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Thinking and Problem Solving

Stanislas Dehaene, John Jonides, Edward E. Smith, and Manfred Spitzer

The higher mental processes include mental calcu-
lation, reasoning, problem solving, and the under-
standing of language. Virtually all instances of these
processes require the use of stored information (see
Chapters 55 and 56). Consider two examples, one in-
volving mental arithmetic and the other geometric
analogies.

1. Mentally calculate the running total of the follow-
ing series of numbers: 28, 17, 33, 19, 22,

2. Inspect the 3 X 3 matrix in Fig. 59.1, in which the
bottom right entry is missing, and determine
which of the § alternatives given below the ma-
trix is the missing entry. (To do this, you have to
determine the rules that specify how the forms
vary across the rows and columns.)

You cannot do the mental arithmetic problem with-
out accessing the relevant arithmetic facts from long-
term memory, nor can you solve the geometric analogy
without retrieving from memaory the instructions about
choosing among alternatives and analyzing the rows
and columns. But more than long-term memory is in-
volved here. In the mental arithmetic example you
have to keep accessing the current running total before
you can add a new number to it; the constantly chang-
ing running total is presumably active, maintained in
short-term or working memory (in contrast to long-
term memory). In the geometric analogy, in each row
or column you have to determine the similarities and
differences between pairs of items, and then keep these
similarities and differences active in working memory
(see Chapter 56).

The general point is that thought processes typically
generate anumber of intermediate mental products that
must be held “on-line” for successful performance to
occur. This on-line storage system is working memory,
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and earlier work has established some of its key compu-
tational properties (at least for verbal contents like dig-
its, letters, or words). Specifically, working memory:

1. Requires on the order of a few hundred millisec-
onds to encode a new item.

2. Has a limited storage capacity that has been esti-
mated at 7 *+ 2 items.

3. Loses information in a matter of seconds.”

4. Requires about 50-100 ms for retrieval of each item.”

The system is thus well suited to briefly holding a lim-
ited amount of material that must be rapidly accessible,
just the kind of system needed to expedite thinking.

The fact that working memory is involved in many
forms of thought suggests the following two-step strat-
egy for studying the neural basis of thought:

1. Start by focusing on tasks that require just work-
ing memory, and try to characterize the neural cir-
cuitry of this system.

2. Then consider tasks that require the involvement
of working memory in increasingly complex
ways, and use what has been learned about work-
ing memory to bootstrap our understanding of
the neural basis of these more complex tasks.

In what follows, we adopt this strategy. Specifically:

1. First we consider relatively pure memory tasks
and provide an account of a neural network for
working memory.

2. Then we move up one step in complexity, looking
at tasks in which subjects not only store items in
working memory but also code each one with re-
spect to temporal order,

3. Next we consider tasks in which subjects perform
a few operations on information stored in work-
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Example of a geometric analogies problem (from the Ravens Progressive Matri-

ces Test). The task is to determine which of the eight alternatives presented bencath the matrix
is the missing bottome-right entry in the matrix, See text for further explanation,

ing memory to accomplish a meaningful goal.
Here, we consider two kinds of tasks—language
understanding and mental arithmetic.

In discussing the tasks used in steps 2-3 we will be
interested in whether the neural basis of performance
involves the network for working memory. In addition,
we will be interested in what other neural networks
are recruited for task performance.

VERBAL WORKING MEMORY

Before beginning our discussion, one more intro-
ductory issue must be addressed. We have talked as
if there is just one working memory, as if the same
storage system is used regardless of the contents that
have to be maintained. This assumption is almost cer-
tainly incorrect, as shown by single-cell studies of non-
human primates and neurcimaging studies of humans.
Recordings from the dorsolateral prefrontal cortex of

adult monkeys* showed that some neurons responded
only when spatial information had to be stored, and
other neurons responded only when visual-object in-
formation had to be briefly maintained. In addition,
positron emission tomography (PET) studies with hu-
mans have found different patterns of activation de-
pending on whether the material stored briefly is spa-
tial, visual object, or verbal in nature.™ Thus, we need
to specify which working memory we are discussing,
In what follows we focus on verbal working memory
because so many problem-solving and reasoning tasks
have a verbal component.

Verbal Working Memory Retains Items in a
Speech-Based Code

Verbal working memory is the system involved
when one must briefly remember a series of numbers,
letters, words, or other verbal items. For example, after
reading the following letters, look away from the text
for about 5 s and then report these letters in order:
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EB TGV C P. Most people who do this task report
that during the 5-s retention interval they implicitly
spoke or “rehearsed” the names of the letters to them-
selves. This introspection is supported by objective be-
havioral data. For example, the faster one’s rate of
implicit speech, the better one performs the task (be-
cause it is less likely that a letter will have faded before
it can be rehearsed again’). The upshot of this line of
behavioral research is that verbal working memory
represents items in a phonoelogical code (the sounds
of the items), and these phonelogical representations
can be maintained by a rehearsal process that consists
of internal speech.

