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INTRODUCTION

A Memory of a Memory

MAY 26, 2011 might have been a sunny day in Boston, perfect for a brisk
jog along the Charles River. Or it might have been a gloomy day, just
right for a pint and a movie in Harvard Square. It could have been the
ideal day for baseball if the Red Sox were back in town. But I can’t tell
you for sure. I can’t tell you what I had for breakfast, lunch, or dinner
that day. I can’t tell you who I called, what news I read, what music I
listened to. There are bits of experience I don’t remember because, well,
I'm relying on my memory.

And yet, somehow, I do remember that I was in a windowless dark
room at the Brain and Cognitive Sciences building at MIT that after-
noon, transferring a small, black mouse from the palm of my hand into
an almond-scented box about the size of a milk crate, with white floors,
transparent walls, and a camera mounted overhead.

The mouse began sniffing its surroundings. It was no stranger to the
box, having investigated the same corners just yesterday. The fact that
nothing monumental had occurred during its initial journey in the box
was important: it meant that the mouse had no reason to be afraid this
time around. It could go about its business without fear as I recorded
its behavior with my lab partner, Xu Liu.

Ten days earlier, I watched as Xu anesthetized this very same mouse.
We both felt similarly regarding the lab mice we worked with: we ap-
proached them with veneration for their biological revelations and with
tremendous care for the life that they experience. Xu in particular took
this relationship seriously, and that day I could tell how much this
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2 INTRODUCTION

dynamic meant to him as he carefully lowered two glass barrels into two
small holes through the top of the skull of the mouse. Like miniature
flashlights, about the width of cocktail straws and shorter than the nail
on your pinky finger, these glass barrels are capable of funneling and
focusing light onto the part of the mouse’s brain in which they are
nestled—in this case, in the mouse hippocampus. Why did we want to
shine light onto the mouse’s hippocampus though? As part of our ex-
periment, we'd made this particular mouse special using some genetic
trickery called optogenetics. Put succinctly, optogenetics entails hand-
crafting special bits of DNA that make a cell light-sensitive, and deliver-
ing those bits into very specific cells into the brain. Once these brain
cells are made light sensitive, researchers can turn them on or off with
light, much like a switch. Xu and I planned to focus beams of light di-
rectly onto our light-sensitive cells in the hippocampus, and voila, those
cells would turn on. It’s these particular hippocampus cells, we hypoth-
esized, that contained a memory.

Based on what we knew about the inner workings of the brain, Xu
and I had every reason to believe that the hippocampus is like a mental
time machine: an area that is active when a mouse is trying to remember
the shortest path to return to the tasty crumbs in the kitchen pantry, or
in one of us humans, when you recall the memory of your first kiss, or
hearing your baby coo for the first time, or last Friday’s delicious steak
frites dinner. The hippocampus contains millions of brain cells, which
chunk space and time into our personally experienced events. The hip-
pocampus, in short, is crucial to the process of memory, in both our
mouse and in humans. It teleports us to relive the past.

Xu and I were playing with an idea that day in the lab, as our mouse
scurried about its box: Could we “turn on” a memory if we triggered the
parts of the brain where it lived?

We were in essence testing a hypothesis first put forth over one hun-
dred years ago by the German zoologist Richard Semon. Semon pro-
posed that memories are a kind of lasting physical imprint, or “trace” in
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the brain—somehow, the marvelous waters of memory carve
measurable grooves in the neural riverbeds of the brain. For the savvy
enthusiast, there’s an official term for this so-called memory trace, and
it was first proposed by Semon himself: engram.

The holy grail of memory neuroscience, the engram is thought to be
the key to unlocking the power of our brain’s mental time machine.
Once we find the engram, Semon’s prescient idea goes, we could prob-
ably find a way to reverse engineer memory and, ultimately, control it.

Xu and I used to refer to memory researchers as the auto-mechanics
of the brain, taking apart the fleshy machine between our ears one piece
at a time in an attempt to understand what each piece does and how it
enables our smooth mental time-travel. “If you can break it and make
it, then you can understand it,” he'd say.

By 2011, memory researchers had already done just that. They had
discovered that it was possible to “erase” memories—to “break” them.
If scientists could do that, well, why couldn’t we find memories and
reactivate them instead? Breaking something lets us know how it works
by preventing some output from happening, Xu and I reasoned, but if
we could manually recall a memory—if we could stimulate this same
output—then we could get the mental time machine to run again . ..
and again and again at will.

Our goal was initially nonscientific in its basis: we’d break into and
jump-start the brain’s time machine. The project had a name in the lab,
one that we felt had a mysterious grandeur to it: Project X. It all sounded
pretty sci-fi to us, and that was exactly what hooked us in. The idea of
activating a memory? Very Total Recall with a bit of Inception thrown in.
We felt like kids again, and our playground was the science lab. Some-
times an idea for an experiment just feels “too important and too damn
cool not to do,” we'd say.

We thought activating cells that held onto a memory would cause a
domino effect in the brain that ultimately led to recollection of that
memory. After all, external stimuli in the world do this to us all the time:
walking past a bakery and smelling the maple bacon doughnuts might
remind you of the last time you cheated on your diet; the sight of a
particularly unfashionable shirt at the mall might remind you of an ugly
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Christmas sweater party with the family; the smell of tequila might re-
mind you of that time you dulled your grief with alcohol and woke up
in even more pain the next morning. These sights and sounds and smells
force us to relive the worlds of the past. They bring engrams back to life.

We just wanted to bypass the external stimuli.

Say that Xu and I were able to reactivate a memory. What next? One
of the central goals of doing this kind of science is to discover funda-
mental truths about how the brain works and to use these truths to
help people. Our biggest ambitions for our work included applying a
new understanding of the mechanics of memory to treat disorders of
the brain. We wondered if we could one day suppress a negative mem-
ory to prevent the debilitating effects of PTSD, or toggle down a bout
of overwhelming anxiety to prevent a panic attack. If we could activate
a memory, then we could think of memory as something our brain
naturally produces as well as a potential antidote that the brain con-
tains to rid itself of suffering. The possibilities would be endless: What
if we activated positive memories to curb symptoms of depression, or
what if we brought a memory back that was thought to be lost to Al-
zheimer’s, or what if we could etch in entirely new memories to pro-
duce a cognitively enhanced brain? All of these possibilities relied on
one thing—the ability to control memory, which was what Xu and I
had within reach.

Given how far the field had already come, we thought a repair shop
for the brain wasn’t all that far-fetched.

A perceptive, soft-spoken, Shanghai-born scientist, Xu Liu came oft as
proper, formal—fully buttoning up his lab coat was a rather ritualistic
act—and the level of intention and respect he brought to the study of
science was like nothing I had ever witnessed. When he was locked into
his science, everything else became background noise, as if the only two
things in the world that mattered in those moments were him and the
experiment at hand. Watching Xu do science felt like watching pure
discipline in motion.
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But Xu was also a kindhearted mentor, a big brother in the lab. His
discipline in the experimental testing rooms transformed into thought-
fulness in his daily mentorship—and it was in this mentorship role that
he was really in his element. I often felt like Xu had a career-length road
map for how he would train me in neuroscience. He told me he decided
to take me under his wing and become my day-to-day mentor because
our friendship was “organic” from day one in the lab. As he put it: “I
knew we'd have chemistry doing science together. Get it?” It was a ter-
rible joke, and yet I couldn’t help but laugh.

Xujoined MIT as a postdoc fellow a few years before I arrived there
for grad school. He spent years mastering the surgeries and techniques
needed to test Semon’s engram hypothesis. It was his passion. Late one
night, after yet another nail-biting round of Jenga with me, he told me
that memory was the most mysterious thing he knew of, but it was a
mystery he was confident he could solve with science. In graduate
school, he studied how memories are formed and retrieved—and he
did this using the tools of molecular biology to study how individual
neurons represent memories in the fly brain. Like the human brain, the
fly brain also consists of neurons, and it is much easier to play around
with fly neurons than human neurons. He moved on to study mouse
brains because they’re “big fly brains solving mouse problems,” as he
put it.

