- NOTES

CHAPTER ONE THE BIG ONE

. Although “the self” and “personality” are not major topics in the field of neuro-

science, some brain scientists and psychologists have discussed the relation of self and
personality to the brain. Most discussions of the self and the brain have focused on
conscious aspects of the self. My approach, in contrast, gives as much if not more
weight to unconscious or implicit aspects. The attempts of others to relate personal-
ity to the brain have mostly treated personality as a set of fairly static traits. ’'m at-
tempting to construct a way of thinking about personality as a set of brain processes -
that are in constant flux due to their capacity to learn and remember. The relation of
the terms selfand personality is considered in chapter 2. For discussions of self and the
brain by others see: Popper and Eccles 1977; Gazzaniga 1985; Gazzaniga 1998; Stuss
1991; Brothers 1997; Arbib 1999; Llinas 2001; Damasio 1999; Feinberg 2000; for per-

. sonality (or temperament) and the brain see: Gray 1991; Schore 1994; Davidson 1992;

Kagan 1994; Kagan 1998; Zuckerman 1991.

. The two other major possible alternatives to the synaptic view are that the self is me-

diated by intrinsic properties of individual neurons (rather than connections between
them) or that it is mediated by large aggregates of neurons that act globally as a field

. or Gestalt (rather than by particular connections between specific ones). The aggre-
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gate field theory has generally not been given much credence in recent years, in part
due to experiments that argue against it (Sperry and Miner 1955) and in part due to
the fact that the synaptic approach has been successful. In contrast, the notion that
intrinsic properties of neurons are important is indisputable (Llinas 1988; Llinas
2001). However, in order for intrinsic properties of any cell to be expressed in psy-
chological functions of the brain it is necessary for that cell to interact with others by
way of synapses. This is discussed further at the end of chapter 3

. Pinker 1994; Pinker 1997; Dawkins 1996; Wilson 1999.

. Tellegen et al. 1988.

. Kagan 1999; Kagan 1998.

. Pinker 1997; Harris 1998; Gazzaniga 1992.

. Harris 1998. Also see the Nurture Assumption Website (bttp://home.att.net/

~xcharftna/). For rebuttals to Harris, see: Gardner 1998; Kagan 1999; LeDoux 1998.

. O’Connor et al. 2000; O’Connor and Rutter 2000.
. Blanchard and Blanchard 1972.

This does not mean that the rat’s innate fear of cats is programmed solely by genes in
the absence of any environmental influence. Fear circuits, like other circuits, get
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13.
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wired by a combination of genetic programming of synaptic connections and various
environmental influences. As a result, although the ability to respond to the cat
doesn'’t require experience with the cat, it may require other kinds of experience to get
the amygdala properly wired. Unfortunately, relatively little is known about amyg-

" dala development.
I
I2.

The actual sequence of events was startle and then freeze.

Explanations like this are the business of evolutionary psychology (Tooby and Cos-
mides 2000). See chapter 4 for a critique of this field.

Bolles and Fanselow 1980; Blanchard and Blanchard 1972.

Blanchard and Blanchard 1972; LeDoux 1996.

LeDoux 1996.

The bodily responses that occur during fear reactions include the so-called flight-

. fight responses. Actually, a better term might be the freeze-flight-fight response, since

17.
18.

19.

20.

21

22.

23.

freezing often occurs first. Supporting physiological changes include a redistribution
of blood away from the skin and gut and toward the brain and muscles, since the lat-
ter will need energy during the upcoming fight or flight. These changes in blood flow
account for the alterations in blood pressure and heart rate that occur, as well as for
the alterations in skin temperature. Hormones are also released from various organs
that support these processes. For a more extensive discussion, see LeDoux 1987.
Rushdie 1990.

