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For Shannon, who has always deserved a serious explanation.
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Preface

This book is about the ongoing effort to understand how brains work.
Given the way events determine what any scientist does and thinks, an account
of this sort must inevitably be personal (and, to a greater or lesser degree,
biased). What follows is a narrative about the ideas that have seemed to me
especially pertinent to this hard problem over the last 50 years. And although
this book is about brains as such, it is also about individuals who, from my
perspective, have significantly influenced how neuroscientists think about
brains. The ambiguity of the title is intentional.

The idiosyncrasies of my own trajectory notwithstanding, the story
reflects what | take to be the experience of many neuroscientists in my
generation. Thomas Kuhn, the philosopher of science, famously distinguished
the pursuit of what he called “normal science” from the more substantial
course corrections that occur periodically. In normal science, Kuhn argued,
scientists proceed by filling in details within a broadly agreed-upon scheme
about how some aspect of nature works. At some point, however, the scheme
begins to show flaws. When the flaws can no longer be patched over, the
interested parties begin to consider other ways of looking at the problem. This
seems to me an apt description of what has been happening in brain science
over the last couple decades; in Kuhn’s terms, this might be thought of as a
period of grappling with an incipient paradigm shift. Whether this turns out to
be so is for future historians of science to decide, but there is not much doubt
that those of us interested in the brain and how it works have been struggling
with the conventional wisdom of the mid- to late twentieth century. We are
looking hard for a better conception of what brains are trying to do and how
they do it.

| was lucky enough to have arrived as a student at Harvard Medical
School in 1960, when the first department of neurobiology in the United States
was beginning to take shape. Although | had no way of knowing then, this
contingent of neuroscientists, their mentors, the colleagues they interacted with,
and their intellectual progeny provided much of the driving force for the rapid
advance of neuroscience over this period and for many of the key ideas about
the brain that are now being questioned. My interactions with these people as a



neophyte physician convinced me that trying to understand what makes us tick
by studying the nervous system was a better intellectual fit than pursuing
clinical medicine. Like every other neuroscientist of my era, | set out learning
the established facts in neuroscience, getting to know the major figures in the
field, and eventually extending an understanding of the nervous system in
modest ways within the accepted framework. Of course, all this is essential to
getting a job, winning financial support, publishing papers, and attaining some
standing in the community. But as time went by, the ideas and theories | was
taught about how brains work began to seem less coherent, leading me and
others to begin exploring alternatives.

Although | have written the book for a general audience, it is nonetheless
a serious treatment of a complex subject, and getting the gist of it entails some
work. The justification for making the effort is that what neuroscientists
eventually conclude about how brains work will determine how we humans
understand ourselves. The questions being asked—and the answers that are
gradually emerging—should be of interest to anyone inclined to think about
our place in the natural order of things.

Dale Purves
Durham, NC
July 2009



1. Neuroscience circa 1960

My story about the effort to make some sense of the human brain begins
in 1960, not long after | arrived in Boston to begin my first year at Harvard
Medical School. Within a few months, | began learning the foundations of
brain science (as it was then understood) from a remarkable group of
individuals who had themselves only recently arrived at Harvard and were
mostly not much older than me.

The senior member of the contingent was Stephen Kuffler, then in his
early 50s and already a central figure in twentieth-century neuroscience. Otto
Krayer, the head of the Department of Pharmacology at the medical school,
had recruited Kuffler to Harvard from Johns Hopkins only a year earlier.
Kuffler’s mandate was to form a new group in Pharmacology by hiring faculty
whose interests spanned the physiology, anatomy, and biochemistry of the
nervous system. Until then, Harvard had been teaching neural function as part
of physiology, brain structure as a component of traditional anatomy, and brain
chemistry as aspects of pharmacology and biochemistry.

Kuffler had presciently promoted to faculty status two postdoctoral
fellows who had been working with him at Hopkins: David Hubel and Torsten
Wiesel, then 34 and 36, respectively. He’d also hired David Potter and Ed
Furshpan, two even younger neuroscientists who had recently finished
fellowships in Bernard Katz’s lab at University College London. The last of
his initial recruits was Ed Kravitz, who, at 31, had just received his Ph.D. in
biochemistry from the University of Michigan. This group (Figure 1.1) became
the Department of Neurobiology in 1966, which soon became a standard
departmental category in U.S. medical schools as the field burgeoned both
intellectually and as a magnet for research funds. In the neuroscience course
medical students took during my first year, Furshpan and Potter taught us how
nerve cell signaling worked, Kravitz taught us neurochemistry, and Hubel and
Wiesel taught us about the organization of the brain (or, at least, the visual part
of it, which was their bailiwick). Kuffler gave a pro forma lecture or two, but
this sort of presentation was not his strong suit, and he had the good sense and
self-confidence to let these excellent teachers carry the load.

Figure 1.1 The faculty Steve Kuffler recruited when he came to




Harvard in 1959. Clockwise from the upper left: Ed Furshpan, Steve
Kuffler, David Hubel, Torsten Wiesel, Ed Kravitz, and David Potter. This
picture was taken in 1966, about the time the pharmacology group
became a department in its own right under Kuffler’s leadership.
(Courtesy of Jack McMahan)

For me, and for most of my fellow first-year medical students, this
instruction was being written on a blank slate. | had graduated the previous
June from Yale as a premed student majoring in philosophy, and my
background in hard science was minimal. Then, as now, premeds were
required to take courses in only general chemistry, organic chemistry, biology,
and physics. The premed course in biology at Yale that | took in 1957 was
antediluvian, consisting of a first semester of botany in which we pondered the
differences between palmate and pinnate leaves, and a more useful but
nonetheless mundane second semester on animal physiology. We learned little
about modern genetics, although James Watson and Francis Crick had
discovered the structure of DNA several years earlier and the revolution in
molecular biology was underway. John Trinkaus, the young Yale embryologist



who taught us, ensured his popularity with the all-male class by well practiced
off-color jokes that would today be grounds for dismissal.

Since the age of 14 or 15, | was determined to be a doctor. I decided in
college that psychiatry was a specialty that would combine medicine with my
interest in philosophy of the mind (the idea that the nuts and bolts of the brain
biology might be involved in all this did not loom large in my thinking). In my
senior year at Yale, | had been one of a dozen members of the Scholars of the
House program that permitted us to forego formal course requirements and
spend our time writing a full-blown thesis on a subject of our choosing (or the
equivalent—two members of the group were aspiring novelists, and one was a
poet). | am somewhat embarrassed to say that my thesis was on Freud as an
existentialist. Although | enjoyed the perks of the program, the main lesson |
learned from writing this philosophical treatise was that thinking about mental
functions without the tools needed to rise above the level of speculation was
frustrating and likely to be a waste of time. Therefore, in early spring 1961, |
was especially attuned to what | might get out of our first-year medical school
course on the nervous system. | assumed it would be the beginning of a new
effort to learn about the brain in a more serious way than | had managed as an
undergraduate, and so it was.

Even the least interested among us paid close attention to the distillation
by Kuffler’s young faculty of the best thinking about the nervous system that
had emerged during the preceding few decades. The major topics they covered
were the cellular structure of the nervous system, the electrochemical
mechanisms nerve cells use to convey information over long distances, the
means by which nerve cells communicate this information to other neurons at
synapses, the biochemistry of the neurotransmitters underlying this
communication, and, finally, the overall organization of the brain and what
little was known about its functional properties. A truism often heard in
science education is that much of what one learns will change radically in the
near future. In fact, the fundamentals of neuroscience that we were taught in
spring 1961 would, with a few important updates, serve reasonably well today.

The part of the course that was easiest to absorb concerned the cellular
structure of the brain and the rest of the nervous system. A long-standing
debate in the late nineteenth century focused on whether the cells that
comprise the nervous system were separate entities or formed a syncytium in



which, unlike the cells in other organs, protoplasmic strands directly connected
these elements to form a continuous network. In light of the apparently special
operation of the brain, the idea of a protoplasmic network was more sensible
then than it seems now. The microscopes of that era were not good enough to
resolve this issue by direct observation, and the discreteness of neurons
(neurons and nerve cells are synonyms) was not definitively established until
the advent of electron microscopy in neuroscience in the early 1950s.

