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Abstract

Although the brain was onee seen as a rather static organ it is now clear that the
arganization of brain cirenitey is constantly changing as o function of experience.
These changes are eeferred to as brain plasticity, and they are associated with fune-
tional changes that include phenomena such as memory, addiction, and recovery of
function. Recent research has shown that brain plasticity and behavior can be influ-
enced by a myriad of factors, including both pre- and postnatal experience, drugs,
hormones maturation, aging, diet, disease, and stress. Understanding how these fac-
tors influence brain organization and function is important not only for under-
standing both normal and abnormal behavior, but also for designing treatments for
behavioral and psychological disorders ranging from addiction to stroke.
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One of the most intriguing questions in behavioral neuroscience concerns the
manner in which the nervous system can modity its organization and ultimately
its function throughout an individual's lifetime, a property that is often referred to
as plasticity. The capacity to change is a fundamental characteristic of nervous
svstems and can be seen in even the simplest of organisms, such as the tiny worm
C. elogans. whose nervous system has'only 302 cells. When the nervous system
changes. there is often a correlated change in behavior or psychological function.
This hehavioral change is known by names such as learning, memory, addiction,
maturation. and recovens. Thus, for example, when people learn new motor skills,

such as in plaving a musical instrument, there are plastic changes in the structure
of cells in the nemous system that undaglie-the, motor skills. If the plastic changes

are somehow pxcwn(cd from oceurring, lhc motor learning does not oceur.
Although psy chologlsts have assumed t!mt the nervous system is cspaually sensi-
tive to c\pcnencc during dev elopmént! it i§' (mlv recently that they have begun to
appreciate the potential for plastic changes i ‘the adult brain. Understanding brain
plashcm is obtiously of considerable interest/both because it provides a window
to understandinig the development ofgthe brain and behavior and because it allows
insight into the causes of normal and abnormal behavior.

THE NATURE OF BRAIN PLASTICITY

The underlving assumption of studies'of brain and behavioral plastxcm is ithiat

if behavior Lhdngce there must be! s()me d]ahge in orgdmmuon or propcx‘nes of
. ' ' \r
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the neural circuitry that produces the behavior. Conversely, if neural netw ur"k.
are changed by experience, there must be some corresponding change in it
functions mediated by those networks. For the investigator interested in unde
standing the factors that can change brain circuits, and ultimately behavior.
major challenge is to find and to quantify the changes. In principle. plastic
changes in neuronal circuits are likely to reflect either modifications of existiri.
circuits or the generation of new circuits. But how can researchers measu:
changes in neural circuitry? Because neural networks are composed of indivic
ual neurons, each of which connects with a subset of other neurons to for: .
interconnected networks, the logical place to look for plastic changes is at the
junctions between neurons, that is, at synapses. However, it is a daunting tus-
to determine if synapses have been added or lost in a particular region, given th
the human brain has something like 100 billion neurons and cach neuron make .
on average several thousand synapses. It is clearly impractical to scan the bra.
looking for altered synapses, so a small subset must be identified and examin.
in detail. But which synapses should be studied® Given that neuroscientis -
have a pretty good idea of what regions of the brain are involved in pamcul
behaviors, they can narrow their search to the likely areas, but are still left wi
an extraordinarily complex system to examine. There is. however, a procedu
pat makes the job easier.

In the late 1800s, Camillo Golgi invented a technique for staining a randu.
subsgt of neurons (1-5%) so that the cell bodies and the dendritic trees of ind
vidual cells can be visualized (Fig. 1). The dendrites of a cell function as tl

Fig. 1. Photograph of a neuron. In the view on the left. the dendritic field with t:
extensive dendritic network is visible. On the right are higher-power views of dendrit
branches showing the spines, where most synapses are located. If there is an increase
dendritic length, spine density, or both. there are presumed to be more synapses in i -
neuron.



weaffolding — synapses. much as tree branches pr()\'.idc i l(‘»culiun !'()r Jeaves to
grow and be exposed to sunlight. The uscfulness of Golgi's (cchnqu.w can be
understood by pursuing this arboreal metaphor. There are a number of ways one
could estimate how many leaves are on a tree without counting every leaf.’l hus,
one could measure the total length of the tree’s branches as well as the density
of the leaves on a representative branch. Then, by simply |.mf|lip|ying l)mnc.h
length by leaf density. one could estimate total lcafa\ge. A similar procc-durc is
used to estimate synapse number. About 95% of a cell's synapses are on its den-
drites (the neuron’s branches). Furthermore, there is a roughly linear relation-
ship between the space available for synapses (dendritic surface) and Fhe numl')gr
of synapses, so researchers can presume that increases or decreases in dendritic
surface reflect changes in synaptic organization.