Sperry 1966; Sperry 1984; Gazzaniga 1970; Popper and Eccles 1977; Gazzaniga and
LeDoux 1978; Gazzaniga 1988; Szentagothai 1984; Gazzaniga 1985; Gazzaniga 1992;
Crick and Koch 1990; Stoérig 1996; Penrose 1989; Singer 1998; Edelman and Tononi
2000; Edelman 1993; Crick 1995; Damasio 1999; Llinas 2001; Zeki and Bartels 1999.
Horgan 1996. '

By this statement, I'm not denying the existence of consciousness in other animals
but only saying that the unique kind of consciousness we have is probably not pres-
ent in other animals, owing to the fact that our brain is different from most others in
terms of its size (relative to body weight) and complexity (especially in the frontal
neocortex). I'll have more to say about these issues later, especially in chapters 7 and 8.
As pointed out in the previous note, I'm not denying that other animals have some
kind of conscious awareness, and instead am only saying they don’t have the kind of

conscious awareness that comes from having a human brain. In particular, their ca-

pacity for self-reflectance is probably missing. They are not strictly speaking uncon-
scious in the sense of being asleep or knocked out. They are instead unconscious in
the sense of not being self-aware in the way humans are. I will avoid saying which an-
imals are conscious and which are not and instead emphasize that only humans are
conscious in the way humans are conscious. Animal consciousness is discussed in
some detail in chapters 7 and 8.

Bargh 1990; Bargh and Barndollar 1996; Bargh and Chartrand 1999; Greenwald and
Banaji 1995; Bowers and Meichenbaum 1984; Greenwald 1992; Jacoby and Woloshyn
1989; Kihlstrom 1987; Kihlstrom 1990; Meichenbaum and Gilmore 1984; Merikle
1992; Ohman and Soares 1994; Ohman 2000; Rozin 1976; Shevrin et al. 1992; Nisbett
and Wilson 1977; Erdelyi 1985; Wilson et al. 2000; Wilson (in press).

Rozin 1976; Shevrin and Dickman 1980; Kihlstrom 1987; Kihlstrom 1990.
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. Popper and Eccles 1977; Stuss 1991; Sperry 1984; Gazzaniga 1985, Brothers 1997; Ar-

bib 1999; Llinas 2001; Damasio 1999; Feinberg 2000.

. Damasio 1999; Gazzaniga 1998.

CHAPTER TWO SEEKING THE SELF

. James 1890.

. Hall et al. 1998; Mischel 1993.

. Title of a song by the saxophonist King Curtis.

. The conference was sponsored by the Vatican Observatory and the Center for The-

ology and Natural Sciences. The proceedings were published, Russell et al. 2000.

. The theological problem raised by this discussion, of course, is one of figuring out

when God acts and when He doesn’t.

. Christian 1977.

. Christian 1977.

. Flew 1964.

. Quoted in Walter 1953.

. P’m grateful to Stephen Happell and Nancey Murphy for their helpful suggestions on

the content of this paragraph. They were pa.rt1c1pants at the Vatican conference in
Poland.

For a summary of how Descartes’s views came to be so influential, see Rorty 1979.
Bremmer 1993; Snell 1960.

Flew 1972.

Plato, cited in Flew 1964.

Flew 1964; Flew 1972.

Happel 2000.

For contemporary discussions of the mind-body- possibilities, see: Mchn 2000;
Humphrey 1992, 2000; Metzinger 1995; Seatle 1992, 2000; Dennett 1991; Churchland
1984; Block 1995; Chalmers 1996; Clark 1998. For a Website with a bibliography on
the mind-body problem, see: htp:/fwww.u.arizona.edul - chalmers/biblio.himl.
Chalmers 1996.