Rehearsal and Storage Components of
Working Memory Have Separate Anatomy

With regard to the neural basis of working memaory,
consider first some evidence from neuropsychology.
Brain damage can result in an impairment known as
the short-term memory syndrome,” in which the pri-
mary deficit is an inability to store verbal information
for a period of seconds (the deficit is particularly severe
for the auditory presentation of material). We can illus-
trate with one frequently studied patient, KF (see Box
56.3, Chapter 56). When KF is presented with a se-
quence of 1 to 7 digits and is required to immediately
repeat them back in order, he gets only 1 digit correct
(normal is 7). In contrast, when KF is given a long-
term memory task—say, learning a list of 20 words
over a number of trials—he performs normally. Thus,
KF's memory deficit is confined to verbal working
memory. Importantly, part of KF's brain damage in-
cludes the posterior parietal cortex of the left hemi-
sphere. This region is the most frequent site of damage
in patients manifesting the short-term memory syn-
drome.

PET scanning studies with normal subjects provide
additional support for the involvement of the left-
hemisphere posterior parietal cortex. In one study’
subjects were scanned while they were performing
two different tasks. One task, iftem recognition, is
presented schematically in Fig. 59.2, top. Un each
trial, a target set of four letters is presented briefly
(200 ms), followed by a blank retention interval of
3000 ms, followed by presentation of a probe letter.
The subject’s task is to decide as quickly as possible
whether the probe names one of the target letters
(subjects indicate their decision by pressing one of
two response buttons). This is a standard test of
verbal working memory,’ and the pattern of observed
activation should reveal the brain structures involved
in this system. However, the task also includes com-
ponents that are not part of working memory—

perceiving the letters, selecting a response, and exe-
cuting a response—and the activation due to these
unwanted components needs to be subtracted out if
a clear “picture” of working memory is to be gained.
This problem is routine in PET research and there
is a routine solution: scan the same subjects on a
task that is thought to involve the same perceptual
and response components as the memory task of
interest but not the working memory component,
and then subtract the activation pattern obtained in
this control task from that obtained in the memory
task. The control task used in this study is sketched
in Fig. 59.2, bottom. In this task, a set of four letters
again is presented on each trial, but now the letters
remain in view while the probe is presented so that
the subject need not rely on memory in making
a decision.

The data obtained from the memory and control
tasks consist of sets of images, each image showing
the relative changes in blood flow in a particular
horizontal slice of cortex. Since increases in blood
flow are assumed to be monotonic with increases in
neural activity, each brain image reveals which re-
gions have relative increases in neural activity during
performance of the task of interest. When the images
of the control task are subtracted from those of the
memory task, a number of regions are significantly
active; presumably these regions mediate verbal
working memory. Importantly, one of these regions
in the posterior cortex of the left hemisphere is the
same region implicated by the neuropsychological
studies of the short-term memory syndrome. How-
ever, other regions are active as well. They include
anterior left-hemisphere regions known to be in-
volved in the production and planning of speech,"
including Broca's area, the premotor area, and the
supplementary motor area (or SMA). Given their role
in overt speech, it seems plausible they may mediate
covert speech (i.e., rehearsal) as well.

PET experiments in other laboratories provide cor-
roborative evidence for this distinction between poste-
rior storage mechanisms and anterior rehearsal mech-
anisms. For example, the item-recognition task was
associated with activation in the left-hemisphere pos-
terior parietal cortex as well as in anterior speech-
related regions.” In this same study, when activation
in a task requiring rehearsal but not storage was
subtracted from the activation associated with the
item-recognition task, significant activation remained
in the posterior region but not in the anterior regions.
This pattern of results gives us a picture of verbal
working memory that includes a storage component
in the posterior cortex and a rehearsal component
in the anterior cortex, both in the left hemisphere.
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FIGURE 59.2 Schematic representations of the item recognition task (top) and its contrel condi-

tion (botbom).

Working Memory Can Include Temporal Tags
to Order Information

Recent neurcimaging research has focused on tasks
that required subjects not only to maintain items in
working memory but also to code them with respect
to their temporal order.*'** Such tasks are of interest
because they are further along the continuum from
pure memory tasks to tasks that involve working mem-
ory in more complex cognition (in accordance with the
strategy laid out earlier).

In one such study,” subjects saw a continuous se-
quence of letters, and for each one they had to decide
whether it was identical to the one presented two let-
ters earlier or two back. This “two back” task requires
a working memory lead of two to three items (the
last two letters presented plus the current one). It also
requires subjects to temporally code the items currently
in working memory—because only the letter that en-
tered two back is a proper match—and to continually
change these codes as new items enter working mem-
ory. The questions of interest are: Do PET images for
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this task show evidence of the working-memory neural
network described earlier, and do new regions of acti-
vation emerge that may correspond to the coding oper-
ations needed in this task? The answer to both ques-
tions is “yes.” When activation under a suitable control
condition is subtracted from that in the two back mem-
ory condition, the resulting PET images again show
activation in the left-hemisphere posterior parietal re-
gion that presumably mediates storage, as well as the
left-hemisphere anterior regions that presumably me-
diate inner speech (Broca’s area, the premotor area,
and SMA).