The warring parties in this debate were Spanish neuroanatomist Santiago
Ramon y Cajal, who favored the ultimately correct idea that individual cells
signaled to one another by special means at synapses, and the equally
accomplished Italian physician and scientist Camillo Golgi, who argued that a
network made more sense. Ironically, Cajal won the day by using a staining
technique that Golgi had invented, showing that the neurons absorbed the stain
as individual elements (Figure 1.2A). Their joint contributions to
understanding neuronal structure were enormous, and they shared the Nobel
Prize for Physiology or Medicine in 1906. This work led to an increasingly
deep understanding of the diversity and detail of nerve cell structure
established by the legion of neuroanatomists that followed.

In addition to the individuality of nerve cells, a second key feature of
neuronal anatomy is structural polarization (Figure 1.2B). Neurons generally
have a single process extending from the cell body, called the axon, that
conveys information to other nerve cells (or to non-neural target cells such as
muscle fibers and gland cells), and a second set of more complex branches
called dendrites, which receive information from the axonal endings of other
nerve cells. Together with newly acquired electron microscopical evidence
about neuronal structure ( Figure 1.2C), this comprised a fundamental part of
what we learned in 1961.

Figure 1.2 The basic features of nerve cells. A) The typical
appearance of a nerve cell revealed by Golgi’s silver stain—the method
Cajal used to demonstrate neuronal individuality. B) Diagrammatic
representation of the same class of neurons as in (A), showing the
relationship of the cell body, dendrites, and the axon (the asterisk
indicates that the axon travels much farther than shown). C) Electron
micrographs from the work of Sanford Palay, another teacher who had
been recruited to the Department of Anatomy at Harvard Medical School




in 1961. The micrographs show the same elements as (B), but at the much
higher magnification possible with this method. The panel on the left
shows dendrites (purple), the central panel shows two-cell bodies and
their nuclei, and the right panel shows part of an axon (blue). ( The Fine
Structure of the Nervous System: Neurons and Their Supporting Cells, 3e,
by Alan Peters, Sanford L. Palay, Henry Webster; © Oxford University
Press, 1991. Reprinted by permission of Oxford University Press, Inc.)

Dendriies -

The second body of information we learned was how nerve cells transmit
electrical signals and communicate with one another. For much of the first half
of the twentieth century, neuroscientists sought to understand how neurons



convey a signal over axonal processes that, in humans, can extend up to a
meter, and how the information carried by the axon is passed on to the nerve
cells (or other cell types) it contacts. By 1960, both of these processes were
pretty well understood. Potter and Furshpan, Kuffler’s young recruits from
their postdoctoral training in London, shared the duty of teaching us how
axons conduct an electrical signal—the action potential, as it had long been
called ( Figure 1.3). Although efforts to understand the action potential can be
traced back to Luigi Galvani and Alessandro Volta’s studies of animal
electricity in the late eighteenth century, British physiologists Alan Hodgkin
and Andrew Huxley had only recently provided a definitive understanding in
work that they had published in 1952. Galvani discovered that an electrical
charge applied to nerves caused muscles to twitch, although he misunderstood
the underlying events; it was Volta who showed that electricity produced by
the battery he invented triggered this effect. By the mid-nineteenth century,
German physician and physiologist Emil du Bois-Reymond and others had
shown that an electrical disturbance was progressively conducted along the
length of axons; by the beginning to the twentieth century, it was apparent that
this process depended on the sodium and potassium ions in the fluid that
normally bathes the inside and outside of neurons and all other cells. Despite
these advances, the way action potentials are normally generated remained
unclear; by the 1930s, it was obvious that the most salient problem in
neuroscience at the time was to understand the action potential mechanism and
how this electrical signal is conducted along axons. After all, this signaling
process is the basis of all brain functions.

Hodgkin had begun working on the action potential problem in 1937 as a
fellow at Rockefeller University and the Marine Biological Laboratory in
Woods Hole on Cape Cod. Back at Cambridge in 1938, he and Huxley, who
was one of his students, began to collaborate. Their joint effort was interrupted
by the war, but by the late 1940s, Hodgkin and Huxley had shown, on the
basis of a beautiful set of observations using the giant axon of the squid, that
the mechanism of the action potential was a voltage-dependent opening of ion
channels, or “pores,” in the nerve cell membrane that enabled sodium ions to
rush into an axon, causing the spike in the membrane voltage illustrated
in Figure 1.3 (the technical advantages of this very large axon explains why
they used squid, as well as the reason for working at Woods Hole and,



subsequently, at the Plymouth Marine Laboratory in the United Kingdom).
They found that the voltage reduction across the nerve cell membrane that
caused the inrush of sodium underlying the spike was the advancing action
potential itself. By successively depolarizing each little segment of an axon,
the electrical disturbance (the spike) is conducted progressively from one end
of the axon to the other. A good way to visualize this process is how the
burning point travels along the length a fuse, as seen in old western movies.
The analogy is that the heat at the burning point ignites the powder in the next
segment of the fuse, enabling conduction along its length. Hodgkin and
Huxley’s discovery of the action potential mechanism was quickly recognized
as a major advance; ten years after the work had been published, the Nobel
committee awarded them the 1963 prize in Physiology or Medicine.

Figure 1.3 The electrical signal (the action potential or spike) that is
conducted along nerve cell axons, transferring information from one place
to another in the nervous system. A) Diagram of a cross-section of the
spinal cord showing the stimulation of a spinal motor neuron (red) whose
axon extends to a muscle. The electrical disturbance conducted along the
axon is recorded with another electrode. B) The brief disturbance elicited
in this way can be monitored on an oscilloscope, a sensitive voltmeter that
can measure changes across a nerve cell membrane over time. The action
potential lasts only a millisecond or two at the point of recording,
traveling down the axon to the muscle at a rate of about 50 meters per
second. If, as in this case, the action potential is being recorded with an
electrode placed inside the axon, it is apparent that the phenomenon
entails a brief change in the membrane potential that first depolarizes the
axon (the upward part of the trace), and then quickly repolarizes the
nerve cell to its resting level of membrane voltage (the downward part of
the trace that returns to the baseline). (After Purves, Augustine, et al.,
2008)
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This much deeper understanding of the mechanism of the action potential
in the late 1940s and early 1950s made an equally important question more
pressing: When the signal reaches the end of an axon, how is the information
then conveyed to the target cell or cells? For example, how does the
information carried by the axon of the motor neuron in Figure 1.3A cause the
muscle fibers it contacts to contract? Teaching us the answer to this question
about neural signaling also fell to Potter and Furshpan, and their zeal was
missionary. Although the class included about 110 of us, they called each of us
by name within a week. They had just finished fellowships working together in
Katz’s lab, and it was Katz who supplied the answer to this question about
neural signaling. Trained in medicine in Leipzig in the early 1930s, Katz, who
was Jewish, had emigrated to England in 1935. Archibald Hill, then head of
the Department of Biophysics at University College London and a preeminent
figure in the field of energy and metabolism, particularly as these issues
pertained to muscles, took Katz under his wing. Katz had worked on related
problems as a medical student; the two had corresponded, so it was natural for
Hill to take him on as a graduate student, even though the political importance
of his sponsorship left Katz deeply indebted (a bronze bust of “A.V.,” as Hill
was known to his faculty, had a prominent place in Katz’s office in the
department he eventually inherited from Hill).

