Preface

I remember the episode when I first started to do research on memory function. By
episode, I mean an experience covering a specific time interval in a specific location.
I was working on a term paper one afternoon in the fall of 1981. I was searching the
Psychology Department library on the 6th floor of William James Hall at 33 Kirkland
Street in Cambridge, Massachusetts. This was about 10 years before I first had access
to literature searches on the web, so I remember my path walking back and forth
between a wooden card catalog and the shelves of books and journals. Based on my
experience taking physics that same term, I expected to find a textbook on memory
analogous to the treatment of mechanics in a physics textbook. I expected to find a
book describing the brain mechanisms for encoding and remembering the times and
locations of my path through the library, analogous to the description of the spatio-
temporal trajectory of a falling object in physics. I did not.

Even now, almost 30 years later, there is not a standard, quantitative description
of the brain mechanisms of memory analogous to the theory available in most areas
of physics and engineering. However, exciting recent physiological data and modeling
have laid out a framework for modeling the memory of episodes as spatiotemporal
trajectories. These recent developments include the discovery of grid cells and their
relationship to oscillatory dynamics in the entorhinal cortex. This recent work builds
on an extensive body of older work on memory function.

In this book, I try to present what I was searching for in 1981, a quantitative model
of the brain mechanisms for encoding and remembering an episode as a spatiotem-
poral trajectory. In the main text, I will present the model in a more narrative form.
In the appendix, I will present the material in the quantitative style of a textbook.
Because of limits on space and time, there are unfortunately many areas of research
that I have not been able to include.

When describing episodic memory, researchers often give the example of remem-
bering where you parked the car or remembering where you left your reading glasses
or keys. Here, I will directly address real-world examples of episodic memory, describ-
ing how your brain might encode and retrieve the location where you parked your
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car. A familiar solution to problems such as finding your glasses or keys is to “retrace
your steps,” that is, to retrace your trajectory through space and time. Related to this,
mnemonic strategies for enhancing encoding include the method of loci in which
one imagines placing items in a sequence of familiar locations.

Though other models will be discussed, the book will focus on one specific model
of episodic memory as the encoding and retrieval of spatiotemporal trajectories. We
build models to evaluate our theories and to generate predictions that can then be
tested. Testing the models provides us with information about where the models need
to be revised, and this information can then be used to improve the models. The
current models can address a range of physiological and behavioral data but do not
accurately address the full range of data. However, despite the incomplete nature of
current models, it is useful to describe how existing models address components of
the data and to compare the strengths and weaknesses of different models. This
process may be helpful to others interested in these questions and has certainly been
helpful to me. A primary focus of this work will be data on the activity of neurons
during memory-guided behavior. Some of this data has been shown in humans and
primates but most data is available from research on rodents.

This book is intended to be accessible to the general educated reader. Based on my
teaching experience, I find that neuroscience is so broad a field that experienced
researchers in one area commonly do not know the basic principles in another area.
For this reason, I present the data on a basic level that I feel will be useful to faculty
and graduate students in many fields as well as advanced undergraduates. The Appen-
dix provides mathematical descriptions appropriate for coursework or independent
study by advanced undergraduates and graduate students in neuroscience.

Presenting the model of episodic memory requires some background. In the first
chapter, I will present some of the behavioral data on episodic memory and give a
general overview of the model. In the second chapter, I will provide an overview of
the anatomical data on structures involved in episodic memory and an overview of
the physiological data obtained from these structures. In the third chapter, I will
present an overview of the mechanisms in the entorhinal cortex and hippocampus
for encoding space and time in episodic memories, including models of grid cells. In
the fourth chapter, I will present the full model of the mechanisms of episodic
memory. In the fifth chapter, I will address the role of the hippocampus in forming
associations between spatiotemporal trajectories and individual items or events. In the
sixth chapter, I will address the role of neuromodulators such as acetylcholine in
episodic memory function, and in the seventh chapter I will address models of the
use of episodic memory function for memory-guided behavior.

I appreciate the encouragement of the editors at MIT Press, especially Robert Prior
for finishing the job and Michael Rutter for starting it. In addition, I appreciate the
inspiration from my colleagues at the Center for Memory and Brain (CMB) at Boston
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University. Special thanks to Chantal Stern for her collaboration in building our family
as well as our careers and her clear-sighted perspective in our many fruitful conversa-
tions, and to Howard Eichenbaum for bringing us to Boston University and for his
energetic and enthusiastic insights on memory. Thanks also to CMB members John
White and Nancy Kopell. Thanks also to my colleagues in the Department of Psychol-
ogy, the Graduate Program for Neuroscience, and other departments and centers at
Boston University.

