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1 COUNTING SYNAPSES

My father, a practicing pediatric neurologist, was also a scientist. As a child,

I remember my father peering at hundreds of micrographs of neuronal connec-

tions. Billions of these small connections form between neurons in the develop-

ing brain. Over the years he counted many, many synapses in post-mortem

brain samples. A US immigrant who grew up in wartime Germany, he quietly

shouldered his own childhood experiences. And he gained lasting fame –

among neuroscientists and others – by discovering something fundamental.

Brain synaptic connections increase dramatically during early human develop-

ment, as anyone might expect. But Peter – Dad – Dr. Huttenlocher – discovered

that, by themillions, these connections are also selectively removed as we learn

and develop. This process, now referred to as synaptic pruning, is the process of

reûnement that mediates our skills, our abilities and our memories [1].

Peter was born in Oberlahnstein bei Koblenz, in Germany, in 1931

(Figure 1.1). He was the younger of two brothers born to Else, an opera singer,

and Richard, a chemist. Peter remembered being the Dümmling (“simpleton”)

in the family. He was often distracted and struggled in school as a young child.

Peter adored his mother. He and his brother Dieter would run along cobbled

streets to the train station to greet their mother when she returned from work

singing in the Cologne opera. Peter had few other memories from his young

childhood with his mother, before she ûed Germany in 1936.

The details of what happened only emerged gradually. In a brief ûrst telling,

Else had visibility as a dramatic soprano in the Cologne Opera. But she refused

to join the state-mandated music guild, the Reichmusikkammer, and this drew

the attention of the authorities and endangered her family. Her legendarily

strong and proud demeanor included elements of being stubborn and this

included being stubbornly supportive of her artist/musician friends and col-

leagues who were Jewish. The months passed. The Nazi movement deepened

its inroads into lives and communities. Else was banned from singing and her

passport was conûscated. With little public notice, but nonetheless noticeably,

“undesirable” persons were being taken from their homes. Else and Richard

divorced. The Fürsorge (child welfare) authorities declared that Else was
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expressly unable to raise “Aryan children,” and Richard was given full custody

of young Dieter and Peter. After Else shamed the authorities about honoring

a prior commitment to sing at a Belgian opera house, her passport was

temporarily returned and she was allowed passage by the Nazis, only for this

single performance. She did not return. From Belgium, Else later received safe

passage and sponsorship to travel to the United States. While Else lived in

Belgium, and later France, Peter and Dieter traveled by train, with their father,

to visit their mother. A photograph shows Peter, six years old, with his mother

andDieter in Spa, Belgium, near the train station (Figure 1.2). The visit was the

ûnal farewell, before her departure. Peter did not see his mother again until

after the war, as a young man in the United States.

During our childhood, Peter rarely shared painful memories. I would hear

ûeeting mentions at most. But, in our late teens, he apparently believed my

brothers and I were ready to hear. On our ûrst trip to Germany, and thenmore

so when I was a college student living in Germany, he talked about his

childhood. In the dark corners of a Ratskeller (bar), or on the streets of small

villages where he grew up, he would tell stories that distracted with humor and

legend. He related how as a hungry post-war teen living in a small village he

Figure 1.1 The streets of Oberlahnstein in 1930 shortly before Peter’s birth.
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would swim in the local river – the Rhine. He would swim across the river to

steal apples from the orchard, then hike back upstream for the return. Or he

would hitch rides upriver on barges, from thewater. Crazy adventure tales. The

hunger – the lack of food – was only given a minor part.

As a teenager, Peter would swim near the Lorelei, a slate outcrop that towers

over an S-curve in the Rhine, a site of many boating accidents over the centur-

ies. The translation of Lorelei can be peaceful: a “murmuring rock”; or insidi-

ous: a “lurking rock.” Folklore has it that a siren, a singing beauty, laid in wait

among those rocks and distracted the shipmen. My father relished this tale.

The Lorelei tale inûltrated popular culture. Henry Heine wrote a poem about

the siren that was included in musical compositions by Shostakovich and

Figure 1.2 Peter (left) and Dieter (right) with their mother Else in Spa, Belgium, shortly

before her departure to the United States.
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others. My father would recite the opening to us, to acquaintances, to dinner

guests, ûrst in German then English:

Ich weiß nicht, was soll es bedeuten,

Daß ich so traurig bin;

Ein Märchen aus alten Zeiten,

Das kommt mir nicht aus dem Sinn.