His work on muscle energetics with Hill led Katz to a growing interest in
the signaling between nerve and muscle. When he finished his doctoral work
in 1938, Katz went to Australia as a Carnegie Fellow to work more directly on
this aspect of signaling with John Eccles, the leading neurophysiologist then
working on synaptic transmission. While in Australia, Katz became a British
citizen, served in the Royal Air Force as a radar officer, married, and




eventually returned to University College London as Hill’s assistant director in
1946. Back in England, he briefly collaborated with Hodgkin and Huxley on
understanding the action potential and coauthored a paper with them that
reported one of the major steps in this work in 1948. Katz had joined the effort
at the end of Hodgkin and Huxley’s remarkable collaboration, and had the
foresight to see that he would be better off working on a related but different
problem: how action potentials convey their effects to target cells by means of
synapses. As fellows in Katz’s lab, Furshpan and Potter had been involved in
one aspect of this work just before Kuffler recruited them to Harvard in 1959.

The concept of synaptic transmission had emerged from Cajal’s
demonstration that nerve cells are individual entities related by contiguity
instead of continuity. British physiologist Charles Sherrington coined the term
synapse in 1897 (the Greek word synapsis means “to clasp”), which was soon
adopted, although not until the 1950s were synapses seen directly by means of
electron microscopy. The information that Potter and Furshpan conveyed to us
in their lectures was essentially what Katz had discovered during the first
decade or so of his work on the nerve-muscle junction. The steps in this
process are illustrated in Figure 1.4.

Figure 14 Synapses and synaptic transmission. A) The
neuromuscular junction, the prototypical synapse studied by Katz and his
collaborators as a means of unraveling the basic mechanisms underlying
the process of chemical synaptic transmission. B) Diagram of a generic
chemical synapse, illustrating the steps in the release of a synaptic
transmitter agent from synaptic vesicles, which is stimulated by the
arrival of an action potential at the axon terminal. The binding of the
transmitter molecules to receptors embedded in the membrane of the
postsynaptic cell enables the signal to carry forward by its effect on the
membrane of the target cell, either exciting it to generate another action
potential or inhibiting it from doing so. (After Purves, Augustine, et al.,
2008)
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Katz’s work on synapses had effectively begun during his fellowship
with Eccles in Sydney in the late 1930s. Eccles, an Australian, had trained at
Oxford as a Rhodes Scholar under Sherrington, and had earned his doctoral
degree there in 1929. When Katz arrived in Australia in 1938, Eccles had been
working on synaptic transmission, having been interested in this problem since
his time with Sherrington. Another recent arrival in Sydney was Kuffler, who
was at that point just another bright young Jewish emigré. He had come in
1937 after completing medical training in Hungary, and had been working in
the pathology department of the Medical School in Sydney. Kuffler met Eccles
by chance on the tennis court. During their conversations, he expressed
openness to doing something more interesting than his work in pathology, and
Eccles eventually invited him to join his lab as a fellow. Katz and Kuffler
quickly became friends and, with Eccles’ blessing, began working on how
action potentials activated muscle fibers ( Figure 1.5).



Figure 1.5 A) John Eccles (center) with his two protégés, Kuffler (on
the left) and Katz, in Sydney in 1941. B) The same trio at a meeting at
Oxford in 1972 (Eccles is on the right). (Courtesy of Marion Hunt)

.Eccle; had long thought that synaptic transmission depended on the

direct passage of electrical current from the axonal endings to target cells,
although circumstantial evidence already suggested that axon endings released
a chemical transmitter agent. This indirect evidence for chemical transmission
came largely from the physiological and biochemical studies of John Langley
at Cambridge and his student Henry Dale working on the peripheral autonomic
nervous system early in the twentieth century, and from Otto Loewi working
on the neural control of heart muscle in the 1920s. Despite Eccles’s contrary
view, Katz and Kuffler provided strong evidence for the chemical nature of
neuromuscular transmission during their collaboration in Sydney. In later years,
neither Katz nor Kuffler expressed much affection for Eccles, who could be
overbearing in the prosecution of his ideas.

When Katz returned to University College London in 1946 as Hill’s
assistant director, he began a series of studies showing that the arrival of the
action at axon terminals causes the release of transmitter molecules stored in
small membrane-bound units called synaptic vesicles ( Figure 1.4B). In the
presence of sufficient calcium ions, the vesicles fuse with the terminal




membrane and release neurotransmitter molecules into the narrow synaptic
cleft. Katz and his collaborators eventually showed that calcium ions enter the
axon ending through another type of membrane channel specific to axon
terminals that the depolarization of nerve terminals opens when the action
potential arrives. The transmitter molecules then diffuse across the synaptic
cleft and bind to receptor proteins in the membrane of the target cell, an
interaction that either opens or closes ion channels associated with the
receptors. The net effect of wvarious ions moving through these
transmitter-activated channels is to help trigger an action potential in the target
cell (synaptic excitation) or to prevent an action potential from occurring
(synaptic inhibition).

Katz had chosen to work on the neuromuscular junction instead of
synapses in the central nervous system (the choice Eccles had made) because
of their simplicity and accessibility. Although synaptic transmission in muscle
causes the muscle fibers to contract (in ways that Huxley was then beginning
to work out in the 1950s in a lab not far from Katz’s at University College), no
one really doubted that the same mechanisms operated at synapses in the brain
and the rest of the nervous system to pass on information—an idea that has
been amply confirmed. Although many details of this process were not filled
in until years after our course in 1961, these basic facts that Katz established
about chemical synaptic transmission were what we learned listening to Potter
and Furshpan’s lectures. (Ironically, it turned out that a small but important
minority of synapses do operate by the direct passage of electrical current, as
Eccles had thought, and this additional mode of synaptic transmission had just
been clearly established by Furshpan and Potter during their work as fellows in
Katz’s lab.)

As prospective physicians—and for me as a prospective psychiatrist—the
biochemistry of neurotransmitters and their pharmacology was especially
relevant because numerous drug effects depended on mimicking or inhibiting
the action of the handful of transmitters that were then known. This instruction
fell to Kravitz, the biochemist in Kuffler’s group who was working on the
chemical identification of the major transmitter in the mammalian brain that
inhibits nerve cells from firing action potentials. The transmitter molecule
(gamma-amino butyric acid) was obviously important in neural function, and
Kravitz was later credited as its codiscoverer. Krayer, the head of the



department and Kuffler’s sponsor, taught the clinical pharmacology
component of the course. With a phalanx of assistants, he set up elaborate
demonstrations in anesthetized dogs to show us how various drugs affected the
neural control of the cardiovascular system. These demonstrations were
satirized mercilessly in the show that the second-year students put on, in which
Krayer and his assistants, all in immaculate white coats, were depicted as
German geheimrats, with thinly veiled Nazi overtones. None of us knew then
that Krayer, who was not a Jew, had in the 1930s refused a German university
chair vacated by a Jewish pharmacologist who had been dismissed under the
Nazi laws prohibiting Jews from holding academic positions, or that based on
his principles he had subsequently emigrated to England with the help of the
Rockefeller Foundation.

Hubel and Wiesel rounded out this grounding in neuroscience by telling
us how the brain actually used all this cellular and molecular machinery to
accomplish things of interest to a physician. Unlike teaching us about the
organization of nerve cells and the mechanisms of the action potential and
synaptic transmission, conveying some idea of what the brain is actually doing
was a difficult a task in 1961, and remains so today. Hubel and Wiesel dealt
with this challenge by simply telling us about their work on the organization
and function of the visual part of brain, which was just beginning to take off in
a major way (see Chapter 7). It was not unusual for professors to cop out by
telling us what they had been doing in their labs instead of going to the effort
of putting together a broader and more useful introduction to some subject. But
in this case, it was obvious that Hubel and Wiesel were trying to do something
extraordinary, and none of us complained.

We managed to learn the organizational rudiments of the brain and the
rest of the nervous system that we needed to know in complementary
laboratory exercises in neuroanatomy (Figures 1.6 and 1.7).