FACTORS AFFECTING BRAIN PLASTICITY

Ry using Golgi-staining procedures. various investigators have sho.\vn that h()u.s-
ing animals in complex versus simple environments produces widespread dif-
ferences in the number of synapses in specific brain regions. In general, such
experiments show that particular experiences embellish circuitry, whereas the
absence of those experiences fails to do so (e.g., Greenough & Chang, 198?).
Until recently. the impact of these neuropsychological experiments was surpris-
ingh limited. in part hecause the environmental treatments were perceived as
extreme and thus not characteristic of events experienced by the normal brain.
It has become clear. however, not only that synaptic organization is changed by
experience, but also that the scope of factors that can do this is much more
evtensive than anvone had anticipated. Factors that are now known to affect
neuronal structure and behavior include the following:

o oxperience thoth leading pre- and post-natal)

o psvchoactive drugs te.g.. amphetamine, morphine)

o wonadal hormones (e.g.. estrogen, testosterone)
anti-inflammatory agents te.g.. COX-2 inhibitors)

prowth factors te.g.. nerve growth factor)

dictan factors we.g.. vitamin and mineral suppiements) |
genctic factors 1o, strain differencog, genetically modified mice)
discase re.p.. Parkinson's discase. schizophreniaa epilepsy, stroke) . w
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: ’ P ! { ‘ [ ' Tl !
Early Experience .-, - o e ‘ \

! Wi ) o
. . T RITSICE 1 R T . ’
It is generally assunied that experiences euri_\‘ ih khF:. have different effects on

behavior than similar éxpériences later in life! The teason for this differénce is
not understood. however. To investigate this question, we placed animals in
complex environments either as juveniles, in adulthood, or in senescence gKo‘lb,
Gibb. & Gorny; 20037 It avas our expettatian thatithere would be quantitative
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differences in the effects of experience on synaptic orpanization. but to our sur-
prise, we also found gualitative differences. Thus, like many investigators before
us, we found that the length of dendrites and the density of synapses were
increased in ncurons in the motor and sensory cortical regions in adult and aged
animals housed in a complex environment (relative to a standard lab cage:. In
contrast, animals placed in the same environment as juveniles showed an
increase in dendritic length but a decrease in spine density. [n other words the
same environmental manipulation had qualitatively different effects on the
organization of neuronal circuitry in juveniles than in adults.

To pursue this finding, we later gave infant animals 45 min of daily tactile
stimulation with a little paintbrush (15 min three times per dayv) for the first 3
weeks of life. Our behavioral studies showed that this seemingly benign early
experience enhanced motor and cognitive skills in adulthood. The anatomical
studies showed, in addition, that in these animals there was a decrease in spinc
density but no change in dendritic length in cortical neurons—vet another pat-
tern of experience-dependent neuronal change. (Parallel studies have shown
other changes, too, including neurochemical changes. but these are bevond the
current discussion.) Armed with these findings, we then asked whether prena-
tal experience might also change the structure of the brain months later in adukh-
hood. Indeed, it does. For example, the offspring of a rat housed in a comples
environment during the term of her pregnancy have increased svnaptic space on
neurons in the cerebral cortex in adulthood. Although we do not know how pre-
natal experiences alter the brain, it scems likely that some chemical response
by the mother, be it hormonal or othenwise, can cross the placental barrier und
alter the genetic signals in the developing brain.

Our studies showing that experience can uniquely affect the developing brain
led us to wonder if the injured infant brain might be repaired by environmental
treatments. We were not surprised to find that postinjuny experience, such as
tactile stroking, could modify both brain plasticity and behavior because we had
come to believe that such experiences were powerful modulators of brain devel-
opment (Kolb, Gibb, & Gorny, 2000). \What was surprising. however, was that pre-
natal experience, such as housing the pregnant mother in a complex envitonment.
could affect how the brain responded to an injury that it would not receive until
after birth. In other words, prenatal expericnce altered the brain's response to
injury later in life. This type of study has profound implications for preemptive
treatments of children at risk for a varicty of neurological disorders.