Although I believe that my mind (and yours) is the product of a physxcal system, 1
don’t outright reject other ways of thinking about the mind. Reductionism is a good
approach to brain research, but isn’t necessarily a good principle for guiding us
through daily life, say, when we are wooing a partner, raising children, climbing, or
descending, the corporate ladder, or hiring a plumber. These activities, of course, all
depend on and are even potentially explainable in terms of brain mechanisms, but
when scientists or lay persons do these things, they don't necessarily need to know
about the neurobiological underpinnings involved. Of course, facts about how the
brain operates can work their way into everyday activities (people freely take drugs to
control anxiety or depression, eliminate aches and pains, or to manage epilepsy or
Parkinson’s disease). But there’s nothing special about brain research in this regard, as
our culture is constantly changing on the basis of developments in the humanities as
well as the sciences. Literature, for example, offers ideas that are often useful to people
in their lives, and may even be helpful in understanding how the mind, through the
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brain, makes us who we are. Dostoevsky, for one, had lots of interesting ideas about
the importance of unconscious processes in mental life. Nonscientific approaches (lit-
erature, poetry, psychoanalysis) and nonreductionist sciences (linguistics, sociology,
anthropology) can, I believe, coexist with and complement neuroscience. For exam-
ple, new facts about how the brain works may help anthropologists understand hu-
man evolution, and new discoveries in anthropology or other social sciences might
lead neuroscientists toward novel experiments on the mind. In a similar vein, as I said
above, a spiritual view of persons doesn’t have to be mutually exclusive with a neural
view. Though 'm not particularly religious, I know scientists who are, and even some
with a mystical side. Reduction is often treated disparagingly by those outside sci-
ence. This is partly because people like to think of themselves in terms of their own
self-awareness, and théy don't like the idea that the self might exist at some level other
than at the level of conscious awareness. Reduction also has a bad name because car-
ried to its logical extreme, it would require that we, for example, describe poetry in
terms of subatomic particles. This is the so-called absurd kind of reduction that we
have to avoid. But 'm looking for nonabsurd reductions, reductions that make sense,
and [ believe it is reasonable to begin to think of the self in terms of synapses.
Philosophers can and have helped in the area of mind and brain by analyzing the
mental in ways that can be pursued by brain researchers. Jerry Fodor’s philosophical
analysis of what constitutes a mental module, a self-contained mental system, has
been very useful in stimulating research and discussion in neuroscience (Fodor 1983).
There have been proponents (Tooby and Cosmides 2000; Gazzaniga 1992) and de-
tractors (Elman et al. 1997; Fuster 2000). Ned Block’s view that the reason it is so
hard to think about brain and consciousness is that different kinds of consciousness
are often confused and mixed together is also helpful (Block 1995). His analysis gives
rise to a distinction between phenomenal and access consciousness, with one being
about subjective experience and the other about control processes that regulate men-
tal and behavioral states. Although subjective experiences are difficult to investigate
scientifically, control processes, like attention, are amenable to experimental study.
Regardless of whether Block’s distinction is ultimately right, it helps researchers think in
concrete terms about which aspects of consciousness are most profitably pursued
in the brain, given current understanding and research tools. Also important to keep
in mind is a distinction made by John Searle and others between the search for the
neural correlates of consciousness and the search for the mechanisms of consciousness
(Searle 2000). That is, many brain events may occur during a conscious experience,
but not all of these will be related to the generation of that experience. Pat Church-
land has written philosophy for neuroscientists on several occasions, sometimes in
collaboration with neuroscientist Terry Sejnowski (Churchland 1986; Churchland
and Sejnowski 1992). And Nick Humphrey, a neuroscientist turned philosopher, has
made the interesting point that maybe clever thinking about the way the brain works,
not just about how the mind works, may be a key to progress (Humphrey 2000).
Referenced in Dennett 1976.

Strawson 1959.

Both quotes appeared in Strawson 1959,

Dennett 1976.
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Rawls is quoted in Dennett 1976.

Nagel is quoted in Dennett 1976.

Gallagher 20005 Sorabji 2001.

Gallagher 2000.

Dennett 1991; Dennett 1988; Neisser and Fivush 1994.

Gallagher 2000. ’

Foucault 1978; Gergen 1990; Butler 1990; Lutz 1988; for review, see Strauss and
Quinn 1997.

Social constructivists emphasize the relativistic nature of reality and assume that there .
is no one underlying reality waiting to be discovered by scientists. Some even reject
the notion that people exist as psychological beings, and thus argue for an elimina-
tion of psychology. For a sampling of writings about this topic, see: Gross et al. 1996;
Martin and Sugarman 2000; Gergen 1997; Sass 1992.

