within mushroom body neu-
rons appeared to be of cardinal importance, as even a relatively
acute elevation (Fig. 5C) of the protein yielded deficits. More-
over, the effects of TAU accumulation in the MBs were specific,
because mere accumulation of non-Drosophila proteins, such as
!-galactosidase (Skoulakis et al. 1993; Skoulakis and Davis 1996)
and GAL4 (Figs. 4 and 5), or Drosophila proteins (Dubnau et al.
2001; McGuire et al. 2001) in these neurons, does not precipitate
behavioral deficits. Interestingly, a decrease in short-term poten-
tiation was uncovered in mice expressing a mutant allele of hu-
man TAU in the hippocampus. In congruence with our results,
TAU-dependent pathology appeared to develop much later than
the deficits in short-term potentiation (Oddo et al. 2003). More-
over, in mice simultaneously carrying mutant tau, APP, and PS1
alleles, synaptic dysfunction and plasticity deficits preceded neu-
rodegeneration (Oddo et al. 2003).

The robust decrements in associative learning and memory
are consistent with the hypothesis that excess TAU binds to the
neuronal microtubular cytoskeleton and this mediates the ob-
served MB neuron dysfunction manifested as learning and
memory deficits. Alternatively, the presence of excess TAU itself
and not its association with the microtubular cytoskeleton is
causal of the learning and memory deficits. How does elevation
in TAU within MB neurons precipitate associative learning and
memory deficits? First, inefficient vesicular traffic because of cy-
toskeletal function disruption may underlie the learning and

Figure 5 Experience-dependent nonassociative and associative behav-
iors in dtau-overexpressing animals and controls. (A) Nonassociative pre-
exposure effect. (1) Avoidance of benzaldehyde after pre-exposure to
full-strength octanol and 90-V electric shock (filled bars) in comparison to
avoidance without such pre-exposure (open bars; n $ 7). ANOVA re-
vealed significant effects of treatment (F(1, 78) = 13.784, p < 0.005), but
not for genotype, both in pre-exposed and non-pre-exposed animals. (2)
Avoidance of octanol after pre-exposure to benzaldehyde and 90-V elec-
tric shock (filled bars) in comparison to octanol avoidance without pre-
exposure (open bars; n $ 7). ANOVA revealed significant effects of treat-
ment (F(1, 84) = 14.026, p < 0.005), but not for genotype, both in pre-
exposed and non-pre-exposed animals. (B) Olfactory memory after
LONG paradigm conditioning. The mean Performance Index # SEM of
c492/+, c772/+, UAS-dtau4/+ (open bars), and c492/+; UAS-dtau4/+ and
c772/+; UAS-dtau4/+ (filled bars) is shown (n $ 9). Two-way ANOVA
revealed significant effects of genotype [(F(4, 52) = 14.687, p < 0.005; im-
mediate 3-min); (F(4, 49) = 9.327, p < 0.005; 1.5 h)]. Subsequent Dun-
nett’s tests for each time interval did not reveal significant differences in
performance among the c492/+, c772/+, UAS-dtau4/+ control strains or
between the c492/+; UAS-dtau4/+ and c772; UAS-dtau4/+ heterozy-
gotes. However, the differences between c492/+; UAS-dtau4/+ and c772;
UAS-dtau4/+ heterozygotes and the control strains were highly signifi-
cant (p < 0.001) for immediate memory and 1.5-h memories. (C) Perfor-
mance of c492/+; UAS-dtau1/+ and c772; UAS-dtau1/+ heterozygotes
with or without induction at 29°C after LONG conditioning. The average
performance (PI # SEM) of animals raised at 23°–24°C for control strains
(c492/+, c772/+, UAS-dtau1/+) is indicated by open bars and c492/+;
UAS-dtau1/+ and c772; UAS-dtau1/+ heterozygotes by gray filled bars.
The performance of animals raised at 23°–24°C and subsequently in-
duced for 48–52 h at 29°C prior to behavioral experiments is indicated by
the stippled bars for controls and the black-filled bars for c492/+; UAS-
dtau1/+ and c772; UAS-dtau1/+ heterozygotes. Two-way ANOVA indi-
cated significant effects of genotype [(F(4, 44) = 8.287, p < 0.005) for 23°–
24°C animals and (F(4, 48) = 10.016, p < 0.005) for animals induced at
29°C]. Subsequent Dunnett’s tests revealed significant differences be-
tween the performances of c772; UAS-dtau1/+ heterozygotes and all
control strains, as well as c492/+; UAS-dtau1/+ strains when uninduced
(p < 0.001). In contrast, both c772; UAS-dtau1/+ and c492/+; UAS-
dtau1/+ heterozygotes were different from controls when the animals
were induced at 29°C.
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memory deficits in animals accumulating TAU in their MBs. The
highly ordered axonal microtubular cytoskeleton is thought to
be essential for neuronal function as it is used for anterograde
transport of synaptic vesicles (Baas 1999; Garcia and Cleveland
2001). Interestingly, anterograde axonal transport was inhibited
in Drosophila larval motor axons accumulating bTAU (Torroja et
al. 1999). Similarly, overexpression of TAU in cultured cell lines
impaired kinesin-dependent transport of vesicles and organelles
(Ebneth et al. 1998; Martin et al. 1999). Therefore, excess TAU
could bind the axonal microtubular cytoskeleton and impair an-
terograde transport leading to decreased neurotransmitter pools
in MB neurons. Consistent with this, immunoprecipitation from
head lysates of animals accumulating bTAU in their MBs indi-
cated that the vertebrate protein can, in fact, bind microtubules
(E.M.C. Skoulakis, unpubl.). The apparent impairment of neuro-
transmission from MB neurons by abrogation of dynamin-
dependent neurotransmitter reuptake affected memory retrieval,
but not formation (Dubnau et al. 2001; McGuire et al. 2001).
However, in contrast to this endocytotic blockade, TAU accumu-
lation in the mushroom bodies affected both learning and
memory stability or retrieval. If, indeed, TAU accumulation lim-
its neurotransmitter availability by impairing anterograde trans-
port, then the memory decrement of tau-expressing transgenics
may underlie retrieval rather than memory stability deficits.

A more complex model indicates that excessive TAU bound
to the microtubular cytoskeleton could impair intracellular traf-
fic, but also interfere with the ability of other cellular proteins to
interact with it as well. In fact, microtubular dynamics and in-
teractive capacity have been reported to be significantly reduced
in vitro, in ratios of greater than one molecule of TAU to 15
molecules of tubulin (Panda et al. 1999). This indicates that TAU
overaccumulation had broader effects on MB physiology than
blocking neurotransmission from these neurons. This is consis-
tent with the learning deficits observed with TAU-accumulating
animals and not with abrogation of neurotransmitter reuptake
(Dubnau et al. 2001; McGuire et al. 2001). Excess TAU appears to
interact with noncytoskeletal neuronal proteins because the ad-
verse effects of TAU elevation are enhanced in flies coexpressing
the !-amyloid-like (APPL) protein in Drosophila (Torroja et al.
1999). Moreover, the degenerative and synaptic dysfunction ef-
fects of TAU were enhanced in mice coexpressing APP (Lewis et
al. 2001; Oddo et al. 2003).

Finally, the dynamic interaction of neuronal microtubules
with microtubule-binding proteins (MAPs) has been proposed to
play a role in learning and memory (Woolf et al. 1994, 1999).
Furthermore, neuronal microtubules and their regulated interac-
tion with associated MAPs have been proposed to act as neu-
onal computational elements (Mavromatos and Nanopoulos
1998a,b). The proper species and correct ratio of MAPs to micro-
tubules are proposed to be essential for neuronal function in
both models. An implicit prediction of these models is that ex-
cess TAU bound to the microtubular cytoskeleton would increase
its stability and this perturbation in the stoichiometry would
precipitate learning and memory dysfunction, which is consis-
tent with our observations. These models also predict that in-
creasing the level of other MAPs within the MBs is likely to have
a similar effect on learning and memory as that observed for
TAU, a hypothesis presently under investigation.