Psychoactive Drugs

Many people who take stimulant drugs like nicotine, amphetamine. or cocaine
do so for their potent psychoactive effects. The long-term behavioral conse-
quences of abusing such psychoactive drugs are now well documented, but
much less is known about how repcated exposure to these drugs alters the nen-
ous system. One experimental demonstration of a very persistent form of drug
experience-dependent plasticity is known as behavioral sensitization. For exam-
ple, if a rat is given a small dose of amphetamine. it initially will show 4 small
increase in motor activity (e.g., locomotion, rearing). \WWhen the rat is given the
same dose on subsequent occasions. however, the increase in motor activity



sensitizes, and the animal may remain sensitized tor weeks, months,
or event.even il drug treatment s discontinued.

Cluingus in behavior that occur as a consequence of past experience, and
can persist for months or vears, like memaries, are thought to be 4uc to chunge.s
m patterns of synaptic organization. The parallels thwccr\ drug-lnduccld. sensi-
tization and memon fed us to ask whether the neurons-of animals sensitized to
drugs of abuse exhibit long-lasting changes similar to thosc.fxssocizgted with
memon te.g. Robinson & Kolh, 1999). A comparison of the effects of amphet-
amine and saline treatments on the structure of neurons showed that neurons
in amphetamine-treated brains had greater dendritic mau?rial. as well as more
densely organized spines. These plastic changes were not found throughout the
hrain. however, but rather were localized to regions such as the prefrontal cortex
and nucleus accumbens, both of which are thought to play a role in the reward-
ing propertics of these drugs. Later studies have shown that t.hese drug—induceq
changes are found not only when animals are given injections by an experi-
menter. but also when animals are trained to self-administer dr‘ugs, leading us
to speculate that similar changes in synaptic organization will be found in human
drug addicts.

me rc;ls&’.‘(

Other Factors

All of the factors we listed earlier have effects that are conceptually similar to the
two examples that we just discussed. For instance, brain injury disrupts the synap-
tic organization of the brain, and when there is functional improvement after the
injun. there is a correlated reorganization of neural, circuits {e.g., Kolb, 1995).. But
not all factors act the same way across the brain. For instance, estrogen stimu-
lates svnapse formation in some structures but reduces synapse number in other
structures (e.g.. Kolb. Forgie. Gibb, Gorny, & Rowntree, 1998), a pattern of
change that can also be seen with some psychoactive drugs, such as morphine.
In sum. it now appears that virtually any manipulation that produces an endur-
ing change in behavior leaves an anatomical footprint in the brain.

CONCLUSIONS AND ISSUES | )
TENE

There are several conclusions to draw from oursgudies. First, experience alters
the brain. and it daes so.in an agesrelated manneg Second, both pre- and post-
natal cxpcﬁcncc have such effects. and. these effeets are long-lasting zmd@an
influence not only brain structure but also agdult. hehavior. Third, seemingly sim-
ilar expericnees ean alier nearonal cirepits in different ways, ;11(]1()1!;11) cnc:h of
the alterations is manitest in behavioral changg, Foyrth, a variety of behavioral
conditions. ranging from addiction to neurological and psychiatric disorders, are
carrelated with localized changesin neural circuits, Finally, therapies that are
intended to alter hqliuin\'ior..sqch as treatment fgr pddiction, stroke, or §chizp;
phrenia. are likely 1a,be most effective if thev are,able to further reorganize rel-
evant brain circuitry. Furthermore. studies of peyrgnal structure provide a simple
method of screeniﬁg,l,t'(ar_treatmems that are likelyto be effectjve in‘t‘r_eatin'g dis-
orders such as dementia. Indeed;. our studies show that the new generatiqn of
antiarthritic drugs tknown as, CON-2 inhijhitors), which act to reduce inflam;
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mation, can reverse age-related Syndplic luss dnd tnus ougnt to L. _onsidered
as useful treatments for age-related cognitive loss.

Although much is now known about brain plasticity and behavior. many
theoretical issues remain. Knowing that a wide variety of experiences and agents
can alter synaptic organization and behavior is important, but leads to a new
question: How does this happen? This is not an easy question to answer. and it
is certain that there is more than one answer. We provide a single example
illustrate,

Neurotrophic factors are a class of chemicals that are known 1o affect synup-
tic organization. An example is fibroblast growth factor-2 (FGF-2). The pro-
duction of FGF-2 is increased by various experiences, such as complex housing
and tactile stroking, as well as by drugs such as amphetamine. Thus, it is pus-
sible that experience stimulates the production of FGF-2 and this. in turn.
increases synapse production. But again, the question is how. One hypothesis
is that FGF-2 somehow alters the way different genes are expressed by specific
neurons and this, in turn, affects the way synapses are generated or lost. In
other words, factors that alter behavior, including experience, can do so by alter-
ing gene expression, a result that renders the traditional gene-versus-environment
discussions meaningless.