Kolm 198s.

34. James 1890; Elster 1985; Neisser 1988.

35.
36.
37.
38.

Gallagher 1996; Rochat 1995; Damasio 1999; Bermudez 1996. N
Neisser 1988. '

Nagle 1974.

Others might disagree. For example, Leslie Brothers, a neuroscientist turned philoso-
pher, has embraced Strawson’s idea that persons are defined by their conscious states
and has combined it with the social theories of George Herbert Mead and Rom
Harré, and added a bit of evolutionary psychology to it (Brothers 1997). Like Straw-
son, Brothers says that a person is a “being with a mental life, an ‘owner’ of conscious
subjective experience.” Following Mead and Harré, she proposes that “Self con-
sciousness arises in the process of social expetience” and “Only brains in a social context
can generate the kind of consciousness that includes 1."” In the tradition of evolutionary
psychology, she notes, “Human beings are biologically prepared to subscribe to the
concept of a person just as we are biologically prepared to learn a language.” For rea-
sons that should be obvious by now, I disagrec with Brothers’s idea that consciousness
is the main key to persons, but more about that later. On the other hand, I agree with
Brothers that it is important to understand the role of brain mechanisms in social in-
teractions, but I'd like to try to reach the social level by climbing up to it from the
neurobiology of specific brain networks rather than start at the social level and try to
find brain correlates. I also agree with the idea that we should look, to the extent pos-
sible, for evolutionary mechanisms, though I'm less enthusiastic about evolutionary

* psychology (as opposed to evolutionary biology) than she is. That is, I believe the

39.
40.
. Boring 1950; Gardner 1987.
42.
43.
44.
45.
46.
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brain rather than the mind per se evolves.
See the discussion of Brothers, Harré, and Mead in the previous note.
Boring 1950; Gardner 1987.

Watson 1925. -
Ryle 1949.
Gardner 1987.
Bruner et al. 1956.
Miller 1956.
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Gardner 1987.
See Shevrin and Dickman 1980; Kihlstrom 1987; Erdelyi 1985; LeDoux 1996; Wilson
et al. 2000; Wilson (in press); Bargh 1990; Bargh and Chartrand 1999; Greenwald and

* Banaji 1995; Zajonc 1984; Loftus and Klinger 1992; Bowers 1984; Bowers and Meichen-
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baum 1984; Ohman 2000; Debner and Jacoby 1994.

Gardner 1987.

Gazzaniga 1995.

LeDoux 1984; LeDoux 1996; Zajonc 1984; Ekman and Davidson 1994.

Hilgard 1980.

Hall et al. 1998; Boring 1950.

Hall et al. 1998.

Kagan 1994; Hall et al. 1998.

Freud 1915.

Hall et al. 1998.

Hall et al. 1998.

Personality is usually a broader term since self usually means “conscious self.” But in
my scheme, self is the broader term since only people are persons but all organisms
have selves.

Rogers is quoted in Hall et al. 1998, p. 463.

Markus and Kitayama 1991.

Munroe 1955.

Bargh 1990; Greenwald and Banajl 1995; Bargh and Chartrand 1999; Wilson et al.

2000; Wilson (in press).

See Squire et al. 1993; Schacter 1987; Cohen and Eichenbaum 1992.

The effects of emotion and 'stress on memory are described in some detail in LeDoux
1996 and will also be discussed in later chapters. '

Popular trait theories are those of Raymond Cattell and Hans Eysenck. See chapters
7 and 8 of Hall et al. 1998 for a summary.

Tellegen et al. 1988.

See Zuckerman 1991; Gray 1982, Gray 1991; Kagan 1994; Kagan 1992; Kagan 1998;
Eysenck and Eysenck 1985; Davidson 1992.

Schwartz et al. 1999.

‘Kagan 1994; Kagan 1992; Kagan 1998.

Mischel 1993; Mischel 1990.

Carlson 1993; Zuckerman 1991.

Interview with Bob Dylan, Newsweek, October 13, 1997.
Roth 1986.

Epstein 1995.

James 1890.