Although our data cannot distinguish among the models
presented above, they strongly indicate that as for synaptic plas-
ticity (Oddo et al. 2003), behavioral plasticity deficits are the
earliest manifestation of tauopathies and precede overt neurode-
generation. The robust behavioral phenotype and the powerful
genetic tools available in Drosophila can be readily used to inves-
tigate the nature of excess TAU-mediated learning and memory
deficits.

MATERIALS AND METHODS

Drosophila Culture and Strains
Drosophila were cultured in standard cornmeal sugar food supple-
mented with soy flour and CaCl2 at 20°–22°C. The strains bearing
transposons with tissue-restricted GAL4 expression (Brand and
Perrimon 1993) in the mushroom bodies c772 (Yang et al. 1995)
and c492 (Armstrong et al. 1998) were obtained from K. Kaiser
(University of Glasgow, UK). Expression patterns were verified by
crossing these GAL4 strains to UAS-lacZ reporter construct-
bearing animals (Brand and Perrimon 1993) and monitoring re-
porter gene activity in head cryosections (Skoulakis et al. 1993;
Skoulakis and Davis 1996).

The bovine tau (UAS-btau) transgene-bearing strain was a
kind gift of K. Ito (National Institute for Basic Biology, Japan; Ito
et al. 1997), and the human tau transgene strain UAS-htauwt1
(Wittman et al. 2001) was obtained from Mel Feany (Harvard
Medical School, Massachusetts). To generate transgenic animals
with the Drosophila tau gene (dtau), the entire dtau cDNA was
cloned (EcoRI/XhoI) into the pP[UAST] vector. Of the transgenic
lines obtained, UAS-dtau 4 was selected for further work because
of the intense eye color of homozygotes, indicating good expres-
sion of the transgene. Similarly, the UAS-dtau1 line was selected
because it exhibited the weakest eye color, indicating low trans-
gene expression. All other transformant lines exhibited interme-
diate eye colors. All strains were normalized to an isogenic w1118

strain. To obtain flies for behavioral analyses, c772 and c492
homozygotes were crossed en masse to UAS-btau, UAS-htauwt1,
UAS-dtau 4, and UAS-dtau1 homozygotes, and the progeny was
collected and tested 3–5 d after emergence. Similarly, the UAS-
btau, UAS-htauwt1, UAS-dtau 4, and UAS-dtau1 homozygotes
were crossed en masse to w1118 , to obtain heterozygotes used as
controls. To elevate expression from the UAS-dtau1 transgene,
flies raised at 23°–24°C were subsequently placed at 29°C for 48–
52 h prior to behavioral experiments, or tissue isolation for RT-
PCR analysis.

To determine survival rates, groups of 40 animals of both
sexes were collected within 2–4 d of emergence and were seques-
tered in food vials. The vials were changed weekly, and the per-
centage of survivors was determined from duplicate vials; the
results of at least two independent experimental sets were aver-
aged.

Immunohistochemistry
For immunohistochemistry or histology, 5-µm frontal paraffin
sections of heads were obtained and processed as previously de-
scribed (Skoulakis and Davis 1996; Crittenden et al. 1998). To
determine the expression pattern under c492 and c772, an anti-
bTAU monoclonal antibody (Sigma) was used at 1:1000 dilution.
This antibody does not react with the Drosophila protein, as dem-
onstrated by the lack of staining in control UAS-btau, c492, and
c772 animals. The anti-LEO, anti-FASII, anti-HRP, and standard
Hematoxylin-Eosin staining were used for neuroanatomical
analyses as described previously (Crittenden et al. 1998).

Western Blot Analysis
Heads from c772, c492, c772; UAS-btau, and c492; UAS-btau ani-
mals were separated from bodies by vigorous shaking in liquid
nitrogen and sieving. Heat-stable protein extracts were prepared
essentially as in Heidary and Fortini (2001). The lysates were
quantified with Bradford (Biorad) assays, Laemmli buffer was
added, and the lysates were run on standard SDS-PAGE and blot-
ted. The anti-bTAU monoclonal antibody (Sigma) was used at
1:1000. A polyclonal anti-TAU antibody (Dako) that identifies
the human protein was used at 1:10,000. The results were visu-
alized with enhanced chemiluminescence (Pierce).

Reverse Transcription Polymerase Chain
Reaction (RT-PCR)
For RT-PCR, 40 heads were homogenized in 200 µL of Trizol, and
RNA was prepared as suggested by the manufacturer (GIBCO
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BRL). For Reverse Transcription (RT), 1 µg of DNase I-treated total
RNA was used per 50- µL reaction along with twice the suggested
amount of ImProm-II Reverse Transcriptase (Promega), and the
reaction proceeded for 60 min at 42°C. RT from transgene-
derived transcripts was achieved with a reverse primer (200 ng
per reaction) specific for the unique SV40-derived sequence in
pP[UAST] (Brand and Perrimon 1993) present at the 3!-end of
dtau transgenes (SV40A primer). Then 10% of each RT was sub-
jected to 35 cycles PCR (1 min at 94°C, 45 sec at 58°C, 2 min at
72°C), using the SV40A and dtauF1 (5!-GATCGAGACCCTGAA
GATG-3!) primers for dtau RT products. As a qualitative control of
the RT, 200 ng of leo6.2 reverse primer was used, followed by PCR
with leo-specific primers (Philip et al. 2001). Specificity of the
reactions was tested with DNase I-treated, not reverse-tran-
cribed, RNA.

Behavioral Analyses
Learning and memory were assessed using the negatively rein-
forced olfactory assay (Tully and Quinn 1985), coupling aversive
odors as conditioned stimuli (CS+ and CS" ), and electric shock
as the unconditioned stimulus (US). LONG TRAINING was per-
formed using previously described assay modifications (Skoulakis
and Davis 1996; Philip et al. 2001). The SHORT conditioning
assay was performed as described previously (Beck et al. 2000).
Because the earliest possible time that we can test the animals
past the CS+ and US presentation is 180–200 sec, our measure-
ments cannot differentiate between “acquisition” and “3-minute
memory.” This earliest performance assessment is referred to as
“learning.” Sensory control experiments were performed as pre-
viously described (Skoulakis and Davis 1996; Philip et al. 2001).

For CS+/US pre-exposure experiments (Preat 1998), flies
were given 60 sec of benzaldehyde, concomitant with 11 90-V
electric shocks. Subsequently, their avoidance of octanol versus
air was quantified. Complementary experiments pre-exposing
flies to octanol and 11 90-V electric shocks and evaluating benz-
aldehyde avoidance were performed in parallel.

Olfactory trap assays with the attractive odorant geraniol
were performed as described in Phillip et al. (2001). Briefly, 10
male flies were placed in a 100 % 15-mm plastic Petri dish con-
taining moistened Whatman paper, and the olfactory trap was
made by cutting the bottoms of a 0.5-mL and a 1.5-mL Eppen-
dorf tube and attaching them via their cut bottoms. Then 200 µL
of 1% agarose containing 0.05% geraniol was placed in the lid of
the 1.5-mL Eppendorf tube, which was subsequently tightly
closed. Attraction to the odor was assessed at 23°–24°C in the
dark.