But Xu didn’t just have the fly, mouse, or even the human brain in
mind—no, he was thinking on a much grander scale: Xu wanted to
understand the phenomenon of memory itself. He believed that mem-
oryisn’t just recalling what you ate yesterday or your high school gradu-
ation; memory is nothing less than the perpetual beating heart of life.
It appears everywhere, from single cell organisms to jellyfish, fungi to
flies, mice to humans, and from life that started billions of years ago to
life that exists today. We are all endowed with this biological machinery
capable of preserving what once was. Memory takes many forms, but it
is a biological constant.

It follows, then, that knowledge of memory in any organism will in-
form our grander understanding of how memory works in general and,
in some capacity, will be applicable to humans. For Xu and me, rodents
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were the perfect model organism in which to use our neuroscience tool
kit to study how to activate a memory.

We began our experiments by trying to manipulate fear memories.
Our reasoning: we know a great deal about the neural circuitry under-
lying fear in both rodents and humans (it’s similar enough), and we
know that this circuitry also intersects with a variety of psychiatric dis-
orders, including PTSD and anxiety. So we had aleg up in knowing how
fear memories are created and where in the brain to look for them, and
we knew that manipulating fear memories could have beneficial effects
for patients suffering from fear-based disorders. Fear memories are also
incredibly potent; so we figured that when we activated one, we’'d know
because the mouse’s behavior would change immediately, making it a
scientifically measurable output. For example, if you think about the
impossibly high-pitched noise of a dentist’s drill, a hair-raising, “why-
god-why” cringe immediately ensues. Your brain made a powerful as-
sociation—it was conditioned—Dbecause at some point in the past that
noise was followed by pain and pressure while you were told to sit still.

Our first step was to create a fear memory that we could then try to
manipulate. One of the most common ways that we can create fear mem-
ories in rodents is to place the animals in a new environment—in the lab,
this means a small box with a metal grid for a floor, dim lighting, and a
black triangular roof scented in this case with a particularly zesty orange
aroma—and then send a very mild shock to their feet so they associate
this area with an important event. They’re thus conditioned: they’re
trained to associate the environment with a negative stimulus. After they
acquired this fear memory, whenever the rodents were placed in the box,
they would freeze in place to protect themselves from the looming threat
of a negative stimulus. Xu and I kept track of how often the mice were
freezing as our measurable readout of recalling a fear memory.

Xu and I figured we could activate the brain cells in the hippocampus
that produced a fear memory—and that we could do this with light. We
used the optogenetic tools Xu had spent so long creating in the lab to
finally test Semon’s hypothesis. The mouse’s brain was primed: its hip-
pocampus cells had been manipulated so that they could be controlled
with light, and the tiny glass barrels that would funnel that light had
been implanted.
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On May 26, 2011, the day after we first created the fear memory, we
placed our mice in a “safe” box—a box where nothing had happened,
where no shock had been delivered. We began by connecting the glass
barrels implanted in the mouse’s brain to a laser that emitted a brilliant
Avatar-blue light. To turn on the laser, we simply had to click a switch.
One click—that was all that separated us from a scientific triumph, from
a completely puzzling result, or from the tediousness of . . . nothing. But
that’s science in nutshell: maybe you’ll get lucky and see something that
has never been seen before; maybe you'll finish the day scratching your
head wondering what in the world just happened. Or both.

On the day of our big experiment, we funneled pulses of light through
the surgically implanted optic fibers, bombarding the mouse’s neural
tissue with photons, attempting to awaken the dormant memory. Xu
and I sat and watched, eager, nervous, the lab like a command center
during the first few seconds of a rocket’s lift-off.

We turned on the laser, the mouse’s ears perked up—and it immedi-
ately stopped moving. It tensed up, vigilant and frozen in place, perhaps
experiencing the echoes and murmurs of a fearful engram flicker in and
out of its mind.

I finally broke the silence: “So ... did that . . . just freaking work?”

“We have to run controls,” Xu responded briskly. “We have to do the
experiment large-scale and double blind. We have to replicate it. But,
let’s just call it a day and go have a drink across the street because, yes, I
think it actually freaking worked.”

“Tknew it!” I yelled, splashing Xu with the water I was using to clean
the floors in the mouse cage. That day, at the end of my first year work-
ing with Xu at MIT, I realized that we had made the discovery of a
lifetime.

I gave Xu a hug, the first of only two we would share.

That Xu and I thought the mouse was recalling a bona fide memory was,
of course, anthropomorphic conjecture. No one knows exactly what a
memory looks like in the brain, and we certainly don’t know what it’s
like to be a mouse. We do, however, have a rough idea of how cells and
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mice often behave when they’re recalling an experience that was nega-
tive. A mouse reliving a negative memory will freeze in place. The objec-
tive description of our scientific findings is this: Xu and I turned on the
mouse’s brain cells that were previously active during the formation of
a fear memory, and we caused the mouse to freeze in place. A mouse
may never be able to tell us otherwise, but we have very good reason to
believe that our objective description can be translated as: we shot pin-
point lasers into the mouse’s brain that made the mouse relive the fear-
provoking memory.

The objective description would also tell you that memory is multi-
faceted. It is how the brain processes every experience you’ve ever had
and turns each one into cellular signals that contain information about
the past. And what are these “cellular signals” exactly? Well, a wealth of
research lets us know that there are processes, stages of memory that
transform over time, and we can label them this way: Encoding, Storing,
Retrieving, and Updating. All of these processes simply describe the
larger phenomenon of memory itself: it is a dynamic integration of the
past with the present to permit future livelihood. In other words, mem-
ory recalls the past in the present to help us better navigate the future.
It is a history with the breadth of all that we’ve felt and the depth of all
that we've experienced. Just as we learn history to learn from history, our
brain keeps a record of our past so that we can learn from it.

Let’s dwell on this definition of memory for a second. For starters,
memory isn't only about preserving the past. Recalling a memory in the
present helps us understand the environment that we find ourselves in,
and it helps us decide what to do next. This means that memory has a
purpose that is much grander than being a neural photo album of your
life. In fact if you gave me five seconds on a talk show to give the world
the answer to “What is memory?”—since everyone is tuning in to find
out—I'd say the following: “Memory is what the brain does. It is a fun-
damental property of any biological living organism. Memories are at
the core of being human because they thread and unify our overall sense
of being”

This is indeed a much grander description and may feel a little nebu-
lous. So let’s break memory down into its four processes. Encoding, the
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first step of memory formation, is all about your senses—the sights,
sounds, tastes, smells, and touches that bring together the richness of
an ongoing experience into the cohesive whole that becomes a memory.
These general sensory categories might feel arbitrary—Can you really
separate the smell of an onion from its taste?>—but there is good reason
for this “batching” of the Encoding process. It helps scientists find pat-
terns in how the brain takes in information over time. The first time I
visited my family in El Salvador, when I was about six years old, every
moment was entirely new to me, something I had never experienced
before. It was like having my senses dialed up to high definition: the
warm pebbles tickled my feet when I stepped into the lake near my
grandparents’ house; the carne asada that my grandma cooked would
waft through the rooms of the house, and soon the entire block would
smell like a steakhouse; I could see the country’s volcanoes from miles
away and wonder if they might erupt again, all while hearing roosters
crowing and horses galloping by me. My brain was taking in and encod-
ing every bit of sensory detail, putting together my wonderful experi-
ence of being in the place where my parents grew up.

The next stage of memory is Storing, a process that begins the mo-
ment after an experience is over. In this phase, the brain creates a record
of the past by storing information in its own cellular terms. In contrast
to Encoding, Storing is the basic way that an experience creates a map-
pable, observable change in the brain at the cellular level. These changes
are stored copies of experiences that allow us to mentally time-travel
back to the past.

