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Project Summary 

Chronic sleep disturbance affects 10-20% of the population in the developed world, representing a substantial public 
health problem. Given the ubiquitous nature of sleep across the animal kingdom, intense investigation is underway into 
the biological functions of sleep. A primary hypothesis is that sleep facilitates memory consolidation following learning, 
as sleep restriction or fragmentation impairs memory performance across species. The circuitry coupling sleep and 
memory remains undefined. Recently, ventral tegmental area (VTA) dopaminergic neurons have been demonstrated to 
control motivational gating of arousal. These cells are well known players in ‘reward and salience’ circuitry, and send 
projections to brain centers critical for memory formation and recall (i.e., hippocampus, amygdala, and prefrontal 
cortex). How these (or local VTA-GABAergic) neurons contribute to sleep-dependent memory consolidation is unknown. 
Wake-stabilizing hypocretin (Hcrt) neurons in the lateral hypothalamus send dense projections to the VTA, however, it is 
unknown how (or if) this circuit contributes to Hcrt-mediated arousal or memory function. This proposal will integrate in 
vivo optogenetics, calcium imaging, and EEG techniques along with behavioral assays to establish (or refute) a role for 
these cells in sleep-dependent memory consolidation. fMRI technology will be integrated with optogenetic 
manipulations and quantitative approaches (dynamic causal modeling) to delineate brain-wide responses to Hcrt 
stimulation. These findings will establish the Hcrt-to-VTA circuit as a node coupling vigilance states to memory 
consolidation, with the ultimate goal of providing comprehensive insight into disorders of sleep-wake dynamics and 
memory dysfunction.  

Contact PD/PI: Borniger, Jeremy Charles
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Project Narrative 

Chronic sleep disruption is common throughout the developed world, contributing to cognitive problems including 

memory disruption. In addition to providing structured opportunities for my professional development, the experiments 

described herein will advance our fundamental knowledge of neural circuits coupling arousal and memory. Future 

studies will build on these findings to provide a comprehensive understanding of disorders of sleep and waking as well 

as memory impairment.  

Contact PD/PI: Borniger, Jeremy Charles
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FACILITIES & OTHER RESOURCES 
 
Laboratory - 1201 Welch Road, P131, P134, P135, P154 The de Lecea laboratory occupies approximately 800 
sq. ft. on the first floor of the Richard Lucas/MSLS Building. It contains equipment for molecular biology, 
electrophysiology, and neuroanatomy experiments. The main laboratory space in Room P154 has nine 
benches for graduate students and postdoctoral fellows. There are also an equivalent number of desks for 
computers connected to the Stanford network. In addition, the laboratory is equipped with multiple incubators, 
water baths, power supplies and magnifying scopes as well as a Millipore water-filter facility and a 
spectrometer as well as standard bench-top equipment for performing common wet- lab procedures including 
murine genotyping. Room P131 is a cold room that has 3 shelves and corridor space for refrigerators, 
incubators, centrifuges and shakers; Room P134 contains a workbench area with a microscope and a variety 
of scientific tools for fiber-optic construction and electrophysiology etc.; Room P135 contains a fluorescence 
microscope and a cryostat. We also have access to common facilities such as a conference room, darkroom, 
copier, kitchen area, etc.  
 
Animal - 1201 Welch Road, P059 We refer to the in vivo animal portion of the lab as the “SCORE Facility.” 
Located in the basement of the Lucas/MSLS Building in the Stanford Medical Center, this 2500 square foot 
APLAC accredited facility and the de Lecea lab has permanent use of over half of this space (for both housing 
and experimentation) and exclusive access to the surgery suite. The space includes 4 animal husbandry 
rooms, a modern and fully equipped animal surgery suite, a clean equipment room, 2 short-term animal study 
rooms and 5 chronic animal study rooms. In addition, two rooms are used for behavioral bioassays 
(conditioned place preference equipment, barnes maze, elevated plus maze, video recording, telemetry, etc.). 
There is also a dedicated room with eight insulated chambers for behavioral monitoring with optogenetic 
capabilities and two rooms with dedicated EEG/EMG capabilities, again with optogenetic capabilities. There is 
also a dedicated room for in vivo electrophysiological recording. A full-time dedicated animal technician 
operates within SCORE to ensure day-to-day welfare and husbandry is maintained to the highest standard.  
 
The surgery suite contains two stereotaxic frames with multiple syringes and automated infusion injectors for 
viral injections to specific neurological coordinates. Injectable and inhalation anesthesia can be administered 
and all the required gas inhalation equipment is in place, along with a recovery area. A fume hood is in the 
surgery suite to aid perfusion/fixation at termination of any in vivo study.  
 
The Veterinary Service Center (VSC) is responsible for the husbandry and/or veterinary care for all vertebrate 
animals maintained for research, teaching, or testing on the Stanford campus. Approximately 110,000 gross 
sq. ft. of facilities are provided in multiple locations on and off campus that are specifically designed and 
constructed for housing experimental animals. Research Animal Facility I and II (RAF-I and RAF-II) are the 
main centralized animal facilities on campus. Specialized housing areas for maintenance of animals used on 
biohazardous studies are available. The de Lecea already utilizes space in these facilities for specific breeding 
programs and quarantine requirements. They are conveniently located within a short walk of the lab and have 
scheduled transfers for moving animals between the facilities as required.  
 
Computer: Personal computers are available at a ratio of 1:1 for students and postdoctoral researchers. 
Additional dedicated computers are in place for specific equipment that requires them, e.g., microscope 
cameras and imaging software, EEG/EMG recording rigs, the in vivo electrophysiology system, the fiber 
photometry system, and the telemetry system in SCORE. All required software for image analysis, statistical 
analysis and generation of graphs, figures and posters, etc., is available from Stanford University School of 
Medicine Computational Services and Bioinformatics Facility as required.  
Office: The administrative/research management office (401 Quarry Road, Stanford, CA) consists of 4 offices 
housing dedicated administrative staff for the application and management of research funding and human 
resources.  
 
Dr. de Lecea’s office occupies approximately 120 sq. ft. within the MSLS building (where the lab and animal 
facility are located) and is equipped with a computer connected to the Stanford Network, phone, fax/printer and 
small conference table. Dr. de Lecea’s administrative assistant occupies a cubicle outside his office.  
 
Other: Machine tools are available on campus for research equipment fabrication at no cost. Autoclaves are 
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available for equipment and instrumentation sterilization. Gas sterilization of surgical implant packages are 
performed by Stanford University Hospital for a nominal fee.  
 
Relevance to BRAIN Initiative Goals: The facilities and equipment listed above and in the EQUIPMENT 
attachment allow for the determination of causality between the activity of specific neuronal populations and 
complex behaviors. Additionally, the fiber photometry and ofMRI experiments will allow for investigation of 
neural activity at a large scale and an understanding of how these circuits naturally behave. Using these 
facilities, the data will be integrated into a holistic picture of brain activity at multiple scales, from individual VTA 
neurons to whole arousal networks involved in memory consolidation.   
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EQUIPMENT  
 
Animal surgery: Three digital stereotaxic rigs for mouse neurosurgery (Kopf), two digital infusion pumps (World 
Precision Instruments) and multiple syringes (Hamilton) for targeted viral injections, two surgical microscopes 
(Nikon), a full gas anesthesia rig with oxygen supply (Parkland), and assorted cannula holders, electrode 
holders, micromanipulators, etc., for fiber-optic implantation (Kopf).  
 
Optogenetic manipulation: 14 488 nm diode-pumped lasers with up to 100 mW power output (Laserglow 
Technologies), three 593 nm diode-pumped lasers with up to 250 mW power (Laserglow Technologies), three 
light power meters (Thorlabs), and three Master-8 8-channel stimulators (AMPI).  
 
Sleep-wake recordings: 24 EEG/EMG amplifiers (Grass Instruments), two VitalRecorder sleep recording 
systems (Kissei Comtec), and SleepSign sleep analysis software (Kissei Comtec).  
 
In vivo fiber photometry: A custom-built fiber photometry rig consisting of a 488 nm diode-pumped laser 
(Laserglow Technologies), an optical chopper (Thorlabs), a lock-in amplifier (Stanford Research Systems), a 
data acquisition board/digitizer (National Instruments), and associated optical components (Thorlabs).  
 
Animal behavioral monitoring: A Comprehensive Lab Animal Monitoring System (Columbus Instruments), five 
SmartCage integrated modular platforms (AfaSci), real-time automated video tracking systems (ViewPoint, 
Mathworks).  
 
Miscellaneous molecular biology and electrophysiology: An epifluorescence microscope (Zeiss) with a digital 
camera (Zeiss) for the confirmation of viral targeting and preliminary histological analysis, two -80°C freezers 
for long-term storage of tissue and reagents, a cryostat (Leica), a real-time PCR system (ABI), two 
thermocyclers (Geneamp, Perkin), a patch-clamp electrophysiology system (Molecular Devices) configured for 
optogenetic manipulation, and an in vivo electrophysiology system (AM Systems).  
 
fMRI Equipment: A 7 Tesla Bruker Biospec small animal MRI system is available for use on site. Optogenetic 
manipulations are completed on anesthetized (0.4-0.7% isoflurane; Vet Equipment, Pleasanton, CA, USA) 
animals within the scanner using an optical fiber coupled to a laser light source (Laserglow Technologies, 
Toronto, ON), calibrated to 2.5 mW output power. Data analysis packages (NiftyReg toolbox, MATLAB, 
mrVista software, Statistical parametric mapping toolbox (SPM12)) are available for image analysis on site. 
 
I will also have access to Stanford’s core facilities, including the Neuroscience Microscopy core for confocal 
(Zeiss) and two-photon imaging (Prarie Technologies) and associated image processing, the Gene Vector and 
Virus Core for purchasing stock optogenetic and calcium-imaging viruses, and the Thermosciences Machine 
Shop for research equipment fabrication.  
 
The equipment is available at no direct cost to the project. 
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Description of how the Proposed Research relates to the goals of the BRAIN Initiative  

 

The proposed studies will use cutting edge tools and techniques consistent with the following goals of the BRAIN 

Initiative 2025 report: Demonstrating Causality, Maps at Multiple Scales, The Brain in Action. Specifically, to investigate 

how large populations of neurons within the VTA naturally behave, I will use a virally delivered ultra-sensitive genetically 

encoded calcium indicator (GCamp6f) and then monitor calcium signals before, during, and following different memory 

tasks. This will be accomplished using a Cre-dependent adenovirus to express the calcium indicator only in cells 

expressing Cre-recombinase (i.e., VTA dopaminergic or GABAergic cells). This investigation will occur in combination 

with EEG/EMG monitoring to provide simultaneous data on the vigilance state of the animal and allow direct 

comparisons between natural neural activity at the meso-scale, cortical EEG responses, and complex behaviors.   

Next, this circuitry will be causally manipulated using optogenetic techniques. Specifically, I will inject a Cre-dependent 

viral vector carrying the light activated cation channel channelrhodopsin-2 (AAV5-DIO-EF1α-ChR2-eYFP) into the VTA of 

TH-Cre or VGAT-Cre mice to restrict opsin expression only to dopaminergic or GABAergic cells, respectively. Optical 

stimulations of VTA somata will occur during post-learning sleep, and memory will be tested 24 later to causally 

demonstrate their role in memory consolidation. I will further integrate a ‘closed-loop’ EEG/EMG system to restrict 

optical stimulation to only REM sleep episodes to test the specific role VTA neuron activity during this vigilance state 

plays in memory consolidation. The reciprocal experiment using a light activated anion channel (halorhodopsin; 

NpHR3.0) will be completed to evaluate whether the activation state rather than the temporal firing frequency of these 

cells determines their subsequent effects on memory. 

In subsequent experiments, I will investigate the connections among two distributed cell populations located in the 

lateral hypothalamus and VTA in an ‘all-optical’ experiment. By injecting the Cre-dependent AAV carrying GCamp6f into 

the VTA of TH-IRES-Cre mice, calcium indicator expression will be restricted to dopaminergic cells of the VTA. Injection of 

a non-Cre-dependent lentivirus using the hypocretin (hcrt) promoter into the lateral hypothalamus of these same mice 

will allow for opsin expression only in hcrt neurons and calcium indicator expression only in the VTA. Optical stimulation 

of LH-hcrt and recording from VTA-DA cells can be completed in real time, providing true access to circuit dynamics and 

functional connectivity. This circuit will be manipulated using an inhibitory opsin (NpHR3.0) expressed in the VTA to 

examine whether this node contributes to hcrt-mediated sleep-to-wake transitions and memory consolidation during 

sleep. The specific role of hcrt in this process will be tested by administering a dual hcrtR1/2 antagonist prior to optical 

stimulations.  

Finally, brain-wide responses to hcrt stimulation will be assessed by combining optogenetic and fMRI technology 

(ofMRI). Wild-type mice will be injected (into the LH, above the hcrt field) with a non-Cre-dependent lentivirus carrying 

ChR2 (as above) and then stimulated at different frequencies during fMRI scans. The large and complex data generated 

from these experiments will be fed into a dynamic causal model, which treats the brain as a dynamic system of 

interconnected regions during a series of perturbations, and then finds the best effective connectivity among hidden 

neuronal states that explains the observed changes in the fMRI BOLD signal. These experiments will provide 

unprecedented control of hcrt neural activity combined with multidimensional data at the level of the entire brain.  
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NAME: Borniger, Jeremy Charles 

eRA COMMONS USER NAME (credential, e.g., agency login): BORINGER.JEREMY 

POSITION TITLE: PhD Candidate 

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such 
as nursing, include postdoctoral training and residency training if applicable.)  

INSTITUTION AND LOCATION DEGREE 
(if 

applicable)  

START 
DATE 

MM/YYYY  

END 
DATE 

MM/YYYY  

FIELD OF STUDY 

Indiana University - Bloomington BA 08/2007 08/2011 
Biological 
Anthropology 

The Ohio State University PhD 08/2012 05/2017* Neuroscience 

A. Personal Statement 

My long term research interests focus on understanding and manipulating the neural circuitry 
involved in complex behaviors that become dysregulated in psychiatric disease. Specifically, I 
am interested in how changes to sleep and arousal circuitry contribute disrupted memory and 
cognitive impairment. My prior research experience, as well as Dr. de Lecea’s Training Plan, are 
ideal for pursuing this topic, and make me particularly well-suited for achieving these goals and 
completing the proposed projects. 

My interest in behavior began as an undergraduate in anthropology. After completing an honors 
thesis on the hormonal correlates of musical ability (published in PloS One) in the laboratory of 
Dr. Michael Muehlenbein, I yearned to look deeper into the neural underpinnings of the complex 
behaviors I was observing. Continued training the neurosciences was an obvious next step, and 
I was accepted into the neuroscience graduate program at The Ohio State University. 

For my dissertation work, I conducted studies with Drs. Randy J Nelson and A. Courtney 
DeVries on the mechanisms of tumor and chemotherapy-induced sleep disturbances. I gained 
experience using complex mouse models, survival surgical techniques, EEG/EMG analysis, 
immunohistochemistry, and experience working with protein and RNA, resulting in the 
development of a mouse model of chemotherapy and tumor-induced sleep disruption. In 
addition to my dissertation work, I completed several other projects (listed below and described 
in Candidate’s Background) and was first author on over 14 publications related to circadian 
rhythms and sleep. I additionally received several academic and teaching awards.  

For my postdoctoral training, I will continue to build on my previous training in sleep and 
circadian rhythms by integrating newly developed technologies to answer key questions on the 
functions of specific neuronal circuits in the regulation of memory during sleep. My primary 
sponsor Dr. Luis de Lecea is an internationally recognized leader in the sleep/optogenetics field 
and has an extensive record for training postdoctoral fellows. My co-sponsor, Dr. Jin Hyung Lee 
is an expert in optogenetic fMRI (ofMRI) and quantitative techniques used to analyze these 
complex data. The proposed research will provide me with new conceptual and technical 
training in neural circuit mapping, quantitative analyses, and genetically targeted, temporally 
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precise control of neuronal function. In addition, the proposed training plan outlines a set of 
career development activities and workshops – e.g. grant writing, public speaking, lab 
management, and mentoring students – designed to enhance my ability to be an independent 
investigator. My choice of sponsor, research project, and training will give me a solid foundation 
to reach my goal of studying neural circuitry underlying diseases of sleep and cognitive function 
humans.  

B. Positions and Honors 

Positions and Employment 
2012-2012 Assistant Project Director – Semliki Chimpanzee Project (Uganda) 

2012 -  Pre-doctoral Student – The Ohio State University 

Other Experience and Professional Memberships 
2016 -  Member, Sigma Xi 

2012 -  Member, Society for Neuroscience 

2012 -  Member, Society for Behavioral Neuroendocrinology 

Honors 
2015  Pelotonia Graduate Student Fellowship 

2015   The Ohio State University Presidential Fellowship 
2014   Society for Neuroscience Advocacy Ambassador  
2014   Society for Neuroscience Graduate Student Travel Award 

2011  Departmental Honors – Department of Anthropology (Indiana University) 

2010 DC IU Alumni Scholarship  

2007 Indiana University Faculty Award 

C. Contribution to Science 

1. Early Career: My early career contributions were focused on investigating the 
relationship between hormones and musical aptitude in music and non-music students. I 
recruited ~80 Indiana University students to donate multiple saliva samples for hormonal 
assays and measured musical aptitude objectively using a test of musical audiation. I 
discovered that female music students had testosterone levels in the higher end of the 
normal range and that testosterone levels correlated with their place in an orchestral 
hierarchy. (see: Borniger et al, 2013 below). I was further interested in behavior and 
worked as the assistant project director for the Semliki Chimpanzee project in Western 
Uganda, tracking chimpanzees daily and conducting ecological research. These 
experiences solidified my interests in the foundations of complex behavior, and I decided 
to enter neuroscience to be able to manipulate the circuits controlling these traits.  