Figure 1.6 The major components of the human brain and the rest of
the central nervous system, which is defined as the brain and spinal cord
(After Purves, Brannon, et al., 2008)
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Figure 1.7 Some basic anatomical features of the human brain. The
four lobes of the brain are seen in a lateral view of the left hemisphere (A)
and a midline view of the right hemisphere after separating the two halves
of the brain (B). (C) and (D) show the areas of the brain (each numbered)
that German neurologist Korbinian Brodmann distinguished based on the
microscopic studies of the cellular composition of the cerebral cortex. The
views are the same as in (A) and (B), respectively. (After Purves,
Augustine, et al., 2008)
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By 1961, an enormous amount was known about the brain anatomy,
thanks to the work of pioneers such as Cajal and Golgi, and of the neurologists
and neuroanatomists such as Korbinian Brodmann who, in the early decades of
the twentieth century, had devoted their careers to unraveling these details
using increasingly sophisticated staining and microscopical methods ( Figures
1.7C and D). The glut of information was made more tolerable by functional
correlations that had been made between behavioral problems and deficits
observed in patients with brain damage that was documented postmortem.
These clinical-pathological correlations, which we heard about in the clinical
lectures that were interspersed with the basic science Kuffler’s group taught us,
had been made routinely since the second half of the nineteenth century.
Together with brain recording and stimulation during neurosurgery that had
been carried out since the 1930s, clinical-pathological correlations showed in a
general way what many regions of the brain were responsible for. Although
Sherrington and others had confirmed and extended some aspects of the
clinical evidence in experimental animals, prior to the work that Hubel and
Wiesel were then beginning, neuroscientists could not say how individual
neurons in the brain contributed to neural processing. Nor could they formulate
realistic theories about the operation of an organ that, based on both its gross
and cellular anatomy, seemed hopelessly complex.

For Hubel and Wiesel, as for many others before and since, the
bellwether for understanding the brain was vision, and their goal was to figure



out how the visual system works in terms of the neurons and neural circuits
that the system comprises. To do this, they needed a method that would permit
them to record from visual neurons in the brain of an experimental animal that,
while anesthetized, was nonetheless responsive to visual stimuli. Hubel had
devised a way to do this in 1957, using sharpened metal electrodes that would
penetrate brain tissue and record the action potentials generated by a few
nearby nerve cells. This method is different from the recording technique
shown in Figures 1.3A and 1.4, in which the electrode penetrates a particular
nerve cell and records the potential across its membrane ( Figure 1.3B). An
extracellular electrode simply monitors local electrical changes in brain tissue,
and the results depend on how close the electrode is to an active nerve cell. In
the hands of Hubel and Wiesel, this technique led to a series of discoveries
about the mammalian visual system during the next 25 years that, as described
later, came to dominate thinking about brain function in the latter half of the
twentieth century.

Hubel, a Canadian who had been medically trained at McGill, had come
to Hopkins as a neurology resident in 1954 and began to work with Kuffler
two years later. Wiesel, a Swede, was medically trained at the Karolinska
Institute in Stockholm and joined Kuffler as a fellow in ophthalmology the
same year Hubel did. In joining Kuffler’s lab as fellows in 1956, they
benefited greatly from what Kuffler had already accomplished since coming to
Hopkins in 1947 following his work with Eccles and Katz in Australia. Kuffler,
always eclectic in the research he chose to pursue, had been working on the
eye, in part because his appointment at Hopkins happened to be in the
Department of Ophthalmology. In 1953, Kuffler had published a landmark
paper in which he recorded extracellularly from neurons in the eye of
anesthetized cats while stimulating the retina with spots of light, thus
pioneering the general method that Hubel and Wiesel would soon apply to
record from neurons in the rest of the cat visual system. Kuffler’s key finding
was that the responses of individual nerve cells in the retina defined the area of
visual space that a neuron was sensitive to and the kinds of the stimuli that
could activate it. (These response characteristics are referred to as a neuron’s
receptive field properties.) Hubel and Wiesel recognized that this same method
could be used to study neuronal responses in the rest of the visual system.
With Kuffler’s encouragement, they began using this approach at Harvard in




1959 to examine the response properties of visual neurons in their own lab as
junior faculty members. Based on what Kuffler had established in the retina,
they were exploring the properties of visual neurons in progressively higher
stations in the visual system of the cat, and this was the work that we students
heard about as an introduction to brain function. Although most of it went over
our heads, we all got the idea that the function of at least one part of the brain
was being examined in a new and revealing way.

Our course on neuroscience ended in spring 1961, and we moved on to
contend with the rest of the first-year curriculum. Despite the excellence of
these extraordinary teachers, | soon forgot much of what | had learned. In the
subsequent years, the information about the brain we were exposed to was
more practical: In neuropathology, we learned about the manifestations and
causes of neurological diseases. On rotations through the neurology,
neurosurgical, and psychiatric services of various Boston hospitals, we learned
about their clinical presentation and treatment. However, | understood that the
group of neuroscientists Kuffler had brought together represented a remarkable
collection of scientists working on problems that were importantly connected
to my conception of what | might eventually do. But we all had to cope with
the courses or rotations that were coming next, and | was still wedded to the
idea of pursuing psychiatry. As it happened, this seemingly sensible plan
began to disintegrate within a few months.



2. Neurobiology at Harvard

The scientists who introduced me to the biology of the nervous system in
1961 did not reappear in my life for another six years. For various reasons, |
became increasingly uncertain about how to pursue my interest in the brain, if
indeed | wanted to pursue at all it. In particular, my earlier conviction that
psychiatry was a good choice began to wane as my knowledge of the field
waxed during the next few years. The first disillusionment came in the summer
after my first year in medical school, not long after the course that Kuffler and
his recruits had given us. Although there was no rule against taking the
summer break between first and second year as vacation, we were encouraged
by the gestalt of med school—and a generous stipend—to spend the time
working in one of the research labs at the school. Being zealots, many of us
took advantage of the offer.

Our pharmacology course during the first year included several lectures
on psychoactive drugs, and given my inclination toward psychiatry, | thought
working with the professor who had presented this material made good sense.
The professor, Dale Friend, was a respected clinical pharmacologist at the
Peter Bent Brigham Hospital; | imagined | would learn a lot by working with
him, and perhaps establish a useful liaison with someone in my intended
specialty. Without making inquiries into what kind of a mentor he might be or
who might have been better (I naively assumed that those who taught us were
always the cream of the crop), | sought Friend out near the end of the term and
he agreed to take me on as a summer student. However, shortly after | started
working in his small lab in the hospital basement, he departed for an extended
European vacation, and | was left to my own devices with only his lab
technician as mentor. | came up with a cockamamie project that involved the
measurement of norepinephrine (a neurotransmitter thought to be involved in
depression) in the brains of rabbits given various doses of a popular
antidepressant drug, and soldiered on. But the only significant result by the
end of the summer was the demise of an unconscionable number of rabbits,
and my sense that if this sort of work was typical of research in brain
pharmacology, | wanted no part of it.

It was my first clinical rotation, however, that dispelled once and for all



my earlier idea of pursuing psychiatry. Although we had some instruction in
psychiatric diseases during the second year of medical school, our exposure to
the psychiatry wards did not come until the third year. | was no stranger to
psychiatric patients, having worked two summers in college as an orderly in a
state mental hospital in Philadelphia, where | had grown up. It was interesting,
if dispiriting, work that involved supervising very ill psychotic patients during
the day, and making half-hourly bed checks and trying to stay awake on the
night shift (which, as a summer employee, often fell to me). The male wards
each had a padded room that was used to temporarily incarcerate patients who
became unmanageable, and we orderlies were occasionally called on to wrestle
a patient into a padded room and onto the floor so that a nurse could inject a
massive dose of paraldehyde, a drug then in use that quickly put the patient
into a stupor that lasted several hours. (The hospital also had a surgical suite
for performing frontal lobotomies, and this approach to psychiatric treatment
had only recently been abandoned.)