Let’s deconstruct that early memory of El Salvador as an example. The
night of my first visit, | went to sleep on my grandma’s hammock and was
thinking about everything that happened that day. My mind was effort-
lessly replaying the parts that stood out to me the most—the lake, the
pupusas, the mountainous landscape fading into the horizon. Storing a
memory doesn’t have to be a conscious effort—our brain will do it
whether we're aware of the process or not—but it was as if my brain was
rehearsing the day’s events to help solidify all the details, big and small,
into a memory. From the brain’s perspective, conscious and subcon-
scious rehearsal makes a memory, and so the brain rehearses its own

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

10 INTRODUCTION

experience day and night to effectively store it away for later use. And
best of all, there’s no test at the end of this kind of practice rehearsal—
just my brain’s ability to store what I considered to be a memorable day.

Once a memory is stored, it is ready to be retrieved when called
upon, and the things that memories then do are marvelous. When I
retrieve my memory of my first visit to El Salvador, I mentally time-
travel back to specific moments and swell with the admiration and cu-
riosity that comes with thinking about my family’s deep history. Re-
trieving a memory means I can “rewind” to a snippet of my past and
then zoom in and out to replay the granular details of pebbles or to gaze
at a spectacularly star-speckled sky or to relive scenes of breakfast with
my family, again and again. Retrieving these kinds of memories is when
we begin to find that thing called “fulfillment” and all the moments in
which it has been sprinkled throughout our past.

These phases of encoding, storing, and retrieving a memory, how-
ever, don’t happen in some vacuum. From the brain’s perspective, expe-
rience never stops, and this means that we're always encoding bits and
pieces of this, while storing bits and pieces of that, while retrieving some
aspect of our past. If I were to give memory a movie title, it would be
Everything Everywhere All at Once-ish. And it doesn’t end here: the act
of recalling a memory leads us to one more magnificent property of
memory, and that is its malleability. Memories become updated with
new information each time we recall them. This Updating process taps
into our “library” of memories and scribbles new information into one
of our books. I know that there were pupusas on my first trip to EI Sal-
vador, but no matter how hard I try to recall what else was on my plate
or what clothes I was even wearing at the time, the surrounding details
of the meal simply shape-shift with every attempt. Sometimes there’s a
bit of yellow rice at the edge of the blue ceramic plate, and other times
there’s a slightly burnt tortilla; sometimes there’s a coconut cut open to
my right ready for drinking, and other times it’s a Cola Champagne.
Sometimes I'm wearing a gray Nike T-shirt and other times I'm wearing
a purple soccer jersey. All of these details infiltrate my memory and
warp it into something new each time—into some version of my truth
that, like memory, is defined and redefined every time I remember.
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Okay. But what does a memory mean to you? What does it mean to
remember, to forget, to choose what to try to remember with greater
clarity, and what to let go of? Do we even have a choice? For example,
I'm attempting to remember past events for this book. What challenges
does that pose?

No one can claim that they’ve solved the mysteries of the brain, let
alone of memory, but Xu and I saw this as a challenge (even if it took
dedicating our lives to getting an answer). We could start with the four
main components—Encoding, Storing, Retrieving, Updating—which
at least allow us to break this complicated part of cognition down to
some of its constituent parts and to tackle each with neuroscience.

Six months after Xu and I successfully shot lasers into the mouse’s brain
and reactivated a fear memory, we submitted our work to the journal
Nature, and in 2012 our paper was published. We had localized a mem-
ory in the brain and had artificially triggered that memory. Our paper
used words like hippocampal dentate gyrus and engram and Channelrho-
dopsin-2 (ChRz), but the international news coverage referenced movies
like Memento and Eternal Sunshine of the Spotless Mind. Media calls and
interviews followed, as people pushed us to contextualize our findings
and speculate on the future of memory research.

For once, the international news coverage was apt. Within just three
years of our discovery, between 2012 and 2015, the scientific advances in
memory control and manipulation in our memory research community
were mind-bending: creating false memories, erasing memories, ma-
nipulating positive memories in the context of depression, bringing
back memories that were once thought to be lost in Alzheimer’s, tinker-
ing with memories of social experiences, turning good memories bad
and bad memories good.

If all of this sounds too good to be true, that’s because it is still wildly
incomplete; it is all part of a larger revolution brewing in science to
make memory manipulation a commonplace practice in the lab. Even
before our paper was published, several labs around the world were
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working on the same project, in a race to publish first. Egos, funding,
awards, and recognition meant navigating a—scientifically speaking—
suboptimal future. In other words: it was stressful as shit. A race over
bragging rights, and not necessarily the significance of the discoveries
or how scientists might combine efforts and work toward a common
cause, took over.

You might say that Xu and I were naive. I prefer to say that we were
young scientists with far fewer encoded and stored memories of profes-
sional slights and nursed reputational injuries to retrieve, and we tried to
operate outside of the rat race. For us, turning the process of discovery
into a career-long race would kill the part of science that felt most essen-
tial and human to us. What we were in practice, however, was frustrated
by this competitive aspect of experimental science, especially since we
were still learning how to navigate the politics within academia.

Xu gave me some advice, which he would often repeat: When faced
with the nastier side of science, don’t just put your head down and ig-
nore it. These feelings aren’t just something to be brushed off; they’re
exactly the things we can learn from. They’re our mind’s way of putting
what we value into focus. “Fight fire with water,” Xu would say. Fighting
fire with fire burns the edifice of academia down; fighting fire with water
wins by solving the problem.

Xu’s guidance always came in a measured voice, a calm cadence that
showed me a diplomatic approach to problem solving, even if the envi-
ronment bothered him too. He was like that, a scientist firmly grounded
by the gravitational pull of the meticulous practice of his craft. I admired
his composure. Neither competition nor ego would sway Xu.

Xu and I found ways to manage the competition, but the ad homi-
nem criticisms of our “place” within academia were, for me, difhicult to
endure—infuriating in fact. Here’s a common criticism we heard: “Xu
Liu and Steve Ramirez only got the paper accepted in Nature because
the journal has a minority quota.” This kind of statement was nothing
new. People spewed similar judgments in my direction all the time:

» «

“MIT had a minority quota,” “Forbes must have needed to include a

» ¢«

minority, “TED had a quota,” “Harvard clearly had to increase the num-
ber of Latinos,” “NPR had a DEI mandate.” I started to wonder if people
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thought I'd somehow managed to turn Latino just to get an edge in aca-
demia. And Xu started to wonder if he’'d ever be able to talk about his
science without someone criticizing him as opposed to critiquing his
work. He once said to me, “If you think being a minority in science
makes it easier to get an award or a job, then you don’t understand why
minorities are, well, not a majority.”

In my first few years of graduate school, these kinds of comments
made me livid. As did admonishments like, “Don’t let them get to you,”
and “You've got to ignore the haters,” and “Just stick to the science.” I
didn’t want to feel like I had to be thick-skinned and bulletproof to sur-
vive. Why did I need to dismiss my humanity to do good science? These
things should hurt, I thought. Desensitizing myself to them made it all
too easy to become complacent about the toxicity present in some aca-
demic circles. But the relentless nature of the “minority quota” com-
ments had a cumulative effect. Each one did its part in deflating my
sense of accomplishment that came with a scientific discovery. My re-
sponse wasn’t to become desensitized but to double down. “I have to
discover more” was my ever-present thought, my solution, my mind’s
way of coping. It’s the one thing I felt I could do really well: I knew how
to work my ass off.