Importantly, some regions that are not active in pure
memory tasks (like itern recognition) are active in this
memory-plus-coding task. Some of the additional re-
gions are right-hemisphere homologs of left-hemi-
sphere areas already described, including right-hemi-
sphere SMA. These additional regions may reflect
mainly the added difficulty of this task compared to the
item recognition tasks; the right-hemisphere homologs
are helping out in a particularly difficult version of
what is normally a left-hemisphere task. Another re-
sult, however, suggests that the current task is qualita-
tively different from a pure memory task. When more
sensitive statistical analyses are conducted, an area in
the dorsolateral prefrontal cortex (area 46) also shows
evidence of activation. This area is known to be in-
volved in the temporal coding of information.'*

Thinking Includes Working Memory and
Executive Attention

5o far we have considered working memory in isola-
tion. PET studies have revealed specific brain areas
that mediate components of working memory such as
storage and active rehearsal.

Let us take a bigger step up the complexity scale
and consider tasks in which subjects perform some
operations on the information stored in working mem-
ory so as to accomplish a meaningful goal. This in-
volves not only the problem of representing informa-
tion in memory that has been considered in this chapter
but also the issue of executive control discussed in
Chapter 54. Two kinds of tasks will be considered:
certain situations requiring an understanding of lan-
guage and standard mental arithmetic problems. Both
kinds of tasks clearly exemplify thinking.

Working Memory Mediates Communication

The best behavioral evidence for the involvement
of working memory in language understanding comes
from correlational studies.”* There is a positive corre-

lation between a measure of an individual’s working-
memory capacity and that individual's performance
in a language-understanding task, such as answering
true-false questions about previously read para-
graphs. (Such correlations, though, are obtained with
measures of working memory that require the subject
to store material while concurrently engaging in some
processing, for example, storing the last word of each
of a series of sentences that the subject also has to un-
derstand.)

Some neuropsychological evidence for the involve-
ment of working memory in language understanding
comes from patients with the short-term memory syn-
drome (impairment in short-term memory tasks associ-
ated with damage in left posterior parietal cortex). Al-
though such patients have no difficulty understanding
most kinds of sentences, they perform poorly when
they also have to carry out a mental operation based
on the verbatim content of the sentence."” Presumably,
storing the wverbatim content—the exact words—
requires verbal working memory, and this is why the
patients” capacity to understand sentences breaks
down. Thus, the patients are impaired in answering
orally presented comparative questions like: “Which
is green, a poppy or lettuce?” Successful performance
here depends on maintaining the exact words
(“green,” “poppy.,” and “lettuce”) and performing
mental operations on the representations of these
words.

Another kind of sentence on which the patients
show impairment is an orally presented instruc-
tion with high information content.” An example is
“Before picking up the green circle, touch the red
square,” where the patient is expected to carry out the
instruction. In this case, understanding requires setting
up a plan, and the generation of this plan requires
verbatim memory of some of the information; the latter
requirement presumably causes the patients’ prob-
lems. Other sentence types that people with short-term
memory syndrome have difficulty with show the same
general characteristics.”

Given that we are dealing with language under-
standing, regions other than the left posterior parietal
cortex—namely, the language regions in the perisyl-
vian area of the left posterior temporal cortex (includ-
ing Wernicke's area)—are also involved. These are the
regions that are damaged in many patients who show
language disturbances (e.g., Wernicke's aphasia). The
left-hemisphere posterior temporal cortex apparently
houses our normal language understanding system.
However, when verbatim memory of language is re-
quired, the verbal working memory system in left-
hemisphere parietal and frontal cortices is called into
play as well.

VIL BEHAVIORAL AND COGNITIVE NEUROQSCIENCE
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Arithmetic Also Requires Working Memory

Extensive behavioral evidence indicates that verbal
working memory is used in mental arithmetic. For
instance, the longer partial sums must be held before
they can be reported, the poorer mental-calculation
performance will be, which suggests that the outputs
of mental calculation undergo decay just as any other
information in working memory. Thus, when subjects
must mentally add a 3-digit and a 2-digit number, their
accuracy is greater when they can report their answers
in reverse order (units, tens, hundreds) than in forward
order.” Another piece of behavioral evidence for the
link between working memory and calculation comes
from studies on the cognitive effects of aging, It is well
known that working memory declines with age™ It
has also been established that the ability to mentally
execute a multistep numerical calculation declines with
age. Neither of these two findings is surprising. What
is newsworthy is that the age-based decline in mental
calculation is almost totally attributable to those steps
of the calculation that require storage in working
memory.”

Turning to the neural underpinnings of mental caleu-
lation, we find that patients with the short-term memory
syndrome also show impairment on arithmetic tests."”
In addition, early neurcimaging work™ showed that
when subjects engaged in a mental arithmetic task (sub-
tracting successive 3s from 50], the left-hemisphere pari-
etal cortex was activated. These same imaging results
also showed extensive activation in the frontal cortex,
including the dorsolateral prefrontal cortex. More re-
cent neurcimaging work has confirmed that mental cal-
culations recruit both inferior parietal regions associ-
ated with number processing and dorsolateral
prefrontal ones associated with working memory.”
Again, working memory seems to be an important com-
ponent in a thinking task, but it is only one component
of the total neural system recruited for the task.