Virginia Woolf, Orlando, chapter 6.

Klee 1957.

The main exception is biological trait theory, especially EysencK’s trait theory. It has .

been proposed that the trait called neuroticism is related to overactivity in the brain’s
fear/anxiety system, whereas extraversion is due to overactivity in the pleasure or re-
ward system (see Gray 1982, 1991; Zuckerman 1991). For a critique of trait theory, see
Mischel 1993.
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80. For other views of the self and the brain, see the list of citations below. For the most
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part, these have tended to emphasize the conscious aspects of the self. My view, in
contrast, includes unconscious as well as conscious aspects. Others that include a role
for unconscious aspects of the self include Antonio Damasio (Damasio 1999) and
Michael Gazzaniga (Gazzaniga 1985, 1992, 1998; Gazzaniga is working on a book, The
Last to Know, which emphasizes unconscious processing in the construction of con-
sciousness). For ideas about the brain and the conscious self, see: Popper and Eccles
1977 Stuss 1991; Spetry 1984; Gazzaniga 1985, 1992, 1998; Brothers 1997; Arbib 1999;
Llinas 2000; Damasio 2000; Feinberg 2000.

CHAPTER THREE THE MOST UNACCOUNTABLE OF MACHINERY

. For a summary, see LeDoux 1987.

The divisions of the forebrain include: the thalamus, hypothalamus, basal ganglia,
limbic system, old cortex, and neocortex.

Ariéns Kappers 1909; Papez 1937; MacLean 1949; MacLean 1952; Nauta and Karten 1970.
Nauta and Karten 1970; Northcutt and Kaas 1995; Karten and Shimizu 1991.

Letuwvin et al. 1959; Cambhi 1984.

Camhi 1984; Suga 1990; Gould 1982.

For an alternative view that emphasizes evolutionary pressures on the whole brain
rather than on specific systems, see Finlay and Darlington 1995.

8. Killackey 1990; Preuss 1995.

12.

13.
4.
Is.

16.

17.
18.

19.
20.
21.
22.
23.
24.
25.
26.
27.

. Brodmann 1909; Economo and Koskinas 1925; Campbell 1905.
10.
1.

Gazzaniga et al. 1996; Feinberg and Farah 1998; Ramachandran and Blakeslee 1998
Nonneuronal cells communicate with each other but not the way neurons do. The
electrochemical process of synaptic transmission is unique to nervous tissue.

Cell theory discussion based on Shepherd 1998, Jacobson 1993, and Microsoft En-
carta 2000.

Based on chapter 3 in Shepherd 1988.

Shepherd 1988, p. 41.

Jones 1961, p. 32.

Jones 1961, p. 34.

Freud 1887-1902.

Jones 1961, Freud’s biographer, says that though Freud droppcd the anatomical terms,
the principles that guided his psychological theories were underneath it all based on
his early training in anatomy and physiology.

Sherrington 1897.

For a summary of Sherrington’s early work on reﬂexcs, see Sherrington 1906.

‘Shepherd 1988, p. 65.

Shepherd 1988, p. 42.

Rozental et al. 2000.

Kuffler and Nicholls 1976.

Zigmond et al. 1999; Kandel et al. 2000.

Chen et al. 2000.

Muscles don’t have dendrites, but have thieir own special kind of receptive area that is

" contacted by the axon terminal.
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Based on Winson 198s.

Boring 1950.

Boring 1950.

Gregory 1981.

Shepherd 1988.

Shepherd 1988.

Shepherd 1988.

From Jacobson 1993.

The space between neurons is filled with fluids that are in essence part of a vast con-
tinuous sea of liquid in which all the neurons of the nervous system are bathed. This
sea is made up of so-called cerebrospinal fluid, and it occupies the so-called extracel-
lular space.

Based on Kuffler and Nicholls 1976.

In fact, the postsynaptic cell has to receive convergent inputs within a matter of mil-

" liseconds, otherwise the inputs will not sum together and will not produce an action

39.

40.
41.
42.

43

44.
45.
46.