One evening in the not-too-distant past, I was at the top of the Pruden-
tial building in Boston listening to a jazz band that played on Wednes-
days in an open lounge area surrounded by a floor-to-ceiling panoramic
view of the city. It was one of the highest places I could possibly be in
Boston, away from the ground-level of reality, and I'd come to this nook
of the city alone when I needed time to just be. Halfway through the
evening, a bouncy bass line emerged from the stage with the kind of
weight and rhythm that begins in your belly and radiates outward to
tip-tapping feet and tempo-following head nods. The jazz lick was the
backbone of Glenn Miller’s “In the Mood,” a song that gave me so much
trouble when trying to learn it on the piano as a kid that I still some-
times hear it in my dreams. I closed my eyes and, after one big sigh, let
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myself be. My left hand began playing the arpeggio on my thigh as each
note rose up from my childhood and .. . suddenly . ..

Xu and I were at the top of the Prudential and smiling back at Boston’s
bright lights as they shimmered over the Charles River. We were having
a fancy dinner together (all expenses paid for by our boss) to celebrate
the publication of our discovery on memory manipulation. I could see
my childhood hometown; my alma mater, Boston University; my current
apartment by MIT; and Xu’s reflection on the window, fifty-two stories
in the sky, all in a single field of view. The music filled the lounge with the
kind of kinetic cadence that synchronizes everyone in the room.

I've never been so happy and so fully alive.

I knew I'd repeatedly come back to this moment in my mind. The
music and Xu’s voice were becoming part of my life’s soundtrack.

“Are you in the mood for dessert?” I asked, while the jazz band played on.

“I'm a little drunk,” he responded, grinning at me. “So . . . yes.”

His peppy, vulnerable, and playful confession caught me off guard,
but I accepted the moment as one we had earned: a bit of debauchery
amid the stress of science.

“Xu, you're not going to believe me, but just ignore the entire menu
and trust me here. I bet you my left hippocampus that if we ask the waiter
what to order, they’ll one thousand percent say the cookies and milk”

“Deal”

When the waiter came over, I asked what their best dessert was, and
he simply took our menus, folded them up, and said, “I got you. It'll be
about fifteen minutes.”

While we were waiting for our dessert, Xu asked, “Does it ever scare
you that you can hold your thumb out, close one eye, and see where
ninety-nine percent of your life has played out?” He was motioning
toward the window.

“I find it weirdly calming,” I said.

“It’s crazy to think where we’ll be in a few years, given how much has
happened since we published our paper,” Xu said. “It’s kind of scary, but
I think we’ll be okay.”
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“I think we’ll be more than okay. Above average. Let’s shoot for above
average,” I said.

“Ilike that. Do you want the rest of my above-average drink?” Xu slid
his golden ale toward me.

“I got you,” I said instinctively, as I traded my empty glass for his full
one.

The waiter came over and ceremoniously placed a glossy porcelain
dish in the center of our table. A dozen freshly baked cookies were
stacked on top of each other—some oozing chocolate chips, others
smelling of nothing but pure butter and sugar, some with crumbly oat-
meal and raisins, and others infused with a velvety peanut butter. Berries
lined the dish, powdered sugar dusted the top of the stack, and a side of
French vanilla Chantilly cream tied it all together. This was served with
a cup of cold milk because what else does one wash down the Platonic
ideal of cookies with anyway?

“Enjoy,” the waiter said, while a handful of people in the lounge
looked over to see what on earth smelled like heaven.

“I didn’t want your left hippocampus anyway,” Xu remarked.

“After you!” I declared, anticipating Xu’s reaction to his first bite. He
picked up a chocolate chip cookie that began folding in on itself, dipped
it quickly into the cream, and crunched off half of it in one go. He nod-
ded approvingly . . . and fixed his glasses.

It was a childlike moment, paired with our adult scientific achieve-
ments, one that I could store in my memory bank in the “Feel Good”
folder.

Xu started to laugh, perhaps realizing that the cookies and milk were
as damn good as I'd claimed they would be. The music came into the
foreground with a lone bass line . . . which brought the room back to
baseline.

“Last call!”

My left hand finished playing the arpeggio on my thigh, as each note
brought me back to where and when I was. I was alone. Boston glim-
mered in the background.
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I realized in that moment, wishing Xu were sitting across from me
again, that the power of encoding, storing, retrieving, and even updating
an ordinary memory was changing me as a person. I was at once becom-
ing more aware, frightened, and reverent of what memory was doing to
me because the force of memory lasts well beyond its wake. Sometimes
I'd recall this memory with Xu and feel empowered to continue doing
science. I'd emerge from the memory having grown a bit in my confi-
dence to navigate science and the world without my friend. There are
always more cookies and milk to be shared in life.

Other times, this same memory led me to imagine all that could
never be with Xu. I'd feel overwhelming sadness because it was a mo-
ment I could never recreate with him. Instead of trading my empty glass
with Xu’s full one, I'd trade my empty glass with the bartender.

And sometimes I'd remember for the sake of learning something new.
I'd go to the top of the Prudential to get lost in the music and memories
until they all brought Xu back. And when they did, I would say the
things I wish I'd said to him years earlier. I would hug him for longer than
I ever had before. And I would order dessert again to see him laugh out
of pure joy. Retrieving this memory was a miniature miracle in its ability
to bring the past back to life, so I'd go to the lounge to relive this mo-
ment with my memory of him again and again. Each time felt full of
purpose—I was learning to rewrite what my past meant to me.

Just what exactly that purpose is continues to change and will evolve
throughout the narrative in this book. All T know is that learning about
memory brought me to Xu, one of the closest friends I'd make in my
life. Memories now bring me back to him. In a way that I find biologi-
cally meaningful, Xu and I are still connected. I sometimes even dream
about our time at the Prudential together and relive it with fantastical
details. The music plays the same, but the skyscape behind the lounge
shape-shifts into the buildings on MIT’s campus or some of the play-
grounds from my childhood. Retrieving a memory offers a chance to
change what it means to us, to update it, regardless of whether we're
even awake. The meaning of our memory together at the Prudential is
mercurial, but it’s where the should haves of my life with Xu find resolu-
tion. This is comforting because a memory may transform me entirely,
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but I have the power to transform it as well—both with my mind and
with my science.

Atits heart, How to Change a Memory is about these transformations:
your brain transforms moments into engrams, the theorized physical
units of memory imprinted in your brain, and these engrams are
controllable—they can be transformed and in turn can transform us as
human beings. That memory has so much transformational power is the
most astonishing thing that I know, and I have dedicated my career to
understanding just how far we can push this power in the lab. In this
book, I will take you on the journey that I myself traveled, both profes-
sionally and personally, to understand the new science of memory ma-
nipulation. I've started the story of that journey in this chapter, with my
and Xu’s breakthrough in artificially activating a memory in a rodent
brain. In many ways this experiment—and our friendship—was indeed
the breakthrough that jump-started my career and propelled me for-
ward into a new chapter in my life. But like all stories, this story has deep
roots, a backstory that did not start with me, or with Xu; our research
in memory manipulation rests on a foundation of contemporary tri-
umphs in neuroscience, which we explore in part L.

Twenty-first-century neuroscience has successfully tracked where
memories reside (chapter 1), and it has measured how they change over
time (chapter 2). This work has permitted neuroscientists to erase and
activate memories of all kinds (chapter 3), as well as to create and implant
false memories (chapter 4), all with extraordinary clinical applications
(chapter 5). We'll follow the path of some incredible scientists whose work
has brought us to the very cutting edge of memory research. We’ll unpack
their breakthroughs and build a new understanding of how memory
works, as well as how we can begin to artificially change memories to en-
able biological well-being. The goal of part I, therefore, is to provide a
framework for the neuroscientific basis of memory and its manipulation.

In part II, we look at how artificially controlling memory changes our
very understanding of the nature of what memory is for and how it in-
tersects with our lives. Memories build our futures through dreams and
imagination (chapter 6), and they sculpt our overall sense of being to
endow us with an identity (chapter 7). Manipulating memory has the
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power to change life as we know it: our quest concludes in chapter 8
with a forward-thinking account of the promises and perils of memory
manipulation. The goal of part II, therefore, is to illuminate just how
intertwined the human condition is with memory so that we emerge
with a profound appreciation for the very thing that enables our liveli-
hood and sense of self.