Statistical Analysis
Untransformed (raw) data were analyzed parametrically with the
JMP3.1 statistical software package (SAS Institute Inc.) as de-
scribed (Skoulakis et al. 1993; Skoulakis and Davis 1996). To
maintain a constant experimentwise error rate, the significance
level was adjusted as suggested by Sokal and Rolf (1981). Follow-
ing initial ANOVA, planned multiple comparisons, comparisons
to a control strain (Dunnett’s test), or Tukey-Kramer tests were
performed as indicated in the figure legends.
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and ZnO
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The abundant pigment-protein membrane complex photosystem-I (PS-I) is at the heart of the Earth’s
energy cycle. It is the central molecule in the ‘‘Z-scheme’’ of photosynthesis, converting sunlight into the
chemical energy of life. Commandeering this intricately organized photosynthetic nanocircuitry and
re-wiring it to produce electricity carries the promise of inexpensive and environmentally friendly solar
power. We here report that dry PS-I stabilized by surfactant peptides functioned as both the light-harvester
and charge separator in solar cells self-assembled on nanostructured semiconductors. Contrary to previous
attempts at biophotovoltaics requiring elaborate surface chemistries, thin film deposition, and illumination
concentrated into narrow wavelength ranges the devices described here are straightforward and inexpensive
to fabricate and perform well under standard sunlight yielding open circuit photovoltage of 0.5 V, fill factor
of 71%, electrical power density of 81 mW/cm2 and photocurrent density of 362 mA/cm2, over four orders of
magnitude higher than any photosystem-based biophotovoltaic to date.

P
S-I precisely orchestrates 96 chlorophyll molecules with electron donors and acceptors1 (Fig 1 a) achieving
efficient coherent energy transfer2 and near-unity charge separation quantum yield at ambient tempera-
tures3,4. This is a feat unmatched by any man-made photoelectronic device and has led to PS-I being studied

as a candidate for many nanobioelectronic applications5–8, as well as being the original inspiration behind the dye-
sensitized solar cell (DSC)9. So far, research on PS-I biophotovoltaics has focused on proof-of-principle devices,
studying immobilized PS-I complexes and isolated reaction centers (RC) in self-assembled monolayers (SAMs)
on flat electrodes5–8.

Two main obstacles hinder biophotovoltaics from being a more widely studied technology, constantly
improved by many independent researchers. Firstly, while extracting PS-I from a variety of abundant sources
is easy, drying this extract on electrodes results in rapid loss of function due to denaturation. Secondly, the
electrical power output of biophotovoltaics to date has been so low5–8, that they were of little practical interest and
the characterization necessary to improve their performance required cumbersome, expensive to iterate-optimize
methods. For instance, in order to obtain measureable photocurrents it was necessary to make up for the low
absorption cross sections of the nearly transparent active SAMs. In prior studies this was addressed by using either
laser light with power equivalent to 100 times that of standard air-mass 1.5 (AM1.5) sunlight5, or incoherent
monochromatic light6 in both cases precisely tuned to the pigment absorption maxima –an unrealistic emulation
of real-world conditions requiring elaborate instrumentation.

Results
We have removed these two obstacles by designing a PS-I biophotovoltaic whose IV characteristics can be easily
studied under regular sunlight and its design and fabrication are amenable to low-cost, iterative optimization. To
avoid denaturation, we treated PS-I with designer peptide surfactants1. To improve photovoltaic performance we
increased the light absorption cross-section without changing the footprint by departing from the traditional flat
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electrode geometry in favor of mesoscopic, high-surface area semi-
conducting electrodes (TiO2 nanocrystals and ZnO nanowires).
Finally, we showed how high affinity peptide motifs10 bioengineered
to promote selective adsorption to specific substrates can enhance
photovoltaic performance. These materials, geometries and design
resulted in simple, robust biophotovoltaic devices of unprecedented
performance.

Photochemically active, trimeric PS-I was isolated and character-
ized from the thylakoids of the thermophilic cyanobacteria Thermo-
synechococcus elongatus as described in detail in Fig. 2 of Iwuchukwu
et al.11. This PS-I was stabilized for several months in solution12 and
in dry form by designer peptide surfactants1 (Fig. 2). To build
devices, PS-I molecules were air-dried on nanostructured semicon-
ducting substrates and the circuits were completed by liquid electro-
lyte and platinized glass as is common for conventional DSCs (Fig. 1
b). We used nanocrystalline TiO2 and ZnO nanowires to provide a
large effective surface area (Aeff) for PS-I adsorption and light har-
vesting (Fig. 3) and without any further optimization, these devices
achieved electrical power outputs Pout of up to 81 mW/cm2 and
area-normalized short-circuit current densities Isc

Norm of up to
362 mA/cm2 (Fig. 4). These parameters are to be compared to the
over 10,000 times lower Isc

Norm (,30 nA/cm2) reported previously
with monochromatic illumination tuned to the ,800 nm absorption
peak of a monolayer of PS-I on a thin film of gold (actual power
efficiency not reported)7 and to the up to 120 mA/cm2 Isc

Norm

observed when isolated RCs were chemically bound to a series of
evaporated metallic and semiconducting thin films and illuminated
with 10 W/cm2 laser light (one-hundred times the power density of
AM1.5 sunlight) all concentrated into the 808 nm absorption peak of
RCs5. While there have been various estimated and theoretical max-
imum efficiencies (e.g. an upper possible limit of 20% efficiency for

RC-biophotovoltaics5), there have been no reports of conversion

efficiency g for PS-I (where g~
Pout

Pin
, Pin the total power of the

incident light and Pout the total resulting electrical power). Our
photocurrent measurements were carried out under AM1.5 standard
simulated sunlight with precisely controlled active surface areas
(0.159 cm2) and continuously-calibrated, spectral-mismatch cor-
rected sunlamps, as is the standard in the conventional photovoltaic
industry13. Under these conditions, that closely emulate outdoor
sunlight, the total external efficiency of conversion of incident sun-
light to useable electricity was g , 0.08%. This must not to be con-
fused with the sometimes very high quantum or internal efficiencies
routinely reported for organic optoelectronics.

PS-I Biophotovoltaic Solar Cell. In photosynthetic organisms, PS-I
catalyses light-driven electron transfer from reduced plastocyanin
located in the lumen, to ferredoxin in the stroma providing a path
across the membrane consisting of a chain of cofactors (Fig. 1a).
Light absorption results in excitation of the primary electron donor
(P700), transfer to primary and secondary electron acceptors and
finally crossing of the membrane. In our biophotovoltaic solar cell,
the role of plastocyanin was played by the Co(II)/Co(III) ion-
containing electrolyte Z81314, and ferredoxin was replaced by either
nanocrystalline TiO2 (Fig. 1 b left) or ZnO-nanowires (Fig. 1 b right)
to provide large-surface area electron acceptors.

When using TiO2, we chose the pore size of the nanocrystalline film
to be double the diameter of our PS-I particles to ensure a high prob-
ability of physisorption. When using ZnO nanowires, we substituted
(by a self-assembly exchange reaction) the naturally-occurring electron
acceptor PsaE subunit with one that contained an amino acid sequence
with high affinity for ZnO: RSNTRMTARQHRSANHKSTQRARS10

Figure 1 | Schematic of PS-I in cellular membrane and in two types of biophotovoltaic cells. (a) PS-I in ,30Å thick cellular bilipid membrane (grey).
Arrows indicate direction of electron travel with acceptor side facing down. The core subunits are shown in grey and the only prosthetic groups are the
core electron transport associated cofactors including the P700 chlorophyll (Chl) dimer in the center, the four associated Chl a molecules (green), the two
phyloquinone acceptors (orange), and the three FeS centers Fx, Fa and Fb (yellow) (sulfur) and brown (Fe). The ribbon diagram of stromal subunits PsaD,
PsaC, and PsaE is shown protruding outside of the membrane and colored blue, red, and purple respectively. (b) The natural redox mediators cytochrome
c and ferredoxin are absent, replaced by Z813 electrolyte and either a TiO2 nanocrystalline sintered paste (left) or ZnO nanowires (right). Left: stabilized
PS-I physisorbed to TiO2 on fluorine-doped tin oxide (FTO) coated glass. Right: (bioengineered) PS-I self-assembled in the presence of an
overabundance of PsaE-ZnO subunit on ZnO nanowires grown on ITO glass. In both cases, energy levels are matched to favor electron transfer from
electrolyte to photoanode5–8.
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(PsaE-ZnO) thus promoting adhesion and minimizing the distance
that electrons must travel to the anode (Fig. 2 a).