Summary

Neuroimaging tasks that look at verbal working
memory show activation of left-hemisphere frontal
and parietal sites. The frontal area is closely related to
rehearsal of the items in working memory, whereas
the posterior area is related to storing items. Things can
be viewed as a combination of these working memory
areas with high-level executive attention networks that
were reviewed in Chapter 54.

MODELS OF PROBLEM SOLVING

Nearly all the areas of the brain can be said to be
involved in some form of problem solving. For in-

stance, some visual areas solve the problem of recov-
ering the 3D shape of objects from their retinal projec-
tion. As already noticed by Helmholtz at the end of
the 19th century, such “perceptual problems’ can be
extremely difficult and ambiguous and require a so-
phisticated apparatus, adequately called by Helmholtz
an “uncenscious inference,” in order to solve them.
However, the kind of problem solving that is per-
formed in perception (and also in simple motor con-
trol) has the characteristic of being highly inflexible.
Mo matter how long we look at many visual illusions,
our percepts do not change. This is because our percep-
tual apparatus is dedicated to solving a single re-
stricted problem, and almost always solves it in the
same way.

The kind of problem solving that we consider in
this chapter, however, is quite different and is charac-
terized by a considerable amount of flexibility. Mam-
mals (especially the higher primates and, of course,
humans) can find a solution to problems that they have
never encountered before and for which evolution has
not developed dedicated “wired-in"" solutions. For in-
stance, a rat can find the way out of a maze, a chimpan-
zee can figure out how to use a stick to unhook a
banana from the ceiling, and a human adult can sub-
tract 356 from 644, play chess, or plan a trip to Mexico.
Such activities involve (a) constructing an accurate
mental representation of the goal to be achieved, (b)
selecting appropriate means for achieving this goal,
and (c) executing the planned strategy and monitoring
how successful it is.

Obwviously, models of problem solving can be aimed
at several different levels of analysis. Mathematics (es-
pecially graph theory and game theory), computer sci-
ence, and artificial intelligence have mostly been con-
cerned with designing and evaluating different
computational strategies for solving problems. Al-
though some insights have been gained through this
approach, it will only be minimally discussed here
because, for the most part and until recently, it has
shown little concern for the actual solutions that hu-
mans and animals use or for the neural apparatus un-
derlying them. We shall deal more deeply with models,
originating from cognitive psychology and /or neuro-
psychology, that have examined the mental architec-
tures underlying simple reasoning. Finally, we shall
discuss recent models that have made specific propos-
als about the neuronal or even the molecular systems
underlying flexible problem solving.

Artificial Intelligence Studies Aid Us in
Describing Problem Domains

From its early inception, artificial intelligence has
been trying to copy the flexibility that humans, and
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FIGURE 59.3 Example of a simple Tower of Hanoi problem. The task is to move the stack of disks over
to the right hand peg, moving one at a time, and being sure not to stack a larger disk on a smaller one.

to some extent animals, show in abstract problem
solving as exemplified by chess playing or thecrem
proving. One problem task that has been widely
studied is the Tower of Hanoi, illustrated in Fig.
59.3. In this task an optimal solution can be specified,
and yet the task captures some of the decision-
making strategies involved in common games such
as chess.

An important insight from studies of the Tower
of Hanoi and of chess is that such problems can be
abstractly represented by decision trees: at each point
in time, there are many options for action, some of
them leading closer to the goal and most of the others
diverging from the solution (Fig. 59.4). Thus, solving
a problem becomes equivalent to exploring a large tree
of possibilities and trying to find the shortest path
toward the goal.

In the most interesting cases, the tree of possibilities
is so large that it cannot be explored, or even known,
in its entirety. Hence, heuristics or rules of thumb
must be devised to guide the search. One possibility
is to reason from the goal backward, defining a chain
of achievable subgoals that become progressively
easier to reach from the current starting situation,
Another useful device is an evaluation function that,
for each given situation, computes an approximation
of how remote the goal is. If the evaluation function
is adequate, simply picking, whenever a decision
needs to be made, the action that leads to the most
valuable situation will be a successful strategy.

Another useful problem-solving trick in artificial
intelligence (Al} is using learning to progressively
reduce and focus the search. One of the earlier
successes of Al, Samuel's checker-playing program,
progressively adapted its evaluation function so that,
in the end, the evaluation of a very large tree of
possibilities could be predicted by a single “look”

at the checker deck. Similarly, frequently used action
sequences may be compiled into a more or less fixed
scenario or script® Upon later encounteres with a
similar situation, the script can be reused. The role
of the controller program is then confined to checking
the execution of the script and reacting appropriately
if it becomes inadapted or ends prematurely. In the
course of solving more and more problems, some
Al programs thus learn to compile a repertoire of
strategies for solving different problems. When a
relatively novel problem-solving situation occurs, and
when the known strategies seem to fail, such a
program still needs to resort to tree exploration
heuristics as above. However, it can automatically
detect recurring regularities in its exploration behav-
ior and add them to its list of available strategies.
Progressively, then, problem solving comes to rely
more and more on precompiled strategies, with calls
to a higher-level controller becoming less and less fre-
quent.