I do not know what it means

That I should feel so sad;

There is a tale from olden times

I cannot get out of my mind . . ..

I now realize that, throughout my childhood, my mostly happy father

showed glimpses of this melancholy – melancholy tempered with humor and

kindness. Did this melancholy motivate him to understand the human brain?

Hehad a lifelong interest in philosophy aswell, and in understandingmorality

and human behavior. Pondering all the children who grow up through a war,

as Peter didwhile witnessingNazism, it is hard not to think about the impact of

these experiences on the development of their brains. We now know from his

work that synapses continue to be eliminated throughout childhood, at least

through adolescence and likely beyond, reûning the neuronal circuits that

inûuence who we are.
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2 DISCOVERING SYNAPTIC
PRUNING

For those who think that success in science must be based on
aggressive self-promotion and take-no-prisoners competition,
Peter Huttenlocher’s well-spent life teaches how critical insights
can gently but inexorably shift the axis of an entire scientiûc
ûeld, and spill out beyond their own conûnes to inûuence society
at large.

Chris Walsh, Professor of Pediatrics and Neurology,
Harvard Medical School, 2013

Peering at thousands of neurons under an electron microscope in the 1970s,

Peter sought to understand how the structures through which neurons com-

municate, known as “synapses,” change during development of the human

brain. How are these billions of synapses formed and reûned? How do these

circuits change, and allow us to remember, and to learn?What happens when

these connections go awry and what is their relationship to human disease?

The human brain has around 100 billion neurons and each neuron forms

multiple branching connections, resulting in roughly a trillion synapses in the

adult human brain. In the late 1800s, an improved window into understand-

ing the human brain was enabled by an advance in microscopy and imaging

of neurons. The Italian physician Camillo Golgi developed a staining tech-

nique using silver nitrate, which enabled a much clearer view of brain cells,

known as the “Golgi stain.” It densely stains an entire neuron and its long

projections, now known as the dendrites and axons. It was a modiûcation of

the Golgi stain that Peter and others used 100 years later to uncover new

information about how the human brain develops.

Building on Golgi’s techniques, in the 1890s Santiago Ramón y Cajal dis-

covered the physical structure of the neuron. A Spanish neuroscientist and

artist, Ramón y Cajal is known as the father of modern neuroscience. His

groundbreaking studies provided the ûrst window into understanding neuronal

connectivity, the basis for human memory. As an artist, Ramón y Cajal drew

exquisite and detailed images of everything he saw under the microscope. He

deûned the neuron as the structural unit of the brain and was the ûrst to
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visualize the beautiful network of connecting extensions and branches that

emanate from the body of a neuron. Some projections, the “axons,” tend to be

long and relatively unbranched, while others, the “dendrites,” are short and

highly branched. Ramón y Cajal also described a gap between the axons of one

neuron and the dendrites of a neighboring cell as a site of communication

between the two cells, later referred to as the synaptic cleft. Axons and dendrites

have since been shown to have distinct functions: generally, the dendrites are

post-synaptic, or on the receiving end of signals between neurons, and axons

are presynaptic, providing the signals that inûuence the receiving neuron.

In these early years, Ramón y Cajal postulated that the growth of neurons

and their ability to form new connections formed the basis for “memory.” This

was based on the observation that neurons form speciûc connectionswith other

neurons in a kind of “circuit.” He also proposed correctly that information

travels in one direction from the axons of one neuron to the dendrites of the

neighboringneuron, and that there are specialized functions of neurons.Motor

neurons transmit information from the brain to the periphery by, for example,

connecting withmuscles. Sensory neurons send information from the skin and

other peripheral tissue to the brain, to affect brain activity. Other neurons

reside in between the motor and sensory neurons and are referred to as “inter-

neurons” that provide communication between the sensory and motor

neurons. Ramón y Cajal’s work and theories are credited with providing the

origin for the synaptic theory of memory. Together with Golgi, Ramón y Cajal

received the 1906 Nobel Prize in Physiology or Medicine for this groundbreak-

ingwork. In 1937,when Peterwas just a youngboy inGermany, RamónyCajal

eloquently wrote, “I noticed that every outgrowth, dendritic or axonic, in the

course of formation, passes through a chaotic period, so to speak, a period of

trials, during which they are sent at random experimental conductors, most of

which are destined to disappear.” Peter cited this quote in his 2002 book Neural

Plasticity, as the ûrst reference to the idea of synaptic elimination [1].