47.
48.
49.
- 50.

potential. Since the inputs are added up in the cell body, they can arrive from many
different dendrites, as long as they produce electrical responses that reach the cell
body at about the same time.

Electrical transmission is made possible by the existence of special contacts between
cells called gap junctions (Rozental et al. 2000). These are actually physical contacts
and are exceptions to the notion promoted by the neuron theory that cells are physi-
cally separate. These turn out to be important in synchronizing hippocampal GABA
cells (Fukuda and Kosaka 2000).

Based on Bloom and Laserson 1985.

Cooper et al. 1978.

GABA cells sometimes have long axons and communicate between brain regions, but
mostly they have short axons that end on nearby cells.

But even the time-course distinction between fast transmitters and modulators can be
blurred. Most transmitters work with a variety of receptors. GABA, for example, has
A and B receptors. While the A receptor mediates the fast effects we've been talking
about, when GABA binds to B receptors its action is slower and more prolonged.
Glutamate, too, has some late, longer-lasting effects when it binds to some of its re-
ceptors. Another fast transmitter is acetylcholine. When it binds to its nicotinic re-
ceptor, it does its fast transmitter thing, but when'it binds to its muscarinic receptor,
it works slowly. So it is often best to think of transmitters and receptors together
when drawing conclusions about the kind of transmission involved.

Shepherd 1998.

See note 43 above. .

The main exception involves the cholinergic neurons of the basal forebrain, which
complement the brain stem cholinergic systems.

This will be discussed in chapter 0.

Shepherd 1998; Cooper et al. 1978.

Selkoe and Kosik 1983.

Babic 1999; Yamada et al. 1999.

. This will be discussed in detail in later chapters, especially chapters 8 and 10.
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Stutzmann et al. 1998; Stutzmann and LeDoux 1999.

Gibbs 2000; Dell and Stewart 2000.

See note 39.

Quitk et al. 1995; Rolls 1999; Ono and Nishijo 1992; Collins and Pare 2000; Maren
2000.

Breiter et al. 1996; Morris et al. 1996; Morris et al. 1998; Whalen et al. 1998; LaBar et
al. 1998.

Li et al..1996; Lang and Pare 1997; Collins and Pare 1999.

Chapman et al. 1990; Weisskopf and LeDoux 1999.

Quirk et al. 1995; Collins and Pare 2000; Maren 2000.

Woodson et al. 20005 Szinyei et al. 2000; Smith et al. 2000.

Li et al. 1996; Collins and Pare 1999.

Stutzmann et al. 1998; Stutzmann and LeDoux 1999.

McEwen and Sapolsky 199s.

Stutzmann et al. 1998.

Bogerts et al. 1993; Convit et al. 1995; de Leon et al. 1988; Fukuzako et al. 1996; She-
line et al. 1996; Starkman et al. 1992; Yehuda et al. 2000; Coplan et al. 1998; Young et
al. 1994.

Corodimas et al. 1994; Conrad et al. 1999; Makino et al. 1994; Shors et al. 1992.
Llinas 1988. '

CHAPTER FOUR BUILDING THE BRAIN

. This section on early development is based on Purves et al. 1996.

. Nottebohm 1989; Gould et al. 1997; Gould et al. 1999; Fuchs and Gould 2000.
. Rodier 2000.

. Chan and Jan 1999; Reichert and Simeone 1999.°

. Schlaggar and O’Leary 1991.

. Rakic 1995.

. Schlaggar and O’Leary 1991; Shatz 1992; Rakic 1992.

. Miyashita-Lin et al. 1999.

. Based on Raper and Tessier-Lavigne 1998.

. Terman and Kolodkin 1999.

. Edelman 1987; Changeux and Danchin 1976.

. Jerne 1967; see also Gazzaniga 1992. -

. Changeux and Dehaene 1989.

. Edelman 1987.

. Edelman 1987.

. Based on text from the home page of the Neuroscience Institute, of which Gerald

Edelman is the director (www.nsi.edu), and from a summary of Edelman’s views by
Flanagan 1994.