My third-year rotation in clinical psychiatry was at another state hospital,
the Massachusetts Mental Health Center, housed in a ramshackle building a
few blocks from the medical school. The range and severity of the disorders
the patients suffered was not much different from what | had experienced as an
orderly, but the treatment they were receiving was in some ways more
discomforting than the padded room and paraldehyde method. Psychiatry at
Harvard in 1963, particularly at the Mass Mental Health Center, was one of the
last bastions of the Freudian analytical treatment of severely disturbed patients,
and the preceptor during my rotation was a psychiatrist who believed strongly
in its merits. Sitting through his analytically based interrogatories of psychotic
patients eroded what little remaining faith | had that psychiatry was the field
for me. The final blow came one Saturday afternoon when another student and
| found a patient who had hung himself with his belt in one of the bathrooms.
The usual resuscitative procedures were far too late to help the patient, but the
psychiatry resident in charge clearly had less knowledge about how to proceed
than we did, and dithered while we vainly undertook the steps for resuscitation
that we had recently learned in other rotations. The message seemed clear:
Psychiatrists were not real doctors, and being a “real doctor” loomed large for
me, as it did for most of my classmates.

Anyone navigating the rigors of medical school gravitates toward one or



more role models to provide inspiration. Having given up on psychiatry, |
began to look elsewhere. Harvard abounded in such individuals, and one of the
most charismatic in that era was Francis Moore, the chief of surgery at the
Peter Bent Brigham Hospital, where | did my third-year rotation in surgery not
long after my experience at the Mass Mental Health Center. Moore was then in
his early fifties and already legendary. As an undergraduate at Harvard, he was
president of both the Harvard Lampoon and the Hasty Pudding Club, and he
had been appointed surgical chief at the Brigham at the age of 32. He was a
member of the team that had performed the first successful organ transplant in
1954, and had written a widely respected book in 1959 called The Metabolic
Care of the Surgical Patient that underscored his status as a
physician-scientist of the first order. He had been motivated to write the book
by the problems encountered with the burn patients he saw after the infamous
Coconut Grove fire in 1942. Although the details in the book were largely
incomprehensible to me when | read it as a student (and tried to use it later as a
resident in surgery treating burn patients), holding retractors as a student
assistant while Moore exercised his jocular authority and surgical skills turned
me in a new direction. | decided then and there that | would train in general
surgery. (Dramatic to the end, Moore committed suicide at the age of 88 by
putting a gun in his mouth.)

After some further electives in surgery during my last year in medical
school, | applied for a residency in general surgery at the Massachusetts
General Hospital, considered the top program then, despite Moore’s
preeminence at the Brigham. | was accepted and started my surgical internship
in summer 1964. It is hard to believe in today’s atmosphere of managed care,
oversight by insurance companies, and litigation over malpractice, that we
“doctors in training” were largely unsupervised. Nevertheless, a strict
hierarchy and rigid accountability existed within the cadre of surgical residents.
In terms of workload and stress, that year was the most difficult of my life.
The wards we were responsible for were always filled with patients who could
not afford a private doctor, and, for better or for worse, they were entirely our
responsibility (“better” was around-the-clock care by dedicated young doctors,
“worse” was our lack of experience). Although a senior staff surgeon was
nominally in charge, the attending, as he was called (no women were on the
surgical staff), was in evidence only on morning rounds; he was rarely in the



operating rooms, and then only on especially difficult cases at the invitation of
the chief resident.

The chief resident | worked under during the first portion of my
internship year was Judah Folkman. Much like Moore at the same age,
Folkman was widely thought to be destined for great things, as turned out to be
the case. At age 34, Folkman was named surgeon-in-chief at Boston’s
Children’s Hospital, becoming, along with Moore, one of the youngest
professors ever appointed at Harvard Medical School. He became justly
famous in the early 1970s for pioneering a novel way of treating cancer by
inhibiting blood vessel growth, and at 46 gave up this appointment as a
professor of surgery to pursue basic research on angiogenesis full time.
Folkman was perhaps the most impressive individual | have ever met.
Physically slight, already balding, with a great nose inherited from his rabbi
father, he dominated in any setting by intelligence, wit, and force of character.
The residents universally looked up to him not simply because he was
surgically skilled and supremely smart, but because he radiated a humorous
self-confidence and integrity that made everyone under him better handle the
daily strife and our inevitable mistakes. Folkman died prematurely in 2008, but
inhibiting blood vessel growth remains a promising approach to some cancers
and to other important diseases such as macular degeneration.

But working under Folkman that year had another effect on me.
Competitive types continually measure themselves against the qualities and
talents of their peers. As chief resident, Folkman was far advanced from an
intern struggling to learn the rudiments of the trade. But he was only five years
ahead of me, and | had to envision myself in his role in the near future. The
comparison was discouraging. | didn’t see him as necessarily smarter or feel
that | could never reach his level of technical skill (although | had serious
doubts on both counts). It was his obvious passion for the craft that dismayed
me, a passion | had already begun to realize | lacked. | found reading the
surgical journals as uninteresting as | had found reading Moore’s book on
postoperative care; and generating the zeal for operating that came naturally to
Folkman was, for me, forced. The recognition that, as with psychiatry, a life in
general surgery was probably not going to work for me came at 2 or 3 a.m. one
night when Folkman was trying to make an apparatus to dialyze a patient
dying from kidney failure using an old washing machine and other odds and



ends he had collected from a hospital store room. Although the effort failed, |
realized that | would not have made it, and that this disqualified me from
trying to follow the footsteps of figures like Folkman and Moore.

And so | needed to invent another possible path to a professional future.
The Vietnam War gave me some breathing space. By 1965, virtually all
physicians in training were being drafted, and my notice arrived about halfway
through my internship. Given my concern over the prospects of a career as a
general surgeon, being drafted was not entirely unwelcome. There was another
reason as well. Since the age of 12, | had suffered periods of depression. These
bouts had tended to occur when my future direction seemed murky. A year of
psychoanalysis during my last year of med school had not helped, although it
contributed to my later decision that psychiatry, at least as it was then being
practiced in Boston, was not something | wanted to pursue. Despite the
modicum of professional training | had received by then, | thought of myself
as neurotic instead of a person suffering from a clinical disorder, and that
analysis might help; it didn’t, and the diagnosis of depression did not seem to
occur to the analyst | saw either. And so | ended my internship year not only
without a clear plan, but clinically depressed. The bright side was that | would
now have two years of enforced service to regain my balance and sort things
out.

Despite the rapidly escalating war in Vietnam, the options for a young
physician drafted in 1965 were surprisingly broad. | could join one of the
armed services, which would have meant time in Vietnam and a domestic
military base in some junior capacity; seek deferment for further specialty
training and later service; apply for a research position at the National
Institutes of Health; join the Indian Health Service; or apply to become a Peace
Corps physician. This last option meant serving two years in the Public Health
Service taking care of Peace Corps volunteers in one of many countries around
the world. Given my uncertain frame of mind about what do to next, my lack
of interest in research at that point, and my opposition (along with almost
everyone else | knew) to the war, the Peace Corps seemed the best bet. And so
after a few weeks of remedial training in tropical medicine at the Centers for
Disease Control in Atlanta, | arrived in Venezuela in July 1965, without any
idea of what my professional or personal future would be.

The Peace Corps turned out to be a good choice. The volunteers that |



and another young doctor had to look after were an inspiring bunch who
demonstrated all the good things about Americans and American democracy of
that period. Because | spoke Spanish as the result of living in Mexico for four
years as a kid and a further summer working in a rural Mexican clinic as a
college student, | could travel easily and interact with local doctors. And
Venezuela in the 1960s was a beautiful and relatively progressive country.
From the medical perspective, the job was easy: | served as general
practitioner to about 400 sometimes difficult-to-reach but generally interesting
and healthy young adults. My life in South America was in every way a radical
change, and for the first time since college, | had time to think about whatever
| pleased instead of what | had to do next to meet the demands of medical
training.

| read widely, including a lot of books on science that | had not been
exposed to as an undergraduate majoring in philosophy, or as a medical
student and intern with little extra time. One of the books | picked up while
rummaging around the American Bookstore in Caracas was The Machinery of
the Brain, by Dean Wooldridge, someone | had never heard of. He was an
aeronautical engineer who, together with his Caltech classmate Simon Ramo,
had left the aerospace group at Hughes Aircraft in 1953 to found the
Ramo-Wooldridge Corporation, which later became the very successful
defense-related company TRW. Having become wealthy, Wooldridge resigned
from TRW in 1962 to pursue his passion for basic science, particularly biology.
The Machinery of the Brain, published in 1963, was his first effort. By his own
admission on the back cover of the book, Wooldridge’s intention was simply
to review the discoveries and ideas about the brain that he found interesting.
Although I was passingly familiar with much of the content, his lucid synthesis
of what was essentially the information | had learned about the brain as a med
student got me thinking about issues that | had been keenly interested in when
first exposed but had lost touch with as | morphed into a prospective surgeon.
Unlike authors whose success in some unrelated field encourages them to
pontificate about a new theory they imagine will explain the mysteries of the
brain, Wooldridge’s book was modest and provocative—and remains so as |
look at it now—and it got me thinking about the nervous system once again.