The gaps between the axons and dendrites of neurons were referred to as

a “synapse” by the English physiologist Charles Sherrington. Sherrington

received the Nobel Prize in Physiology or Medicine in 1932 for showing that

reûexes (think of the human knee reûex) are not a simple arc of connectivity

but rather derive from integrated networks of activation between neurons. He

demonstrated that some neurons excite other neurons, while others inhibit the

activity of neurons, thereby enabling a coordinated and integrated response.

As part of this work, Sherrington proposed the idea of “synaptic communica-

tion” between neurons.

The idea that neurons communicate, and regulate the activity of other

neurons, paved the way for the evolving concept that these connections can
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change over time based on their input and experience. Neural plasticity

or brain plasticity is deûned as the ability of the nervous system to adapt

by reorganizing its structure, connectivity and function in response to

both external and internal stimuli. This concept of plasticity was raised

in the ûelds of both psychology and neuroscience as early as the 1890s.

Credit for the speciûc term “neural plasticity” has been given to the

Polish neuroscientist Jerzy Konorski.

When Peter launched his work on synapses in the developing human brain,

it was not known how these connections change during human development.

However, the idea that synaptic changes underlie brain plasticity was gaining

traction during the 1960s and 1970s. The work of David Hubel and Torsten

Wiesel elegantly displayed the plasticity of the developing non-adult brain.

Using sensory deprivation in kittens, Hubel and Wiesel deprived one eye of

visual input from birth by sewing it closed and then recorded the activity of

neurons on both sides of the brain. To the surprise of Hubel, Wiesel and their

colleaguesworldwide, a fewmonths after blocking input to one eye, all neurons

on both sides of the “striate cortex” responded to input from the intact eye [2]. It

was expected that the part of the brain that would have responded to the closed

eye would have remained quiescent. But instead, some brain areas previously

quiescent due to sensory deprivation had regained activity when studied

months after the start of the deprivation. The open eye had co-opted some of

the synaptic inputs from the closed eye, on the opposite side of the brain, as part

of a rewiring of synaptic connectivity. This provided direct evidence that the

visual cortical area of the brain is rewired due to the visual deprivation in one

eye. It also raised critical questions about how environmental changes lead to

a competition between synaptic connections and their remodeling.

The work of Hubel and Wiesel revealed that the plasticity and reorganiza-

tion of the visual cortex only occurred during a limited developmental window

of the kitten, referred to as the “critical period.” If the same experiment was

done in older cats, the sensory deprivation did not lead to a change in cortical

connectivity and rewiring [3]. Hubel and Wiesel also performed reverse sutur-

ing by opening the previously deprived eye and covering the dominant eye. As

long as this was done in the ûrst months of life, during this critical period the

newly uncovered eye co-opted the wiring of the ocular dominance pattern,

switching the “visual activity” to the uncovered eye that was now receiving the

input. These ûndings suggested that there was something unique about

younger animals which allowed for rewiring of neuronal connectivity leading

to functional plasticity.

It was precisely these questions about neuronal connectivity that Peter

aimed to understand in the early 1970s. In addition to his scientiûc work,
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Peter was busy running an active pediatric neurology practice and making

substantialmedical school teaching andmedical resident training contributions

at Yale University and then the University of Chicago. It was logical to be drawn

primarily to studying brain tissues from human patients with pathologies.

Through his work in the ûrst half of the 1970s, Peter discovered that there was

stunted development and abnormal shape of synapses from children with sig-

niûcant developmental delay [4]. This dendritic spine “dysgenesis” provided

support for the idea that the shape of synapses, and not just the number of

synapses, is a factor to consider when studying the plasticity of the human brain.

Using specimens obtained from autopsies, Peter studied the brains of chil-

dren who had intellectual disabilities, comparing them to samples from chil-

dren with “normal” development who had died for other reasons. He

undertook a painstaking set of studies using an electronmicroscope to acquire

hundreds of images from speciûc brain regions. He then scrutinized photo-

graphic prints of the electron microscope images and counted neurons and

synaptic junctions by hand (Figure 2.1). Peter found something interesting in

the “normal” brain samples. He realized that to understand what went awry

with disease he ûrst had to understand what happened during normal human

brain development. Peter later said that “the ûndings in the normal popula-

tion were more interesting than the abnormal population.” By the 1970s,

Figure 2.1 Synaptic proûles stained by the phosphotungstic acidmethod (PTA). Image is

from Peter Huttenlocher’s personal collection of the images of synapses used for

quantiûcation. Seven identiûable synapses were circled on the image.
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when Peter was doing this work, much of the work emanating frommolecular

bioscience laboratories was being done by graduate students, postdoctoral

trainees and scientiûc staff, working under the direction of a lead scientist.