2. Graduate Career: During my graduate career, I have been fortunate to research a wide 
variety of topics. I began by investigating the effects of circadian disruption on the 
development of anxiety-like behaviors, as well as photoperiodic regulation of metabolism 
and brain blood flow. These endeavors resulted in the publication of several papers 
(listed below). I became more interested in the fundamental behavior of sleep during my 
research, and completed my thesis on the mechanisms of chemotherapy and tumor-
induced sleep disruption in a mouse model of breast cancer. This research has identified 
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disparate mechanisms by which cancer and cancer treatment alter sleep. We have 
published two papers from these experiments and two more are in preparation. 

Journal Articles 

1. Borniger JC, Walker WH II, Gaudier-Diaz MM, Stegman CJ, Zhang N, Hollyfield JL, Nelson 
RJ, DeVries AC (2017). Time-of-day dictates transcriptional inflammatory responses to 
cytotoxic chemotherapy. Scientific Reports 7: 41220 

2. Borniger JC, Gaudier-Diaz MM, Zhang N, Nelson RJ, DeVries AC. (2015) Cytotoxic 
chemotherapy increases sleep and sleep fragmentation in non-tumor-bearing mice. Brain, 
Behavior, and Immunity 47: 218-227 

3. Borniger JC, Cisse YM, Gahlot S, Nelson RJ (2017). Reciprocal regulation of circadian 
rhythms and immune function. Current Sleep Medicine Reports (in press) 

4. Borniger JC, Nelson RJ (2016). Photoperiodic regulation of behavior: Peromyscus as a 
model system. Seminars in Cell and Developmental Biology 61: 82-91 (Issue Cover Image) 

5. Borniger JC, Teplitsky S, Gnyawali S, Nelson RJ, Rink C (2016). Photoperiodic regulation 
of cerebral blood flow in white-footed mice (Peromyscus leucopus). eNeuro (DOI: 
10.1523/ENEURO.0058-16.2016) (Featured on NeurOnline) 

6. Borniger JC, Hesp ZC (2016). Enhancing remyelination through a novel opioid-receptor 
pathway. Journal of Neuroscience 36: 11831-11833 (Journal Club) 

7. Borniger JC, Ding H, Williams M, Tweedle MF, Knopp MV, Maurya SK, Periasamy M, Weil 
ZM, Nelson RJ (2016). Photoperiod affects organ specific glucose metabolism in male 
Siberian hamsters (Phodopus sungorus). Journal of Clinical and Molecular Endocrinology 
1;2:07 

8. Borniger JC, Cisse YM, Gaudier-Diaz MM, Walker II WH (2016). Commentary: Anxiety- and 
depression-like states lead to pronounced olfactory deficits and impaired adult neurogenesis 
in mice. Frontiers in Behavioral Neuroscience (doi: 10.3389/fnbeh.2016.00130) 

9. Borniger JC*, Cisse YM*, Cantemir-Stone CZ, Bolon B, Nelson RJ, Marsh CB. (2016). 
Behavioral abnormalities in mice lacking mesenchyme-specific Pten. Behavioral Brain 
Research 304: 80-85 (*co-first authors) 

10. Dominoni D, Borniger JC, Nelson RJ (2016). Light at night and health: From humans to wild 
organisms. Biology Letters 12: 20160015  

11. Weil ZM*, Borniger JC*, Cissé YM, Abi Salloum BA, Nelson RJ (2015) Neuroendocrine 
control of photoperiodic changes in immune function. Frontiers in Neuroendocrinology 
37:108-118 (*co-first authors) 

12. Borniger JC, Maurya SK, Periasamy M, Nelson RJ (2014). Acute dim light at night 
increases body mass, alters metabolism, and shifts core body temperature circadian 
rhythms. Chronobiology International 31(8): 917-925 

13. Borniger JC, McHenry ZD*, Abi Salloum BA, Nelson RJ (2014). Exposure to dim light at 
night during early development increases adult anxiety-like responses. Physiology & 
Behavior 133: 99-106 (*indicates undergraduate trainee) 

14. Borniger JC, Chaudhry A, Muehlenbein MP (2013). Relationships among musical aptitude, 
digit ratio and testosterone in men and women. PLoS One 8(3): e57637 

15. Borniger JC, Weil ZM, Zhang N, Nelson RJ (2013). Dim light at night does not disrupt 
timing or quality of sleep in mice. Chronobiology International 30: 1016-1023 

Book Chapters 

1. Borniger JC, Cissé YM, Nelson RJ, Martin LB (2017). Seasonal Variation in Stress 
Responses. In: Fink – Neuroendocrinology and Endocrinology (Chapter 41; pp. 411-419) 
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2. Cissé YM, Borniger JC, Nelson RJ (2017). Hormones, Circadian Rhythms, and Mental 
Health. In: The Oxford Handbook on Evolutionary Psychology and Behavioral Endocrinology 
(Chapter 28) (in press) 
 

Complete List of Published Work in My Bibliography: 
https://www.ncbi.nlm.nih.gov/pubmed/?term=borniger+jc  

D. Additional Information: Research Support and/or Scholastic 
Performance 

Scholastic Performance 

YEAR COURSE TITLE GRADE 

INDIANA UNIVERSITY 

2008 Disease and the Human Body A 

2009 Laboratory in Bioanthropology A 

2009 Hormones and Human Behavior A 

2009 The Primates A 

2009 Medical Science of Psychoactive Drugs A 

2009 Evolution of Primate Social Behavior A 

2009 Human Palaeontology A 

2010 Basic Human Anatomy A 

2010 Human Variation A 

2010 Basic Human Physiology A 

2011 Human Tissue Biology A 

2011 Miocene Apes and Early Human Evolution A 

THE OHIO STATE UNIVERSITY 

2012 Seminar in Neuroscience  A 

2012 Foundations of Neuroscience I A 

2012 Current Topics in Neuroscience S 

2013 Foundations in Neuroscience II 
A 
 

2013 Neurobiology of Disease  A 

2013 Seminar in Neuroscience A 

2014 Ethics in Neuroscience Research S 

2015 Neuroimmunology A 

2016 Cellular and Molecular Immunology A 

2016 Biology of the Tumor Microenvironment  A 

Except for the scientific ethics course and the current topics course, The Ohio State graduate 
courses are graded A-F. Passing is C plus or better. The ethics class and current topics class 
are graded as Satisfactory (S) or unsatisfactory (US).  
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NAME: Luis de Lecea 

POSITION TITLE: Professor 

eRA COMMONS USER NAME (credential, e.g., agency login): llecea 

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, include postdoctoral training and residency 
training if applicable. Add/delete rows as necessary.) 

INSTITUTION AND LOCATION 
DEGREE 

(if applicable) 
 

Completion Date 
MM/YYYY 

 

FIELD OF STUDY 
 

University of Barcelona, Barcelona, Spain B.S. 1987 Biology 

University of Barcelona, Barcelona, Spain Ph.D. 1991 Molecular Biology 

The Scripps Research Institute, La Jolla, CA Postdoctoral 1992-1996 Molecular Neurobiology 
    

A.  Personal Statement 
 
My main interest is the study of the molecular and cellular basis of arousal and sleep. Our program is based on 
our discovery of several neurotransmitters involved in the regulation of behavioral state transitions. These 
transmitters include the hypocretins, two neuropeptides with neuroexcitatory activity and that play a key role in 
the maintenance of wakefulness. Our group was the first to identify a role for this neuropeptide system in brain 
reward, and we were also first, in collaboration with Dr. Deisseroth (SU), at implementing millisecond scale 
optogenetic manipulation of genetically identified neurons in vivo. A key aspect of our research program is 
mentoring junior scientists, and my laboratory has an outstanding record of training postdoctoral fellows, 80% of 
whom currently hold research positions at major universities and industry. Many of my trainees have also 
achieved national recognition as Young Investigator Awards from NARSAD (3x) a the Sleep Research Society 
(2x), and K99 pathway to independence awards (3x).  
 
B.  Positions and Honors 
1987-88 Graduate researcher. Unité de Biologie et Pharmacologie Cellulaires. Faculté de Medicine.  
  Université Catholique de Louvain. Belgium 
1988-91 Graduate student. Molecular Genetics Research Group. Dept. of Physiology. Faculty of 

Medicine. University of Barcelona  
1991-92 Research Associate. Neurobiology. Dept. of Biochemistry and Physiology. Faculty of Biology. 

University of Barcelona 
1992-94 Post-doctoral fellow. Molecular Neurobiology. The Scripps Research Institute 
1994-96 Senior Research Associate. Department of Molecular Biology. The Scripps Research Institute 
1996-2006 Assistant Professor. Department of Molecular Biology. The Scripps Research Institute 
2004           Merit Review Subcommittee, Neurobiology, Dept of Veterans Health, VA 
2004-06 Associate Professor, Depts of Molecular Biology and Neuropharmacology. The Scripps 

Research Institute 
2006-11 Member Board of Scientific Counselors. NIDA 
2006-11 Associate Professor Dept. of Psychiatry and Behavioral Sciences, Stanford University   
  School of Medicine 
2008-10 NARSAD Independent Investigator Award 
2010  ACNP Integrative Neuroscience Behavioral Award 
2011-  Professor Dept. of Psychiatry and Behavioral Sciences, Stanford University School of Medicine 
2013  Distinguished Investigator Award. NARSAD 
2015  Fulbright Senior Lectureship 
2016  Outstanding Scientific Achievement Award. Sleep Research Society  
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C. Contribution to Science 
 
1. Discovery of Cortistatin, a somatostatin-like sleep-promoting neuropeptide.  
As part of our efforts to identify markers modulated by neuronal activity with restricted expression in the brain 
we conducted a subtractive hybridization experiment and first described preprocortistatin, a new neuropeptide 
with neuronal depressant and sleep modulating properties. We also described its unique expression pattern in 
mouse cortical interneurons, and described the structural activity relationships of cortistatin analogues. More 
recently we have uncovered roles for cortistatin in inflammation, pain and endocrine regulation.  
 
de Lecea, L., Criado, J.R., Prospero O., Gautvik, K.M., Schweitzer, P., Danielson, P.E., Dunlop, C.M., Siggins 
G.R., Henriksen, S.J., Sutcliffe, J.G. (1996) “A cortical neuropeptide with neuronal depressant and sleep-
modulating properties”. Nature 381:242-245 
 
 de Lecea, L., del Rio, J.A., Criado, J.R., Alcantara, S., Morales, M. Henriksen, S.J., Soriano, E., Sutcliffe, J.G. 
(1997) “Cortistatin is expressed in a distinct subset of cortical interneurons” J. Neurosci. 17:5868-5880 
  
Criado JR, Li H., Jiang X , Spina M, Huitron-Resendiz S, Liapakis G, Calbet M, Siehler S, Henriksen SJ, Koob, 
GF, Hoyer D, Sutcliffe JG, Goodman M, de Lecea L. (1999) “Structural and compositional determinants of 
cortistatin activity”. J. Neurosci. Res. 56:611-619 
 
Souza-Moreira L, Morell M, Delgado-Maroto V, Pedreño M, Martinez-Escudero L, Caro M, O'Valle F, Luque R, 
Gallo M, de Lecea L, Castaño JP, Gonzalez-Rey E. Paradoxical Effect of Cortistatin Treatment and Its 
Deficiency on Experimental Autoimmune Encephalomyelitis. J Immunol. 2013 Aug 
 
2. Discovery of the Hypocretins. We generated a library of cDNAs representing the most prevalent mRNAs 
whose expression was enriched or exclusive to the hypothalamus. From a collection of 100 of such transcripts 
we first identified the hypocretins as peptides expressed in ~5,000 neurons in the lateral hypothalamus. Work 
by many groups linked hypocretin deficiency with narcolepsy. Since then, the hypocretins have been shown as 
key elements in the control of sleep and wakefulness. 
 
de Lecea, L. Kilduff T., Peyron C, Gao XB, Fukuhara C, Danielson PE, Foye PE, Bartlett II FS, Gautvik VT, 
van den Pol AN, Frankel WN, Bloom FE, Sutcliffe JG (1998) “The hypocretins: two hypothalamic peptides with 
neuroexcitatory activity”. Proc. Natl. Acad. Sci. USA 95:322-327 * ISI Highly cited paper Top 100 most cited 
PNAS papers ever published  
 
Peyron C, Tighe D, van den Pol AN, de Lecea L, Heller C, Sutcliffe JG and Kilduff TS. (1998) “Hypocretin-
containing neurons have widespread projections throughout the brain”. J.  Neurosci. 18(23):9996-10015 (4th 
most cited J Neurosci paper ever published) 
 
 Bourgin P, Huitron S, Spier AD, Morte B, Criado JR, Sutcliffe JG, Henriksen SJ, de Lecea L. (2000) 
“Hypocretin-1 modulates REM sleep through activation  of locus coeruleus neurons”. J. Neurosci   20: 7760-
7765 
 
3. Hypothalamic control of brain reward and addiction. We were first to test the hypothesis that 
hyperactivity of hypocretin neurons could lead to hyperarousal and excessive consummatory behavior. Since 
then, more than 200 publications have explored the connection between hypocretin neurons and dopaminergic 
pathways in brain reward and substance abuse.  
 
 Boutrel B,  Kenny PJ, Specio S, V, Koob GF, Markou A,  and de Lecea L. (2005)  Role for hypocretin in 
mediating stress-induced reinstatement of cocaine-seeking behavior. Proc. Natl. Acad. Sci. USA Dec 
27;102(52):19168-73 
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Kempadoo KA, Tourino C, Cho SL, Magnani F, Leinninger GM, Stuber GD, Zhang F, Myers MG, Deisseroth K, 
de Lecea L, Bonci A. Hypothalamic neurotensin projections promote reward by enhancing glutamate 
transmission in the VTA. J Neurosci. 2013 May 1;33(18):7618-26. 

Adamantidis A, Tsai HC, Boutrel B, Zhang F, Stuber G, Budygin E, Tourino C, Bonci A, Deisseroth K, de 
Lecea L (2011) Optogenetic interrogation of dopaminergic neurons modulation of the multiple phases of 
reward seeking behavior. J Neurosci 31:10829 

Tsai, H.C., Zhang, F., Adamantidis, A., Stuber, G.D., Bonci, A., de Lecea, L., Deisseroth, K. (2009) Phasic 
firing in dopaminergic neurons is sufficient for behavioral conditioning. Science. 324, 1080-4. 
 
4. Neuromodulation of arousal. We have applied in vivo optogenetics to interrogate the neuronal 
underpinnings of sleep/wake transitions including the hypocretinergic, noradrenergic, dopaminergic, 
histaminergic, cholinergic and serotonergic systems. We have also studied how stress pathways affect arousal 
and cognition using opto and chemogenetics. 
 
Adamantidis A, Zhang, F., Aravanis AM, Deisseroth K, de Lecea L. (2007) Neural substrates of awakening 
probed by optogenetic control of hypocretin neurons. Nature 15;450(7168):420-424. First report of an 
optogenetic experiment in a freely moving animal.  
ISI highly cited paper (in the 99th percentile of neuroscience papers) 
 
Carter ME, Yizhar O, Chikahisa S, Nguyen H, Adamantidis A ,Nishino S, Deisseroth K, de Lecea L (2010) 
“Tuning arousal with optogenetic modulation of locus coeruleus neurons” Nature Neurosci 13:1526-33 
ISI highly cited paper (in the 99th percentile of all neuroscience papers) 
 
Rolls, A.  , Pang W, Ibarra I., Colas D, Bonnavion P, Korin B., Heller HC, Weissman IL, de Lecea L. Sleep 
disruption impairs hematopoietic stem cell transplantation in mice. Nat. Commun. 2015 Oct 14;6:8516. doi: 
10.1038/ncomms9516. 
 
Eban- Rothschild A, Rothschild G, Giardino WJ, Jones JR, de Lecea L VTA Dopaminergic neurons 
bidirectionally regulate ethologically relevant sleep/wake behaviors. Nature Neuroscience 19:1356-66 (2016) 
 
 
http://www.ncbi.nlm.nih.gov/sites/myncbi/luis.de 
lecea.1/bibliography/40859504/public/?sort=date&direction=ascending. 
 
D. Research Projects: Ongoing: 
 
BSF #2011335 (US-Israel Binational Science Fndn      10/01/12 - 9/30/17     
(de Lecea & Applebaum / Co-PI’s) 
Optogenetic and live imaging of synapses in the hypothalamus:        
A mechanism for behavioral transitions 
We will use state-of-the art imaging and optogenetic techniques to uncover the mechanisms of synaptic 
plasticity that affect and control the function of HCRT-MCH-LepRB circuitry in mediating arousal-state 
transitions using the mouse and zebrafish models. 
 
Contract: Johnson & Johnson (de Lecea – PI)      1/6/14 – 1/5/17     
Functional Connectivity of GPR-139-Expressing Neurons           
To generate a mouse model (GPR139-IRES-cre) that expresses cre recombinase under the control of the 
endogenous GPR139 locus, as a tool to conduct a series of experiments that will decipher the functional 
connectivity of GPR139-expressing neurons 
 
1R01AG047671-01 (de Lecea/Wyss-Coray – MPI’s)      6/15/2014 – 5/31/19          
Optogenetic interrogation of sleep circuits during aging      In this proposal, we 
will use state of the art methods to interrogate whether specific neuronal systems affect specific features of the 
dynamic of sleep to wake transitions and their consequences in cognitive function. 
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R01MH102638-01A1 (de Lecea – PI)       7/22/14 – 6/30/19   
Neuronal mapping of anxiety and panic           
      
We propose to study the causal role of four interconnected brain circuits (Lateral hypothalamus, A2 neurons, 
BNST and PVN) on the different components that affect anxiety and panic. Our experiments will increase our 
understanding of these circuits with unprecedented precision and may lead to better treatments for anxiety and 
panic disorders. 
 
NIH MH087592-05 (de Lecea – PI)        8/10/15 - 7/31/18 
  
Optogenetic Control of Vigilance State Transition                                
Our data will expand the use of state-of-the-art optogenetic methods in sleep studies and will provide 
mechanistic models on how the hypocretinergic system stabilizes arousal. These experiments may also lead to 
new and enhanced treatments for narcolepsy, insomnia and other sleep disorders. 
 