Although most Al approaches are aimed at devel-
oping efficient programs rather than at simulating hu-
man problem-solving behavior, it is remarkable that
in so doing, they have developed concepts that often
provide adequate characterizations of the actual men-
tal architectures for abstract thought. There is consider-
able evidence for a dissociation, in humans, between
“routine” and “creative” problem solving. The great-
est chess players, for instance, have developed highly
efficient routines for “parsing” any chess situation and
immediately getting excellent hunches as to what the
best moves may be. Before becoming experts, however,
we all have to painfully explore a tree of possibilities
that taxes our working memory, error detection, and
backtracking abilities. Areas of the prefrontal cortex
are instrumental in the creative form of reasoning and
problem solving.

VII. BEHAVIORAL AND COGMITIVE MEUROSCIENCE
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FIGURE 59.4 A small portion of the decision tree for Shallice’s Tower of London test, which requires

planning a series of moves of balls on three pegs®.

There Is a Common Human Architecture for
Problem Solving

One of the more influential models of the architec-
ture of human problem solving was developed by Nor-
man and Shallice (see also Chapter 54 for a review of
this model). The Norman-5hallice model belongs to
cognitive neuropsychelogy. Although it nicely cap-
tures the behavioral data on problem solving in normal
human adults and in patients with damage to the fron-
tal lobe, it provides no means of predicting the neu-
ronal cireuits and the activity of cells involved in prob-
lem-solving tasks. However, as described in Chapter
54, tasks involving conflict usually activate frontal
areas. A number of neurcnal network models have
been proposed on the basis of these findings.

The Pretrontal Cortex May Play a Role in the
Flexible Adaptation of an Organism to
Various Tasks

A classical set of task tapping prefrontal functions
in animals is the delayed-response task. Depending on
the version of the task, the animal must pay attention
to and store in working memory different aspects of
its environment, such as the identity of an object (in
delayed matching-to-sample tasks) or its location (in
spatial delayed-response tasks). Following a delay, the
animal is given a choice between two objects and is
asked to find the one that matches the description
stored in memory. Dehaene and Changeux®* have
proposed a simple model of how the prefrontal cortex
contributes to such delayed-response tasks. The model

VI BEHAVIORAL AND COGNITIVE NEUROSCIENCE
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is based on a hierarchy of neural layers, each of which
modulates the level immediately lower to it (Fig. 59.5).
When the object to be memorized is presented for in-
put, a low-level direct mapping between sensory data
and corresponding actions allows it to be grasped. This
lower level input—output system, which corresponds
to the triggering of action schemata in the Norman-
Shallice model, has no memory, however, so it cannot
support delayed-response performance. A higher level
mapping includes working memory units with long-
lasting firing properties that can modulate and select
among actions triggered at the lower level. This indi-
rect mapping coarsely maps onto the dorsolateral pre-
frontal cortex, and the activity of the simulated units
mimics the long-lasting, delayed related firing of actual
prefrontal cells.

In the Dehaene—Changeux model, behavioral flexi-
bility is achieved because the nature of the task to be
performed (spatial delayed-response or delayed
matching-to-sample) is encoded in cell activities rather
than in connection strengths and can therefore be mod-
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ified “on the fly"” as required, without requiring slow
modifications of synaptic strengths. As noted, some
units in the model code for aspects of past experience
stored in working memory. The activity of other units,
called “rule-coding units,” encodes the behavioral set
of plans that the organism is currently following. The
network might change, for instance, from performing
spatial delayed response to performing delayed match-
ing-to-sample by the mere switching on or off of some
rule-coding units.

In human adults, a classical task tapping the ability
to switch between mental sets is the Wisconsin Card
Sorting Test. A deck of cards bearing colored symbols
must be sorted, but at different stages of the test the
sorting criterion changes abruptly from, say, color to
shape or to number of stimuli on the cards. Patients
with lesioned prefrontal cortext fail to change their
sorting criterion and perseverate sorting by color. Such
perseveration behavior can be mimicked by the De-
haene-Changeux network (Fig. 59.5B).
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FIGURE 59.5 Architecture of two simple model neuronal networks that have been used to simulate
functions of the prefrontal cortex. Left: Delayed-response tasks. Right: Wisconsin Card Sorting Task. Redrawn

from Dehaene and Changeux.™
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active, directs the lower levels of the system to orient
to color and therefore to sort the stimulus cards ac-
cording to their color. The overall sorting plan can be
rapidly changed if needed, for instance, if negative
external reward signals that the current rule is likely
to be invalid. It is assumed that the different rule-
coding units are organized in a specialized neuronal
network that functions as a generator of diversity. That
is, units coding for different rules have a strong level of
spontaneous firing that enables them to spontaneously
come into play and propose a new hypothetical rule
or plan to be followed. Normally, the units inhibit each
other so that only one can be active at a given time.
Negative reward, however, has the effect of destabiliz-
ing the currently active unit and therefore of releasing
all the others from inhibition. Spontaneous firing then
ensures that new rules will be tried out until a fitting
one is found. The model was shown to be able to pass
tests of cognitive flexibility such as the Wisconsin Card
Sorting Test, and impairments similar to those found
in patients with damage to the frontal lobes were ob-
served when parts of the control structure were le-
sioned. More generally, Dehaene and Changeux™ have
suggested that much of high-level human problem
solving rests on “mental Darwinism.” Just as Darwin
modeled the apparition of new species by random vari-
ation followed by selective elimination, the flexible
emergence of new problem-solving strategies can be
modeled by the random production of novel hypothe-
ses followed by their elimination or selection as a func-
tion of their usefulness for solving the problem at hand.