Hearkening back to the days of Golgi and Ramón y Cajal, Peter instead did

much of this seminal work himself. One of Peter’s former trainees, Dr. Carter

Snead (Professor of Pediatrics, Neurology and Pharmacology, University of

Toronto), commented that Peter “did it the hard way.” He spent hours at the

microscope, analyzing brain samples. It was daunting to collect the samples,

and to perform the analysis of synapse numbers in a tiny region of the brain.

What did it mean to look at such a small piece of tissue when the human brain

was much larger? Could you accurately quantify synapses in these samples?

There weremany hurdles andmore questions than answers as Peter embarked

upon this work.

In his landmark single-authored paper published in Brain Research in 1979

[5], Peter reported on changes in synaptic density in a region of the human

cerebral cortex in individuals with no intellectual disabilities. He had found

something entirely unexpected. Early results had led him to broaden the study;

autopsy specimens were now used from the newborn period to advanced

adulthood. He observed that synaptic density in the adults was relatively

constant, with some decline at older ages (74–90). At the time of birth, the

number of synapses was already high in infants, comparable to the adults,

although themorphology of the synapseswas different in infants than inadults,

suggesting functional differences. During the ûrst months of life, there is robust

production of new synapses – to levels 50% greater than the adult brain. The

number of synapses peaks during childhood and then regresses.What wasmost

surprisingwas the elimination ofmany of these synapses during the subsequent

childhood years, a prolonged period of intense learning, up until late adoles-

cence or even adulthood (Figure 2.2). Peter wrote that “the human cerebral

cortex is one of a number of neuronal systems in which loss of neurons and

synapses appears to occur as a late developmental event.” He showed for the

ûrst time that there is elimination or “pruning” of synapses that coincides with

key developmental milestones in childhood such as learning to walk or speak.

The overall number of synaptic connections goes down, not up, as we learn and

remember. Synaptic connections are not just reûned. As part of healthy brain

development, millions of synapses are pruned away and lost.

Since the time of Peter’s discovery of synaptic pruning in childhood, and the

work of Hubel and Wiesel, there has been substantial progress in understand-

ing how neuronal activity inûuences synaptic pruning in mammals. This

activity-dependent synaptic pruning occurs in the developing nervous system

through the effects of both spontaneous neuronal activity and activity induced
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by sensory experiences, such as visual or auditory input. Synapses that are

stimulated and active are maintained while the quiescent synapses are elim-

inated during this developmental rewiring of neuronal circuits in the brain. As

an example, in work done in the 1980s by Shatz and colleagues, the impact of

neural activity on synaptic elimination during development was directly dem-

onstrated [6]. The retinal cells in the eye extend axons to a structure in the

brain known as the lateral geniculate nucleus (LGN). In the LGN, the retinal

axons branch and form exuberant synapses during development. Subsequently,

these robust branches and synapses in the LGN are pruned and reûned to form

an organized visual map. The neurons that respond to a particular stimulus are

co-localized in speciûc areas of the LGN. But when neural activity is blocked

synaptic pruning fails, leading to a disorganized network of branching axons

and synapses in the LGN and, as a result, a tangled visual map. In recent

decades, our understanding of the molecular underpinnings of activity-

dependent synaptic pruning has exploded and this work has uncovered an

elegantmulti-tiered system that regulates synaptic pruningduringdevelopment.

However, at the time of Peter’s discovery of synaptic pruning, widespread

recognition by neuroscientists did not quickly follow. While the discoveries

fascinated Peter and a cohort of scientists, their reports on the work, like the

work of Hubel andWiesel, were submitted for publication to respected but less
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Figure 2.2 Synapse counts from themiddle frontal gyrus, showing reduction of synapses

with age – the ûgure that is most frequently shown by other scientists. From:

Huttenlocher PR. 1979. Synaptic density in human frontal cortex – developmental

changes and effects of aging. Brain Res 163:195–205. doi: 10.1016/0006-8993(79)90349-4.

Reprinted with permission.
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