Other issues revolve around the limits and permanence of plastic changes.
After all, people encounter and learn new information daily: Is there some limit
to how much cells can change? It seems unlikely that cells could continue to
enlarge and add synapses indefinitely, but what controls this: We saw in our
studies of experience-dependent changes in infants, juveniles. and adults that
experience both adds and prunes synapses, but what are the rules governing
when one or the other might occur? This question leads to another, which is
whether plastic changes in response to different experiences might interact. For
example, does exposure to a drug like nicotine affect how the brain changes in
learning a motor skill like playing the piano? Consider, too, the issue of the per-

‘manence of plastic changes. If a person stops smoking, how long do the nico-

tine-induced plastic changes persist, and do they affect later changes?

One additional issue surrounds the role of plastic changes in disordered
behavior. Thus, although most studies of plasticity imply that remodeling neural
circuitry is a good thing, it is reasonable to wonder if plastic changes might also
be the basis of fna‘thological behavior. Less is known about this possibility, but it
does seem likely. For example, drug addicts often show cognitive deficits, and it
seems reasonable to propose that at least some of these deficits could arise from
abnormal circuitry, especially in the frontal lobe.

" Insum, the structure of the brain is constantly changing in response to an
unexpectedly wide range of experiential factors. Understanding how the brain
changes and the rules governing these changes is important not only for under-
standing both normal and abnormal behavior, but also for designing treatments
for behavioral and psychological disorders ranging from addiction to stroke.
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Critical Thinking Questions

1. What does it mean to say that the brain has “plasticity” and that one must ‘use
it or lose it?"

2. Describe the Golgi-staining procedure and factors that affect neuronal struc-
ture.

3. Discuss the interaction between early experience, age, and neuronal circuitry.
' : ; ; T I TS SRR ] .

4. How might the authors’ conclusions about brain-plasticity be applied to social
policy?
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Automatic Brains—Interpretive Minds (

Matthew Roser and Michael S. Gazzaniga
Dartmouth College

Abstract

The involvement of specific brain areas in carrying out specific tasks has been
increasingly well documented over the past decade. Many of these processes are
highly automatic and take place outside of conscious awareness. Conscious experi-
ence, however, seems unitary and must involve integration between distributed
processes. ‘This article presents the argument that this integration occurs in a con-
structive and interpretive manner and that increasingly complex representations
emerge from the integration of modular processes. At the highest levels of con-
sciousness, a personal narrative is constructed. This narrative makes sense of the
brain's own behavior and may underlie the sense of a unitary self. The challenge for
the future is to identify the relationships between patterns of brain activity and con-
scious awareness and to delineate the neural mechanisms whereby the underlyving
distributed processes interact.

Keywords

neural correlates of consciousness; interpreter; integration

Although it has been known for more than a century that particular parts of the
brain are important for particular functions, the past decade of functional mag-
netic resonance imaging (FMRI) research has lead to a huge upsurge in evidence
for functional specialization. This work has identified areas of the cortex. the
convoluted outer layer of the brain, that are involved in processing particular
stimulus attributes, or performing certain tasks. For example, cortical areas espe-
cially responsive to faces, movement, and places have been found. and these
experimental results have been replicated by many independent obsenvers.
Although some of the initial claims for functional specialization have been tem-
pered somewhat in the light of new findings, it is becoming ever more clear that
the cortex is not a homogeneous, general-purpose computing device, but rather
is.a complex of circumscribed, modular processes occupyving distinct locations.

Most of the work undertaken by these specialist systems occurs automati-
cally and outside of conscious control. For instance, if certain stimuli trick your
visual system into constructing an illusion, knowing that you have been tricked
does not mean that the illusion disappears. The part of the visual system that
produces the illusion is impervious to correction based on such knowledge. Addi-
tionally, a convincing illusion can leave behavior unaffected. us whenobservers
are asked to scale the distance between their fingers to the size of a line pre-
sented with an arrowhcad attached to cach end. Although the arrowheads can
alter the pereeived: size of o line (the Maller-Lyer illusion), obsenvers do not
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