My quest to manipulate a memory is as scientific as it is personal. In
each chapter I fold in some of the most valuable memories I've made in
my life, both in and out of the lab. These personal stories are meant to
showcase how the scientific process works from the perspective of the
people who did the discovering. There’s a very human element at play
in every discovery, which is sometimes overlooked or not told at all. Just
as the work that Xu and I have done to manipulate memory builds on
the foundational neuroscience that came before us, my own personal
journey as a scientist is the product of my past, of my own memories,
and of memories that predate me. My parents and siblings came to the
United States from El Salvador, fleeing civil war, many years before I was
born; their memories and their love for me form the foundation of who
I'am as a scientist.

I've struggled along the way, as we all do, but I've also experienced
the joy of true friendship and the fulfillment that comes from making
my parents proud, both of which have imbued my work with meaning.
I've learned so much about how memories can outlive us and the heart-
break that occurs when the things we love become memories them-
selves. There is a pulse to memory that beats on, far beyond the biologi-
cal lifespan of the brain which housed it first.

My quest to manipulate a memory began with a friendship. Xu and
I belonged to each other.! The truth is that we all contain engrams of
each other—engrams of those who are living and engrams that outlive
those who are gone. This book is my attempt to make sense of the
enigma of memory—the snippets of remembrances, the brief moments
in time, the decisions we make, the blackouts, the imagined, and the
dreamt of—all the things the brain does to breathe life into the past so
that we can heal and become whole again. This book is my engram of
Xu, and how my engram managed to outlive him, too.

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

INDEX

AA (Alcoholics Anonymous), 171

academia, criticisms in, 12-13

activity-dependent c-Fos upregulation, 25

addiction, 80, 164, 177; binge drinking,
168-69; changing understanding of
experience, 173; connection as opposite
of, 170; hangover-induced anxiety,
167-68; intervention by friends, 170;
memory of bender, 167; regret of not
seeking help, 169—70; sobriety and, 174,
175

adeno-associated viruses, 25

alcohol: binge drinking, 167-69; drowning
memories with, 170; experience with,
163; lucid dreaming in recovery, 207n2;
sleep and, 163; sobriety and, 174, 175

alcohol use disorder, family struggle with,
171

Alzheimer’s disease, 11, 93

amnesia: drugs blocking memory
formation, 185-86; hippocampus, 137;
memory and, 92-93; Ryan on bringing
memory back from, go-91

amnesic patient (E.P.), bilateral damage to
hippocampus, 61, 62

“Amnestic Trace, The,” 88

amygdala: brain’s emotional loci, 73,
97; engram location, 187; memory
formation, 97

anthropomorphic conjecture, mouse
recalling memory as, 7-8

anxiety, 6, 114, 116, 164, 189; animal behavior,
123; disorders, 81; grief and, 176; panic

attack and, 4; reactivating positive
memories, 124

Aristotle, on dreams, 136

atoms, change in human body, 160

auto-mechanics, memory researchers as, of

brain, 3

Axel, Richard, on artificially activating cells,

109

Barrymore, Drew, character in 5o First
Dates, 61

Begley, Sharon, on something incredible
waiting to be known, 183

Bell, Dugald, on absence of evidence,
20405

Benchenane, Karim, memory formation in

sleeping animal, 206n2

bidirectional switch, positive and negative
engrams, 108

BIOCOM 200 computerized image-
processing, 60

biology, world of unrest, 156

Blade Runner 2049 (movie), 96-97

Bontempi, Bruno, on reorganization of
brain circuitry, 60

Born, Jan, on regulating emotional
responses of negative memory, 171

Boston Marathon, 64; bombing at 2013,
76-77, 85, 93; dream of running, 76;
memory of running, 77-79, 85-86,
93; unofficial runners as bandits,
20302

Boston University, 14, 28

229

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

230

brain: activating cells and jump-starting
recollection, 87-89; changing moment to
engram, 156—57; domino effect of
external stimuli to memory, 3-4; finding
inconsistency, 142; fly, 5; hearing the
music of the, 192; human, s; information
for flexible future use, 99-100; jump-
starting cascade of events, 187; Lipton on
study of, 28; memories as building
blocks, 136-37; memory location in, 191;
modifying memories by time and
experience, 162; negative valence systems
of, 121; neuroscience and, 115; neurosci-
ence of broken, 114-15; predicting loss of
individual, 148; preplay and replay of
memory, 138—39; promoting growth of
new cells, 124; prospective coding, 139;
replaying moments during sleep, 139-40

Brain and Cognitive Sciences building, 1;
MIT’s graduate program, 21; Ramirez’
graduate school acceptance, 30

brain cells, Deisseroth Lab, 45-46

brain circuitry, paper on reorganization of, 6o

brain stimulation, memory editing, 184-86

Buckner, Randy, on mental time-travel, 152

Cajal, Santiago Ramoén y: Golgi and, 47;
human as sculptor of own brain, 182; on
improving Golgi stain method, 39;
landscape of brain, 38; on memory, 43

Capital Grille, experience at, 158-59, 162

cells: activating, and jump-starting recollec-
tion, 87-88; response to name, 160

change: biology of, 157, 176—77; concept,
156; drift, 161-62; exercise remodeling
memory circuits of brain, 173; narrative
identity, 165-66; negative memories,
171-72; physics, 160; posttraumatic
growth, 174; power of memory, 178-79;
representational drift, 161

Channelrhodopsin-2 (ChR2), 11; explaining
in Spanish, ss; studies of, 45, 46, 53; test
tube label, 21

INDEX

channels, ions and cells, 46

Chen, Briana, on reactivating positive
memories, 124

childhood memories, 56—57

chloride ions, channels, 46

circuits, teams of cells forming, 58

cognitive behavioral therapy (CBT): major
depressive disorder, 122; remodeling
memory circuits of brain, 173; treating
disorders, 124

cognitive psychology, knowledge of
someone’s death, 147

collaboration, 36—37

collective memories, 79

Columbia University, 42, 74, 109

Corkin, Suzanne, study of HM, 42

Cowansage, Kiriana, on memories in
numerous brain areas, 97

creativity, imagination, 141-42

Creed, Meaghan, optogenetics abolishing
pathological behavior in rodents, 193

criticisms, academia and, 1213

Curie, Marie, radioactivity, s1

Dark Knight Rises, The (movie), 57

death, 164; Xu Liu, 143—46, 165

deep brain stimulation (DBS): memory
editing, 185; optogenetic-inspired
procedures, 193

Deese-Roediger-McDermott paradigm,
false memory generation, 102

Deisseroth, Karl: on optogenetics, 45;
on use of optogenetics, 6263,
206ns

de Laviléon, Gaeton, memory formation in
sleeping animal, 206n2

Delgado, Mauricio, on active recall of
positive memories, 124—25

dementia, 104

Denny, Christine, on neural mechanisms of
learning and memory, 74

depression, 11, 116; animal behavior, 123;

grieving the loss of future, 148—49;

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

INDEX

predicting treatment for, 122; reactivating
positive memories, 124

Destrade, Claude, on reorganization of
brain circuitry, 6o

Diablo (game), 34

Diagnostic and Statistical Manual of Mental
Disorders (DSM), 118, 119, 120, 121

Donaldson, Zoe, optogenetically manipu-
lating social memories, 205n3

Donnett, Dan, on secret of happiness, 200

Doogie Howser, M.D. (television show), 43

“Doogie” mice, superior memory of, 43

dopamine, as pleasure hormone, 120

doxycycline, 25, 26

dreaming, sleeping and, 140

dreams: Aristotle on, 136; Freud on, 136;
future collapsing, 149; imagination
and, 135-37, 142—43; lucid, of seeing Xu,
149—51; psychological aftermath of losing
Xu, 151-52

drugs: blocking memory formation, 185-86;
changing emotional intensity of
experience, 173; mental disorder
treatment, 118-19; neurons and, 44