Stabilization of Native and Bioengineered PS-I. Stabilization of dry
PS-I extract on glass and on the transparent conductor Indium-Tin-
Oxide (ITO) for at least three weeks has been described elsewhere1.
Here, we mixed PS-I at 0.4 mg/mL in a 151 ratio with 0.1% (w/v) of
the 2.4 nm long cationic peptide surfactant Ac-AAAAAAK-NH2

(A6K) consisting of six alanines and a lysine at the amidated
C-terminus and observed enhanced stability (Fig. 2 b). The
bioengineered, self-assembled PS-I containing PsaE-ZnO exhibited
low-temperature fluorescence peaks identical to unmanipulated PS-I

extract undergoing identical treatment (Fig. 2 c), indicating that
subunit substitution did not adversely affect structure and we
expect the photochemical-activity enhancing effect of A6K to be
similar in both cases.

Nanocrystalline TiO2 and ZnO Nanowires as Large Surface Area
Photoanodes. Isc is directly proportional to electrical power output
and is controlled by light absorption. To increase the useful light
incidence angle and optical cross-section of our biophotovoltaics,
we used two types of rough, large surface area semiconductors as
photoanodes. This made our devices able to absorb light from nearly
a 2p solid angle and provided an increased effective area for PS-I

Figure 2 | (a) To promote attachment and orientation of the entire PS-I complex to ZnO nanowires, we fused the ZnO-binding peptide tag
RSNTRMTARQHRSANHKSTQRARS10 (expressed in E.coli) to the N-terminus of the PsaE subunit. Upon exchanging native PsaE in favor of PsaE-ZnO
and self-assembly, the modified PS-I preferentially binds to ZnO nanowires by the electron acceptor side, minimizing distance between electron acceptor
and electrode and maximizing electron transfer. (b) The marked increase in the rate of methyl viologen (MV)-mediated oxygen reduction by PS-I in the
presence of the designer surfactant peptide A6K, indicates that A6K maintains the ability of PS-I to catalyze photochemical charge separation and MV-
mediated O2 uptake relative to the control treatment with either the non-ionic detergent Triton X-100 (middle) or DDM present in the isolation buffer
(left). Increased O2 uptake activity cannot be due to free chlorophyll-mediated O2 consumption (via3chl) since treating cyanobacterial PS-I with strong
detergents (1% SDS) leads to only minimal loss of chlorophyll from PS-I22. All activity tests are normalized per mol of PS-I. (c) Low-temperature
fluorescence of PS-I self-assembled in the presence of excess PsaE-ZnO (red) peaks at the same two wavelengths as unaltered PS-I extract (blue) indicating
that bulk chlorophyll organization is preserved12 and the stabilizing interaction with A6K is likely similar in both cases.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 2 : 234 | DOI: 10.1038/srep00234 3



SAM adsorption: Aeff ,200 times that of the flat footprint for TiO2

nanocrystals (Fig 3 a) and ,30 times with ZnO nanowires (Fig 3 b).
In addition to providing an inexpensive alternative to TiO2, the
charge carrier mobility of ZnO nanowires is one-hundred times
faster than TiO2

15 and large-scale, ambient temperature solution-
growth of ZnO nanowires is simple, requiring fewer steps, less
energy and is easily adaptable to flexible conducting substrates16.
However, ZnO DSC photoanodes have so far always under-
performed15 when compared with identically sensitized TiO2.
This is due to their lower roughness factor r, poor dye loading,
and the shunting of the photocurrent by the corrosion of ZnO
by common DSC dyes and electrolytes. The IV behavior of our
biophotovoltaics indicated that tagging PS-I with an amino acid
sequence that binds to ZnO promoted orientation and/or binding
to ZnO nanowires with g5 0.03%, for PsaE-ZnO, while g5
0.00% for the histidine-tagged control (Fig. 4 d and e
respectively). The Isc achieved with ZnO (Fig. 4 d) is roughly a
factor of ten lower than that with TiO2, consistent with the ratio
of the two Aeff (rZnO,30, rTiO2,200) suggesting that Aeff is the
primary control of Isc.

Photocurrent Measurements Under Realistically Simulated Solar
Illumination. The shapes of the IV curves (Fig. 4) obtained upon

exposing our devices to AM1.5 sunlight for both PS-I complexes on
TiO2 and bioengineered PS-I on ZnO are similar to conventional
DSCs. After accounting for the UV-excited photocurrent (Fig. 4b)
the following four types of control devices, containing all buffer
components and electrolyte, did not yield any additional
photovoltaic action: i) devices made with denatured PS-I (boiled
for 10 min), ii) blanks without PS-I or A6K , iii) blanks without
PS-I but with A6K, iv) devices with PS-I but no A6K. This leaves
stabilized, non-denatured PS-I as the only possible agent behind 80%
of the maximum measured photocurrent (the remaining 20% being
due to UV excitation of TiO2 and ZnO). We emphasize that these
photocurrents cannot be attributed to sensitization by leached
chlorophyll, because unless precisely organized by the PS-I
scaffold, chlorophyll alone does not act as a photovoltaic
sensitizer1, the interaction between the chlorophyll ester units with
the TiO2 surface is weak and chlorophyll does not adsorb17 on TiO2

or ZnO .

Discussion
Using inexpensive raw materials and simple processes, we have
achieved record biophotovoltaic performances. We isolated PS-I
from thermophilic cyanobacteria, but the structural similarity
between this and higher plant PS-I suggests that many other

Figure 3 | SEM of nanostructured TiO2 and ZnO photoanodes and schematic of an ideal ultra-low cost biophotovoltaic arrangement. (a) 3.8 mm-
thick, 60 nm-pore TiO2 nanocrystalline photoanode of roughness factor rTiO2 ,200 (i.e. surface area increases by roughly fifty times per mm of film
thickness) fabricated as described previously13. (b) 3 mm tall, ZnO nanowires grown on Zn-nanoparticle-seeded ITO-glass as described elsewhere15,
rZnO,30. Round graphic at top left of inserts represents a PS-I trimer drawn to scale. (c), (d), (e) ideal arrangement of PS-I and designer surfactant
peptide stabilizers on ZnO nanowires that could be grown at room temperature on a variety of flexible and inexpensive substrates16.
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Figure 4 | Photocurrent measurements of PS-I biophotovoltaic devices under AM1.5 simulated insolation at 2986K. Illuminated surface 0.159 cm2 (a)
40 ml of PS-I (0.2 mg/mL) stabilized by 151 0.1%w/v designer surfactant peptide A6K (resulting in a total of 8 mg of protein) dried on a 3.8 mm thick layer
of 60 nm-pore TiO2 produces an IV curve typical of a DSC. Fill factor (ff) ranged from 64% to 71% (b) Eliminating ultraviolet (UV) wavelengths below
350 nm resulted in a ,20% reduction in the normalized short circuit current (Jsc