Several gaps in the Dehaene-Changeux models
have been filled by models of other groups. Levine
and Prueitt” have described a network that also solves
the Wisconsin Card Sorting Test and embodies a dis-
tinction between habits (circuits that cannot be modu-
lated by external reinforcement) and biases (which can
learn, using reinforcement, to overcome habits). There
is indeed good physiological and anatomical evidence
for a separate neural circuity for habit formation.” An-
other important issue is whether the neuronal architec-
ture for learning complex tasks must be prewired from
the start (as in the Dehaene—Changeux and Levine-
Prueitt models), or whether it can be partially acquired
by learning. Other structured models still embody the
distinction between a lower level of direct sensory-
motor mapping and a higher level of controlled pro-
cessing, in which the higher level is capable of learn-
ing®* One model starts with a semirandom
connectivity. The simulated prefrontal cells then learn
to store and keep “on-line” bits of information related
to the task at hand.

It is important to note that most current models
either are prewired to solve a specific task or require

thousands of learning trials before they can master a
novel task. No model to date has shown anything close
to the specifically human capacity for switching tasks
by mere exposure to a few seconds of instructions.
The most flexible of current models can only switch
between a small number of local circuits. To put such
“flexibility” into perspective, brain-imaging tech-
niques in humans have shown that the pattern of re-
gional activation of the entire brain can be radically
altered by attention, intention, and instruction. Much
maore research is needed to understand how the selec-
tion of active circuits is controlled in the human brain.

Emotions Are Involved in Models
of Reasoning

An interesting feature of current neuronal models
of problem solving and decision making is that they
have led to a renewed interest in reward, evaluation,
and emotion systems and to a reconsideration of their
role in reasoning. In most of the above models, flexibil-
ity comes from the prompt behavioral reaction of the
system to a change in the positive or negative reinforce-
ment signals that it receives. This is achieved by a
dedicated architecture in which the “value” of an ac-
tion is rapidly signaled to several areas and is allowed
to affect neuronal activity and synaptic strengths in
the circuits that it projects to. Dehaene and Changeux®
have proposed one possible molecular mechanism for
the rapid effect of reward signals. Negative reward
would be signaled by an elevated concentration of a
diffuse neuromodulator (e.g., dopamine or acetylcho-
line) in prefrontal areas. In the presence of this neuro-
modulator, currently active postsynaptic receptor mol-
ecules (ion channel open) would undergo allosteric
transitions to a slowly desensitized state in which the
ion channel is closed. This would have the effect of
temporarily inactivating neurons and circuits that were
active just before negative reward was received. It
would therefore impose a change in the internal activ-
ity of prefrontal neurons and hence a switch to a new
plan of behavior.

Negative or positive reward signals, however, need
not come exclusively from the external world. Rather,
the organism itself may learn to predict the occurrence
of reward and may activate reward circuits internally
when the appropriate conditions are met. Such a mech-
anism is called an “adaptative critic"™ or an “auto-
evaluation loop.”* It empowers the system with an
ability to evaluate its current choices and intentions
spontanecusly without waiting for an external reac-
tion, and in some cases, without even actually per-
forming actions. Reasoning, in effect, becomes a mental
simulation of possible actions and an internal evalua-

VL BEHAVIORAL AND COGNITIVE NEUROSCIENCE



DISORDERS OF THOUGHT IN SCHIZOPHRENIA 1553

tion of their predicted consequences. Unlike a more
basic system, a network possessing an auto-evaluation
loop can use reasoning to avoid making the same error
twice in the Wisconsin Card Sorting Test. When a new
rule is selected, the network first tries it internally to
see if it yields the same error as on the previous trial.
If it does, negative reward is predicted and triggers
the elimination of this rule, as would a normal exter-
nal reward.

Summary

Artificial intelligence models problem solving as the
exploration of a vast tree of possibilities under the
guidance of various heuristics and evaluation func-
tions. Prefrontal cortex is heavily involved in this active
exploration. Meuronal models of planning and prob-
lem solving suggest at least three functions for prefron-
tal cortex areas. Some prefrontal circuits are involved
in the active maintenance of problem information in
working memory. Other circuits may be involved in
maintaining specific mental strategies and in rapidly
switching from one strategy to another. Evaluation
circuits, finally, may contribute to the internal monitor-
ing of ongoing plans. Evaluation circuits may cause
the release of reward signals, for instance, from cate-
cholaminergic projection systems, which may modu-
late the activity of other units and thus influence deci-
sion making.

DISORDERS OF THOUGHT
IN SCHIZOPHRENIA

Psychopathology is the science and the art of describ-
ing what is wrong with a mentally ill patient. Schizo-
phrenia (see Box 59.1),” which is arguably the most dis-
ruptiveand at the same time enigmatic of the psychiatric
disorders, has a lifetime prevalence of 1 to 1.5% and
about 1 person in 3000 is treated for schizophrenia in
any one year in the United States. Most patients become
ill in their twenties, although there are rare cases of
childhood onset and onset past the age of 55.