Stanford France (de Lecea PI)        9/1/14 – 8/31/15 
   
A New Role for Hypcretin Neurons in Mood Regulation        
 
Completed: 
 
Contract: Johnson & Johnson (PI de Lecea)       7/17/13 – 5/31/15  
Orexin receptor antagonists in stress and anxiety        
We propose to investigate the role of the hypocretin 1 receptor using selective pharmacological tools 
 
NIH MH083702-05  (de Lecea – PI)                     6/01/10 – 1/31/15 
   
Optogenetic control of hypocretin neurons and stress     
The research described in this proposal will enhance our understanding of the neural basis of the stress response 
with unprecedented temporal resolution and may lead to novel therapeutics for stress disorders and related 
diseases, as well as identify potential side effects for drugs that target the Hcrt system for other disorders. 
               

 NIH MH087592-05 (de Lecea – PI)        6/10/10 - 1/31/15 
  
Optogenetic Control of Vigilance State Transition                                
Our data will expand the use of state-of-the-art optogenetic methods in sleep studies and will provide mechanistic 
models on how the hypocretinergic system stabilizes arousal. These experiments may also lead to new and 
enhanced treatments for narcolepsy, insomnia and other sleep disorders. 
 
NARSAD Distinguished Investigator (de Lecea – PI)     3/15/13 – 9/14/14   
Noradrenergic A2 neurons in anxiety and PTSD          
We will use optogenetics to interrogate the causal role of selective groups of NE neurons in chronic fear in 
anxiety and depression. 
 
Klarman Family Foundation (de Lecea – PI)       6/01/11 – 5/31/13 
The Role of Hypocretins and the Monoaminergic Nuclei in          
Anorexia: How to Control Fatal Motivation for Negative Energy Balance”    
A research project to perform an integrative study combining optogenetics with behavioral measurements in a 
mouse model of anorexia. 
 
DARPA   (Bhatnagars – PI / de Lecea - PI subcontract)      10/01/10 – 11/30/11 
Identifying The Neural Substrates of Emotional Arousal:                     
Towards A Path To Stress Resistance          
Dr. de Lecea will function as an advisor to Dr. Bhatnagars and her staff on the use of optogenetics to stimulate 
paraventricular thalamic neurons.  
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3R01DA021880S1 (de Lecea – PI)        9/30/10 – 9/29/11 
     
Hypocretin and Drug Addiction (Supplement)        
Under this supplement, we plan to expand our experiments to determine whether optogenetic stimulation of 
Hcrt neurons can reinstate cocaine seeking in mice. 
 
NS23724 (Mignot-PI; de Lecea Project Director)   
NIH/NINDS 
Center for Narcolepsy and Related Disorders (Program Project)    08/15/06 - 07/31/11  
   
Project E:  Isolation of Novel Transcripts and Proteins in Hypocretin-containing Cells  
To systematically isolate and study genes and gene products preferentially expressed in hypocretin producing 
neurons. 
 
NIH/NIDA 1R01DA021880 (de Lecea - PI)     07/1/06 - 06/30/11 
   
Hypocretin and drug addiction                                                   
To test that hypocretin neurons activate a stress-like response resulting in cocaine seeking behavior, that 
hypocretin signaling is important for stress and cue-induced reinstatement of cocaine seeking behavior and 
that hypocretin deficient mice are resistant to drug abuse. 
 
NIH 1R21DA025711 (de Lecea – PI)        09/30/08 – 11/30/10 
(NCX)     
Optogenetic Manipulation of Brain Reward           
The purpose of this proposal is to use optogenetic technology to determine whether the hypocretinergic system 
is an important component of the self-stimulation circuitry. 
 
NARSAD  (de Lecea – PI)          09/15/08 - 09/14/10  
   
Optogenetic control of brain arousal                                                         
Under this project, we plan to photostimulate mice transduced with Channelrhodopsin 2 in Hcrt neurons and test 
whether 1) Millisecond-scale photostimulation of Hcrt neurons reinstates cocaine seeking, and 2) whether 
selective activation of hypocretin neurons protects against symptoms of depression. 
  
DARPA (de Lecea – PI)         02/1/08 - 11/30/09       
   
(Defense Advanced Research Projects Agency)          
Optogenetic control of stress                              
The purpose of this proposal is to use optogenetic technology to modulate the stress response in mice. Our 
specific hypothesis is that photoinhibition of Hcrt neurons will decrease physiological indicators of stress. 
 
NIH/NIMH R01MH58543 (de Lecea - PI)       09/12/02 - 04/30/08  (NCX)   
Role of the Neuropeptide Cortistatin in Sleep 
The major goal of this proposal is to determine the structural requirements of cortistatin activity, and 
generate cortistatin knock-out mice. 
 
NIAAA R21 AA1324 (de Lecea - PI)        08/01/01 - 07/31/04  
The Hypocretins and Alcohol Dependence 
Attempt to decipher mechanistic relationships between a neuropeptide system involved in sleep regulation, the 
hypocretins, and the circuitry involved in alcohol abuse. 
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NAME:  Lee, Jin Hyung 
eRA COMMONS USER NAME (credential, e.g., agency login):  LEE.JINHYUNG 
POSITION TITLE:  Assistant Professor of Neurology and Neurological Sciences 
EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, 
include postdoctoral training and residency training if applicable. Add/delete rows as necessary.) 

INSTITUTION AND LOCATION 

DEGREE 
(if 

applicable) 
 

Completion 
Date 

MM/YYYY 
 

FIELD OF STUDY 
 

Seoul National University, Seoul, Korea B.S 08/1998 Electrical Engineering 

Stanford University M.S. 06/2000 Electrical Engineering 

Stanford University Ph.D. 09/2004 Electrical Engineering 

Stanford University Postdoc 12/2007 Bioengineering, 
Electrical Engineering 

A. Personal Statement 
 
My laboratory’s research goal is to elucidate whole brain circuit mechanisms underlying etiologically relevant 
behaviors through technological innovations. In particular, we are an acknowledged leader in the field of 
optogenetic functional magnetic resonance imaging (ofMRI). Since our original development of the technology, 
my laboratory invested extensively in the development of real-time, high-resolution ofMRI imaging with robust 
motion correction, and simultaneous EEG recordings to enable the full potential of the ofMRI technology for 
accelerated scientific discovery. Through development and utilization of this unique approach that enables cell 
type specific investigation of the whole brain circuit function, we are starting to directly visualize whole brain 
circuit mechanisms of normal and diseased brains with cellular precision. Our ultimate goal is to utilize these 
circuit mechanisms for effective therapy design.  
 
B. Positions and Honors 
 
Positions and Employment 
2007-2009  Research Associate, Bioengineering, Electrical Engineering, Stanford University 
2009-2012  Assistant Professor, Electrical Engineering, Bioengineering, Psychiatry and Biobehavioral   
    Sciences, and Radiology, University of California, Los Angeles 
2012-   Assistant Professor, Neurology and Neurological Sciences, Bioengineering, Stanford University, 
    Stanford 
 
Other Experience and Professional Memberships 
1996-   Member, Institute of Electrical and Electronics Engineers (IEEE) 
2000-   Member, International Society for Magnetic Resonance in Medicine (ISMRM) 
2001-   Member, Society for Cardiovascular Magnetic Resonance (SCMR) 
2008-   Member, Society for Neuroscience (SfN) 
2009-   Consultant, Bio-Med Connect Center (BMCC), http://www.bmcc.or.kr/ 
2004- Reviewer, Magnetic Resonance in Medicine (MRM), Nature Methods, Neuroimage, Brain Brain 

Stimulation, IEEE transactions on Signal Processing, Cerebral Cortex, ACS Nano, Transactions 
on Biomedical Engineering, NMR Biomedicine 

2011- Reviewer, Medical Research Council, NIH (ad hoc), European Research Council, German-
Israeli Foundation, French National Research, The Wellcome Trust, NSF  

Honors 
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2008/2010  NIH/NIBIB Pathway to Independence Award,  2010 NIH Director’s New Innovator Award 
2010   Okawa Foundation Research Grant Award,   2011 NSF CAREER Award 
2012   Alfred P. Sloan Research Fellowship,   2012  Epilepsy Therapy Project Award 
2013   Alzheimer’s Association New Investigator Award 
2013   Association of Korean Neuroscientists (AKN) Junior Faculty Research Award 
2014   IEEE EMBS BRAIN Grand Challenges Young Investigator Award  
 
Selected Invited Talks and Lectures 
2010.03  The Human Connectome: Views from MRI and Microscopy, Seoul, Korea 
2010.06   Vertebrate Neuroanatomy Course, Cold Spring Harbor Labs, Lecturer 
2010.06    International Rett Syndrome Foundation 11th Annual Scientific Symposium: New Frontiers in 

the understanding and treatment of RTT and related disorders, Lansdowne Resort & Spa, 
Leesburg, Virginia. 

2010.08   Shanghai Summer Stem Cell Symposium, Shanghai, China 
2011.04   Brainnetome from Microscale to Macroscale, Beijing, China 
2011.06   Brain Connectivity Workshop (BCW), Montreal, Canada 
2011.07   Vertebrate Neuroanatomy Course, Cold Spring Harbor Labs, Lecturer 
2011.07  MiniProgram: Network Architecture of Brain Structures and Functions, Kalvi Institute for 

Theoretical Physics 
2011.10   Wellcome Trust Frontiers Meeting on Next Generation Brain Imaging Technologies 
2011.11  Using Optogenetics to Shed Light on the Neural Mechanisms of Addiction, NIDA/SfN mini-

convention 
2012.01   Cardiff University Mini-Symposium on Preclinical Imaging, Cardiff, UK 
2012.08   Marine Biological Laboratory, Woods Hole, “Neuroinformatics Course”, Faculty 
2012.08   Gordon Research Conference on "Mechanisms of Epilepsy and Neuronal Synchronization" 
2012.09  Barcelona Cognition, Brain and Technology Summer School, Faculty 
2013.05  Epilepsy Foundation Pipeline Conference, Miami 
2013.05   International Symposium on Cerebral Blood Flow, Metabolism, and Function, Shanghai, China 
2014.03  Annual CMROI Workshop on Imaging Biomarkers, University of Pennsylvania, Philadelphia 
2014.05  ISMRM workshop, Ankara, Turkey 
2014.06  16th Kuopio Bio-NMR Workshop: From basics to advanced functional MRI 
2014.07  New Frontiers in Scientific Innovation, Korea Foundation for Advanced Studies 
2014.11  Charles River MRI Symposium at SFN, Washington DC 
2015.07  38th Annual Meeting of the Japan Neuroscience Society, Kobe, Japan 
2015.08  TedxKFAS (Korea Foundation for Advanced Studies), Seoul, Korea 
2015.11  Roche Young Leaders of Academic Neuroscience Symposium, Basel, Switzerland 
2015.12  American Epilepsy Society, Investigators' and Clinical Investigators' Workshop, Philadelphia 
2016.02  Epilepsy Foundation Pipeline Conference, San Francisco 
2016.04  Annual symposium of the Gulf Coast Consortium for Translational Pain Research in Houston 
2016.05  Neuromodulation: The Science, San Francisco 
2016.05     Janelia Farms, Systems Neuroscience Seminar 
2016.06   Gordon Research Conference on “Molecular and Cellular Neurobiology”, Hong Kong 
2016.07  Gordon Research Conference on  “In Vivo Magnetic Resonance”, Proctor Academy, Andover 
2016.11  Third Symposium on Brainnetome Meets Genome (SBMG’2016), Haikou, China 
2016.11  Molecular and Cellular Cognition Society (MCCS) Meeting 
2016.12  American Epilepsy Society, Merritt-Putnam Symposium, Houston, Texas 
2017.01  Alpine Brain Imaging Meeting, Geneva, Switzerland 
2017.05  Brain Connectivity Workshop, Zurich, Switzerland 
 
C. Contributions to Science 
 
* Corresponding author, †: co-first author 
 
1) Passband b-SSFP fMRI technology development: While the conventional fMRI is a highly successful 
technique that provides a non-invasive means to study the whole brain including deep-brain structures, it has 
significant limitations for the accurate assessment of neural function in its current form. With conventional fMRI, 
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since blood oxygenation level dependent (BOLD) contrast used as a surrogate measure of neural activity is 
obtained by methods that also enhance image distortions and signal dropout, it is extremely difficult to obtain 
spatially accurate activity maps near susceptibility prone regions such as the air-tissue interface. Passband b-
SSFP fMRI is a novel fMRI method that utilizes rapid radiofrequency excitation pulses combined with fully-
balanced gradient pulses during each excitation repetition interval (TR). Due to its short readout time and TR, 
b-SSFP provides distortion-free 3D imaging suitable for full-brain, high-resolution functional imaging. The first 
paper below is the original paper that describes the passband b-SSFP fMRI technology and demonstrates 
distortion-free whole brain imaging with passband b-SSFP fMRI. The variable density stack of spirals imaging 
and broadband multi-coil imaging technologies further enable fast imaging for passband b-SSFP fMRI. 
1. Jin Hyung Lee*, Serge O. Dumoulin, Emine U. Saritas, Gary H. Glover, Dwight G. Nishimura, John M. 

Pauly, Full-Brain Coverage and High-Resolution Imaging Capabilities of Passband b-SSFP fMRI at 3T, 
Magnetic Resonance in Medicine, 2008: 59(5):1099-110.  PMCID: PMC2694041 

2. Jin Hyung Lee*, Brian A. Hargreaves, Bob S. Hu and Dwight G. Nishimura. Fast 3D Imaging using 
Variable-Density Spiral Trajectories with Applications to Limb Perfusion, Magnetic Resonance in 
Medicine, 2003:50:1276-1285. PMID: 14648576  

3. Jin Hyung Lee*, Greig Scott, John M. Pauly and Dwight G. Nishimura, Broadband Multi-Coil Imaging 
using Multiple Demodulation Hardware: A Feasibility Study, Magnetic Resonance in Medicine, 
2005:54:669-676. PMID: 16086362   

 
2) Novel multi-functional molecular imaging contrast agent development: Molecular imaging enables 
specific biological processes or anatomical features to be highlighted in MRI studies. However, technological 
challenges in molecular imaging include the development of highly sensitive molecular probes, enabling multi-
functional therapeutic capabilities, and the development of imaging strategies that can optimally highlight 
features of interest.  The novel FeCo-Graphene shell nanocrystal contrast agent we developed provides ultra-
high sensitivity, and is designed to enable molecularly targeted visualization combined with therapy, as well as 
high-resolution angiography. In our study, using our novel molecular probe, micro-vessel imaging on the order 
of ~100 um was achieved with 10 % of conventional contrast agent dose. 
4. Won-Seok Seo, Jin Hyung Lee, Xiaoming Sun, Yoriyasu Suzuki, David Mann, Zhuang Liu, M. Terashima, 

Philip Yang, MV McConnell, Dwight G. Nishimura and Hongjie Dai, FeCo/graphitic-shell nanocrystals as 
advanced magnetic-resonance-imaging and near-infrared agents, Nature Materials, 2006:5:971-976.  
PMID: 17115025 

5. Ha Young Lee, Sang-Hoon Lee, Chenjie Xu, Jin Xie, Jin Hyung Lee, Bing Wu, Ai Leen Koh, Xiaoying 
Wang, Robert Sinclair, Shan X Wang, Dwight G Nishimura, Sandip Biswal, Shouheng Sun, Sun Hang Cho 
and Xiaoyuan Chen, Synthesis and characterization of PVP-coated large core iron oxide nanoparticles as 
an MRI contrast agent, Nanotechnology, 2008:19: 165101- 15106. 

6. Jin Hyung Lee†, Sarah Sherlock†, Masahiro Terashima, Hisanori Kosuge, Yoriyasu Suzuki, Andrew 
Goodwin, Joshua Robinson, Won-Seok Seo, Zhuang Liu, Richard Luong, Michael V. McConnell, Dwight G. 
Nishimura, and Hongjie Dai*, High-Contrast In-Vivo Visualization of Microvessels using Novel FeCo/GC 
Magnetic Nanocrystals, Magnetic Resonance in Medicine, 2009:62(6):1497-509.  PMCID: PMC2824553 

 
3) Optogenetic fMRI (ofMRI) technology development: My most important research accomplishment to date 
is pioneering the development of the ofMRI technology. I conceptualized the idea of ofMRI, wrote the grants 
proposing the project, established interdisciplinary collaborations, designed and carried out experiments, and 
authored landmark articles demonstrating the realization of the technology. While fMRI enabled association of 
whole brain activation with certain tasks or in resting state, they were limited in providing mechanistic 
understanding of brain circuit functions due to the brain’s densely interconnected network of heterogeneous 
cellular populations. I realized that optogenetics would be a key tool in addressing this problem by specifically 
creating activity in discrete genetically defined nodes. With excitement, I approached Karl Deisseroth, who 
pioneered optogenetics, with my idea of combining this novel technology with fMRI, then wrote and received a 
2008/2010 NIH/NIBIB K99/R00 award. Under the support of the K99/R00 award, I developed small animal 
imaging methods in combination with optogenetics, which demonstrated ofMRI visualization of whole brain 
network activity in response to activation of specific cell types, which was published in Nature in 2010. For the 
first time, we showed highly specific in vivo circuit identification, in which the functional role of cell types 
defined by genetic identity, cell body location, and axonal projection target can be directly observed and 
globally mapped in the living mammal. However, as with any novel technology, additional technological 
developments are necessary to bring ofMRI to its full potential. With my vision for the ultimate goal of directly 

Contact PD/PI: Borniger, Jeremy Charles

Biosketches                                                                                                    Page 29



visualizing global brain function associated with specific cellular populations activated during behavior, my lab 
successfully developed a real-time ofMRI platform with robust closed loop motion correction that enables 
overall image reconstruction and motion correction to be conducted in 12.8 ms, in contrast to approximately 8 s 
without the new parallel computation algorithms we developed. We also developed a novel compressed 
sensing algorithm that improved spatial resolution by a factor of 6, achieving 200 x 200 um2 and 140 x 140 um2 
in plane resolution while covering the whole rat and mouse brains, respectively, empowering cortical layer and 
sub-nuclei specific imaging.  
7. Jin Hyung Lee†*, Remy Durand†, Viviana Gradinaru, Feng Zhang, Inbal Goshen, Dae-Shik Kim, Lief E. 