Norm) and a ,10% reduction in the open circuit voltage (Voc) indicating
that 80% of the total electrical power generated is due to PS-I (the rest due to UV photovoltaic response of TiO2). These photocurrents cannot be
attributed to sensitization of TiO2 by leached chlorophyll derivatives1,17. A blank control containing A6K generated no power when exposed to UV-less
sunlight of any intensity, neither did controls built with PS-I denatured by boiling for 10 minutes, nor devices built with PS-I not treated with A6K (data
not shown). Total incident-light to electrical external power conversion efficiency g was 0.08% with UV, 0.07% without. (c) Linearity test of PS-I
photocurrent at intensities from 0.01x to 1.0x AM1.5 shows behavior typical of a DSC. (d) IV of PS-I self-assembled in the presence of an overabundance
of PsaE-ZnO electron-accepting subunit yields a total power conversion efficiency, g50.03%. (e) Control: IV of PS-I self-assembled with an
overabundance of non-ZnO specific histidine-tag containing PsaE subunit yields lower Voc, Jsc

Norm and g50.00% as expected, suggesting that the PsaE-
ZnO tag either enhanced binding of PS-I to the ZnO nanowires or favored the optimal orientation, or both. Z813 Co(II)/Co(III) electrolyte14 and
platinized glass were used to complete all devices.
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abundant sources of highly pigmented thylakoids can also be used
including the normally discarded leafy parts of common agricultural
crops or timber. PS-I is indeed a promising raw material for ultra-
low-cost biophotovoltaics as postulated by LaVan et al.4 but signifi-
cant optimization challenges must be met. The devices characterized
here indicate merely the lowest limit of PS-I biophotovoltaic per-
formance possibilities. Since we did not perform any optimization,
significant efficiency gains can be expected from increased loading,
better oriented and more tightly coupled PS-I to photoanode, custo-
mization of stabilizing agents and better matching of bio-friendly
electrolytes with photoanode/photocathode substrates. The short-
term stability and photoactivity of various treatments of PS-I is
summarized in Fig. 2 b and discussed in detail elsewhere1,12 and is
encouraging. Clearly, tracking biophotovoltaic performance over the
long-term is an important future step but was beyond the scope of the
present study18. While we used centrifugation, equally pure PS-I can
be isolated from plant or bacterial extracts by porous membrane
bioseparation, an inexpensive method that can be scaled up to indus-
trial levels by simple yet highly efficient affinity binding with pro-
tein-specific epitope tags19. The design and methodology principles
described here are suitable to biophotovoltaics that can be character-
ized under ordinary sunlight. We hope these results encourage
optimization efforts to deliver biosolar power that is truly ‘‘green’’.

Methods
Cloning and expression of ZnO-binding subunits. While we here show data on
PsaE only (Fig. 2c), plasmids coding for PsaE (UniProt accession number Q62007)
and also PsaD (UniProt accession number P34982) from Cyanobacterium
Mastigocladus laminosus were expressed and studied. Both self-assemble near the
final electron acceptor and ejection site of the PS-I complex and are ideally placed to
appropriately attach and orient the molecule to a photoanode. The peptide tag
RSNTRMTARQHRSANHKSTQRARS10, was fused to the N-terminal of the
respective coding sequence via a five-residue glycine linker and a six residue histidine
tag was fused to the C-terminal by PCR (Fig. 2a) and cloned into expression plasmid
pET-DEST42, Invitrogen (Carlsbad, CA, USA), according to the manufacturer’s
instructions. The plasmids were transformed into the Escherichia coli (E. coli)
expression strain BL21 (DE3) pLysS. Protein expression was carried at 37uC in LB
media and the soluble protein fraction isolated by centrifugation after lysing cells by
sonication. The proteins were purified using His-Trap column (GE Healthcare,
Uppsala, Sweden) using an ÄKTA purifier chromatography system (GE Healthcare),
according to the manufacturer’s instructions.

Subunit exchange. To exchange the native PsaE (or PsaD) in PS-I to the recombinant
PsaE-ZnO (or PsaD-ZnO), the recombinant proteins were incubated with PS-I in a
5051 molar ratio for 2 hours at 4uC. Free PsaE (or PsaD) was removed by centrifuging
the sample over an YM-100 filter (Millipore) leaving unbound PsaE (or PsaD) in the
flow-through (Fig. 2a). These exchange reaction protocols are expected to yield
exchange efficiency of .65%. Since we used a dual isolation system using both IMAC
and sucrose density exchange, we know with certainty that our efficiency is higher
than 65%.

Stability test of immobilized PS-I via low temperature fluorescence spectroscopy.
Low-temperature fluorescence spectroscopy1 was used to ascertain stability of the PS-
I complex when immobilized on ZnO nanowires. Each 1 cm 3 1 cm ZnO nanowire
chip covered in PS-I (drops standardized to contain a total of 2.9 mg of protein) was
placed on a custom made Teflon holder and cooled under liquid nitrogen
(2196.15uC) in a cryostat with glass windows at right angles. Fluorescence was
excited optically using a 408 nm laser incident at a 245u angle to the normal to the
chip surface. Steady-state emission spectra were recorded using a CCD spectrometer
(slit width 20 mm) with an optical fiber input oriented 145u to the normal thus
detecting at a right angle from the excitation beam. The fluorescence intensity of each
sample was qualitatively normalized and the peaks were found to be identical to those
of native PS-I (Fig. 2c), as expected if no structural changes resulted from the
exchange reaction or immobilization on the ZnO nanowires.

Fabrication of sealed solar cells, current-voltage (IV) and control measurements.
Devices (Fig 1) were made by allowing a 40 mL drop of PS-I solution to air dry at room
temperature on two different nanostructured semiconducting electrodes: a TiO2 of
60 nm average pore size, 3.8 mm film thickness, roughness factor: rTiO2 ,200 (i.e.
surface area increases by x50 per mm of film thickness) fabricated as described
previously13 (Fig 3a) and a mat of 3 mm tall, ZnO nanowires (grown on Zn-
nanoparticle-seeded ITO-glass as described elsewhere1) with rZnO ,30 (Fig 3b).
Cells were sealed with 40 mm-thick heat-treated Syrlyn gaskets and Z813 Co(II)/
Co(III) electrolyte14 composed of:

0.5 M Co(Ophen)3(bis(trifluoromethanesulfonyl)imide)2

0.05M Co(Ophen)3(bis(trifluoromethanesulfonyl)imide)3

0.2 M LiClO4 dissolved in a 60%Ethylene Carbonate and 40% acetonitrile (v/v)
solvent, which was introduced by capillary action. Platinum-coated, fluorine-doped
tin-oxide (FTO) glass was used as the counter electrode. In all cases, photomasks of
0.159 cm2 where used and IV curves, Jsc

Norm and total power were normalized to this
area. All measurements were performed using a continuously thermopile-calibrated
solar simulator with neutral density filters as described in detail by Ito et al.13. 60
devices total were tested, the results reported in Fig 4 belong to individual devices
exhibiting typical behavior, not averages over many devices. The error bars in all IV
curves are included in the plots but are smaller than the size of the data point markers.
Control devices made with TiO2 and electrolyte but containing no PS-I and exposed
to full sunlight (including UV) gave Pout 28 mW/cm2, with 277 mA/cm2 Isc and
257 mV Voc with a fill factor of 0.39. It was impossible to obtain IPCE curves of
control unsensitized devices due to very low currents, as expected (see supplemental
materials).