Because | had two years to mull things over before | was scheduled to
resume my post in general surgery at Mass General, | didn’t need to rush to



sort out my thoughts about a career that might combine an interest in the brain
with my training as a physician. | even wrote a novel, on the premise that
perhaps | had missed a literary calling (the few hundred pages of sophomoric
prose | managed to crank out made clear that | had not). Finally, | concluded
that the most logical course under the circumstances was neurosurgery. In
addition to the internship year | had already completed, becoming a
neurosurgeon required the further year of general surgery that awaited me on
my return to Boston, so | was already well along this path. | thought that
neurosurgery would combine my earlier and now reviving interest in the
nervous system, which | had pushed aside as a result of my disillusion with
psychiatry.

Soon after returning to Boston in summer 1967, | asked William Sweet,
the head of neurosurgery at Mass General, if | might join his program when |
completed my second year of general surgery. He agreed, and | was to start
formal training in neurosurgery the next year. Despite the logic of this plan,
within a few months of my return from the Peace Corps, | began to have
doubts about what had seemed, in principle, an optimal marriage of interests
and training up to that point. One of my rotations that year was as the general
surgical resident assigned to neurosurgery, and | had looked forward to that
stint. But disillusionment was not long in coming. Sweet, it turned out, was a
caricature of the popular image of a brain surgeon and not the model | needed
at that point to spur me on. He had a high-pitched voice and was something of
a martinet, making him an easy target of mockery by the residents, one of
whom was especially good at mimicking his prissy persona. Sweet was no
Moore or Folkman, and his colleagues on the neurosurgery faculty at the time
were not much more inspiring. When | experienced it first hand, their daily
work was not all that interesting. In contrast to my abstract enthusiasm for
exploring the brain in this way, the actual operations were long and tedious,
and the outcomes (especially in patients with brain malignancies) were all too
often a foregone and unhappy conclusion. Some procedures—such as
evacuating a hematoma, clipping a ruptured blood vessel, or removing a
benign tumor—were curative but didn’t do much to stoke my interest in
understanding the brain in some significant way. Even the psychosurgery then
being carried on at Mass General was unappealing, because of both its oddball
practitioners and the flimsy scientific grounds on which such work was being



justified.

As | worried increasingly about the prospect of neurosurgery, my
thoughts kept turning back to the neurobiologists Kuffler had brought to
Harvard in the late 1950s and the impression they had made on me as a
first-year student. In winter 1967, | found myself back at Harvard Medical
School in the office of David Potter, who had taught us about action potentials
and synaptic transmission six years earlier. | remembered Potter as the most
approachable of the group and sought him out for advice about whether
research in neuroscience might be a reasonable option. He listened with
apparent enthusiasm as | summarized my concerns with neurosurgery and my
interest in perhaps giving research in neuroscience a try. On the face of it, my
arguments were feeble: The sum total of my research experience was the
disastrous summer spent in Friend’s pharmacology lab, and my desire to try
research had been reached largely by excluding other options. Despite the
manifest weakness of my case, Potter agreed to think about my situation, and
we agreed to meet again. In the meantime, | asked Sweet if | might take my
first year in the neurosurgery program as a research fellow, and, primarily
because of scheduling issues with other residents in the program, he agreed.

When | returned to Potter’s office a couple of weeks later, he had indeed
given the matter some thought. He considered my intention to try research
plausible enough and suggested that I contact John Nicholls (Figure 2.1) to ask
if he could take me on as a fellow. Kuffler had just recruited Nicholls to
Harvard but he was still working at Yale as an assistant professor. (Kuffler’s
original group was then in the process of expanding and to form a full-fledged
department.) | was disappointed because | had no idea who Nicholls was and
had hoped to work with Potter or perhaps even Hubel and Wiesel, whose stars
were rising even when | was a student. | was even more dismayed when Potter
told me that Nicholls was working on the nervous system of the medicinal
leech. | had no idea what any of the neurobiology faculty was doing then or
why, but it was difficult to imagine how the leech could be pertinent to my
ill-formed ambition to become a neuroscientist who might ultimately say
something important or at least relevant to the human brain.




Figure 2.1 John Nicholls circa 1975. (Courtesy of Jack McMahan)

In fact, Potter’s suggestion was a good one. | was somewhat reassured
when Potter told me that Nicholls had been a graduate student with Bernard
Katz in the late 1950s after he had completed his medical training in London,
that he had been a fellow in Kuffler’s lab thereafter, and that his work on the
leech was widely regarded as an outstanding example of what was then a new
approach to understanding neural function—studying the nervous systems of
relatively simple invertebrates. Potter went on to say that because Nicholls
would be starting up a new lab at Harvard, he would probably welcome a
fellow, even one whose experience in neuroscience was nil. As a result of this
conversation | wrote to Nicholls, who invited me to visit him at Yale to meet
and talk things over.

And so on a bleak Saturday in February 1968, Shannon Ravenel, whom |
was going to marry later that spring, and | drove down to New Haven. | had
met Shannon while still in med school, and we had an on-again, off-again
relationship that had, happily for me, been on-again since | returned from
Venezuela. Yale Medical School was unimpressive (I had never actually been
there, even though it was only a few blocks from the residential college where
| had lived as an undergraduate). Nicholls’s lab was equally nondescript, and it



was quickly evident that he had a complex personality that might not be such a
good fit with my own. He asked us to dinner at his modest apartment, where
his two unruly children cavorted about in their underpants, and where what
appeared to be a dysfunctional relationship with his wife was palpable. Driving
back to Boston that night, Shannon pointedly asked me if | really wanted to
make this change in light of all the evidence that I would be sailing into
unknown and possibly stormy waters. Even though my confidence in
answering was minimal, several reasons argued for seeing it through: Potter’s
word that working with Nicholls was a good bet, the lack of obvious options if
| wanted to try research, and a determination on my part to do something that
might reignite a passion for understanding the brain. And | could always go
back to the neurosurgery program at Mass General if the research year failed;
that was Sweet’s expectation, even if | had my doubts.

Another factor in going forward was Denis Baylor, a research fellow
whom | had briefly met in Nicholls’s lab. Baylor had gone to medical school at
Yale; like me, had decided to try his hand at neuroscience research; and had
ended up spending three years with Nicholls as his sole postdoctoral
collaborator (not an unusual arrangement in those days). When we were alone,
he told me in no uncertain terms that Nicholls had been a terrific mentor and
friend. Baylor, who later went on to work with Alan Hodgkin at Cambridge
and had a stellar career investigating the properties of photoreceptors in the
retina, was clearly sensible, and his encouragement counted for a lot. So a few
days after getting back to Boston, | called Nicholls to say that | was willing if
he was, and he agreed that | could take Baylor’s place when he arrived at
Harvard later that summer. Shannon and | married in May, | finished my
second year of residency in June, and after spending that summer in Vietnam
under the auspices of a Boston-based antiwar group selecting war-injured
children to come to the United States for treatment, at age 30 | began life as a
neuroscientist.