Changeux and Danchin 1976; Innocent 1991.

For a summary, see Oppenheim 1998.

For review of regressive events, see O’Leary 1992.

Rakic et al. 1986.
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39.

40.
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42.
43.
. Katz and Shatz 1996; Shatz 1992; Shatz 1996; Stryker 1991; Purves 1994.
45.

Bourgeois et al. 1994.

Quartz and Sejnowski 1997.

Huttenlocher 1979.

See Quartz and Sejnowski 1997 and Katz and Shatz 1996. For one thing, it is very dif-
ficult to measure accurately the density of synapses in a brain region given that the re-
gion itself is changing size over time." Also, unless the synapse changes are related to
specific cell types, it is hard to know what the implications would be. Finally, the re-
lation of structural measures (like the number of synapses) to functional ones (is the
synapse working?) is hard to assess. In early development, synapses are functional be-
fore they have the “look” of synapses, and these would go uncounted.

O’Leary 1992.

For further discussion, see Quartz and Sejnowski 1997.

Hubel and Wiesel 1962; Hubel and Wiesel 1963; Hubel and Wiesel 1965; Hubel and
Wiesel 1972.

Apologies to visual scientists for this simplistic description of visual pathways.

For a summary see: Katz and Shatz 1996; Shatz 1996; Stryker 1991.

Antonini and Stryker 1993.

The experiment actually involved the injection of the tracer into cells in the visual
thalamus area called the lateral geniculate nucleus. In this region, cells are organized
in layers devoted to one eye or the other. By recording the action potentials elicited
by stimulation of one eye, it is possible to find the layers and then to inject a cell in
that layer with the chemical.

Actually, the tracer is actively transported to the terminal by natural processes that go
on in the cell all the time. These are taking things made by the cell body and shipping
them throughout the cell.

Quartz and Sejnowski 1997.

Neville 1990,

Neville and Lawson 1987.

Based on Katz and Shatz 1996.

Rakic 1977; Horton and Hocking 1996.

Galli and Maffei 1988; Wong et al. 1993.

Even when endogenous activity is blocked, the clusters develop if the nerves headed
for the brain from the two eyes are electrically stimulated separately. This kind of
stimulation simultaneously activates many fibers from a given eye to the brain, trick-
ing the brain into thinking that it received lots of activity at the same time from one
eye (see Stryker and Harris 1986; Crair 1998).

Chiaia et al. 1992.

Crair 1999.

Hebb 1949.

This phrase comes from Carla Shatz.

However, recall that cortical cells initially receive inputs from both eyes. So the corti-
cal cell will actually receive correlated input from each eye, but at different times.
How then can one eye come to dominate? Although each cell gets inputs from both
eyes, the two eyes never quite have equal inputs, leading one eye to dominate slightly.
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Hebbian plasticity builds upon this preexisting bias, wiring the connection between
the cortical cell and its more efficient inputs. While Hebbian plasticity may be
enough to wire up a particular cell, more is needed to establish the cell-specific clus-
ters, the so-called ocular dominance columns, in the cortex. Ken Miller of UCSF has
some interesting proposals on this; see Miller 1994 and Wimbauer et al. 1997. As a re-
sult, one eye or the other will come to be more efficient in driving a cortical cell.
Miller’s work on this was pointed out to me by Tony Movshon of NYU. Hebbian
plasticity thus takes care of the problem of how inputs from one eye come to control
an individual cell, but leaves open the question of how cells that are responsive to one

~ eye come to cluster together. For this, it is generally assumed that there are factors that
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allow presynaptic inputs that are nearby and that are active at the same time to link up.
Glanzman et al. 1990; Martin and Kandel 1996.

Tsien 20005 Bliss and Collingridge 1993; Purves et al. 1996; Brown et al. 1988

Katz and Shatz 1996.

Katz and Shatz 1996; Johnson 1998; Schuman 1999.

Oppenheim 1998.

Lorenz and Tinbergen 1938; Lorenz 1950, Tinbergen 1951.

Lehrman 1953.

Terrace 1984.

Terrace 1984.
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