Fenno, Charu Ramakrishnan, Karl Deisseroth*, Global and local fMRI signals driven by neurons defined 
optogenetically by type and wiring, Nature, 2010:465(10):788-792.  PMCID: PMC3177305 

8. Jin Hyung Lee, Remy Durand, Viviana Gradinaru, Feng Zhang, Inbal Goshen, Dae-Shik Kim, Charu 
Ramakrishnan, Lief E. Fenno, Karl Deisseroth, reply, Nature, 2010:468:E4-E5.  

9. Zhongnan Fang, Jin Hyung Lee*, High-throughput optogenetic functional magnetic resonance imaging 
with parallel computations, Journal of Neuroscience Methods, 2013:218(2):184-195. PMID: 23747482  

10. Zhongnan Fang, Nguyen Le, ManKin Choy, Jin Hyung Lee*, High Spatial Resolution Compressed 
Sensing (HSPARSE) Functional Magnetic Resonance Imaging, Magnetic Resonance in Medicine, 
2016;76(2):440-455.  
 

4) Imaging global brain circuit mechanisms with cell type specificity: Enabled by our state-of-the art 
ofMRI platform, we then started to investigate the basic properties of the global brain circuit. Our first target 
was looking at the hippocampal sub-population and their signaling properties given the importance of 
hippocampus in many neural processes and disease. While many studies have been conducted on the local 
circuitries and their role in behavior, very little is known about the global brain circuit properties of the 
hippocampal neurons. By targeting two distinct excitatory neurons in hippocampus that are very close to each 
other and varying the temporal firing pattern and light intensity, we find that the engagement of the network is 
far beyond the hippocampus, and that both the location and temporal shape including polarity of the detected 
activity is strongly dependent on the stimulation location, frequency, and intensity. Interestingly, the measured 
dynamic communication pattern is also repeatable indicating that is an inherent property of the circuit that can 
be measured. Importantly, we also find that the differences in brain activity pattern correspond to distinct 
behaviors demonstrating that behavioral phenotypes have specific global brain circuit mechanisms associated 
with them. These properties of the brain circuit that we were able to directly visualize for the first time utilizing 
ofMRI, open many exciting new avenues for studying how they are perturbed in disease. Since the global 
circuit mechanisms of specific populations known to contribute to any neurological disease are largely 
unknown, this marks an exciting new approach that is revealing important mechanisms of these circuits that 
could not be studied before.  
11. Andrew Weitz†, Zhongnan Fang†, Hyun Joo Lee†, Robert S. Fisher†, Wesley C. Smith†, ManKin Choy, Jia 

Liu, Peter Lin, Matthew Rosenberg, Jin Hyung Lee*, Optogenetic fMRI reveals distinct, frequency-
dependent networks recruited by dorsal and intermediate hippocampus stimulations, Neuroimage 
2015:107:229-241. 

12. Ben Duffy, Mankin Choy, Miguel R. Chuapoco, Michael Madson, Jin Hyung Lee*, MRI compatible 
optrodes for simultaneous EEG and optogenetic fMRI investigation of seizure-like afterdischarges, 
Neuroimage, 2015:123:173-184. 

13. Jia Liu†, Hyun Joo Lee†, Andrew Weitz†, Zhongnan Fang†, Peter Lin, ManKin Choy, Robert Fisher, Vadim 
Pinskiy, Alexander Tolpygo, Partha Mitra, Nicholas Schiff, Jin Hyung Lee*, Dynamic control of cortical and 
subcortical networks by central thalamus, eLife, 2015;4:e09215. 

14. Hyun Joo Lee†, Andrew Weitz†, David Bernal-Casas, Ben A. Duffy, Mankin Choy, Alexxai Kravitz, Anatol 
Kreitzer, Jin Hyung Lee*, Activation of direct and indirect pathway medium spiny neurons drives distinct 
brain-wide responses, Neuron, 2016;91(2):412-424. (Featured on the Cover)  

15. David Bernal-Casas, Hyun Joo Lee, Andrew Weitz, Jin Hyung Lee*, Studying brain circuit function with 
dynamic causal modeling for optogenetic fMRI, Neuron, 2017;93:522-532. 

16. Jia Liu†, Ben A. Duffy†, David Bernal-Casas, Zhongnan Fang, Jin Hyung Lee*, Comparison of fMRI 
analysis methods for heterogeneous BOLD responses in block design studies, Neuroimage, 
2017;147:390-408. 

 
5) Direct Visualization of Stem Cell Integration into CNS: Utilizing these global brain circuit mechanisms, 
one of our major goals is to develop circuit mechanism guided therapeutic options for neurological diseases. 
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Therapies that can be guided by circuit mechanisms include drugs, neurostimulation, gene, and stem cell 
transplantation therapy. We have recently developed a novel method that enables direct visualization of graft-
host neural circuit interactions. The Holy Grail in stem cell therapy is to be able to state conclusively whether 
and how the transplanted cells function as an element of the endogenous circuit. Through our novel approach, 
we were able to conclusively state that the transplanted cells mature into neurons and can form action 
potentials. We have also further confirmed that these cells can make remote connections within the brain and 
drive endogenous circuit elements. In addition to these findings, we now have a new platform to evaluate stem 
cell therapy in vivo that can help guide future therapy design.  
17. Blake Byers†, Jia Liu†, Hyun Joo Lee†, Peter Lin, Alexander Li, Pengbo Zhang, Alexander Shcheglovitov, 

Ricardo Dolmetsch, Renee Reijo-Pera, Jin Hyung Lee*, Direct In Vivo Assessment of Human Stem Cell 
Transplanted Graft-Host Neural Circuits, Neuroimage, 2015.  

 
D. Research Support 
 
Ongoing Research Support: 
NIH/NIA R01 (PI: Lee)            10/01/2014 – 09/30/2019   
1RF1AG047666 
Direct visualization of cell-type specific Alzheimer’s disease networks for drug development 
The major goals of this project are to visualize cholinergic network function changes in AD and use them as 
biomarkers for evaluating AD drug efficacy. 
NIH/NINDS R01 (PI: Lee)           10/01/2014 – 09/30/2019   
1R01NS087159 
Deconstructing arousal regulation circuits for optimal DBS therapy design 
The major goals of this project are to optimize central thalamus DBS target locations and parameters to 
improve consciousness for the treatment of minimally conscious patients. 
NIH/NINDS R01 (PI: Lee)           04/01/2015 – 03/31/2020    
1R01NS091461 
Dynamic regulation of whole brain circuit function by basal ganglia pathways 
The major goals of this project are to directly visualize D1- and D2- medium spiny neuron mediated global 
brain function and to study their impact on resting-state fMRI.  
NIH/NINDS R01 (PI: Steinberg, Co-Investigator: Lee)   07/01/2015 - 06/30/2020   
Optogenetic approaches to study post-stroke recovery mechanisms  
The major goal of this project is to study stimulus driven post-stroke functional and anatomical re-wiring 
process. 
NIH/NINDS R01 (PI: Calderon, Rockefeller University, Sub-Contract PI: Lee) 

               10/01/2015 - 09/30/2020  
Contribution of Gigantocellular neurons of the medullar reticular formation to awakening from a low brain activity 
state 
The major goals of this project is to understand the causal role of the gigantocellular neurons in the 
contribution of brain arousal. 
NIH/NIMH R01 (PI: Feinberg, UC Berkeley, Sub-Contract PI: Lee) 
1R01MH111444             09/01/2016 – 08/31/2021   
Foundations of MRI Corticography for mesoscale organization and neuronal circuitry 
The major goals of this project are to develop high-resolution human brain function imaging methods. 
NIH/NINDS R01 (PI: Menon, Co-Investigator: Lee) 
1R01NS071221             7/1/2014 – 6/30/2019   
Methods for Dynamic Casual Interactions in Human Brain Function and Dysfunction 
The major goal of this project is to develop, validate and apply new algorithms for investigating dynamic causal 
interactions between distributed brain regions during cognition. 
NIH/NIMH R01 (PI: Menon, Co-investigator: Lee) 
1R01EB022907              09/01/2016 – 08/31/2021   
Novel Bayesian linear dynamical systems-based methods for discovering human brain circuit dynamics in 
health and disease  
The major goals of this project are to develop high-resolution human brain function imaging methods. 
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Candidate’s Background 

2008-2011: Indiana University, Undergraduate Research Assistant in Biological Anthropology 

During my undergraduate career, I was exposed to biological research through the lens of anthropology. I completed an 
honors thesis investigating hormonal correlates of musical ability by recruiting >80 participants (musicians and non-
musicians) to come to our laboratory, take a standardized musical aptitude test, have anthropometric and demographic 
data collected, and then donate three saliva samples for subsequent testosterone and cortisol assays. The pleasures of 
this research persuaded me to look deeper into pursuing a career in science. We ultimately published this research (in 
PLoS One), and I took a break after graduating to conduct further ecological research with nonhuman primates in 
western Uganda as the assistant project director for the Semliki Chimpanzee Project. It was there that I became 
fascinated with animal behavior. However, I realized there was a palpable disconnect between the research I was 
conducting and the questions I was interested in answering. I yearned to understand the cellular underpinnings of the 
complex behaviors I was observing, and my current research direction would not accommodate that type of endeavor. 
Naturally, I switched to neuroscience for my graduate studies to gain the tools necessary to fully investigate the brain. I 
published a piece in Science in 2015 on how this transition affected my subsequent training and career trajectory. 

2012-2014: The Ohio State University, Graduate Student, Neuroscience 

Upon entering graduate school, I was at an inherent disadvantage as I had not completed many of the pre-requisite 
classes (see Biosketch). I overcame this challenge by immersing myself in primary scientific literature and the history of 
the field. I further spent a lot of time reading technical protocols, convinced that I could not adequately apply a 
technique I did not fundamentally understand. I quickly gained an appreciation of the different approaches 
contemporary neuroscientists use to address complex questions in behavioral research. I began to apply many of these 
techniques in my studies, and became intimately familiar with immunohistochemistry, RT-qPCR, the EEG, behavioral 
assays, ELISAs, Western blotting, small-animal surgery, and statistics. During the first years of my graduate studies, I 
focused on how a seemingly innocuous environmental stimulus, light at night (LAN), could alter behavior and 
metabolism in mice. During these initial studies, in addition to the techniques listed above, I learned valuable lessons in 
experimental design, coordinating with collaborators, manuscript writing and submission, and how to handle several 
projects simultaneously. Two initial questions were whether light at night (5 lux; white) would disrupt sleep in nocturnal 
mice, and whether the prior effects we had observed on metabolism and behavior were restricted to exposure during 
adulthood (i.e., was there a unique effect of light at night during the developmental period?). Two of these papers were 
published in Chronobiology International and one was published in Physiology & Behavior during my first and second 
year. We further published an opinion piece in Biology Letters covering circadian disruption by light at night.  

During the course of these studies, I became interested in how environmental light can modulate other aspects of 
physiology and behavior. I had the opportunity to work with Siberian hamsters (Phodopus sungorus) and white-footed 
mice (Peromyscus leucopus). These two species can monitor the amount of light per day (i.e., photoperiod) throughout 
the year to regulate their metabolism, reproduction, immune function, and behavior. Fascinated by this, I hypothesized 
that the short days of winter and long days of summer present vastly different environmental challenges to these 
animals, resulting in differential energy allocation throughout the body. To test this, I used the glucose analogue 
fluorodeoxyglucose (18F-FDG) in combination with micro positron emission tomography (μPET), as well as 24 h indirect 
calorimetry following 10 weeks exposure to long (16:8 LD cycle) or short (8:16 LD cycle) photoperiods. This research was 
ultimately published in the Journal of Clinical and Molecular Endocrinology and we further published a review paper in 
Frontiers in Neuroendocrinology on relationships between photoperiod and immune function. 

 White-footed mice reduce hippocampal-dependent memory function in response to short days, including neurogenesis, 
spatial memory ability, and gross hippocampal volume. I hypothesized that these changes in brain function were 
preceded by reductions in hippocampal blood flow. To investigate this, I perfused mice with fluorescently labeled (FITC) 
tomato-lectin to visualize active vasculature in the brain following 8 weeks exposure to long or short days. To examine 
gene expression in these blood vessels, we used laser capture micro dissection to isolate FITC+ capillaries and assess 
expression of genes associated with blood vessel remodeling. We confirmed our findings with immunohistochemistry. 
To investigate whether these changes scaled to the whole brain, we imaged blood flow in vivo using laser speckle 
flowmetry in live mice. This research was published in the Society for Neuroscience’s open access journal eNeuro, and a 
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layman description was published on NeurOnline. We published a review on Peromyscus as a model species in Seminars 
in Cell & Developmental Biology. 

Finally, I gained additional experience working with transgenic mice through investigating the behavioral phenotype of 
mice lacking mesenchyme-specific Pten and the sleep phenotype of mice lacking Phox2b in brainstem astrocytes (a 
model of congenital hypoventilation syndrome) through interactions with collaborators Drs. Clay Marsh and Jose Otero. 
The Pten research was published in Behavioral Brain Research, and the sleep phenotype data are currently in 
preparation for publication.  

2014-2017: The Ohio State University, PhD Candidate, Neuroscience 

 I performed my dissertation research in the laboratory of Dr. Randy J Nelson, a leading figure in the fields of behavioral 
neuroscience and circadian rhythms. I secured funding from the non-profit cancer research fund Pelotonia, as well as 
the highest award the graduate school offers, the Presidential Fellowship, to complete these studies.  In collaboration 
with Dr. Courtney DeVries in the neighboring lab, I investigated how cytotoxic chemotherapy (doxorubicin and 
cyclophosphamide) altered sleep/wake states in non-tumor-bearing mice. I further investigated sleep pressure through 
spectral analyses of the EEG, as well as inflammatory profiles of brain areas involved in sleep-wake regulation (i.e., 
hypothalamus and brainstem). This research was published in Brain, Behavior & Immunity.  

After these initial studies, I moved on to investigate whether the circadian system may modulate the inflammatory 
response to these drugs. I administered the same drug cocktail as previously, but once during the early light phase and 
once during the early dark phase in a counter-balanced design. Tissue was collected 1, 3, 9, and 24 hours later. We 
discovered that daytime administration resulted in enhanced inflammatory responses in the spleen, but not in the brain. 
Additionally, these findings mapped onto the hepatic expression profile of enzymes involved in breaking down these 
drugs into their toxic metabolites. These data suggested that inflammatory responses to chemotherapy are time-of-day 
dependent and are organ specific. This research was published in Scientific Reports.  

Building off my experiences using chemotherapy in non-tumor-bearing mice, I decided to investigate how tumors 
themselves interact with arousal circuitry. I injected mice with a standardized amount of syngeneic non-metastatic 
mammary tumor cells (67NR) subcutaneously and measured sleep (via wireless EEG/EMG) throughout tumor 
development. I further analyzed the inflammatory and metabolic profile of the periphery and brain (using RT-qPCR, 
western blots, ELISAs, and immunohistochemistry) to provide insight into possible mechanisms controlling tumor-
induced changes to sleep. A manuscript describing our findings from this large series of experiments is in preparation. In 
addition to my dissertation work, I have published two opinion/correspondence pieces commenting on recent 
developments in behavioral neuroscience and remyelination in Frontiers in Behavioral Neuroscience and the Journal of 
Neuroscience.  

Goals for Fellowship Training and Career 

The long-term goal for my career is to contribute to the understanding of the neural mechanisms contributing to sleep-

wake control and cognitive disturbance. I aim to accomplish this goal by obtaining a faculty position at an academic 

research institution and continuing to study the neural coupling between sleep and memory. Therefore, establishing a 

strong research background in this area and acquiring multiple valuable methodologies and techniques will be essential 

for success in my career. 

The overall goal of my proposal is to acquire new techniques in order to complete experiments that will not only shed 

light onto the neural control of sleep and memory, but also augment my training experience and enhance my profile as a 

candidate for faculty positions. Specifically, this proposal will require me to become proficient in optogenetic techniques 

for spatially and temporally restricted control of genetically-identified neuronal populations. Additionally, I will need to 

become adept at complex data analysis (specifically for calcium imaging and ofMRI) in order to accurately describe my 

findings and publish reproducible data. Although I have stereotaxic surgery experience from my graduate work 

(EEG/EMG telemeter implantation), I will require further training in more complex cannulation surgeries and physical 

methods for behavioral testing of tethered animals during GCamp6f recording. I will receive additional training (under 
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the guidance of my co-sponsor, Jin Hyung Lee) in ofMRI and quantitative analyses (in addition to classwork listed below) 

of data generated from these experiments. Fortunately, the two current postdoctoral fellows in the de Lecea lab (see 

Sponsor Information) and 5 post-doctoral fellows in the Lee lab are highly-motivated, well-trained individuals that 

regularly perform these techniques.  In addition to my sponsor and co-sponsor’s excellent guidance, they will provide an 

exemplary training environment.  

In addition to these new methods that I will acquire during my postdoctoral studies, I will further develop skills that I 

gained familiarity with during my graduate training such as fluorescent immunohistochemistry, EEG analysis, behavioral 

testing, and statistics.  

Outside of laboratory skill development, my postdoctoral training will also focus on career development. Specifically, I 

will have the opportunity to attend grant writing workshops through the Stanford Grant Writing Academy, which won 

the 2016 Innovations in Research Education Award from the Association of American Medical Colleges (AAMC) for its 

contributions to enhancing the career development of PhD, MD-PhD, and postdoctoral researchers. This academy offers 

one-on-one grant coaching, grant writing retreats, and peer review workshops. This will be complemented by workshops 

to facilitate my transition to the next stage of my career (i.e., a tenure track faculty position).  