Although the Department of Neurobiology at Harvard was the best place
| could possibly have tested the merits of this new direction, the transition was
not easy. For the previous four years, | had been a practicing doctor, and
whether in Boston, Venezuela, or Vietnam, | had all the responsibilities and
respect that being a physician entails. Suddenly | was a superannuated student
on the bottom rung of the ladder; even the two beginning graduate students in



the new department knew more science than | did, and they seemed a lot
smarter to boot. The stress was of a very different kind than | had experienced
during the year | had worked as a surgical intern, but the first year | spent in
Nicholls’s lab was in some ways nearly as trying, with one fundamental
difference: Despite my ignorance and well-justified sense of inferiority, |
finally loved what | was doing. For the first time in years, | worked hard not
because | had to, but because | wanted to.

The approaches to the brain and neural function that Kuffler and his
young faculty were spearheading when | was a student in 1961 had flowered
by the time | returned as a fellow in 1968. During the first half the twentieth
century, the major goals in neuroscience had been reasonably clear: to
determine how action potentials work, and to understand how information is
conveyed from one nerve cell to another at synapses. Because it was obvious
that all brain functions depend on these fundamental processes and their
cellular and molecular underpinnings, it didn’t make sense to grapple with
more esoteric issues until these central challenges had been met (although, of
course, other research was going concurrently, primarily with the goal of better
understanding the organization of the brain). By the early 1960s, however,
Hodgkin and Huxley had deciphered the mechanism of the action potential,
and Katz and his collaborators had convincingly demonstrated the basic
mechanism underlying chemical transmission at synapses. The question that
confronted the next generation of neuroscientists—Nicholls and the rest of the
faculty—was what to do next.

In determining the possible directions of neuroscience, Kuffler and his
eclectic style of research was a powerful force. It helped that he had
collaborated with Hodgkin, Huxley, and Katz in the 1940s, and that he was, in
his own different way, an intellectual giant. One would never have guessed
this, however, from his inability to give a coherent lecture, his penchant for
bad puns, and his democratic approach to everyone in the department, whom
he insisted call him “Steve” ( Figure 2.2). His only affectation, a minor one to
be sure, was always wearing a white lab coat.



Figure 2.2 Steve Kuffler in the department lunchroom, circa 1970.
(Courtesy of Jack McMahan)

Kuffler’s study of the retinal cell responses at Hopkins, which was the
impetus for Hubel and Wiesel’s work on vision, had already supplied one
general answer to the question of what to do next. By the time I arrived back at
Harvard as a fellow, Hubel and Wiesel were already well on the way to the
dominant position in brain physiology that they would hold, for very good
reasons, for the next several decades. Everyone working in neurobiology in the
late 1960s assumed that it was just a matter of time until Hubel and Wiesel,
and the cadre of followers they were beginning to spawn would provide a deep
understanding of vision and perception.

Another aspect of Kuffler’s work had stimulated a different direction that
seemed equally promising, and this had determined the work that Nicholls was
doing when | joined his lab. Despite the growing success of the experiments
that Hubel and Wiesel (and others) were carrying out in the brains of cats (and
later in monkeys), a concern in the 1960s was that the brain might be too
complex to readily give up the secrets embedded in the details of its circuitry.
Kuffler always had a knack for picking relatively simple systems such as the
retina, the neuromuscular junction, or the sensory receptors found in muscles
as a way to unravel some problem in neuroscience and extract answers of
general significance. His approach was not unigue—Hodgkin and Huxley had
used the squid giant axon to understand action potentials for similar reasons,
and Katz had focused on the frog neuromuscular junction as a model system in



which to understand synaptic transmission. But Kuffler was especially
insistent about the value of using a variety of simple preparations to advance
the cause, and one of these preparations was the nervous system of the
medicinal leech ( Figure 2.3). Following his graduate work with Katz, Nicholls
had joined Kuffler’s lab as a fellow in 1962, and they had worked together to
understand the function of the other major class of cells in the nervous systems
of all animals, the non-neuronal cells called glia. Glial cells outnumber
neurons in the brain by three or four to one, and their role was largely a
mystery; therefore, it made sense to look at what they were doing and their
relation, if any, to the functions of nerve cells. For various technical reasons,
Kuffler had decided that the leech was the best animal in which to carry out
such work. By the time Nicholls left Harvard to join the faculty at Yale, the
work on glia had largely finished, but he continued using the leech as a simple
system in which to explore neuronal circuitry in relation to behavior.

The opinion held by Nicholls and many other neuroscientists when |
joined his lab in the fall of 1968 (the only other lab member at that point was
Ann Stuart, a graduate student earning her Ph.D.) was that a logical next step
in moving beyond the established understanding of neural signaling would be
to focus on invertebrate nervous systems as models for fathoming the basic
principles of neural organization and function. The nervous systems of the
leech and some other invertebrates were attractive in terms of neuronal
numbers (hundreds or thousands compared to the 100 billion or so nerve cells
in the human brain), large enough to enable the identification of the same
nerve cell from animal to animal using only a low-power microscope, and
easily recorded from with intracellular microelectrodes (see Chapter 1). The
prospect of relating the function of identified nerve cells to some bit of
behavior seemed both attractive and straightforward. Nicholls, Baylor, and
Stuart had been plugging away with this goal when | visited Nicholls at Yale,
and | threw myself into it as a novice neuroscientist at Harvard.



Figure 2.3 The medicinal leech and its central nerve cord (the chain of
ganglia shown at the bottom right), the preparation that Kuffler and
Nicholls used to study the role of glial cells in the nervous system. (After
Purves, Augustine, et al., 2008)
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Absorbing the rationale for exploring the nervous system in this way, and
learning the required methods and their scientific basis as a beginner with no
background in electronics, mathematics, or anything else that was particularly
relevant, led to many low moments. But the work was conceptually and
technically fascinating, and | was buoyed by the fact that a lot of obviously
smart people thought this was a good way to explore how vastly more complex
brains do their job. In addition to Nicholls, the members of the department
then operating under the assumption that a route to further success in
neuroscience lay in mining answers that could be provided by simple



preparations were Ed Kravitz, working on neurotransmitters in lobster ganglia
( Figure 2.4A); Potter and Furshpan working on the synaptic function of small
numbers of isolated nerve cells in tissue culture; Zach Hall working on the
molecular components of synapses; and Kuffler and his group working on the
nervous systems of leeches, mudpuppies, crayfish, and frogs with a variety of
related interests and aims.




Figure 2.4 Some other “simple” central nervous systems being studied in
the late 1960s under the assumption that invertebrate preparations would
be a good way of understanding the operating principles of more complex
nervous systems. A) The “brain” and stomatogastric ganglion of the
lobster. B) The abdominal ganglion of the sea slug. The perceived
advantage of these preparations compared to mammalian brains was the
small number of cells, many of which could be individually identified and
studied by intracellular recording. (After Purves, Augustine, et al., 2008)
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The only people in the department actually working on mammalian
brains were Hubel and Wiesel. Although they had begun as Kuffler’s protégés
in the late 1950s, by 1968, they had established a largely separate unit within
the department, which they ran according to their own lights. Hubel and
Wiesel were attentive to and interested in what others in the department were
up to, but they seemed to see their own goals as different (and, one sensed,
more important) than those represented by the work that the rest of Kuffler’s
faculty was doing. The lab assigned to Nicholls when he arrived was in the
same limb of the U-shaped department that housed Hubel and Wiesel’s
separate empire (in reality, just a few contiguous lab rooms, but with space for
their own secretary and a small room for a technician who did photography
and histology). They also had a little lunchroom, and Nicholls, Stuart, and |
routinely ate lunch with Hubel and Wiesel and the four or five people in their
lab. So | came to know more about them and their work than the others in the
department. Although the respect everyone had for Kuffler kept a lid on things,
strains were apparent. The tension seemed to arise not just from personal
idiosyncrasies, but from the philosophical differences between Hubel and
Wiesel’s direct approach to brain function and the different approach of the
majority who were working out cellular circuits and mechanisms in simpler
systems. It didn’t help that Hubel and Wiesel’s scientific success was rapidly
outstripping that of the other members of the department.