Schizophrenia Is Associated with Impaired
Access to the Mental Lexicon and Working
Memory and by Disordered Thought Content

The concept of schizophrenia was formed 90 years
ago. At that time, disrupted thought processes were
described in terms of association psychology, the pre-
vailing school of thought in psychology. Currently,
these changed processes of thinking are considered in

a framework linked to the basic cognitive functions of
working memory and thought discussed previously.

Schizophrenic thought disorder can be character-
ized by a decreased accuracy of lexical access combined
with decreased working memory. Both dysfunctions may
be related, and they may be caused by dysfunctional
maplike semantic networks that can be localized in
frontal and temporal cortical areas. Disorders of the
content of thought (i.e., delusions) are discussed within
a framework of neuromodulation and neuroplasticity
in cortical networks processing semantic and possibly
other high-level information. The structures of seman-
tic networks as revealed by experimental psychologi-
cal, neuropsychological, and functional magnetic reso-
nance imaging (fMRI) studies bear a close resemblance
to self-organizing feature maps (i.e., a type of neural
network). In these maps, the influence of noise on plas-
ticity can be demonstrated, and these findings can be
related to the neuromodulatory function of dopamine,
which appears to regulate the signal-to-noise ratio in
network information processing. In sum, different
methods and strategies provided by cognitive neuro-
science are combined to bridge the gap between psy-
chopathology and underlying brain pathology and to
provide a comprehensive and parsimonious explana-
tion of a number of otherwise inexplicable or unre-
lated phenomena.

The Mental Lexicon Is a Maplike Network

The store of words in the mind is called the mental
lexicon. Words have a number of features regarding
meaning, grammar, sound, writing, and aspects of use.
Word associations and various ways to study them
have played a major role in research on how the mental
lexicon is organized—that is, how semantic, grammati-
cal, phonetic, graphemic, and pragmatic information
is stored and accessed when language is produced or
understood. ™

One of the more important methods for studying
word-related computations is the lexical decision ex-
periment. The subject must decide whether or not a
given string of characters is a word. To investigate spe-
cific types of associations, two words are presented one
ata time, and the effect of the relation between the words
on the reaction time is measured. Figure 59.6 shows the
series of events in a typical lexical decision experiment.
A robust phenomenon that has been discovered using
this technique of lexical decision is semantic prim-
ing.”* A word is recognized faster if a meaningfully
related word is shown immediately before. For exam-
ple, “black” is recognized faster as a word if it is pre-
sented shortly after “white” than if it is presented
shortly after a nonrelated word such as “soft.”
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BOX 59.1

SCHIZOPHRENIA

The Swiss psychiatrist Eugen Bleuler coined the term
“schizophrenia” in a famous book, first published in
1911.% In this book, which is full of clinical descriptions,
Bleuler made the point that this disorder is characterized
by four types of symptoms regarding:

(1) thinking (disordered associative processes),
(2) affect (inappropriate, depressed, or manic affect),
(3} will (ambivalence, i.e., indecisiveness), and
{4} social behavior (autism, social withdrawal).

The following writing of a patient examplifies the dis-
turbed thought processes in schizophrenic patients,
driven by associative links between concepts rather than

goal-directed thinking.

I am writing on paper. The pen which I am using is
from a factory called ‘Perry & Co.’ This factory is in
England. I assume this. Behind the name of Perry &
Co. the city of London is inscribed; but not the city.
The city of London is in England. I know this from
my school-days. Then, I always liked geography. My
last teacher in that subject was Professor August A.
He was a man with black eyes. I also like black eyes.
There are also blue and gray eyes and other sorts, too,
I have heard it said that snakes have green eyes. All
people have eyes. There are some, too, who are blind.
These blind people are led about by a boy. It must be
very terrible not to be able to see. There are people
who can’t see and, in addition, can't hear. | know some
who hear too much, One can hear too much. There
are many sick people in Burgholzli; they are called
patients. One of them I like a great deal. His name is
E. 5ch, He taught me that in Burgholzli there are many
kinds, patients, inmates, attendants. Then there are
some who are not here at all. They are all peculiar
people. . .. (Bleuler 1911 /1950, p. 80).%

Schizophrenia poses a major public health problem
worldwide, with a lifetime prevalence of about 1% in
most cultures and geographic locations studied. Its clinical
manifestations usually appear in adolescence and early
adulthood. Prognosis varies widely, with some patients
showing a stable illness course with minimal disability
during maintenance treabment and others a more severe,
deteriorating course which eventually stabilizes at a level
of marked disability.

While the etiology of schizophrenia is unknown, sev-
eral lines of converging evidence suggest that schizophre-

nia is a neurodevelopmental disorder {or group of disor-
ders) resulting from a combination of genetic susceptibil-
itv and acquired neuropathology arising early in life. Fam-
ily, twin, and adoption studies have established the
importance of genetic factors in the etiology of schizophre-
nia, but have also suggested a role for acquired fac-
tors.'M12" For example, the concordance rates among mon-
ozygotic and dizygotic bwins are about 50 and 209, re-
spectively.