Early Independence Award, NIH, 180, 188

Eichenbaum, Howard: admission, 32; as
advisor, 28—29; front row for thesis
defense, 179; Red Sox fan, 28

Einstein, Albert, relativity, 51

El Salvador, 66, 125; early memory of] 9;
escaping civil war of, 30, 33, 182; father’s
story of sneaking across the border, 181;
memory of, §9; mom’s time in, 112, 114, 11§

emotion(s), episodic memory and, 69-71

emotional components, Redondo and Kim
on rewriting memories and, 107-8

emotional memory: engaging brain, 72-73;
visual stimulus, 84, 204n4

encoding, memory process, 89, 16, 47

engram(s), 11, 130; artificial creation in
brain, 187; artificially editing during
retrieval or recall, 186; bidirectional

231

switch for positive and negative, 108;
brain changing moment into, 156-57;
brain transforming moments into, 17;
as holy grail of memory neuroscience,
3; idea of, 155; introducing idea of
manipulating, 55-356; Lashley’s hunt
for, 40; living memory in brain, 193;
location everywhere in brain, 186-87;
loss of a friend, 142—43; memory trace,
3; presentations about, 75; research,
200-201; term, 70; thesis defense on
work, 180-82; Xu’s, 163; Xu’s final, 146

ensembles: brain, 63—64; teams of cells, 58

epilepsy, Penfield treating patients with, 40—41

episodic memories, 50, 51, 59; emotions
and, 69-71; semantic memory and, 72

Eternal Sunshine of the Spotless Mind
(movie), 11, 72, 78

ethical dilemmas, memory manipulation
and, 194-95

events, episodic memory, 69—70

exercise, remodeling memory circuits of
brain, 173

experience, memory formation without,
109-10

exposure therapy, 172; internal, 82

external stimuli, domino effect to memory,
34

extinction, process of, 80

false memories: act of remembering, 102-3;
artificially creating, 110-11; Deese-
Roediger-McDermott paradigm, 102;
examples of, 98—99; Mandela Effect, 99

family: childhood memory, 56-57; finding
love amid loss, 163

fear conditioning, Psych 101, 79-80

fearlessness, sense of, 73

fear memories, 6-7, 84, 170, 203—4n3;
Josselyn on selective erasure of, 73-74;
reawakening of, 92; selective erasure of,
72, 73; Tomds’s experiment, 90—91

5o First Dates (movie), 61

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

232

fly brain, 5

fMRI (functional magnetic resonance
imaging) ,36

Food Network, 27

Forbes (journal), 12

477 anti-Rabbit, test tube label, 21

Frankland, Paul: amnestic memory trace, 93;
on memory formation without experience,
109-10; offering an invitation to speak,
154-55; on reawaking memory, 92

Fredrickson, Barbara, on undoing
hypothesis and positive emotions, 122—23

Free Solo (documentary), 203n1

French National Centre for Scientific
Research, 206n2

Freud, Sigmund: on dreams, 136; on
psychological disorders, 117

Fried, Itzhak, on brain stimulation, 185

Frontiers in Psychology (journal), 154

functional magnetic resonance imaging
(fMRI): lucid dreaming, 153; memory
editing, 184; observing brains in
real-time, 101; scientific idea of Ogawa,
204-5n2; tool for observing cell
involvement in memory, 192; on true
and false memory, 104

future: adjusting to the loss of a person,
142-43; collapse of the dream of, 149;
control of, 137; hope using memory to
imagine, 153; memory manipulation, 133;
prediction error, 142; projecting

ourselves into, 134

Gatsbian green light, 29

generalized anxiety disorder, 119, 205n2

genes: Kandel disrupting memories and,
42; Tonegawa studying single, 42

Golgi, Camillo: Cajal and, 47; landscape of
the brain, 38; staining technique for brain
cells, 39

Gore, Felicity, on artificially activating
cells, 109

Goshen, Inbal, on use of optogenetics, 62—63

INDEX

graduation: surprise celebration after,
182—-83; thesis defense, 179-82

Griff, Johannes, optogenetics and
emotional responses of old memory, 81

Greek mythology, Ship of Theseus, 159, 160, 161

Grenada, memory of; 167, 175

grief: loss of future, 148—49; memory and,
144—46; response to loss, 147

Guitar Hero (game), 29

Guskjolen, Axel, on reawaking memory, 92

Gutzeit, Vanessa, optogenetically manipu-
lating social memories, 205n3

Guzowski, John, on activity history of
individual neurons, 204n1

Han, Jin-Hee, on erasure of fear memory, 73

Hari, Johann, on connection as opposite of
addiction, 170

Harvard, John, 193

Harvard Medical School, hippocampus and
cortex for memory formation, 139

Harvard Society of Fellows, 180; interview
at Yellow House, 193-96

Harvard University, 12, 100, 113

Hiusser, Michael, “unintended” region of
hippocampus, 203n1

Hen, Rene, on neural mechanisms of
learning and memory, 74

Heraclitus, on memory experience, 100

high-resolution cellular imaging, tool for
observing cell involvement in memory, 192

hippocampus, 23, 120; activating cells in
mouse, 123—24; amnesia and, 137; ChR2
fluorescing green in cells, 53; engram
location, 187; episodic memories, 59; fear
memory, 6; Goshen'’s results on, 63-64;
hippocampal dentate gyrus, 11; learning
and memory, 48; memory, 35; mouse,
2; place cells, 138; remote memory
group, 60; replaying contents for
consolidation, 138—39; stimulation for
restoring memories, 137-38; “unin-

tended” region of] 53, 203n1

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

INDEX

HM. See Molaison, Henry (HM)

Hofmann, Stefan, on altering problematic
memories, 83

Hollywood, memory depiction, 96-97

holographic optogenetics, brain cell
stimulation, 110

holy grail, memory neuroscience, 3

Honnold, Alex, underachieving amygdala,
203n1

hope, imagining a better future, 153

human, well-being of, 115

human brain, 5

Hyman, Steve, on drug-based treatments,

119

identity: brain’s Ship of Theseus, 160;
continuous sense of, 157; memory and,
159, 17576

imagination: creativity and, 141-42; dreams
and, 135-37, 142—43; memory and, 135,
140—41, 146

Inception (movie), 3, 64, 67; soundtrack, 64, 65

infantile amnesia, term, 92

Inokuchi, Kaoru, on artificially linking
distinct experiences, 109

Insel, Tom, on diagnosis of mental
disorders, 120

Inside Out (movie), 128

International Space Station, 27

Interstellar (movie), 180

“In the Mood,” piano memory, 13-14

ions, cells and channels, 46

Jaffard, Robert, on reorganization of brain
circuitry, 60, 61

Jeopardy (television show), 70

Josselyn, Sheena: amygdala and memory,
73, 97; erasing a memory, 91; on erasure
of fear memory, 73-74

Kandel, Eric, manipulating genes and
memories, 42
ketamine, 173

233

Khalaf, Ossama, optogenetics and
emotional responses of old memory, 81
Kill Bill (movie), 205n1
Kim, Christina, on psychedelic engrams, 173
Kim, Josh, on rewriting memories and
emotional components, 107-8, 111
“Know thyself;” Temple of Apollo, 152
Kraepelin, Emil, father of psychiatry, 117
Kushner, Steven, on erasure of fear

memory, 73

lab mate. See Liu, Xu

Lashley, Karl, searching for memory in the
brain, 40

Laurent-Demir, Catherine, on reorganiza-
tion of brain circuitry, 60

LeDousx, Joe, on neural mechanisms
underpinning reconsolidation, 83

legal system, Loftus on informing and
reforming, 101

Legend of Zelda, The (game), 34

Lipton, Paul, on study of brain, 28

Liu, Xu: on changing view of memory, 44;
death of, 143—46; on Deisseroth lab
work, 45-46; encouragement of, 26-27;
engrams of, 146; lab partner, 1-2; lucid
dreams of seeing, 149—51; memory of
losing, 163; memory of meeting, 68;
memory with, 16-18; Ramirez and, 12,
33-36,126-30, 128; Ramirez and,
discussing memory erasure, 74—79;
Ramirez imagining future with, 134,
136-37; Ramirez remembering, 201-2;
Ramirez sharing memories of, 180-82;
researching with, 4—7; TEDx talk with
Ramirez, 94, 111, 198