The enthusiasm for simple invertebrate systems as a way to understand
aspects of neural function eventually paid off, but not in the ways that were
envisioned in the 1960s. The dominant idea then—that relating the properties
of individual neurons to neural circuits and behavior would yield insights into
the functional principles of complex brains—died a slow death during the
following 20 years. There were several reasons, but a primary cause was the
rapid rise of molecular biology that followed the discovery of the structure of
DNA in the early 1950s. It was apparent by the mid-1970s that the tools of
molecular biology provided a powerful way to study neural function. James
Watson, in his typically provocative way, proclaimed publicly that molecular
biology would solve the remaining problems in neuroscience within 25 years.
Although Watson’s claim was nonsense, the entry into neurobiology in the late
1960s and 1970s of superb molecular biologists such as Sydney Brenner,
Seymour Benzer, Marshall Nirenberg, Gunther Stent, Julius Adler, Cyrus



Levinthaland others (Francis Crick ultimately joined the crowd) rapidly
changed the scene with respect to simple nervous systems. With surprising
speed, the neurogenetics and behavior of rapidly reproducing invertebrates,
such as the roundworm Cenorhabitis elegans and the fruitfly Drosophila
melanogaster, supplanted leeches, lobsters, and sea slugs as the invertebrates
of choice, with molecular genetics considered the best way to ultimately
understand their nervous systems. Even the success of Eric Kandel, who
started working on the sea slug nervous system ( Figure 2.4B) in the 1960s for
the reasons then in fashion, was ultimately based on how the modulation of the
genes by experience can lead to synaptic changes that encode information.
Kandel, who won a Nobel Prize in 2000 for this work, was the most energetic
cheerleader for the simple central nervous system approach when | arrived in
Nicholls’s lab. The first lunchtime seminar | presented in the Department of
Neurobiology in 1968 was a critique of one of Kandel’s early papers. Nicholls
saw Kandel as a competitor whose work did not meet the standards of
scientific rigor that he had absorbed as a student of Katz and Kuffler. Even
though | had been at it only a few months, Nicholls’s bias had already rubbed
off on me. Nonetheless, | quickly gathered that there was no consensus among
my new colleagues about how to go about understanding the brain and the rest
of the nervous system.

As Baylor had promised, Nicholls was indeed a good mentor. After two
years of working hard to understand how sensory and motor neurons in the
leech’s nervous system were related, | had written two papers of very modest
interest that were published in the Journal of Physiology, the journal of record
in those days (an output of one detailed paper a year was typical then, although
it wouldn’t get anyone a job today). But despite my appreciation of his
teaching, Nicholls and I did not get along particularly well. In addition to what
we were doing on a daily basis, | wanted to discuss the broader issues that had
always interested me about brains and their functions, and Nicholls didn’t have
much stomach for that sort of thing. He told me that as a graduate student, he
had been terrified of Katz and the prospect of his failing in his eyes; perhaps as
a result, he seemed unwilling to think in grander terms that Katz would
presumably have thought overblown or silly. Our personalities and
perspectives were very different in other ways as well. One day Hubel and
Wiesel called us into their lab to show us the response properties of a




particularly interesting neuron that they were recording from in the visual
cortex of one of their cats. There was not much doubt by then that what Hubel
and Wiesel were doing would influence thinking about the brain for a long
time to come, and some humility in the face of this presumption was certainly
warranted. But | was taken aback when Nicholls remarked after we went back
to the lab that some of us in science inevitably had to be the drones and not the
queen bee. Although empirically true, to hold this view while still in one’s
thirties (Nicholls was then 36) seemed to me a bad idea.

By mutual consent, Nicholls and | agreed that | would spend the third
year of my fellowship in Kuffler’s lab (I had already told Sweet that | would
not be returning to the neurosurgical program). During my last months with
Nicholls, 1 had been working with Kuffler’s senior collaborator at the time,
Jack McMahan. We had been looking at the anatomy of leech neurons
revealed by the injection of a fluorescent dye that Kravitz had developed as a
sort of sideline. This was an exciting new method that for the first time
enabled neuroscientists to see all the axonal and dendritic branches of an
identified nerve cell whose electrical properties had been studied by recording
through the electrode that injected the dye. Jack, who is a terrific
neuroanatomist, was about my age, although he was years ahead of me as a
neuroscientist and about to be named to the faculty. We got along famously
and had a wonderful time that year, during which he taught me how to do
electron microscopy. Unlike Nicholls, who was always reticent to simply
natter on about neuroscience, Jack and | argued incessantly about what might
be done and how to do it.

During that year, Katz visited Kuffler’s lab, as he regularly did. The
friendship and mutual respect between the two formed in Australia had
resulted in a small but steady flow of young neuroscientists between Boston
and London. It was clear that working in Katz’s orbit would be a fine next step
for me. Although | had learned a lot of neuroscience in my three years as a
fellow, | had started from scratch. It seemed foolhardy not to seek more
training before going off on my own, and no one seemed to disagree.
Moreover, | had decided that working on invertebrate nervous systems was not
the road to the future I wanted to follow; working as a fellow on a different
topic would therefore be important. And so | asked Nicholls and Kuffler if
they would support my case to Katz, which they did. Harvard offered a



generous traveling fellowship that supported two years of study abroad, and in
the summer of 1971, Shannon and | set off for London with our one-year-old
daughter. What | would pursue in Katz’s small Department of Biophysics at
University College had not been specified, but | was at least sure by then that |
had found the right profession.



3. Biophysics at University College

Although Bernard Katz’s impact on the course of neuroscience was as at
least as great as Kuffler’s, the style of the two men was very different, and
their influence was felt in different ways. Whereas Kuffler’s modus operandi
was quintessentially eclectic—he would work on a project with a collaborator
or two for a few years and then move on to an entirely different
problem—Katz was a scientific bulldog. He had seized on the fundamental
problem of chemical synaptic transmission in the late 1940s and never let it go.
And whereas Kuffler was, superficially at least, an extroverted democrat, Katz
was reserved and, to some degree, an autocrat.

As a result of these personal contrasts, as well as the cultural distinctions
between the way science was practiced then in the United States and the
United Kingdom, Katz’s Department of Biophysics at University College
London was very different from the Department of Neurobiology at Harvard.
Although World War Il had ended 25 years before | arrived in 1971, the
mentality of rationing and general tight-fistedness remained. The labs were on
the upper floors of one of the old buildings on Gower Street that ran the length
of a long London block and housed most of the basic science departments. The
rooms of the five faculty members in the department were comfortable but
modest, and the surfeit of furnishings, equipment, and supplies that | had been
used to in Boston was nowhere in evidence. Even Katz’s lab was outfitted with
equipment that would have been consigned to storage at Harvard, and his
small office contained the same simple furniture that must have been used by
A. V. Hill when he was director in the 1930s. The only notable feature was the
bronze bust of Hill that stared down from its place of honor on a bookshelf.
Hill had been “A. V.” to Katz, and Katz was now deferentially addressed as “B.
K.” by the faculty, and as “Prof” by the staff.

The departmental infrastructure was run with an iron hand by a tenured
technician named Audrey Paintin. She was a fireplug of a woman who
demanded an extraordinary degree of diplomacy on the part of her petitioners
to obtain even the most basic supplies. The work of one of the fellows who
arrived about the same time | did was blocked for weeks because his robust
American style did not suit Paintin, and even Katz seemed to tread lightly



when dealing with her. The cost of everything was carefully considered. In
addition to Paintin’s frugality, Katz’s secretary told me in no uncertain terms a
few days after my arrival that notes to her or anyone else would be better
written on back of a piece of paper that had been used for another purpose than
on a fresh sheet. Among other things, this proved that superb science had been
and could be done in very modest circumstances.

The students and fellows in Katz’s domain (about a half-dozen of us in
total) were in labs along a short corridor on the floor that included Katz