The use of the techniques and career development opportunities listed above will increase my understanding of the 

neural basis of sleep and memory, contribute critical knowledge relevant to public health concerns, and facilitate my 

transition to the next stage of my career. The scientific topics outlined in this proposal continue my focus on sleep 

research, and I anticipate remaining in this domain for the foreseeable future. Executing these studies and working in 

the proposed training environment (see Sponsor and Co-Sponsor Information) will provide me with essential skills 

required to achieve my ultimate goal of becoming an independently-funded researcher and academic faculty member.  

Activities Planned Under This Award  

I am requesting three years of support. ~83% of that time will be spent directly collecting/processing data. 

Year Research Class/Meetings Writing 

Year 1 85% 10% 5% 

Year 2 85% 10% 5% 

Year 3 80% 5% 15% 

 

I am fully committed to learning the skills necessary to complete the proposed analyses and gain a broadly applicable 

knowledge base in computational neuroscience. To achieve this, I will join Stanford’s Center for Mind, Brain and 

Computation (MBC) program as a trainee. In the unlikely scenario that I am not accepted as a trainee, I will still be able 

to complete these courses (listed below). A primary goal for the center is to give future scientists the necessary tools to 

investigate the emergent functions of the brain and to contribute to the development of artificial systems that can 

emulate them. Each trainee designs an individualized program of coursework that culminates in a MBC research 

experience, stretching the student’s research beyond the ordinary expectations of his home laboratory. Additionally, the 

MBC hosts a weekly seminar series, an annual half-day symposium, and trainee-only research discussions to provide 

venues for engagement with other computational researchers, opportunities to present ongoing research, and augment 

coursework.  
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Course Hours/Week Year Instructor Location/Program 

NBIO 258: Information and signaling 

mechanisms in neurons and circuits 

4 1 Stephen A. Baccus Stanford MBC 

NENS 220: Computational 

Neuroscience 

4 1 John Huguenard Stanford MBC 

BioE 332: Large-Scale Neural 

Modeling 

3 3 Kwabena Boahen Stanford MBC 

Coursera: Computational 

Neuroscience 

4 Curr 
Enrolled 

Rajesh Rao & 

Adrienne Fairhall 

Online/Univ. Washington 

Methods in Computational 

Neuroscience 

40 2 Various Woods Hole MA/Marine 

Biological Laboratory 

Datacamp: Python Module 3 2 Filip Schouwenaars Online/Datacamp 

 

Year 1: In the first Year of support, I will complete the experiments proposed in SA1. This includes: learning VTA 

cannulation and adenovirus infusion surgeries, undergoing instruction in in vivo optogenetic control of neural activity 

and GCaMP6f signal analysis, assessment of memory consolidation (behavioral testing), and data analysis.  

Approximately 10% of my time will be further devoted to taking classes in computational neuroscience (detailed above). 

A further 5% of my time will be used for writing up the methods and results for SA1.  

The remainder of my time during Year 1 will be spent attending relevant scientific conferences (1-2 per year; Society for 

Neuroscience, Sleep, etc…). These meetings are critical for allowing me to discuss my research and effectively 

communicate my findings with other scientists in the field, at Stanford and abroad. These meetings are intended to 

supplement my weekly de Lecea lab meetings, where I will also refine my presentation skills and discuss data and 

scientific ideas with other postdoctoral fellows. I will additionally attend annual BRAIN Initiative investigator meetings. 

Year 2: By the end of year two, I intend to finish all studies described in SA2. This includes: applying previously learned 

(SA1) GCaMP6f techniques to investigate circuitry between hypocretin neurons in the lateral hypothalamus (LH) and 

dopaminergic neurons in the VTA, learning and implementing combinatorial optogenetics (lateral hypothalamus and 

VTA) to simultaneously activate LH-hypocretin neurons and silence VTA-DA neurons, and investigating whether 

hypocretin neurotransmission to the VTA mediates any optically-elicited effects (via almexorant administration).  

During this time, I will continue to take courses in computational neuroscience to aide in developing skills in quantitative 

techniques and prepare me for Year 3. Additionally, I will continue to write up methods and results and begin to publish 

the findings from SA1. I will continue to attend (and present at) conferences and meetings (as detailed above). 

Year 3: In the third Year of support, I will complete the experiments detailed in SA3. This includes: lenti-virus injection 

into the lateral hypothalamus (as in SA2), followed by combination fMRI and optogenetic experiments to examine brain-

wide responses to LH-Hcrt stimulation. Using these data, I will learn and integrate dynamic causal modeling to describe 

the effective connectivity among distributed brain regions. This will build off of my previous classwork in computational 

neuroscience and monthly meetings with Dr. Lee, my Co-Sponsor. I will also attend Dr. Lee’s weekly lab meetings to 

discuss my data with other members of her lab to gain additional insight and feedback. 

During Year 3, I will continue to focus on writing and publishing manuscripts based on data collected from all aims. Year 

3 will also involve grant writing, as I will begin to apply for K- and R-type funding from the NIH. I will continue to attend 

and present at the meetings detailed above.  
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Collectively, my background, training goals, and planned activities under this award will synergistically put me in an 

advantageous position to advance onto a tenure track academic faculty position and apply for further NIH funding to 

become an independent investigator. 
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SPECIFIC AIMS Sleep disorders are among the most common clinical problems in the United States and represent a 
substantial burden to the economy. Efforts to address this growing concern have been hampered by a poor 
understanding of the fundamental neural control of sleep and how this is coupled to cognition and general health. 
Indeed, a primary hypothesis for the function of sleep is to facilitate the consolidation of memories encoded during 
waking. Although the precise mechanisms for how different neuronal ensembles regulate memory consolidation is 
unclear, monoaminergic populations are thought to play a major role given their extensive involvement in vigilance state 
switching and sensory processing. Through work in the de Lecea lab, dopaminergic neurons in the ventral tegmental 
area (VTA-DA) have recently been shown to control motivational gating of arousal. These cells fire phasic action 
potentials during active waking, REM sleep, and in response to salient or novel stimuli. They send projections to brain 
areas that control memory encoding, consolidation and recall such as the hippocampus, prefrontal cortex, and amygdala 
to participate in reward and procedural memory. Additionally, they are interspersed and inhibited by local GABAergic 
neurons, which alter VTA-DA mediated behaviors.  

Hypocretin (hcrt) neurons in the lateral hypothalamus have been extensively characterized by the de Lecea lab 
(and others) in the control wakefulness via projections to brainstem monoaminergic cell populations. Hcrt neurons send 
excitatory projections to both DA and non-DA VTA neurons, and their interactions have been well described in the 
context of reward-seeking and addiction. With regard to memory research, aberrant activation of hcrt neurons during 
sleep (without disrupting the total amount or intensity of sleep) impairs novel object memory consolidation. However, 
there are no publications investigating the downstream pathways through which hcrt neurons alter memory during 
sleep, representing a substantial gap in the literature. Because both hcrt and VTA neurons interconnect and regulate 
many aspects of arousal and memory formation, they represent an attractive target to causally test the role specific cell 
populations play in linking memory consolidation to sleep. I hypothesize that VTA neurons contribute to memory 
consolidation during sleep, and that hcrt neurons are upstream regulators of this process. Here, we will use 
optogenetics, fiber photometry, fMRI, behavioral assays, EEG technology, and dynamic causal modeling to causally test 
this hypothesis. I propose: 
Specific Aim (SA) 1: To determine whether aberrant VTA neuronal activity during sleep impairs memory.  
VTA-DA neurons are critical for the formation of reward and procedural memories, and a hippocampal-VTA loop has 
been proposed to regulate entry of contextual novelty into long-term memory. In this aim, I will monitor spontaneous 
VTA neuron activity using GCamp6f fiber photometry across different memory tasks and subsequent sleep. I will then 
optogenetically stimulate (or inhibit) these cells during post-learning sleep (monitored using EEG/EMG), and memory 
performance will be tested 24 h later. I predict that aberrant activation of VTA neurons during sleep will impair 
consolidation of reward and procedural memories, but not emotional memories.  
SA 2: Determine the contribution of the hypocretinVTA circuit to stability of sleep/wake states and memory 
consolidation during sleep. It is unknown whether the VTA is necessary and/or sufficient to promote Hcrt-mediated 
sleep-to-wake transitions. Furthermore, whether Hcrt-neuron stimulation alters memory directly or through other 
neuromodulator nodes (e.g., VTA) remains undetermined. I will directly test this by monitoring GCamp6f signal from VTA 
neurons upon hcrt optogenetic stimulation, confirming (or refuting) a functional connection. I will use combinatorial 
optogenetic activation and silencing of hcrt and VTA neurons in a full factorial design, and test the contribution of this 
circuitry to memory consolidation during sleep by assessing memory performance following vigilance-state specific 
(monitored using EEG/EMG) activation of hcrt with simultaneous inhibition of VTA-DA neurons after learning. I predict 
that the VTA mediates hcrt’s actions on vigilance and memory. 
SA 3: Use dynamic causal modeling to investigate brain-wide responses to LH-Hcrt stimulation.  
To scale our circuit analyses to the network level, we will combine fMRI and optogenetic techniques (ofMRI) to examine 
brain-wide responses to LH-Hcrt stimulation. By assessing a proxy measure of neural activity (i.e., the blood oxygenation 
level dependent (BOLD) signal) in response to Hcrt stimulation, temporally-defined signal patterns across the brain can 
be obtained. However, due to the multi-dimensional nature of the data and high degree of connectivity across brain 
regions, making causal inferences among neuronal populations is impossible with these observations alone. Therefore, 
we will use a quantitative modeling approach, termed dynamic causal modeling (DCM), to parameterize these 
relationships. This is a Bayesian procedure allowing estimation of effective connectivity while simultaneously accounting 
for endogenous activity fluctuations. I predict that DCM will allow for accurate (i.e., reproducible) representations of the 
BOLD responses following hcrt-neuron stimulation and that the strongest effective connectivity will be among brainstem 
and midbrain regions regulating arousal, followed by downstream targets regulating memory and cortical activation.   
Cumulatively, these studies will significantly contribute to an understanding of how sub-cortical structures (i.e., LH-Hcrt 
and the VTA) alter memory consolidation during sleep and the functional connections involved in this process.  
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RESEARCH STRATEGY  
A. SIGNIFICANCE Sleep disturbances affect 10-20% of the population and represent a substantial public health problem. 
Consequences of chronic sleep disturbance are vast, including cardiovascular disease, cognitive decline, and decreased 
quality of life [1,2]. These problems are reflected in the enormous financial burden of sleep disruption, which is 
estimated to be in the hundreds of billions of dollars annually [61]. The biological functions of sleep are under intense 
investigation; converging evidence supports its role in memory consolidation 
and plasticity, as well as in the disposal of CNS metabolic waste [3,4]. Research 
has attempted to link memory and sleep, typically focusing on either the 
restoration of synaptic homeostasis [5,33] or the sequential processing of 
information between slow wave and REM sleep [6]. The neural circuits involved 
in these complex processes are poorly understood [7,8].  
 
Arousal circuitry The brainstem reticular activating system sends expansive 
innervations to excite the forebrain and is composed of different 
monoaminergic cell groups (e.g., noradrenergic) which provide excitatory drive 
to initiate and maintain wakefulness. Additionally, hypocretin+ (hcrt, also known 
as orexin) neurons within the perifornical lateral hypothalamic area (LH) are 
primary mediators of arousal, as hcrt deficiency destabilizes wakefulness and 
causes narcolepsy [9]. These neurons project to diverse brain centers controlling 
arousal including the basal forebrain, locus coeruleus, and ventral tegmental 
area.  
 
The ventral tegmental area The de Lecea lab recently demonstrated that 
midbrain ventral tegmental area dopaminergic neurons (VTA-DA) control motivational gating of arousal [10] (Figure 1). 
Well known for their role in computing ‘reward-prediction errors’ [11], these cells fire phasic action potentials during 
active waking, REM sleep, and in response to salient or novel stimuli such as access to a mate, palatable food, or 
predator odors. Efferent fibers from the VTA reach diverse structures in brain centers controlling memory encoding and 
consolidation including the hippocampus [12], pre-frontal cortex [13], and amygdala [14], where they contribute to the 
formation and recall of different types of memory [15,16]. Indeed, recent evidence supports a role for dopaminergic 
inputs to the hippocampal dentate gyrus in reinforcing memories associated with a rewarding stimulus [17]. 
Furthermore, reactivation of putative dopaminergic cells in the VTA was demonstrated during sleep following a variety 
of aversive and positive stimuli [18]. Within the VTA, an additional population of GABAergic neurons (VTA-GABA) refines 

the circuit by tonically inhibiting dopaminergic cells [19]. More recently, these cells 
were shown to form functional synapses with granule cells in the dentate gyrus [20]. 
Therefore, the interactions among different neuronal sub-populations within the VTA 
could contribute to changes in memory consolidation during sleep. Indeed, VTA-
GABA neurons show vigilance state-dependent changes in spontaneous firing which 
peak during active waking and REM sleep [21]. How hcrt and VTA neurons interact to 
control vigilance states and regulate the consolidation of different types of memories 
remains unknown (see schematic Figure 2). 

 
B. INNOVATION.  
Technical. Given the temporal instability of sleep-wake states and the transient nature 

of memory formation and consolidation, optogenetics provides a robust platform with which to manipulate specific 
circuits with the millisecond precision required to test their role in these processes. Here we will combine this technique 
with Cre-lox transgenic methods to restrict opsin or calcium reporter (Gcamp6f) expression to genetically-defined sets of 
neurons (i.e., LH-Hcrt, VTA-DA, and VTA-GABA). Simultaneous EEG-EMG monitoring allows for vigilance-state specific 
neuronal manipulation. Finally, we will combine fMRI and optogenetics (ofMRI) to investigate brain-wide responses to 
hcrt neuron stimulation. These data will then be fed into a dynamic causal model to determine the effective coupling 
between distributed brain regions.  
Conceptual. Interrogation of VTA neuronal activity during sleep after different types of memory tasks is innovative as 
direct monitoring and manipulation of these cells during memory encoding has never been done in a cell-type and 
vigilance state-specific manner. ofMRI will also provide empirical data to elaborate models of brain-wide activity after LH 

Figure 1: In vivo photometry recordings of TH+ VTA 
neurons during sleep/wake cycles. A Cre-dependent 
AAV expressing GCamp6f was delivered into the VTA 
and calcium signals (ΔF/F) were recorded during 10 min 
intervals spanning several sleep wake cycles [10] 

Figure 2: Simplified sagittal section of mouse 
brain showing excitatory outputs from Hcrt 
and VTA neurons. Note efferents to regions 

regulating arousal and memory. 
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stimulation, comprising a first attempt at identifying the contribution of LH-Hcrt activity to overall brain excitability. 
Medial forebrain bundle (MFB) stimulation has long been known to drive reward (e.g., [60]), and our approach will likely 
shed light on how hcrt neural activity directly contributes to MFB activity and reward.  
 
C. APPROACH  
Specific Aim (SA) 1: To determine how aberrant VTA neuron activity during sleep impairs memory.  
Rationale. In collaboration with Karl Deisseroth, the de Lecea lab was the first to use optogenetics to modulate 
dopaminergic neuron activity in the VTA [56] and then demonstrate their role in 
sleep-wake behavior [10]. In this aim, we will monitor spontaneous VTA-DA and 
VTA-GABA cell activity (using GCamp6f fiber photometry; Figure 3) and test the 
functional consequences of neuronal activation and silencing during sleep 
(using ChR2 or NpHR3.0 optogenetics) with memory consolidation as a primary 
readout of sleep function. I hypothesize (1) that VTA (DA and GABA) neuronal 
activity changes across specific memory tasks and (2) that aberrant activation 
or silencing of VTA neurons during different phases of sleep alters subsequent 
memory consolidation. Both DA and GABAergic cells are highly active during 
REM sleep, but their (DA) chemogenetic inhibition paradoxically increases REM 
sleep [10,22]. This suggests that these cell groups may comprise functionally distinct populations that contribute to 
differing aspects of REM initiation and maintenance. Alternatively, DA neurons may act as a REM-limiting population of 
cells that provide a ceiling to the extent of REM sleep by interacting with REM-promoting populations either locally or at 
distal sites. How these cell populations interact and contribute to sleep-dependent memory consolidation remains 
unknown.   
Experimental Protocol. We will use several well characterized tests of different types of memory to investigate how 
aberrant activation of VTA-DA or GABA neurons during sleep alters memory consolidation. Table 1 outlines the tests that 
will be used. Adult male and female TH-IRES-Cre and VGAT-IRES-Cre mice backcrossed for >15 generations on the 
C57BL/6J background and wild-type controls will be used. We will use 6 mice/sex/group for each memory task based on 
power analyses with an expected 20% variation as well as previous work from the de Lecea lab (e.g., [23]). Tests will be 
completed during the end of the normal active phase (except Barnes Maze which requires the use of visual cues) and 
optical manipulations will occur during the beginning of the subsequent light phase when sleep pressure is high. 
Table 1: Memory tasks, calcium activity monitoring, and optogenetic stimulation protocols for the proposed studies.  

To assess spontaneous neuronal activity before, during, and after different memory tasks, we will use a fluorescent 
ultrasensitive protein calcium sensor, GCamp6f, and assess fluorescence using fiber photometry [29]. I will inject a Cre-
dependent adeno-associated virus (AAV-DJ-EF1α-DIO-GCamP6f) construct into the VTA (unilateral, AP = -3.3 mm; ML = 
0.2 mm; DV = -4.5 mm; 0.4 µl; titer: >109 infectious units/ml) of tyrosine hydroxylase (TH-IRES-Cre) or vesicular GABA 
transporter (VGAT-IRES-Cre) knock-in mice, allowing me to measure calcium transients using a fiber optic probe in freely 
behaving mice. Experimental manipulations will start 3 weeks following surgery, with fiber-optic cables placed into the 
cannulae 2 days prior. The de Lecea lab has extensive experience with these mice, viral injection procedures, and 
GCamp6f data analyses using fractional fluorescence change (ΔF/F(t)) [10]. The viral constructs to be used in the studies 
are readily available at the Stanford Gene Vector and Virus Core. Vigilance states will be monitored using a custom EEG 
implant placed on the frontal cortices (AP, -2 mm; ML ± 2.5 mm), with EMG leads inserted in the neck musculature to 
record postural tone. I will monitor VTA neuron activity before, during, and following the different memory tasks 
described in Table 1. Tasks will be completed over the course of one month (allowing for rest between tests and tests 
that take several days/sessions), during which viral transgene expression is stable.  