I would like to give my very enthusiastic praise and thanks to the students and
postdocs in my laboratory who contributed to the research that I describe. In particu-
lar, very special thanks for the use of figures of data and models from my graduate
students Mark Brandon, Lisa Giocomo, Brad Wyble, and Eric Zilli and postdoctoral
fellows Edi Barkai, Murat Erdem, Erik Fransén, Randal Koene, Inah Lee, and Motoharu
Yoshida. Thanks also for the hard work in my lab by all my graduate students includ-
ing (in alphabetical order) Mark Brandon, Jason Climer, Eve De Rosa, Lisa Giocomo
Anatoli Gorchetchnikov, Kishan Gupta, Jim Heys, James Hyman, Terry Kremin, Caitlin
Monaghan, Chris Shay, Akaysha Tang, Brad Wyble and Eric Zilli, and all my current
and former postdoctoral fellows including Edi Barkai, lan Boardman, Clara Bodelon,
Thom Cleland, Vassilis Cutsuridis, Erik Fransén, Norbert Fortin, Amy Griffin, Marc
Howard, Sarah Judge, Ajay Kapur, Randal Koene, Inah Lee, Christiane Linster, Jill
McGaughy, Ehren Newman, Mahdvi Patil, Nathan Schultheiss, Yusuke Tsuno, Carl
Van Vreeswijk, Gene Wallenstein, Motoharu Yoshida. Thanks also to the undergradu-
ates and research assistants who have worked with me including Andrea Abi-Karam,
Chris Andrews, Ross Bergman, Andrew Bogaard, Milos Cekic, Michael Connerney,
Brian Fehlau, Lisa Femia, Shea Gillett, Vikas Goyal, John Holena, Greg Horwitz, Kaiwen
Kam, Chris Libby, Eugene Lubenov, Michaella Maloney, Brad Molyneaux, Amanda
Paley, Christina Rossi, Eric Schnell, Vikaas Sohal, and Tyler Ware. I also greatly appreci-
ate the administrative assistance for my research from Denise Parisi, D. J. Aylward,
Scott Enos, and Psychology Chairperson Henry Marcucella.

I would like to thank the other students and postdoctoral fellows at the Boston
University CMB. In my collaboration with Chantal Stern, I have worked with members
of her laboratory including Ali Atri, Thackery Brown, Brenda Kirchhoff, Matthew
LoPresti, Marlene Nicolas, Robert Ross, Haline Schendan, Karin Schon, and Seth
Sherman. I also appreciate my interactions with members of the Howard Eichenbaum
lab including Paul Dudchenko, Norbert Fortin, Ben Kraus, Rob Komorowski, Megan
Libby, Paul Lipton, Joe Manns, Sam McKenzie, Seth Ramus, and Emma Wood.

I would like to thank the government agencies that funded my scientific research,
including the National Institute of Mental Health (NIMH), the National Institute of
Drug Abuse (NIDA), the National Science Foundation (NSF), and the Office of Naval
Research (ONR) as well as the program officers who facilitated funding for my scientific
work. Special thanks to Dennis Glanzman, who was the program officer on my first
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grant and on my two ongoing R0O1 grants from NIMH. Thanks also to program officers
Susan Volman at NIDA, Ken Whang at NSF, Bettina Osborne at NIMH, Soo-Siang Lim
at NSE, and Tom McKenna, Marc Steinberg, and Joel Davis for ONR grant support.

Thanks also to my mentors over the years, including Jim Bower at Caltech, Edmund
Rolls at Oxford, and Jim Stellar and Al Galaburda at Harvard. Thanks also to many of
my colleagues during my education including my co-authors Matt Wilson and Brook
Anderson, as well as Upi Bhalla, Jim Knierim, John Thompson, Rich Mooney, and
others at Caltech and Chantal Stern, David Thaler, Gordon Baylis, and others at
Oxford.

I also give special thanks to my collaborators and colleagues working on neural
mechanisms of memory in the entorhinal cortex and hippocampus. Special thanks to
my collaborators working on the physiology of the entorhinal cortex, particularly my
former collaborator the late Prof. Angel Alonso (who sadly died in 2005) and our col-
laborators Clayton Dickson, Alexei Egorov, Babak Tahvildari, Mark Shalinsky, and
Motoharu Yoshida, as well as other slice physiologists in the field especially including
my fellow CMB member John White, as well as Nelson Spruston, John Lisman, Dan
Johnston, and Uwe Heinemann. Thanks to my colleagues and collaborators in model-
ing including Neil Burgess, Caswell Barry, Peter Dayan, Ila Fiete, Ole Jensen, John
Lisman, Bruce McNaughton, David Redish, David Touretzky, Alessandro Treves, and
many others. Thanks also to my collaborators and colleagues doing unit recording in
the hippocampus and entorhinal cortex, including John O’Keefe, Caswell Barry, Andre
Fenton, Kate Jeffery, Adam Johnson, Jim Knierim, John Kubie, Colin Lever, Bruce
McNaughton, Sheri Mizumori, Bob Muller, Jim Ranck, David Redish, Bill Skaggs, and
Matt Wilson. Special thanks as well to the colleagues working on grid cells, including
Edvard and May-Britt Moser as well as Charlotte Boccara, Stefan and Jill Leutgeb,
Trygve Solstad, and many others. Thanks also to the researchers on head direction
cells including Jeff Taube, Pat Sharp, and Tad Blair and their students. Thanks also to
my colleagues working on the mechanisms and function of theta rhythm, including
Gyuri Buzsaki, Steve Berry, and Bernat Kocsis. Thanks also to my other collaborators
over the years, including Mark Baxter, Hans Breiter, Robert Cannon, Neal Cohen, Joe
Coyle, Steve Cramer, David Gerber, Mark Gluck, Robby Greene, Michael Greicius, H.
C. H. Grunze, Jonathan Hay, Brad Hyman, Max Ilyn, Bill Kath, Yael Katz, Steve Kunec,
John Leonard, Hans Liljenstrom, Bob McCarley, Jay McClelland, Earl Miller, Catherine
Myers, Ken Norman, Nick Roy, Martin Sarter, Matt Shapiro, Greg Siegle, Peter Siek-
meier, Susumu Tonegawa, Max Versace, and Don Wunsch. Thanks for comments on
manuscript sections from my current lab members and students in my modeling
course, as well as Chantal Stern, Nils Hasselmo, Nicholas Hasselmo, Edvard and May-
Britt Moser, Caswell Barry and Neil Burgess. Any remaining errors are my own! Despite
this long list, I have probably inadvertently left someone out that I will only notice
when I pick up the published and bound book. Thank you, too!