PS-I Purification. Our PS-I was identical to that used in Iwuchukwu et al.11. Briefly,
PS-I was extracted from the thylakoid membranes of the thermophilic cyanobacteria
T. elongatus. Bacteria were grown in 2 L airlift fermenters (Bethesda Research Labs,
Bethesda MD) to late log phase at 56uC. Bacterial growth was followed by incubation
with 0.25% (w/v) lysozyme for 2 hours at 37uC under gentle agitation. Cells were
lysed with the French press; unlysed cells were removed at 3,000 x g for 5 min and
membranes were collected at 20,000 RPM. The membranes were washed and
solubilized as in Fromme and Witt20 with the exception that in the final wash 3 M
NaBr was used. Then the supernatant was loaded on a 10-30% linear sucrose gradient
(20 mM MES pH 7.0, 10 mM MgCl2, 10 mM CaCl2 and 0.3% w/v n-dodecyl-b-D-
maltopyranoside (DDM), for 16 hours at 24,000 RPM. The lower green band was
collected (see Fig. 2 of Iwuchukwu et al.11 ), pooled and stored at –20uC. Purity was
confirmed by Tris-tricine SDS-PAGE gel electrophoresis. The chlorophyll content of
PS-I was measured as described previously21.
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ABSTRACT
Therapeutic Neurofeedback (NFB) using real-time electro-
encephalography (EEG) data works by reinforcing desired
brainwave patterns. Although EEG is a well-established
diagnostic tool and EEG-NFB shows great promise for en-
hancing cognitive performance and treating neurological dis-
orders, proof of its e�cacy has been limited. Here we charac-
terize a novel Self-Calibrating Protocol (SCP) method cou-
pled to five standard machine learning algorithms to classify
brain states corresponding to the experience of “pain” or “no
pain”.

Our results indicate that commercially available, wearable
EEG sensors provide su�cient data fidelity to robustly dif-
ferentiate the two“perceptually opposite”brain states. Cru-
cially, use of SCP allows us for the first time to bypass the
pitfalls associated with trying to force an individual’s brain
wave patterns to match “normed” target patterns obtained
over population averages. These are necessary steps towards
personalized NFB therapies and bespoke Brain-Computer
Interfaces and brain training suitable to a wide variety of
individual needs.
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1. INTRODUCTION

1.1 Background and Motivation
The use of electroencephalography (EEG) [13] coupled

to biofeedback is the most common type of neurofeedback
(NFB). NFB presents to the patient a real-time visualiza-
tion of the distance from an (un)desirable brain state and
uses operand conditioning to reinforce the desired brainwave
activity.

Case reports and clinical trials going back to the 1970s [11]
claim great potential e�cacy of neurofeedback in a variety of
applications, however, problems including lack of standard-
ized protocols and di�culty with designing sham trials (even
sham treatment may evoke reward pathways important in
learning and memory, thereby confounding results) has left
the methodology with confusing results and a poor reputa-
tion [12]. One study directly compared a low-cost headset
(EmotivEpoc

TM ) with a medical grade system (ANT
TM ),

and found that although the Emotiv was able to satisfac-
torily record EEG, its use was not reliably interchangeable
with that of FDA approved equipment operated by a clini-
cian [7].

Despite the lack of studies showing robust e�cacy, at-
home uses of EEG continue to grow, with users ranging
from quadriplegics [16] to gamers [7]. EEG-based devices
are also becoming popular as a new way of trying to en-
hance cognitive function, for example in learning and mem-
ory acquisition, athletics, music performance and even high
speed-stock market trading. The rapidly expanding scope
of such applications is based on the colloquial notion of re-
entering a state of “flow” [6].

Currently, NFB is most often used for relaxation (induc-
ing a state of calmness) [19], even though it shows promise
as an intervention for many disorders. Depression, panic,



Figure 1: (a) System setup overview: Bluetooth connects wearable headband to mobile device, accelerometer
input used to filter out spurious signal. (b) Two use-case scenarios uniquely enabled by SCP: (Left) NFB
training mode trains the user to re-enter any desirable brain state and, (Right) NFB prediction mode which
warns the user has or is about to enter a target brain state. (c) Experimental setup for unambiguously
generating perceptually opposite brain states by inducing cold pain. Healthy subjects inserted a hand into
0oC water bath until reaching a self-reported 8 on a 1-10 pain scale (10=insu↵erable pain.

ADHD, OCD, pain syndromes, and PTSD all have been as-
sociated with robust characteristic EEG findings, and NFB
has the potential to be useful in diagnosis and treatment of
these disorders [4]. So far, health insurance carriers and gov-
ernment regulatory agencies have generally refrained from
granting wider approval of EEG-based diagnosis and treat-
ment despite the existence of certification procedures for
NFB providers and even dedicated quantitative EEG inter-
pretation services. Notable exceptions are the recent FDA
approvals of the NEBA device as an adjunct for diagnos-
ing ADHD in children and adolescents, and the Brainscope
device for assessing traumatic brain injury [20, 9, 8, 5].

1.2 Traditional EEG neurofeedback
and new applications

Traditionally, NFB works by reinforcing changes in the
EEG towards a norm which has typically been established
statistically by processing raw EEG data averaged over many
individuals followed by mapping and comparing it with a
“normative” database of controls. This method leads to per-
sistent problems with reproducibility of results arising in
part due to the large inherent variability in brain wave, scalp
and brain morphologies from person to person. In this pa-
per, we examine the use of a novel Self-Calibrating Protocol
(SCP), allowing the patient/user to assign arbitrary per-
ceptual experiences to brain states generically designated as
“up” and “down” by simply time-stamping the onset of the
state during a live EEG trace acquisition and then training
for one against the other.

The emergent picture is that barriers to more e↵ective
use of EEG NFB no longer include obtaining the EEG data.

Instead, the obstacles are reliability, reproducibility and cal-
ibration to each individual idiosyncrasies. On-board signal
processing powered by inexpensive yet robust digital elec-
tronics has now opened the door for reliable, low-cost, per-
sonalized and most importantly, e↵ective EEG NFB. The
rapid proliferation, fewer- and dry- electrode commercially
available sensors [1] including easily wearable devices, has
now made developing better protocols and applications by
iterative optimization an attainable goal.

One objective of our work that is of particular practical
interest is the creation of a versatile and reliable general plat-
form that allows for personalized EEG neurofeedback, thus
avoiding the known pitfalls of using “normed” neurophysio-
logical states obtained from calibration to a wide average of
other users.

Figure 1b outlines two use-case scenarios uniquely enabled
by SCP: one terminating in a personalized NFB application
platform, the other in a brain state prediction application.
The former trains the user to re-enter any desirable brain
state (similar to traditional NFB only no longer limited by
calibration to average states). For the latter, the app is
trained to provide the user with early warning that their
brain is about to enter a target state (for instance a state of
inattention caused by fatigue, whose signature is detectable
but di↵erent in di↵erent users’ brain wave patterns).

2. MATERIALS AND METHODS

2.1 EEG hardware and signal acquisition
software

To obtain the EEG signals from our subjects during the



experiment, we used theMuse
TM headband [10] which com-

prises of 7 EEG electrodes: 3 reference and 4 input. The
reference electrodes are located on the forehead and the in-
put electrodes are two front (left and right of the reference)
and two rear, above each ear. The headband has a single
accelerometer module capable of tracking 3-axis movement
of the head (Figure 1a), which is used to reject noisy data
acquired during sudden head movements. The device per-
forms synchronous sampling of the four electrodes with a
sampling rate of 12kHz. The data are oversampled to in-
crease precision bits and then downsampled to 220Hz, which
is the e↵ective output frequency for the raw EEG signal data
having a dynamic range of 0� 1.682mV .