Liu Lab, 126

Loftus, Elizabeth: on difference between
true and false memory, 104; on
imagining an event, 104-5; on informing
and reforming our legal system, 101;
misinformation effect, 100-101; on neural

basis of human memory, 100

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

234

lucid dreams: accessing past and future, 152;
aftermath of Xu’s death, 163; recovery
from drinking, 207n2

Liischer, Christian, optogenetics abolishing

pathological behavior in rodents, 193

McDermott, Kathleen, on person’s
imagining, 134

McGraph, Callie L., on predicting treatment
for major depressive disorder, 122

major depressive disorder, 122

malleability, memories, 100

Mandarin, explaining research in, 54

Mandela, Nelson, false memories about, 99

Mandela Effect, 99

Marathon Monday, Boston Marathon, 76,
78-79, 85, 86-87, 93

Market Basket aisles, memory of, 56-57, 67

Matrix, The (movie), 89

Mayberg, Helen, on predicting treatment
for psychiatric disorder, 122

Mayford, Mark: on formation of memory,
97; on memories in numerous brain
areas, 97

MDMA, 173

Memento (movie), 11, 61

memory: categorizing, s0—s1; cellular
mechanisms in mice and humans,
83-84; childhood, 56—57; creating map
of structure of, 191-92; definition of, 8;
emotional, 59; emotional components,
58; encoding, storing, retrieving, and
updating, 8-11, 16; episodic, 50, 51, 59;
external stimuli as domino effect to, 3-4;
fear, 6—7; finding the positive meaning
of, 172; formation without experience,
109-10; functional map of; 192; gene
manipulation and, 42; grief and, 144-46;
imagination and, 135, 140—41; informa-
tion storage for future use, 99; jump-
starting recollection, 87-89; losing
someone, 146—49; manipulating, 17-18;
motor, 59; music as backdrop, 65-67;

INDEX

neural activity and bond strength with
people, 147-48; “on” switch, 74; personal
anthology and, 68-69; phenomenon
of, 5, 8; photo albums holding, 157-59;
playable sequences, 139; positive
meaning in negative events, 206n8;
power of, to change our lives, 178-79;
recent, 5o, 51; recollection, 82—83;
reconsolidation window of, 84; remote,
50, 51; rodents as model study organism,
5-6; science of, 51; search for meaning,
147; semantic, 59; sleep and, 153-54;
Tonegawa Lab for biological basis of,
22-23; treatment of editing, 195-96

memory erasure, 88; concept of, 75; Xu and
Ramirez discussing, 74-79

memory extinction: process, 80, 82; science
of, 8081

memory formation: hippocampus
and cortex, 139; neural activity, 138;
sleeping animal, 206-7n2

memory manipulation: artificially creating
engrams in brain, 187; artificially editing
engrams while being retrieved or
recalled, 186; discovery on, 14-15; editing
memories while being stored, 184-86;
engrams located everywhere in brain,
186-87; ethical dilemmas and, 194-95;
future, 133; goal of Ramirez Lab, 189;
imagined future, 135-36; themes in
science of, 183-88

memory neuroscience, engram as holy grail, 3

memory research: history of neuroscience,
39-40; manipulation in, 11-12; Scoville
and, 42

memory researchers, as auto-mechanics of
brain, 3

memory systems, 59, 60—61; concept of,
59

“Memory Trace, The,” 88

mental diamond, formation of, 115

mental disorders, 115, 116; classifying,

119—20; diagnosing, 118; drug treatments

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

INDEX

for, 118-19; Research Domain Criteria
(RDoC) project classifying, 120-22

mental health disorders, redefining, 116-17

Mighty Morphin Power Rangers action
figure, 57

Miller, Glenn, “In the Mood,” 13

Milner, Brenda, study of HM, 42

misinformation effect, Loftus on, 100-101

MIT (Massachusetts Institute of Technol-
ogy), 1, 7, 14, 27; Great Dome, 29

Molaison, Henry (HM): bike accident and
epileptic convulsions of, 41-42; bilateral
damage to hippocampus, 62; experience
of, 58; memories of, 59; memories of
childhood, 59; study by Milner and
Corkin, 42

Monfils, Marie-H, on reconsolidation
window of memory, 84

motor memory, 59

mouse: experimentation, 1-2; forming
“neutral” memory, 106; hippocampus, 2;
reactivating positive memories, 190;
recall of false memory, 106-7; stimulat-
ing hippocampus, 123-24. See also
rodents

music: as backdrop of memory, 65-67; rule
inlab, 54

Nader, Karim, on neural mechanisms
underpinning reconsolidation, 83

narrative identity, process of, 165-66

National Institute of Mental Health
(NIMH), 119, 120

National Institutes of Health (NIH), 164,
196; Early Independence Award, 180, 188;
funding for Ramirez Lab, 196-97

Natronomonas pharaonic, NpHR (halorho-
dopsin), 63

Nature (journal), 11, 60, 61

negative memory: changing, 171-72;
positive memories and, 172-73

negative valence systems, brain, 121, 205n3

neural activity, memories of people, 147-48

235

neurons, drugs and, 44

neuroscience: brief history of, 39-40; broken
brains and broken thoughts, 114-15;
court of law and, 195; growing field, s1;
manipulating memory, 18; memories as
dynamic reconstructions of past, 96;
memory and amnesia, 92—93; memory
manipulation, 75, 116; suppression of old
memories, 82; twenty-first-century, 17

neuroscientists, playing hide-and-seek with
memories, 91-92

New York University, 83, 84, 139

1984 (Orwell), 137

Nobel Prize, 38

Northwestern University, 126, 128, 145

NpHR (halorhodopsin), Natronomonas

pharaonic, 63

Oak Ridge National Laboratory, 160

Ogawa, Seiji, scientific idea of fMRI,
204-5n2

“on/oft” switch: goal of Ramirez Lab, 189;
memory, 74

“on” switch, memory, 74

optic fibers (OF), labels on rodents, 5254

optogenetics, 44; depression-related
symptoms in mice using, 206ns;
development of, 45; Goshen and team on
use, 62—63; holographic approach, 110;
imaging and, 48; listening in on animal
brain cells, 189-90; meaning of, 45;
turning cells on and off, 47

Orwell, George, 1984, 137

Owen, Adrian: responsive brains of
patients, 36; tests measuring vegetative
state, 35-36

Padilla-Coreano, Nancy, on memory
extinction, 81

panic attack, 4, 114

parents: background of Ramirez), 30-31,
30-33; Ramirez sharing graduate school

acceptance with, 30; support of, 31-33

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

236

Pascoli, Vincent Jean, optogenetics
abolishing pathological behavior in
rodents, 193