Test Type of Memory Zeitgeber Time 
(12:12) 

GCamp6f 
monitoring 

Optical Stimulation/inhibition (1 or 25 Hz 
473/593.5 nm light) 

Recall 
Interval 

Reference 

Novel Object 
Discrimination 

Non-spatial 23-24 -10 min  30 min 
post 

0-4 h following training 24h [23] 

Passive Avoidance Adaptive/aversive 23-24 -10 m  30 m post 0-4 h following shock 24h [24] 

Barnes Maze Spatial 0-1 -10 m  30 m post 0-4 h following each trial 24h [25] 

Fear Conditioning  Emotional 23-24 -10 m  30 m post 0-4 h following acquisition 24h [26] 

Conditioned Place 
Preference 

Appetitive/Reward 23-24 -10 m  30 m post 0-4 h following conditioning 24h [27] 

Skilled Motor Reaching Skill/Procedural 23-24 -10 m  30 m post 0-4 h following training 24h [28] 

Figure 3: Fiber photometry set up for GCamp6f 
monitoring from the VTA with simultaneous EEG-

EMG monitoring (from [10]). 
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In the second set of experiments, optogenetic manipulations will allow for perturbation of VTA neurons during 
specific vigilance states. We will inject an AAV encoding the light-activated cation channel channelrhodopsin-2 (AAV5-
DIO-EF1α-ChR2-eYFP; hereafter ChR2 mice) or an identical construct lacking ChR2: AAV5-DIO-EF1α-eYFP (hereafter eYFP 
mice; controls) into the VTA of TH-IRES-Cre or VGAT-IRES-Cre mice and implant a fiber optic probe above the VTA to 
deliver optical stimulation. These mice will be further affixed with a custom EEG-EMG electrode implant for vigilance 
state determination as above. Following memory encoding during the late active phase (ZT 23-24), mice will be 
photostimulated at 1 or 25 Hz (2 sec ON, 58 sec OFF) for 4 hours during the early inactive phase (when sleep pressure is 
high; ZT 0-4). Previous research in the de Lecea lab has demonstrated a powerful wakefulness-promoting effect of 25 Hz 
stimulation, a frequency that is also optimal for DA release [30]. Therefore, 1 Hz stimulation, which alters the spectral 
components of sleep but does not alter the total amount of sleep, will also be used. Memory performance will be tested 
24h following encoding to control for circadian variations in task acuity. Additionally, we will perform the reciprocal 
experiment (silencing instead of activating) using the light-activated anion channel halorhodopsin. The VTA of Th-Cre (or 
VGAT-Cre) mice will be injected with an AAV encoding halorhodopsin (AAV5-DIO-EF1α-NpHR3.0-eYFP; hereafter 
NphR3.0 mice, or the eYFP control virus alone), and the behavioral assays listed in Table 1 will be tested.  

 Finally, because of the transient nature of murine REM sleep, specific 
neuronal manipulations exclusively during this period are hard to 
accomplish via manual optogenetic control. Therefore, we will employ a 
‘closed-loop’ method to photoinhibit these cells selectively during this 
vigilance state [31,32]. EEG-EMG electrodes will be implanted and 
connected to a computer interface to monitor biopotentials in real time. 
Using an unbiased waveform detection algorithm that discriminates high 
theta frequencies during sleep (5 sec epochs of theta power/delta power > 
2.5; low EMG amplitude), optical photoinhibition will be activated only 
during REM sleep. All cannula placements and viral transduction 
efficiencies will be determined following the final behavioral task via 

immunohistochemistry. For all studies, group averages and data over time will be analyzed using multivariate or 
repeated-measures ANOVA, respectively, followed by Tukey-HSD post-hoc comparisons when applicable. If data do not 
meet the assumptions required for these analyses (i.e., non-normal data, unequal variance), they will be transformed 
(logarithmic) or non-parametric tests will be used.  
Expected Results.  
Outcome 1.  I predict that VTA-DA and VTA-GABA neuronal activity will show memory-task specific changes in calcium 
activity. Specifically, I expect that these cells will be engaged during procedural [34] as well as reward memory [17], but 
not emotional or spatial memory encoding and that VTA-GABA neurons will act in a similar fashion to refine circuit 
activity. I further predict that they will reactivate in a similar pattern during post-training sleep and that their level of 
activity will predict subsequent performance on these memory assays 24h later. Because these neurons reduce firing 
during NREM sleep, which dominates the early inactive phase, I predict that aberrant activation of these cells during 
memory consolidation will interfere with subsequent performance on memory tasks 24 h after encoding. If properly 
defined DA neuron activity is required for these processes, aberrant optogenetic activation may add noise to the system, 
preventing normal memory consolidation, based on similar experiments of optogenetic disruption of place cell encoding 
[35]. 
Outcome 2. Because chemogenetic silencing of VTA-DA cells drastically reduces sleep latency [10], I expect that 
inhibition of this population will enhance reward memory consolidation. Alternatively, if temporally precise VTA-DA or 
GABA activity is required for proper memory consolidation, then both optogenetic activation and silencing of these cells 
should impair subsequent memory performance.  
 Outcome 3. Because REM sleep has been causally implicated in spatial and emotional memory consolidation [3,36], I 
predict that aberrant silencing of VTA neurons specifically during this vigilance state will impair memory consolidation. 
Alternatively, if VTA-DA neurons act to limit REM duration and intensity, then silencing these cells during REM sleep may 
enhance theta activity and subsequently improve memory performance. If VTA-GABA neurons actively inhibit VTA-DA 
neurons during REM sleep (as has previously been shown), then silencing these cells during this vigilance state may add 
noise to the system and further disrupt reward and procedural memories.  
Alternative outcomes.  These manipulations may promote frequent awakenings or non-natural sleep, which will 
obscure whether the observed effects are due to sleep disruption or to VTA-DA/VTA-GABA neurotransmission. Because 
of the known effect of VTA-DA optogenetic stimulation on arousal (Figure 4; latency to wake ~1 sec), it may be beneficial 

Figure 4: Powerful wakefulness-promoting effect of 25 Hz optical 
stimulation of VTA-DA neurons (from [10]). 
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to use stabilized step-function opsins (SSFOs) to evaluate the effect of VTA-DA cells when they are depolarized sub-
threshold. Two amino acid substitutions (C128S and D156A) in ChR2 stabilize the conducting state of the channel, 
allowing for a single pulse of light to elicit a stable step in depolarization for nearly 30 minutes as well as deactivation 
with a pulse of yellow light (~590 nm). This will further allow us to test the potential caveat of sleep disruption 
independent of VTA neuron activity on memory. To evaluate whether the effects of VTA manipulation on memory are 
more or less powerful than that of total sleep deprivation, I will include an additional positive control group that is sleep 
deprived via gentle-handling from ZT 0-4 (a well characterized disruptor of memory consolidation [40]) and compare 
subsequent memory performance across all groups. I appreciate that quiet wakefulness, due to low EMG activity and 
high theta power, may be mistaken for REM sleep in our ‘closed-loop’ system. Therefore, the system will be adjusted 
from 2 hours of baseline data manually scored to provide the ideal threshold values for automated REM detection. We 
also plan to develop machine learning REM detection algorithms that will reduce errors in the closed loop configuration. 
 
SA 2: Contribution of the hypocretin-VTA circuit to stability of sleep/wake states and memory. 
Rationale. Hypocretin neurons send dense excitatory projections to DA and non-DA neurons in the VTA [41]. Intra-VTA 
infusions of Hcrt-1 increase the firing rate of DA and non-DA cells within the VTA [42]. Additionally, VTA infusions of 
Hcrt-1 peptide increase wakefulness in rats, and this is correlated to dopamine release in the prefrontal cortex [43]. 
These findings suggest that Hcrt-VTA circuitry contributes to behavioral state switching, although it unknown whether 
the VTA is necessary and/or sufficient to promote Hcrt-mediated sleep-to-wake transitions. Furthermore, the de Lecea 
lab has demonstrated that hcrt neuron activation during sleep following learning impairs subsequent novel object 
memory consolidation [23]. Whether hcrt neuron stimulation alters memory directly or through other neuromodulator 
nodes (e.g., VTA) related to sleep and memory remains undetermined. In this aim, we will directly test this hypothesis 
using GCamp6f fiber photometry and combinatorial optogenetics (as in: [44]). We will further test the contribution of 
this circuitry to memory consolidation during sleep by testing memory performance following vigilance-state specific 
activation of LH-Hcrt with simultaneous inhibition of VTA-DA neurons after learning in a full factorial design.  
 
Experimental Protocol. To investigate the functional circuitry between LH-Hcrt and VTA-DA neurons, we will use an ‘all 
optical’ intersectional approach. ChR2 expression will be restricted to Hcrt neurons using the hcrt promoter in a non-
Cre-dependent lentiviral vector (Hcrt-ChR2-mCherry or Hcrt-mCherry) into the LH (AP +1.6 mm; ± ML 0.75 mm; DV -4.75 
mm from bregma; 0.1 μl/min for 10 minutes) of TH-IRES-Cre mice. The de Lecea lab previously demonstrated that these 
viruses can deliver optogenetic transgenes specifically and efficiently to Hcrt neurons [44-46]. An additional injection of 
a virus carrying the GCamp6f transgene (AAV-DJ-EF1α-DIO-GCamP6f) will be injected unilaterally into the VTA 
(coordinates in SA1). Two 22-G cannulae will be implanted following viral injection above the VTA and LH fields and 
secured to the skull with dental acrylic. This will allow for an ‘all optical’ experiment restricting optogenetic protein 
expression to hcrt neurons and calcium reporter expression specifically to VTA-DA neurons. Experimental manipulations 
will begin 3 weeks following surgery. We will stimulate Hcrt-neurons at 1 or 10 Hz (15-ms pulses for 10s) while collecting 
GCamp6f signal from the VTA. Hcrt neurons co-release other excitatory molecules, including glutamate, which can 
potentially drive synaptic responses in a non-hcrt dependent manner [47]. To investigate whether VTA-DA calcium 
responses are due to the direct actions of Hcrt on VTA-DA neurons, we will repeat the experiment, but mice will be 
injected (IP) with the vehicle (2% dimethyl sulfoxide, 25% beta-cyclodextrin in saline) or 15 mg/kg of a dual HcrtR1/2 
antagonist, almexorant 30 minutes prior to optogenetic stimulation.  

In the second set of experiments, we will assess whether this connection causally contributes to sleep-to-wake 
transitions and test the role of this pathway in memory consolidation during sleep using memory tests outlined in Table 
1. We will inject the lentiviral vector (as above) into the Hcrt field of male and female mice as well as a Cre-dependent 
AAV containing the inhibitory optogenetic transgene halorhodopsin (AAV5-DIO-EF1α-NpHR3.0-eYFP or the eYFP cassette 
alone) into the VTA in a full-factorial design. Cannulae will be placed as above, and EEG and EMG electrodes will be 
implanted as in SA1. During NREM sleep (15 sec continuous), optogenetic stimulation (1 or 10 Hz) will be delivered to 
the LH while either no stimulation or 593.5 nm inhibitory light will be delivered to the VTA. EEG/EMG signals will be 
collected during at least 12 trials/mouse and each mouse will be tested over multiple days in a counter-balanced 
fashion. Latencies to wakefulness from NREM sleep will be calculated and compared among viral and light groups. To 
test the role of this connection in memory consolidation during sleep, 1 or 10 Hz stimulation will be applied to the Hcrt 
field during post-learning sleep in combination with or without VTA silencing, and memory will be tested 24h later. 
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Expected Results.  
Outcome 1. Given the preliminary evidence from multiple studies for a functional sleep-wake switch mediated by a LH-
hcrtVTA-DA circuit, I predict that hcrt stimulation will elicit temporally locked calcium activity within VTA-DA neurons. 
I predict that this activity is driven by hcrt neurotransmission and therefore expect that administration of the dual hcrt 
receptor antagonist almexorant prior to optogenetic procedures will attenuate VTA calcium activity upon hcrt 
stimulation. Finally, I predict that hcrt stimulation with simultaneous silencing of VTA-DA cells will prevent hcrt-evoked 
sleep-to-wake transitions and that this procedure will prevent hcrt-mediated impairments in memory consolidation 
during sleep. These predictions are based on previous studies in the de Lecea lab on both hcrt and VTA-DA control of 
arousal [10,44], as well as previous findings linking hcrt to VTA-elicited dopamine release in distant cortical sites [43].  
Alternative Outcomes. An obvious caveat to these experiments is that a previous mechanistic switch has been described 
linking hcrt to arousal through locus coeruleus noradrenergic neurons [44], and this circuit may supersede or 
hierarchically dominate that from LH-hrct to VTA-DA. If this is the case, I expect that VTA inhibition with hcrt stimulation 
will have no (or negligible) effect on sleep-to-wake transitions, as the LH-hrctLC-NE circuit will remain intact and 
govern this effect. If this is the case, almexorant administration should prevent hcrt-mediated arousal while purely 
optical manipulations should not. To examine whether dual hcrt and VTA-DA stimulation synergistically alter arousal 
latency and memory consolidation, it may be beneficial to additionally use stabilized step function opsins (as discussed 
above) to raise the excitability of VTA-DA cells in combination with hcrt stimulation. An alternative approach to the one 
outlined above is to achieve cell type-specific control by combining the Cre-Lox and Flp-Frt recombination systems. 
Indeed, Hcrt-Cre and TH-flp mice are available in the de Lecea lab. We will additionally include sex as a variable when 
examining LH-Hcrt to VTA circuit modulation.  
 
SA 3: Evaluating brain-wide responses to LH-Hcrt stimulation. 
Rationale. Functional magnetic resonance imaging (fMRI) is a widely used non-invasive tool for mapping brain-wide 
responses to defined stimuli using changes in the blood oxygenation level dependent (BOLD) signal. By combining this 
technique with cell-specific tools (i.e., optogenetics; ofMRI), it is possible to map activity across the entire brain in 
response to modulation of a single cell type [48]. Because of the inherently multi-dimensional nature of the data 
generated from these types of experiments, determining causal relationships between activities in distributed brain 
regions is hard to accomplish with observation alone. To circumvent this problem, quantitative methods can be 
employed. Dynamic causal modeling (DCM) uses hemodynamic time series data (from the BOLD signal) to model latent 
neuronal interactions [49]. Using a Bayesian framework, DCM facilitates the determination of the influence one neural 
system exerts over another (effective connectivity) by treating the brain as a dynamic system of interconnected regions 
during a series of perturbations and then finds the best effective connectivity among hidden neuronal states that 
explains the observed changes in the BOLD signal [51]. Crucially, both the underlying hidden states and stimulated 
(optogenetic) responses are subject to random fluctuations in activity that DCM accounts for. Because of the extensive 
anatomical distribution of hcrt efferent fibers from the LH [57] and its reciprocal inputs, examining brain-wide responses 
to LH-hcrt activation is ideal to provide a holistic view of how these cells modulate global brain responses governing 
arousal and memory.  
 
Experimental Protocol. Male and female C57BL/6J mice (n=6) will be injected with a non-Cre-dependent lentivirus 
carrying the ChR2 transgene as in SA2, and a cannula will be affixed above the LH. Mice will be brought individually into 
an fMRI scanner (7 Tesla Bruker Biospec small animal MRI system) and lightly anesthetized using isoflurane vapors (~0.4-
0.7%). A single ofMRI scan consisting of six 20s pulse trains of optical stimulation will be delivered once per minute over 
6 minutes (as in: [50,52]) at 1 or 10 Hz (based on [44]). Body temperature will be maintained at 36-38°C (via an airflow 
heater) during the scans, and gradient recalled echo (GRE) BOLD methods will be used to acquire fMRI images during 
optical stimulation with 750ms temporal resolution and 0.36 x 0.36 x 0.5 mm3 spatial resolution. Precautions will be 
taken to avoid visual-related artifacts by covering the eyes of the mouse and fiber optic input with black electrical tape.  
After data acquisition, post-processing will be completed as previously described [50], with time series for each voxel 
calculated as the percent change in BOLD signal relative to a 30s averaged baseline period prior to stimulation. 
Anatomical regions of interest (ROIs) will be delineated via an MRI and digital mouse brain atlas [53,54], and time series 
will be averaged over all voxels comprising each ROI. To gain an understanding of how distributed brain regions 
activated by LH-Hcrt stimulation are effectively connected, we will use DCM. Many different DCM formulations have 
been proposed, but because of its computation efficiency and parameterization of endogenous fluctuations, we will use 
spectral DCM (spDCM) [51]. Random effects Bayesian model selection (BMS) will be used to determine which model 
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(with or without endogenous fluctuations) provides the greatest accuracy and complexity mapped onto the observed 
dataset.   
 