An on-board digital signal processing (DSP) module per-
forms noise filtering and a Fast Fourier Transform (FFT) on
the raw EEG signal using a 256-sample window, with a step
of 22 samples, i.e. 10 times per second (windows overlap
90%). There are six standard frequency bands known to be
good handles for EEG classification and whose ratios have
been shown useful in NFB training [3]: ↵ : 9 � 13Hz,� :
13 � 30Hz, � : 30 � 50Hz, � : 5 � 8Hz and ✓ : 1 � 4Hz.
The average power in these bands is real-time computed
in hardware and sent alongside an indicator of data qual-
ity from each sensor. The raw FFT values along with the
bandpowers are transmitted at 10Hz via Bluetooth to a lap-
top running Mac OS X 10.10.2. Input data is parsed using
a company-supplied SDK and passed to a second round of
signal processing algorithms written in MATLAB. The EEG
signal (both raw and frequency data) processing and clas-
sification was conducted using the Statistics and Machine
Learning toolkit of the MATLAB 2014b edition. The manu-
facturer provided on-device computed FFTs were used when
available as they are filtered by an on-board data quality in-
dicator.

2.2 Pain/no-pain EEG data collection
We collected data from seven test subjects, four male

and three female, under identical conditions. The Muse
TM

headband was worn according to manufacturer’s instruc-
tions and subjects were asked to sit quietly with eyes open
and arm resting naturally to establish a 20 second baseline
marked as “no pain”. Subjects then submerged one hand
into an ice water bath (kept at 0oC) and were asked to ver-
bally report their pain level on a scale ranging from 1 (start
of pain) to 10 (unbearable). The case of no pain (unambigu-
ously all data before the hand is immersed) is assigned the
value 0.

Arbitrarily, a pain level of 8 was chosen as the threshold
for “acute pain” which was self-calibrated to the moment
subjects chose to remove their hand from the ice-bath (typ-
ically approximately one minute post-insertion and long be-
fore numbness or permanent tissue damage could result).
Subjects reported a return to level 0 within a few tens of
seconds upon removal of hand from ice water. Six of seven
subjects showed a uniform pain response while one exhib-
ited unusual pain tolerance putatively attributed to mul-
tiple sports trauma to the hand followed by arm surgery.
The EEG data were timestamped at four key positions: 1)
insertion of hand into ice bath, 2) start of pain -verbally re-
ported and assigned pain value =1, 3) removal of the hand
-corresponding by definition to pain value = 8 and finally 4)
end of pain corresponding to pain value = 0 and identical
to data obtained prior to time stamp 1).

Figure 2: Example of timestamped marked up raw
and frequency-processed EEG output.

2.3 Self-Calibrating Protocol using
cold-induced pain states

EEG methods have been studied as detectors and quan-
tifiers of pain in patients who are unable to communicate
[9]. Here we use a similar cold-induced pain vs. no-pain
protocol as a surrogate for a generalizable brain state. We
chose this modality because of its unambiguous external val-
idation by the experimenter, decoupled from the subject’s
self-reporting: pain cannot start before subjects insert their
hand in the ice bath (so all data before insertion has a pain
value of 0), and it is clear that pain is high in the moments
immediately prior to when subjects remove their hands from
the ice bath (Figure 2). In our analysis we are character-
izing both classification using self-calibration and classifica-
tion based on normalized data from a di↵erent person.

3. RESULTS

3.1 Machine Learning and Classification
Anticipating the need to run NFB in real-time on mo-

bile devices coupled to wearable wireless sensors guided our
computational analysis. The focus was to extract and se-
lect features from the EEG signal and apply machine learn-
ing techniques to study their applicability to (ultimately)
generalized brain state classification in a low-overhead com-
putational setting. We narrowed our performance assess-
ment to five classification algorithms, namely Support Vec-
tor Machines with linear and radial kernels, Complex De-
cision Trees, k-Nearest Neighbors and 2-layer Perceptron
Neural Networks. Those algorithms are generally consid-
ered well-suited for analysis of stationary EEG signals [14]
and o↵er diversity both in linear and non-linear models.

3.2 Data analysis: “pain” state can be
distinguished from “no pain” state

Our first task was to confirm that indeed it was possible
to reliably use self-calibrated data to distinguish between
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Figure 3: Scatter plot of two features (power of ↵

band averaged over four sensors vs. power of � band
averaged over four sensors) explaining 45% of the
data variance (read text), indicating that frequency
domain analysis can provide su�cient separation be-
tween the two classes.

di↵erent brain states. Each subject’s data was split into
256-sample windows (90% overlap) and each window corre-
sponded to one observation. Observations were labeled into
three classes titled “pain”, “no pain” and “unknown”. Data
collected prior to inserting a hand into the ice bath and af-
ter the user reported ‘end of pain’ were labeled as “no pain”.
Users verbally reported a ‘start of pain’ seconds after hand
immersion (time-stamped as pain level =1).Subsequent data
and until voluntary removal of the hand from the ice bath
were labeled as “pain”. The ratio of “pain” to “no pain” la-
bels was kept close to one to avoid biasing the classifier. The
rest of the data points were labeled as “unknown” and they
were not used for the training of the classifier. For the rest
of the analysis the observations from one self-calibrated sub-
ject are used as the training set and the rest of the subjects
as a test set.

A core advantage of our Self-Calibrating Protocol is the
ability to train based on personal data and not population
averages. Thus every algorithm was optimized based on
cross-validation, i.e. splitting the training set obtained from
a single individual into two parts, and using one to train and
the other to test. Yet, a test-set comprising of another indi-
vidual’s data is a good measure of the generalization ability
of our classification scheme, as it is likely to overfit when
using data from a single experiment. Overfitting is possible
even in classification data from a single individual as brain
activity can vary significantly over time and especially upon
repetitions of the experiment (for instance habituation or
sensitization resulting in varying pain thresholds and toler-
ances).

Results from past experiments show evident changes in
the frequency content of the EEG signal during acute pain
[18]. Moreover, on the direction of implementing an em-
bedded software for the classification, FFT is the fastest of
available methods for frequency analysis in real-time [3]. In
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Figure 4: Validation accuracy of the classifiers on
“pain”/“no pain” state di↵erentiation. Every algo-
rithm was tested with 500 di↵erent ensembles of fea-
tures. Error bars indicate maximum and minimum
performances.

our case, a short FFT is performed by the the DSP module
embedded in the headband every 22 samples thus construct-
ing a feature vector using frequency domain data. The vec-
tor comprised a total of 25 features based on the power in
the 5 frequency bands (✓, �,↵,�, �) and the location of the
sensors (left ear, left forehead, right forehead, right ear). A
z�score normalization was performed on the whole set of ob-
servations for every feature. Figure 3 shows the correlation
between two features that were important for recognition
of pain in [18]. In our case, even with data from less than
half of their sensors, the two states, “pain”/“no pain”, are
separated su�ciently well.

3.3 Determining the best classification
algorithm

We next asked what role the classification algorithm may
play in reliable analysis of the EEG data in our SCP. Several
classifiers were tested in order to determine which will per-
form better with the analysis of stationary EEG data. The
candidates were Decision trees, Support Vector Machines
(SVM) both with linear and nonlinear kernels, k-Nearest
Neighbors and lastly a 2-layer Perceptron neural network
(refer to Methods for reasoning behind these choices). Prior
to the comparison test, each classifier’s parameters were op-
timized with random sample tests in order to achieve val-
idation accuracy greater than 50%. During the test, each
classifier was trained on a ‘training’ data-set, cross-validated
with 5 folds and tested on a test set for 500 di↵erent ensem-
bles of a random number of features. Table 1 shows the final
parameters as well as average running times for each of the
classifiers.