Patriots, Super Bowl, 167

Penfield, Wilder, treating epilepsy patients,
40-41

Phelps, Elizabeth: on altering problematic
memories, 83; on reconsolidation
window of memory, 84

photo albums, memories of past, 157-59

physics, s1; change and, 160

place cells, memory formation, 138

Plato: on memory, 43; modern metaphor,
37-38; Theaetetus, 37

pleasure hormone, dopamine, 120

“Pledge, The,” 88

Pokémon cards, 158, 159, 160, 162

positive emotions, undoing hypothesis and,
122-23

positive memories: biological potency of,
124-25; as biological tools in brains, 125;
recollection of negative memory and,
172—73; savoring the past, 172

posttraumatic growth, 174; outcome of, 174

posttraumatic stress, 116

posttraumatic stress disorder (PTSD), 4, 6,
80, 81,189

potassium ions, channels, 46

prediction error, reality deviation, 142

prelimbic cortex, quieting activity, 81

Presidential Early Career Awards for
Scientists and Engineers, 197

Prestige, The (Priest), 88

Priest, Christopher, The Prestige, 88

Principles of Neuroscience, 128

Project Inception, 96, 105, 106, 107, 110

Project X, 3, 35, 40, 91, 105, 107, 110, 180, 202

Project Zero Mouse Thirty, 111

prospective coding, brain preplaying events,
139

Proustian madeleine, 123

psilocybin, 173

Psych 101, fear conditioning, 79-80

INDEX

psychedelic engrams, 173

psychiatric disorders, 116; defining, 119;
history of, 117; Kraepelin on behavioral
patterns of symptoms, 117

psychological disorders, Freud on, 117

psychological health, personal agency and,
166

Queen, false memory, 98
Quirk, Greg: on memory extinction, 80-81;

quieting activity in prelimbic cortex, 81

Rabbit anti-c-Fos, test tube label, 21

Ramirez, Steve: father of, on grief and
memory, 144—45; imagining future,
133—34; imagining future with Xu, 134,
136-37; learning of death of Xu, 143-46;
Presidential Early Career Awards for
Scientists and Engineers, 197; remember-
ing Xu, 201-2; sharing memories of Xu,
180-82; TEDx talk with Xu, 94, 111, 198;
thesis defense, 179-80; Xu Liu and, 12,
33-36, 126-30, 128

Ramirez Lab: five-minute pitch on idea of,
188—90; funding by NIH, 196-97; Harvard
Society of Fellows interview, 193-96;
question-and-answer session, 190-93

Rancourt, Rene, singing national anthem, 87

real memories, forming, 101-2

recent memories, 50

reconsolidation: memory, 83-84; memory
of bombing at marathon, 86-87

redemption, 173

Redondo, Roger, on rewriting memories
and emotional components, 107-8, 111

Rees, Martin, on absence of evidence,
204n5

Reijmers, Leon, on formation of memory, 97

remembering: identity and memory,
175—76; tool for building an identity, 165

reminiscence therapy, phenomenon of, 172

remote memories, 50

representational drift, phenomenon, 161

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

INDEX

research, explaining to family, s4-55

Research Domain Criteria (RDoC),
identification of biomarkers, 122,
205n4

Research Domain Criteria (RDoC) project,
classifying disorders, 120-22

reticulum, continuous network of brain, 38

retrieving, memory process, 8, 10, 16

Ritchey, Maureen, fMRI memory researcher,
205n2

rivalries, 38

rodents: Lashley training, 40; optic fiber
(OF) labels, 52-54; perfect model
organism, 5-6. See also mouse

Rolls, Asya, on activation of brain’s reward
systems, 125

running, unofficial runners as bandits, 76,
203n2

Rutgers University, 82, 124

Ryan, Tomas: on amnestic memory trace,
93; on brain, 200; on bringing memory
back from amnesia, 90—91; on memories
permanent in the brain, 9o; as new Team
X member, 89

Sagan, Carl: on absence of evidence, 204ns;
on extraordinary claims, 54; on scientific
process, 92

Schacter, Daniel: on difference between
true and false memory, 103, 104; imaging
techniques for recalling events, 101; on
imagining an event, 104-5; on neural
basis of human memory, 100; The Seven
Sins of Memory, 103

Schafe, Glenn, on neural mechanisms
underpinning reconsolidation, 83

Schiller, Daniela, on reconsolidation
window of memory, 84

science, memory suppressors, 79

Scoville, William Beecher, surgery of HM, 42

Scripps Research Institute, 97

semantic memory, 59, 72; searching for a
meaning, 86

237

Semon, Richard: on memory as imprint or
trace in brain, 2—3; memory trace, 40; Xu
testing hypothesis of, 6

September 11, 2001, collective memory, 98

serotonin, 120

Seven Sins of Memory, The (Schacter), 103

Severance (television show), 93

Shakespeare, William, manipulating
memories, 85

shape-shift, memories, 66

shape-shifting, 52, 151

Shelby, Leonard, Memento movie, 61

Ship of Theseus, 161, 164, 165, 176, 177;
identity as brain’s, 160; thought
experiment, 159

Sierra-Mercado, Demetrio, on memory
extinction, 81

sleep: alcohol and, 163; memories and,
153-54; memory consolidation during,
139—40; psychological aftermath of losing
Xu, 151-52

Snow White (Disney), false memory, 98-99

social media: experiencing someone’s
absence, 148; routine of checking, 143

Society for Neuroscience, 56, 180, 201

Socrates, Theaetetus and, 37

sodium ions, channels, 46

Spanish, explaining research in, 55

specific moments, 52

Speer, Megan, on active recall of positive
memories, 124—2§

Squire, Larry R., study of damaged
hippocampi, 61

stages of memory, encoding, storing,
retrieving, and updating, 8-11

Star Trek (television show), 47

Star Wars, false memory, 98-99

Stevenson, Robert Louis, on making
memories tolerable, 87

storing, memory process, 8, 910, 16, 47

stress, 114

substance use disorder, National Institutes
of Health (NIH), 164

For general queries, contact info@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

238

sugar levels, memory enhancement and, 185

superheroes, 112-14; interpretation of, 112;
origin story of, 113-14; parents as, 112—13

Super memory, 104

Suthana, Nanthia, on brain stimulation, 185

systems, circuits in brain, 60-61

systems consolidation, term, 61

Tang, Ya-Ping, memory of “Doogie” mice, 43

Team X, 33, 89, 91, 105, 109, 126, 127, 128, 145,
154, 180, 190, 201

TED talk, Dennett, 200

TEDx talk, 94, 95, 111, 198; memory of being
onstage, 95-96

Temple of Apollo, “Know thyself,” 152

Teng, Edmond, study of damaged
hippocampi, 61

tetracycline transactivator, 25§

Theaetetus (Plato), 37

thesis defense: PhD graduation, 179—-80;
presentation, 180-82; surprise cele-
bration after, 182-83

Thirsty Ear Pub, 54

“Time,” Inception (movie) soundtrack, 64, 65

timeline, past, present, and future selves, 135

Tonegawa, Susumu: biological basis of
memory, 22-25; Red Sox fan, 24, 28;
single gene for communication, 42; Xu
Liu and, 2425

Tonegawa Lab, 45, 107, 111, 127, 145, 194, 196;
meeting, 54; Xu and Ramirez, 61-62

Total Recall (movie), 3, 195

Toy Story (coloring book), 57

transcranial direct current stimulation
(tDCS), memory editing, 185

Tsien, Joe, memory of “Doogie” mice, 43

Tufts University, on suppressing negative

experience, 17172

INDEX

Tulving, Endel: on influence of memory
categories, 70—71; theory on memory
storage, 69

University of Bordeaux, 60
University of California, Irvine, 100
University of California, Los Angeles,
memory research lab, 57, 58
University of California, San Diego, study
of damaged hippocampi, 61
University of Colorado, 205n3
University of Geneva, Switzerland, 135
University of Liége, Belgium, 135
University of Puerto Rico, 80
University of Toronto, 73, 92, 109
University of Toyama, Japan, 109
University of Washington, 110
updating, memory process, 8, 10, 11, 16

Vetere, Gisella, on memory formation

without experience, 109-10

Warden, Melissa, on use of optogenetics,
206n5

warping memories, brainstorming project,
105-7

Washington University, St. Louis, 134

White House, 199; Presidential Early Career
Awards for Scientists and Engineers, 197

world, understanding by experiencing, 68

World Trade Center, collective memory of
attack on, 98

Worley, Paul, on activity history of
individual neurons, 204n1

Wright, William, on absence of evidence,

204n5

Zimmer, Hans, composer, 64

For general queries, contact info@press.princeton.edu