Expected Results. 
 Outcome 1. I expect to observe differential changes in BOLD signal responses across the brain in response to LH-Hcrt 
stimulation. Specifically, I predict that the strongest activation will occur in the LH as well as classical LH-Hcrt output 
targets such as the locus coeruleus (LC) and in other bona fide targets including the midbrain (VTA, substantia nigra (SN), 
central gray), bed nucleus of the stria terminalis, and the raphe nuclei. Given the excitatory actions of hcrt neurons, I 
expect net positive changes in BOLD signal intensity in all of these regions in response to LH-hcrt stimulation. I further 
predict that DCM will allow for accurate (reproducible) representations of the observed BOLD changes, and confirm the 
strongest effective connectivity between LH-hcrt and the LC, followed by midbrain centers (e.g., VTA, SN). I further 
predict that optogenetic stimulation will cause BOLD signal changes in sites not previously associated with hcrt release 
events (as in [58]).  
Alternative Outcomes. A potential problem of high frequency (10 Hz) LH-Hcrt activation via optogenetics is the potential 
to arouse the animal from anesthesia (as in [55]). Therefore, we will titrate stimulation frequencies (~1-10 Hz) to 
promote differential BOLD responses without arousal. This has the potential to demonstrate brain-wide responses of a 
wide physiological range of firing frequencies, as these firing frequencies have been demonstrated under different 
behavioral conditions [59]. The data generated from this aim will be invaluable in explaining arousal and rewarding 
effects of hcrt stimulation. Although Hcrt neurons do not show anatomical sexual dimorphism, we will also include sex 
as a factor in our statistical comparisons. 
 
Summary. Together, the proposed experiments will address three primary unanswered questions linking sleep and 
memory: (1) how do VTA neurons contribute to memory consolidation during sleep?, (2) how do hcrt neurons drive VTA 
activity to promote arousal and alter memory consolidation?, and (3) what is the brain-wide response to hcrt neuron 
stimulation, and how can this information be harnessed to understand relationships between arousal and memory? 
These challenging questions will be investigated using cutting edge tools (i.e., optogenetics, fiber photometry, and 
ofMRI), and rigorous analytical and experimental techniques (e.g., dynamic causal modeling, extensive viral and light 
controls), to causally link optically evoked vigilance state-specific neural events to changes in complex behaviors. Given 
the ubiquitous nature of sleep disruption across developed society, and the heavy burden it places on the economy [61], 
understanding and manipulating the underlying circuitry coupling sleep and memory is of utmost importance.  
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Respective Contributions 

I devised the experiments in this research proposal, and refined them in collaboration with the sponsor and co-sponsor. 

We agreed that there is a substantial gap in the literature that mechanistically links sub-cortical neuromodulator 

systems controlling vigilance to memory consolidation. I aimed to construct a proposal addressing the role of a newly 

defined arousal node (i.e., the VTA) in memory consolidation during sleep. I further discussed my ideas with senior de 

Lecea lab post-doctoral fellows who were encouraging and completed the initial studies that spurred the direction of the 

proposed projects.  

It is important to note that the protocols for cannulation and viral surgeries, as well as in vivo optogenetic manipulations 

during sleep, fluorescent microscopy, behavioral analyses, and calcium imaging are well established techniques in the de 

Lecea lab. Optogenetic fMRI and dynamic causal modeling for brain-wide network analyses are well established 

techniques in the Lee lab.  

During the drafting of my proposal, Dr. de Lecea received drafts of the Specific Aims and Research Strategy that I had 

written, and offered helpful advice and minor edits. Together, Dr. de Lecea and I collaborated to create a training plan. 

Specific information regarding availability of laboratory facilities and equipment was provided by senior de Lecea lab 

postdoctoral fellows. All other documents in this application are my work alone.  

I will be the primary individual performing the proposed experiments. I will receive extensive training from Dr. de Lecea, 

Dr. Lee, and their senior lab members in the methods described throughout the application, but the individual 

experiments proposed will be completed by me alone. I have experience with behavioral assays and 

immunohistochemistry, as well as stereotaxic surgery and EEG/EMG analyses. I will receive additional experience in 

these techniques during the completion of these experiments, allowing me to further develop these skills in a different 

context.  

I will perform all of the data analyses myself; Drs. de Lecea, Lee, and collaborators will be consulted throughout the 

completion of each experiment. I will be the sole individual writing the manuscripts produced from these results, 

however, the sponsor, co-sponsor, and collaborators will be consulted and provide suggestions and minor edits.   
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Selection of Sponsor(s) and Institution 

I have long been interested in the neural circuitry controlling sleep and sleep-dependent memory formation. My 

sponsor, Dr. Luis de Lecea, is an ideal candidate to advise me in this field, as he discovered the hypocretin/orexin 

peptides (which, among other functions, stabilize wakefulness), and his group was the first to demonstrate memory-

impairing effects of hypocretin neuron activation during sleep following learning. The Sponsor has performed and 

published numerous studies examining the anatomical connections among neuromodulator systems controlling 

vigilance states, as well as how aberrant activation of these systems impairs memory consolidation (see Sponsor’s 

Biosketch). Dr. de Lecea is a leader in the field of sleep research, and has extensive knowledge of the extant data linking 

sleep and memory. As a trained molecular biologist, neuropharmacologist, and Professor of Psychiatry and Behavioral 

Sciences at Stanford University, his expertise spans a wide range of neuroscience research techniques, from cell-type 

specific genetic manipulations to behavioral assays. Dr. de Lecea’s laboratory has been extremely productive in 

characterizing hypocretin’s role in vigilance state regulation, as well as in pioneering in vivo optogenetic approaches to 

control neural activity with temporal and spatial precision. His laboratory has used these techniques to interrogate the 

mechanism of hypocretin-mediated arousal, and further integrated these findings into a computational model of sleep-

to-wake transitions. Additionally, his laboratory has investigated how these neurons contribute to memory consolidation 

during sleep, as well as novel neuroanatomical pathways contributing to behavioral state switching (including the VTA). 

These foundations will provide a rich training environment (see Sponsor Information) relevant to the goals of the BRAIN 

Initiative. 

Specifically, Dr. de Lecea has experience monitoring large scale brain activity, determining causality between neural 

function and complex behaviors, and mapping activity at multiple scales (from cells and circuits to networks and 

behavior). Given the research background of Dr. de Lecea, and our shared interests in sleep-dependent memory 

consolidation, he is the perfect choice for guiding me through the proposed experiments. Dr. de Lecea has an excellent 

mentorship history. Given the success of previous trainees (see Sponsor Information), as well as our common research 

interests, I was confident upon accepting his offer of a post-doctoral position that he would be an ideal mentor to 

support the initiation of my post-graduate career. Finally, Dr. de Lecea has an impressive record of grant support from 

the NIAAA, NIDA, NIMH, NARSAD, and several private foundations (see Sponsor Biosketch). This ensures a well-funded, 

multidisciplinary environment that incorporates research on learning & memory, sleep neurobiology, as well as 

quantitative approaches for complex data analyses.  

To further ensure successful completion of the proposed studies, I have chosen to work with Dr. Jin Hyung Lee (See Co-

Sponsor Information). She was first to use fMRI in combination with optogenetics, and has since investigated brain-wide 

responses to dopaminergic neuron stimulation, and used dynamic causal modeling to determine effective connectivity 

across distributed brain regions. Her expertise in quantitative analyses will prove invaluable in the completion of this 

proposal. The proposed work is to be executed within the Department of Psychiatry and Behavioral Sciences at Stanford 

University. SU is a top institute for neuroscience, and the Department has a rich history of research on neural 

mechanisms underlying behavior. Furthermore, the de Lecea and Lee labs have been actively involved with collaborative 

efforts at SU, particularly with Dr. Karl Deisseroth, a key innovator of optogenetic techniques. The Department also 

frequently hosts invited speakers from other institutions to present their findings on neuroscience research, providing 

an important opportunity to post-doctoral trainees.  
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Responsible Conduct of Research 

Formal Training: 

At Stanford University, I will continue training in the responsible conduct of research by completing the course “The 
Responsible Conduct of Research” (MED 255) offered in the fall of 2017. This course has been designed to specifically 
engage bench scientists in discussions about ethical issues frequently encountered during their research careers, and 
address contemporary topics at the interface of biomedical science and society. This course covers authorship and 
inventorship, data integrity and information, conflicts of interest, regulatory basics, human subjects research, human 
biological materials, and society responsibility.  

Informal Training: 

In Dr. de Lecea’s lab, I will receive informal training the responsible conduct of research through individual and group 
meetings on a monthly basis. Dr. de Lecea is head of his own research group and has ample training in the responsible 
conduct of research. Members of the lab have weekly group meetings that will provide a forum to discuss experimental 
data, as well as ethical and logistical issues that arise during the course of the research. These meetings also offer a 
platform to discuss issues of authorship, data/reagent sharing, and data management. Post-doctoral trainees are also 
provided additional informal instruction from various faculty and scientists through meetings and other interactions.  

Prior Training: 

During my graduate career, I received continuous training in the responsible conduct of research. Upon entering 
graduate school at The Ohio State University, I completed the courses (among others) “Lab Standard Training” as well as 
“Chemical Safety” and “Bloodborne Pathogens Initial Training” through the Environmental Health and Safety (EHS) 
office.  These courses provided the groundwork for safely conducting research in biomedical science. I also was acting 
laboratory manager for approximately 1.5 years during my graduate studies, and was responsible for completing animal 
use protocols, drug administration logs, annual and semi-annual IACUC and USDA inspections, as well as ensuring that 
everyone in the lab was up-to-date on safety training. To address ethical considerations in biomedical research, I 
completed a course titled “8193: Research Ethics” in the biomedical engineering department. This course involved 
weekly (6 weeks) 1.5 h meetings with a panel of professors to discuss ethical dilemmas in research, ranging from 
authorship disputes to animal welfare and data management. We completed weekly online assignments that presented 
different ethical dilemmas, and then discussed the results during the following class. The course included reading 
material covering specific ethics-related topics distributed online prior to classes, a presentation by a faculty member 
within biomedical science, discussions in small groups, and then whole-class discussions of the topic at hand. The course 
specifically covered the following topics: a. conflict of interest – personal, professional, and financial; b. policies 
regarding human and animal subjects; c. mentor/mentee responsibilities and relationships; d. data acquisition and 
management; e. collaborative research including industry relations; f. responsible authorship and publication; g. peer 
review; h. research misconduct; and i. the scientist as a responsible member of society. Thus, through formal and 
informal training, as well as weekly discussions with my graduate advisor Dr. Randy J Nelson, I have established a high 
standard of research ethics during my graduate career that will continue into my post-doctoral endeavors.   
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Luis de Lecea, PhD. 

Professor  
 

 
 
MENTOR STATEMENT 
 

I am Professor in the Department of Psychiatry & Behavioral Sciences at Stanford University, arriving in 2006 
following 14 years at The Scripps Research Institute in La Jolla, CA. I discovered and characterized two 
neuropeptides important for the maintenance of sleep & wakefulness, and our group was the first to implement 
optogenetics in freely-moving animals. Our laboratory uses optogenetic and other in vivo neurophysiological 
methods to characterize neural arousal systems in behaviors relevant to psychiatric disorders. I have authored 
more than 150 publications, being cited over 17,000 times. Many of my formers trainees have obtained 
prestigious positions and awards based on their work in my lab. 
 

Previous Fellows/Trainees 
I have amassed extensive experience from advising several previous PhD- and postdoctoral-level trainees: 

Fellow/Trainee 

 

Training 

Period 

Previous  

Institution 

Status during 

training 

Current position 

Cristina Garcia-

Frigola, PhD 

1996-98 University of 

Barcelona 

Graduate  

student 

Research fellow. Neurosciences 

Institute, Alicante (Spain) 

Marta Calbet PhD 1997-99 University of 

Barcelona 

Research 

Associate 

Scientist. Almirall Prodesfarma 

Barcelona 

Ana Guadaño-Ferraz 

PhD 

1998 University of 

Madrid 

Research 

Associate 

Principal Investigator. Institute for 

Biomedical Research (Madrid) 

Patrice Bourgin MD 

PhD 

1998-00 University of 

Paris XII 

Postdoctoral 

fellow 

Professor of Neurology. University 

Louis Pasteur. Strasbourg 

Beatriz Morte PhD 1999-01 CSIC Madrid Research 

Associate 

Junior Investigator 

Institute of Biomedical research 

CSIC (Madrid) 

Avron Spier PhD 1998-03 University of 

Cambridge 

Postdoctoral 

fellow 

Director. Business Development. 

Genomics Institute of the Novartis 

Foundation (La Jolla) 

Véronique Fabre, 

PhD 

1999-01 INSERM 

Pitie Salpetriere 

Postdoctoral 
fellow 

Charge de Recherche Junior PI)  

INSERM (Paris) 

Raphaelle Winsky-

Sommerer PhD 

2002-04 INSERM Centre 

Paul Broca 

Postdoc Lecturer. University of Bristol 

Benjamin Boutrel 

PhD 

2003-05 INSERM Postdoctoral 

fellow 

Assistant Professor. Dept of 

Psychiatry. CHUV Lausanne 

Covadonga Paneda 

PhD 

2004-05 University of 

Madrid 

Postdoctoral 

fellow 

Research Director Genuvis  
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Alicia Rubio PhD 2005 CSIC Visiting scholar Research Scientist. University of 

Milan 

Antoine Adamantidis 

PhD 

2006-10 University of 

Liege 

Postdoctoral 

fellow 

Associate Professor 

Bern University Medical Center 

Yanling Xu MD PhD 2006-07 UC Irvine Postdoctoral 

fellow 

Fellow in Internal Medicine. St 

Mary’s Hospital. S Francisco 

Matt Carter PhD 2007-11 Stanford 

University 

Graduate 

Student and 

Postdoc 

Assistant Professor, Williams 

College 

Jana Schaich Borg 

PhD 

2007-12 Dartmouth 

College 

Graduate 

Student 

Lecturer, Duke University 

Tope Lanre Amos, 

MD 

2009-11 Stanford 

University 

Medical student Resident, Urology 

Daniel Kroeger PhD 2009-10 Laval University Postdoc Sr Res Associate., Harvard U. 

Asya Rolls PhD 2008-12 Weizmann 

Institute, Israel 

Postdoc Assistant Professor, Technion. 

Haifa, Israel 

Simal Ozen PhD 2010-13 Rutgers 

University 

Postdoc Postdoc, Heller Laboratory, 

Stanford University 

Patricia Bonnavion 

PhD 

2009-

2014 

University of 

Paris 

Postdoc Research Associate, Université 
libre de Bruxelles, Belgium 

Jeffrey Jones PhD 2015-16 Vanderbilt 

University 

Postdoc Postdoc, Herzog Lab, Washington 

Universty – St Louis 

Clara Tourino PhD 2009-

2016 

Universitat 

Pompeu Fabra, 

Spain 

Postdoc Research Scientist. Prothena Inc 

Andrew Whittle PhD 2013-

2016 

Cambridge 

University, UK 

Postdoc Research Scientist at Novo Nordisk 

Seattle 

 
Current Fellows/Trainees 
I also supervise the following trainees: 

Fellow Training Period Previous Institution Status during training 

Ada Eban PhD 2011-present Hebrew University of Jerusalem Postdoc 

Will Giardino, PhD 2013-present OHSU Postdoc 

Shi-bin Li PhD 2015-present Max Planck/Central Institute of 

Mental Health, Germany 

Postdoc 

Wenjie Bian, PhD 2016- present Chinese Academy of Sciences, 

Shanghai 

Postdoc 

Hiroshi Yamaguchi PhD 2015-present Kyoto University, Japan Postdoc 

Suszie Tyree, PhD 2017- Humboldt University Berlin Postdoc 

Lior Appelbaum, PhD 2016-17 Bar Ilan University, Israel Sabbatical Professor 
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Many of my trainees have obtained national recognition during their tenure in my laboratory, and accumulate a 
large number of awards including 4 NRSA Individual Fellowships, 2 K99-R00 Pathway to Independence 
Awards, 3 NARSAD Young Investigator Awards, 2 Sleep Research Society Young Investigator Awards, etc.  
  
Training Plan, Environment, and Research Facilities 
 

Technical training: 
Dr. Borniger will work in close collaboration with current postdoctoral fellows in the de Lecea lab. The fellows, 
Drs. Bian, Eban-Rothschild, Tyree, Li, and Yamaguchi, have extensive knowledge and experience across 
optogenetics, sleep-wake physiology, in vivo electrophysiology, and these procedures are routinely carried out 
in the laboratory.   
 

Stanford University is one of the premier research institutions in the world and offers an outstanding environment 
for research and training. In particular, our laboratory has ample research space and includes our own animal 
facility including space for surgical procedures and undisturbed continuous data acquisition and scoring of 
behavioral studies. All the equipment and technical expertise for in vivo optogenetic, EEG/EMG, and fiberometric 
studies are available in the lab. The wet lab space is equipped with all the necessary equipment to conduct 
molecular and cell biology experiments, and histochemical analyses of brain tissue. Dr. Borniger will also be 
instructed in the appropriate care and maintenance of colonies of various genetically-engineered mouse lines. 
Our group has maintained more than twenty lines of genetically modified mice over the last decade. 
 

Didactic Training: 
Dr. Borniger’s didactic training will be comprehensive. For preparing manuscripts, trainees take primary writing 
and editing responsibilities, which typically involves several interactive rounds of circulation to lab members and 
refinement before they are submitted. Research fellows are encouraged to write their own research proposals, 
seek appropriate fellowship funding, and are routinely asked to co-referee manuscripts.  
 

Second, the de Lecea lab is involved in several other projects related to the neurobiology of stress, sleep, and 
hyperarousal processes. The applicant will be exposed to these areas through frequent informal interactions with 
other lab members and through weekly lab meetings, where a trainee will present their research plans, as well 
as recent progress and obstacles. Dr. Borniger will also continue to attend seminars from different Stanford 
programs, including Department of Psychiatry Grand Rounds, Sleep Grand Rounds, and the Stanford 
Neuroscience Institute, which organizes a seminar series from high quality speakers. 
 

Third, many of our studies are multidisciplinary and involve collaborations with other laboratories at Stanford 
(Drs. Deisseroth, Lyons, Lee, Schnitzer, Luo, Heller), in additional to several additional national and international 
collaborators. Interactions with these researchers will be highly enriching for Dr. Borniger, especially as he 
establishes his record of work and pursues a career in academia. 
 

Fourth, Dr. Borniger will attend and present his findings at national and international meetings, including the 
Society for Neuroscience (SfN). 
 