The resulting comparison of the di↵erent classification al-
gorithms was based on the cross-validation accuracy as well
as the average and maximum validation accuracy on the
test set (see Figure 4). We found that the best performing
classification algorithm was the k-Nearest Neighbors (kNN),
with a higher average and maximum validation accuracy, al-
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Figure 5: ROC curve for the 5 classifiers. Random
classifier’s performance plotted (black line) for com-
parison.

though the performance of other classifiers was not far be-
hind (Figure 5). Thus SCP using timestamped data labeling
followed by feature extraction and algorithmic parameters
play the main role in reliable EEG classification while the
choice of the specific algorithm out of the five tested is of
secondary importance. This result is consistent with the
good separation of the two self-calibrated classes that ro-
bustly corresponded to features that could easily be found
using frequency domain analysis of the signal.

Classifier Time(ms) Parameters
Decision Tree 32 Binary, Exact Search
SVM Linear 270 SMO Solver
SVM RBF 63 SMO Solver, RBF Kernel

k-NN 127 k = 5, Euclidean metric
Neural Network 395 2-layer Perceptron

Table 1: Average training times and MATLAB pa-
rameters for each of the five classifiers. Time is cal-
culated in a single thread of an 1.8GHz processor.

3.4 Optimization of the kNN algorithm
Subsequently, we set out to further optimize the perfor-

mance of the kNN algorithm as a function of the feature vec-
tor size and content. In order to assess the size of the feature
vector we generated a random sample of 2000 unique feature
vectors of every size between 1 and 25, trained the k-NN
classifier on each set and evaluated its performance by 10-
fold cross-validation and by classifying the test set (Figure
6). For larger feature sets the performance of the classifier
converges to the average value (test set) and to a maximum
cross-validation accuracy (Figure 6). Yet, with just seven

features we can achieve robust classification performance,
at the same time lowering the computational overhead by a
factor of three.

The second step of the optimization was to determine
which ensemble of seven features performs optimally as the
training set. For this we created 5000 unique feature sets of
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Figure 6: Average validation accuracy of the kNN
classifier as a function of the number of features. For
every number of features were produced 200 unique
sets and their performance was averaged. Error bars
show the range in performance between di↵erent
training sets.

size seven, uniformly distributed through the 480070 possi-
ble arrangements (25 choose 7) and again trained the k-NN
classifier on each set and evaluated its performance by 10-
fold cross-validation and by classifying the test set. The
ensemble which scored the highest performance comprised
of two features involving bandpower information for ↵ fre-
quencies, two for �, and one for each of the rest (�,�,✓).

4. DISCUSSION
The work presented here represents first steps towards de-

feating the problems associated with cross-applicability of
EEG calibration achieved against a wide average in favor of
SCP for NFB in wearable settings. In the U.S., EEG sensors
are currently considered class II medical devices, and appli-
cations for clinical use are FDA-regulated, requiring a 510K
registration (marketed only to certified medical providers).
The only FDA approved indication for neurofeedback cur-
rently is “relaxation” [19]. One major obstacle to the goal
of moving EEG from the clinician’s o�ce to an at-home ef-
ficacious treatment and brain training tool is the practice of
using a normative database to focus neurofeedback targets.
The main requirement for inclusion in a normed database is
general health [2]. The argument for using such databases
rests on the problematic assumption that there is a ”healthy
normal” that is invariant in a particular age group.

However, there is vast inter-individual variability in EEG
as well as significant intra-individual variability over time
-especially important in the case of training that is actually
e↵ective results of which should be reflected as a progressive
movement of baseline brainwave patterns over repeated ses-
sions. Starting to address these issues a database stratified
by EEG pattern is being developed [15]. In direct response
to this e↵ort, our computational methods were chosen to
decouple any particular brain region or putative physiolog-
ical mechanism from the application of neurofeedback as a



brain training tool, allowing the patient/client/home-user to
assign arbitrary experiences to brain states generically des-
ignated as “up” and “down” and train for one against the
other.

The end goal is to create a versatile and reliable platform
for EEG neurofeedback unlimited by the availability of well-
characterized neurophysiological states obtained from cali-
bration to other users. Without loss of generality, for experi-
mental convenience and to obtain a robust and unambiguous
data set including generalizable “up” and “down” states we
used a well-studied industry-standard pain/no-pain proto-
col involving the immersion of one hand into an ice water
bath to quickly and reversibly induce pain that transitions
from barely noticeable to unbearable within tens of seconds.
Upon removal of hand from ice bath pain perception returns
to zero also within tens of seconds.

Using this protocol, we found that we could reliably and
robustly distinguish the “pain” and“no pain” states in a self-
calibrated manner. We then examined five algorithms to de-
termine which gave the best validation accuracy and found
that although the k-NN algorithm performed the best, the
choice of algorithm is secondary to the choice of features.
Finally, we characterized the number and specific set of fea-
tures necessary to optimize the k-NN algorithm.

4.1 Outlook and next steps
Upon generalization of these methods, a typical embodi-

ment would be a headband EEG sensor wirelessly transmit-
ting processed data to the visualization and UI platform.
Currently, these are in the form of a personal computer,
tablet or smartphone that run additional signal processing,
machine learning and user feedback interface and handles
historical data storage. Optionally, (historical) data storage
and analysis could take place o↵-platform in the cloud allow-
ing identification of trends and detection of new correlations
over individuals and populations. Emerging directions in-
clude integrating functionality of other wireless sensors such
as heart rate, blood pressure, generalized activity as con-
ferred by accelerometers, blood sugar and, more recently
the always-on bio-compatible flex circuitry. In the latter
case electrodes are embedded in conducting polydimethyl
siloxane (PDMS) elastomer which upon doping with carbon
black makes a surprisingly robust and comfortable skin con-
tact electrode (unpublished results from work ongoing in our
laboratory at the MIT Center for Bits and Atoms).

Additionally, EEG has long been used in clinical settings
to evaluate neurological disorders and has been proven use-
ful even in wearable settings (e.g. predicting seizures and
strokes [17]). Further empowering EEG as a diagnostic tool
when available for at home-use is the capability of continu-
ous monitoring. Several seemingly unconnected physiologi-
cal actions such as maceration and blinking (easily tracked
by EEG) are known to undergo long term changes that can
be used in diagnosing early stage neurological disorders such
as Parkinson’s and Alzheimer’s, providing di↵erential diag-
nosis of epilepsy and distinguishing among various causes of
altered cognition (for example, encephalopathy vs. demen-
tia). Such monitoring is impractical in a clinician’s o�ce due
to the requirement of prolonged data collection, but would
become practical in a wearable, at-home setting.

While these medical and performance enhancement appli-
cation directions are impacted by the work described here,
the scope of this paper is bound to showing that using

an o↵-the shelf, inexpensive (under $300 USD retail) wear-
able EEG sensor, with modest computational overhead, use-
ful features can be automatically learned and extracted by
the application of our Self-Calibrating Protocols coupled to
standard machine learning algorithms.

5. CONCLUSION
We have characterized the performance of a generalizable

Self-Calibrating Protocol coupled with five standard ma-
chine learning algorithms in an exemplary setting of clas-
sifying brain states as corresponding to the experience of
pain or no pain. Our findings indicate that inexpensive,
commercially available, wearable EEG sensors provide su�-
cient data fidelity to robustly di↵erentiate the two “percep-
tually opposite” brain states. Additionally, we have demon-
strated how low-computational overhead machine learning
algorithms that can be run on a mobile platform can be
used to find the most e�cient feature handles to classify
brain states as self-calibrated by the user. Our findings are
generalizable to states beyond pain and pave the way to-
wards creating EEG NFB applications targeting arbitrary,
self-calibrated brain states in at-home and wearable settings.
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