Fifth, Dr. Borniger will have no teaching requirements, although he is required to receive continuing training in 
research ethics. The Stanford University course on Responsible Conduct of Research (RCR; MED 255) is 
required for postdoctoral trainees who are supported by grants from the National Institutes of Health, and Dr. 
Borniger will be enrolled in Spring 2017. The course has been designed specifically to engage bench researchers 
in productive discussions about ethical issues commonly encountered during their scientific research careers, 
and addresses contemporary debates at the interface of medical science and society.  
 

Dr. Borniger’s long-term goal is an academic-research career focused on the neurobiological basis of psychiatric 
disorders. The proposed fellowship will strengthen his expertise in multiple relevant behavioral and molecular 
approaches, which will put him in an excellent position to pursue his goals of advanced research training at the 
postdoctoral level, and ultimately, an independent research career. 
 

Applicant’s Qualifications and Potential 
As a PhD student, Dr. Borniger established an impressive set of accomplishments. Reference letters from his 
research advisors and collaborators are included in his application. His research productivity will be enhanced 
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by extensive training in multiple disciplines, including theoretical background and computational neuroscience.  
Taken together, Dr. Borniger has an exceptional potential to develop into a thoughtful, independent and highly 
productive junior scientist. I am pleased with the achievements of my previous trainees, many of whom have 
landed postdoctoral fellowships and faculty appointments at prestigious institutions. My own mentoring 
enthusiasm and skills have been sharpened by past trainees, and I am eager to help Dr. Borniger to achieve his 
potential. Because of his high energy, motivation and intellect, Dr. Borniger will likely become a leader in his 
field; he is an outstanding candidate for the BRAIN Initiative NRSA award, and I enthusiastically support his 
application. 
 
Sincerely, 
 

 
 
Luis de Lecea 
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 Jin Hyung Lee, Ph.D. 
Assistant Professor of Neurology, Bioengineering 

& Neurosurgery 
1201 Welch Road, #P206, Stanford University 

Stanford, CA  94305 
Phone: (650) 736-2069 Fax:  (650) 725-7799 

ljinhy@stanford.edu 
 
 
March 13, 2017 
 
To whom it may concern, 
 
I am Assistant Professor in the Departments of Neurology & Neurological Sciences, 
Bioengineering, Neurosurgery, and Electrical Engineering (Courtesy) at Stanford 
University. My MS and PhD training was in electrical engineering at Stanford University, 
and in collaboration with Dr. Karl Deisseroth, pioneered and developed optogenetic 
fMRI (ofMRI) to investigate brain-wide responses to cell-specific perturbations. Our 
laboratory uses state-of-the-art technology and quantitative techniques to directly 
visualize whole brain circuit mechanisms of normal and diseased brains with cellular 
specificity.  
 
Given my previous accomplishments and experience, I am uniquely qualified to serve 
as co-sponsor to Dr. Borniger during his BRAIN NRSA. Specifically, my laboratory is 
actively investigating how distributed brain regions interact during complex cognitive 
tasks, through the development and application of novel Bayesian linear dynamical 
systems (including dynamic causal modeling; DCM) to multi-dimensional ofMRI data at 
high resolution. These interests align with the aims of Dr. Borniger’s NRSA application, 
where he aims to apply ofMRI and DCM to examine brain-wide responses to hypocretin 
neuron stimulation. Furthermore, these experiments are central to the goals of the 
BRAIN Initiative, specifically addressing (1) causality in neural circuits and (2) large-
scale monitoring of neural activity. Dr. Borniger will be exposed to great opportunities to 
learn techniques in my laboratory through mentorshio, interactions with my lab 
members, and group discussions in lab meetings. This training will be complemented by 
completing relevant coursework in quantitative and computational neuroscience through 
the Stanford Center for Mind, Brain and Computation.  
 
Dr. Borniger will work in close collaboration with my current trainees who have 
extensive knowledge and experience across optogenetics, fMRI, and quantitative 
techniques including DCM. Stanford University offers an outstanding research and 
training environment. Specifically, our laboratory has ample research space and 
including our own rooms for surgical procedures and access to dedicated animal MRI 
scanner.  
 
As a co-mentor, I will supervise Dr. Borniger work and will meet with him regularly on a 
monthly basis to monitor progress and discuss results. Combined with mentoring in Dr. 
de Lecea’s laboratory, Dr. Borniger will receive world-class training in theoretical and 
experimental systems neuroscience. I therefore enthusiastically support his application.  
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Sincerely, 
 

 
Jin Hyung Lee, Ph.D. 
Assistant Professor of Neurology and Neurological Sciences,  
Bioengineering, Neurosurgery, and Electrical Engineering (Courtesy)  
Stanford University 
1201 Welch Road, #P206  
Stanford, CA 94305 
ljinhy@stanford.edu 
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Institutional Environment 

Stanford University School of Medicine 

The Stanford University School of Medicine is a world-class training ground for future leaders in biomedical 

research and medical practice.  The School of Medicine Strategic Plan puts research and teaching at the 

forefront of its overarching objectives.  At SUMC, more than 200 basic science faculty as well as 400 others in 

the clinical disciplines provide an extraordinary range of teaching and research opportunities.  The school 

attracts an ethnically diverse student body and has a flexible curriculum that allows graduate and medical 

students to pursue individual interests within a supportive and intellectually exciting environment.  Students 

benefit from close working relationships with both basic science and clinical faculty during their preclinical 

courses, and during clinical rotations at nationally recognized Stanford Hospital and Clinics and the Lucile 

Packard Children's Hospital.  

One of the major goals at Stanford University School of Medicine is to translate research insights into practical 

advances that enhance and prolong life.  As a leader in translational research and innovation, the School 

fosters a two-way transfer of knowledge between research laboratories and patient-care settings.  The faculty, 

staff, postdoctoral scholars, and medical graduates and students engage in interdisciplinary efforts to turn this 

knowledge into therapies that treat or prevent disease.  The combination of scientists who pursue basic 

research questions and clinicians closely involved in patient care leads to innovative, fruitful collaboration.  

Similarly, close ties between the medical school and other schools and departments at Stanford University 

have led to unique joint research programs such as the newly formed Stanford Interdisciplinary Biosciences 

(Bio-X) research program.   

Stanford University Medical Center 

Stanford University Medical Center includes Stanford University Hospital, the Lucile Packard Children’s 

Hospital (LPCH), and their associated clinics.  Stanford Hospital includes 611 licensed beds with clinics 

offering care in more than 100 specialties including dermatology, gynecology and obstetrics, internal medicine 

and its divisions, neurology, ophthalmology, adult psychiatry, surgery and the surgical specialties, and urology.  

Patients come to Stanford from all over the world, often for specialized procedures unavailable elsewhere.  

Full-time faculty of the School of Medicine and community physicians comprise the hospital medical staff.  The 

Lucile Packard Children’s Hospital (LPCH) has 862 medical personnel in 38 subspecialties including child and 

adolescent psychiatry.  

Department of Psychiatry and Behavioral Sciences  

The Department of Psychiatry and Behavioral Sciences has a long tradition of excellence in research and 

research training in both clinical and basic sciences.  Intra and extra-departmental collaborative efforts exist to 

advance our understanding of the pathogenesis and course of a number of major psychiatric disorders and to 

develop new approaches to treatment.  Clinical research efforts utilize multiple assessment and treatment 

approaches that are directed to high-priority areas of mental health.  These efforts include research devoted to 

psychopathology (including epidemiology), clinical biology (including imaging), genetics, psychosocial 

treatment, and psychopharmacology.  Disorders of particular interest include depressive disorders, 

schizophrenia, addictive disorders, affective disorders, eating disorders, anxiety disorders, Alzheimer's disease 

and other geriatric disorders, sleep disorders, and childhood-onset disorders including fragile X syndrome, 

Williams syndrome, autism, Turner syndrome, ADHD, early-onset bipolar disorder, eating disorders and PTSD.  

The department has an outstanding faculty and has attracted considerable NIH funding via career 

development (K) awards, RO1s, R10s, Program Projects, and Center Grants.  According to the latest NIH 

figures, the Department of Psychiatry and Behavioral Sciences ranks 14th nationally for NIH awards compared 

with its counterpart departments at other schools.  

Commitment to Training 

During the period of proposed training, Dr. Borniger will expand and sharpen his expertise by using a 

combination of technical procedures to study the neuropeptide mechanisms coupling sleep and memory. 
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I have a major interest in studying the behavioral and molecular bases of sleep, arousal, and memory 

consolidation. Our laboratory is based on discovery of several neurotransmitters involved in the regulation of 

behavioral state transitions, including the hypocretins, two neuropeptides with excitatory activity that play a key 

role in the maintenance of wakefulness. Our group identified a role for this neuropeptide system in brain 

reward processing in 2005. In 2007, we were the first (in collaboration with Dr. Karl Deisseroth, also at 

Stanford University), to publish millisecond-scale optical control of genetically identified neurons in awake 

behaving animals. All the techniques necessary for the proposed research are in place in our lab. 

The training program for all trainees in the de Lecea Laboratory has three primary objectives: (1) successful 

investigation of aspects on the neurobiology of arousal followed by publication in high quality journals, and (2) 

training junior scientists so that they can assume responsibilities in faculty positions. For trainees, the vast 

majority of time is spent planning, executing and interpreting the results of the experiments. For each main 

hypothesis, the trainee writes a plan that includes background, rationale, methods, expected results and 

interpretation. Such planning is essential in determining the logistics for interdisciplinary experiments, and 

gives the trainee important experience for writing future research grants. 

Our lab has established surgical and in vivo optogenetic and fiberometric techniques for manipulating and 

recording neural activity in freely-behavior mice. The lab has also established breeding and genotyping of TH-

Cre and VGAT-Cre mice among other knockout and transgenic mouse lines available to Dr. Borniger.  

Dr. Borniger will also receive complementary and parallel training in theoretical aspects of neuronal circuits 

underlying memory and brain arousal. He will work with co-mentor Dr. Jin Hyung Lee on the analysis of opto 

fMRI data following stimulation of hypothalamic and midbrain circuits in mice. Training for these experiments 

includes basic courses on computational neuroscience, advanced statistics, fMRI imaging, as well as Dynamic 

Causal Modeling, pioneered in Dr. Lee’s laboratory.  

The personalized Training Plan described in the Sponsor Statement provides an excellent opportunity for Dr. 

Borniger to learn new concepts, techniques and skills that will increase the likelihood of meeting his future 

career goals as an independently-funded researcher in academia. Dr. Borniger will work closely with expert 

members of the de Lecea laboratory to become proficient in EEG/EMG implantation surgeries, as well as in 

vivo fiber photometric measurements of calcium activities in specific neural populations of behaving animals. 

Importantly, these techniques are well-established and commonly performed by lab members, providing an 

excellent environment for Dr. Borniger to learn these skills as he works to complete the proposed experiments. 
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Vertebrate Animals 

 

1. Description of the use of animals, including species, strains, ages, sexes, and numbers. 

For the first experiments in SA1, 12 adult (> 8 weeks old) male and female mice (Mus musculus) expressing Cre under 

control of the tyrosine hydroxylase promoter (heterozygous; TH-Cre) or the vesicular GABA transporter (VGAT-Cre), will 

be used. These mice are currently available in the de Lecea lab and have been maintained on the C57BL/6 (B6) 

background for > 15 generations. These mice will receive intra-VTA injections of a Cre-dependent virus carrying the 

transgene GCaMP6f (AAV-EF1α-DIO-GCaMP6f). Two additional wild-type (C57BL/6J) mice will act as negative controls 

to ensure viral specificity (n = 26 mice total). For the second set of experiments in SA1, 36 TH-Cre, 36 VGAT-Cre, and 36 

wild-type controls (split by sex) will be used in a full-factorial design. Mice will be injected with the optogenetic transgenes 

(in the VTA; channelrhodopsin-2, AAV-EF1α-DIO-ChR2(H134R)-eYFP; or inhibitory halorhodopsin AAV-DIO-EF1α-

NpHR3.0-eYFP) in a Cre-dependent virus, or they will be injected with viral controls expressing only the eYFP reporter 

(AAV-DIO-EF1α-eYFP). Finally, 12 B6 mice will be used as positive controls (sleep deprived; split by sex) to examine 

whether VTA manipulations produce memory deficits more or less severe than total sleep deprivation. This results in 6 

mice/sex/genotype/viral group (n = 146 mice total). For both the excitation and silencing experiments, this provides both 

viral (eYFP only) and genotype (naïve B6 mice) controls.  

 

In the first experiments in SA2, 12 adult male and female TH-Cre mice will be used. They all will be injected into the VTA 

with the Cre-dependent GCaMP6f construct (as in SA1), and half will receive injections into the lateral hypothalamus (LH) 

of the non-Cre-dependent Hcrt-ChR2-mCherry construct or Hcrt-mCherry in a lentiviral vector alone. This allows for 

calcium activity determination from all mice, but selective Hcrt-neuron stimulation in only those expressing ChR2 in these 

neurons. In the second set of experiments in SA2, 48 TH-Cre (male and female; heterozygous) mice will receive 

optogenetic (ChR2-mCherry in LH or eNpHR3.0-eYFP in VTA) or control (mCherry and eYFP) transgene injections in a 

full factorial design (6 mice/sex/each viral group). These same mice will be used (following optogenetic experiments) for 

the almexorant experiments, half will be injected with the vehicle (2% dimethyl sulfoxide, 25% beta-cyclodextrin in saline) 

or 15 mg/kg almexorant 30 minutes prior to optogenetic stimulations. This results in 60 TH-Cre mice used in SA2.  

 

In SA3, 12 male and female C57BL/6J mice will be used to map brain-wide responses to LH-Hcrt optogenetic stimulation 

following intra-LH injection of a non-Cre-dependent lentivirus carrying ChR2 (Hcrt-ChR2-mCherry). An additional 4 B6 

mice injected with a virus integrating the mCherry cassette alone will be optogenetically stimulated in the LH to ensure 

that BOLD responses to light stimulation are dependent on ChR2 transgene expression and not light alone.  Therefore, 16 

mice total will be used in SA3.  

 

2. Justification for the use of animals, choice of species, and numbers to be used 

To address questions in neurobiology relevant to human disease, precise control of genetic and behavioral phenotypes is 

required to tease apart the contributions of environmental and genetic factors, or the interaction between the two. 

Laboratory mice (Mus musculus) are among the most well characterized and offer the rigid control (genetic) needed to 

conduct the experiments outlined in this proposal. Inbred mouse strains have been widely used research tools for many 

decades, given their low inter-mouse variability, short gestation, accessible nervous system, and ease of use. Additionally, 

characterization of the mouse genome has allowed powerful tools to be developed for use in this organism. These points 

are especially true for B6 mice, the strain proposed in these studies. To investigate the additional variable of sex, male 

and female mice will be used in all experiments. Additionally, the majority of studies using optogenetic and behavioral 

techniques in the de Lecea lab have used these mice, facilitating comparison to extant datasets. The numbers of mice 

proposed here has been determined based on many previous studies in the de Lecea lab and elsewhere using similar or 

identical techniques (e.g., Adamantidis et al, Nature 2007; Tsai et al., Science 2009; Eban-Rothschild et al, Nat Neurosci 

2016; Carter et al, Nat Neurosci 2010; Rolls et al., PNAS 2011; and see Research Strategy).  

 

3. Information on the Veterinary Care of Animals 

All mice for the proposed studies will be maintained in an AAALAC-accredited facility managed by Stanford University. 

This facility is supervised full-time by a veterinarian assisted by a staff of trained animal care technicians. These 

technicians or the Applicant will be responsible for feeding, watering, cage-changing, and health assessments every day.  

 

4. Procedures to limit discomfort, distress, pain, and injury 
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Behavior: All mice for the proposed studies will receive ad libitum access to water and food (except during brief 

behavioral sessions; see: Research Strategy). The optogenetic stimulations are not expected to elicit an aversive state, 

but are capable of inducing sleep which may alter normal mouse eating and drinking behavior. However, these 

manipulations will be completed during the early inactive phase, when mice do not normally eat or drink and spend most 

of their time sleeping. All optogenetic manipulations will be performed at physiological firing rates, as to not promote a 

‘supraphysiological’ experience that could cause potential discomfort or harm.  

 

Surgery: Mice will undergo intracranial viral infusion and cannulation surgery, as well as EEG/EMG implantation under 

isoflurane anesthesia. Pre-operative care will include treatment with carprofen (5 mg/kg, s.c.). Mice will be placed on a 

heating pad to maintain normal body temperature, and breathing rate will be monitored throughout surgery to produce an 

appropriate level of anesthesia. Immediately following surgery, mice will be administered IP analgesics (buprenorphine 

0.05 mg/kg), placed on a heating pad and monitored for unobstructed respiration until general anesthesia dissipates. 

Following the post-operative period, mice will be singly-housed and monitored for signs of alertness and motor activity. 

Mice showing abnormal movement, reduced eating/drinking behavior, or significant loss of weight (> 10% body mass) 

persisting for more than 3 days will be euthanized immediately. Animals will be given at least 3 weeks following surgery 

manipulations before experiments begin. Any sign of infection will be treated with antibiotics. I am experienced in animal 

care, as well as aseptic surgical techniques and post-operative care.  

 

5. Methods for euthanasia, reasons for its selection, and consistency with the recommendations of the Panel on 

Euthanasia of the AVMA Guidelines on Euthanasia 

Mice will be deeply anesthetized with IP pentobarbital, intracardially perfused with ice-cold phosphate buffered saline 

(0.01M PBS), followed by 4% paraformaldehyde in PBS, and then decapitated, consistent with the AVMA 

recommendations.  
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Resource Sharing Plan 

In order to further the advancement of knowledge, data collected from experiments performed under this proposal will 

be published and freely available through PubMed Central, in accordance with the NIH Public Access Policy. Additionally, 

data collected in the proposed experiments will be communicated (via oral and poster presentations) at several 

symposia, annual meetings, and other gatherings, facilitating the dissemination of knowledge to other scientists and the 

public at large. Other aspects relevant to resource sharing are not applicable to this work.  
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