The most compelling evidence for a neurodevelopmen-
tal process in schizophrenia comes from postmorfen: stud-
ies that show cytoarchitectural disorganization of the cere-
bral cortex, which if confirmed by future studies would
imply a defect in cortical development arising during the
second trimester of gestation. Recent neurodevelopmental
models proposed for approaching the pathogenesis of
schizophrenia attempt to account for these histopathologi-
cal findings and the several-year latency between the de-
velopmental period and the onset of clinical symptoms.
For example, some groups have shown that lesions placed
in specific frontal cortical or hippocampal areas during
the perinatal period in experimental animals result in
cognitive impairment and hyperdopaminergic behaviors
{see below) which are not pronounced until after puberty.
Another model capitalizes on the observation that
NMDA—glutamatergic receptor antagonists (e.g., phency-
clidine) can produce the spectrum of psychotic, behav-
ioral/social, and cognitive symptoms seen in schizo-
phrenia in nonschizophrenic, postpubertal humans. In
contrast, such reactions rarely if ever occur in children
who receive NMDA antagonists as part of anesthetic regi-
mens, suggesting that the development of sensitivity to
the psychotomimetic effects of NMIDA hypofunction has
an age dependency similar to that seen for the onset of
psychosis in schizophrenia. Moreover, when introduced
in where to rats at critical developmental stages, NMDA
antagonists produce neurodegenerative changes in the
limbic cortex. These observations led to the hypothesis
that schizophrenia is associated with NMDA receptor hy-
pofunction, which, during cortical development, pro-
duces excitotoxic damage and consequent microscopic
abnormalities, and during the postpubertal period, pro-
duces susceptibility to psychosis.

Wayne C. Dreoets
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FIGURE 59.6 A typical sequence of events in semantic priming,
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on for 200 ms and the target (e.g., black) until the subjects responds,

Lexical Decision Experiments and Related
Techniques Suggest That Word-Related
Information Is Stored in the Form of an
Associative Network

According to current network models of the mental
lexicon, semantic (and possibly other) features of
words are represented as "nodes” (which have been

called “logogens”) in a neuronal network (see Fig.
59.7). In the course of an utterance, these semantic
units become activated for a short period of time and
thereafter either decay rapidly or are actively inhib-
ited.®** This model of access to the mental lexicon
further asserts that concepts activated in a semantic
network by a prime serve as a source of activation that
spreads to other related concepts. Such spreading of
activation to nearby nodes in the semantic network
lowers their thresholds of activation, that is, increases
their probability of becoming used in the production
or understanding of a subsequent utterance. If one of
these concepts is denoted by a word that is a target
in a lexical decision experiment, this target will be
recognized faster because its processing is facilitated
by its being already activated to some degree.

Ritter and Kohonen* have proposed a biologically
and computationally plausible mechanism for the for-
mation of semantic networks. They used a special type
of neural network, a so-called self-organizing feature
map, to simulate the organization of semantic input.
This type of network is highly biologically plausible,
since its basic features—Ilateral inhibition, a high de-
gree of connectivity, and Hebbian learning—are fea-
tures of the neuronal organization of the neocortex.**
When the neural network is presented with any kind
of coherent input, it will create an orderly, maplike
representation of this input.** Ritter and Kohonen
presented such a network with the names and charac-
teristics of animals. This was done by using an arbitrary
binary code for the animals’ names and a binary repre-
sentation of the presence or absence of the animals’
crucial features. Upon presentation of the input, the
network formed a map, on which 16 animals were
represented in such a way that animals with similar
features were close together and dissimilar animals
were far apart. In their second experiment, the authors
presented short sentences to a similar network. This
time, the network organized this input not only ac-
cording to semantic but also according to grammatical
features of the words. Nouns, adverbs, and verbs were
put on distinctive areas on the map, and within these
areas, the words were organized according to seman-
tic features.

The Brain Maps Semantic Concepts

Very different aspects of the outside world are rep-
resented in a maplike manner in the human cortex.
Multiple somatosensory and motor maps were de-
scribed even several decades ago.**" Moreover, multi-
ple retinotopic and tonotopic maps have been discov-
ered in the primate cortex, and evidence indicates that
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Stockings

FIGURE 59.Y Semantic network (sketch) derived from word association norms (Palermo & lenkins, 1963).
Words that normal college students associated with stimulus words were put in adjacent nodes.

such maps exist in the human cortex™™ (see Chapter
501).

Data accurnulated over the past decade from brain
damaged-patients point to the existence of semantic
maps in cortical areas. Some patients with aphasia re-
lated to brain damage display a loss of only a small
fraction of their semantic memory. Some patients have
no cognitive deficit except for the naming of, for exam-
ple, living things. Others are unable to name vegetables
or items inside the house.'"'* These cases appear to
be rare, but an increasing number of descriptions of
patients with category-specific naming deficits sug-
gests that a negative observation bias may have con-
tributed, and may still be contributing, to the rarity of
the phenomenon (see Chapter 57). In fact, as early as
1966, a high incidence of deficits in naming items of a
specific category was found in a quantitative study
of category-specific word comprehension deficits, This
finding led to the conclusion that in aphasic patients
such category-specific deficits may be the rule rather
than the exception. The fact that the lesions in most of
these cases were not small, but rather extended or even
diffuse, suggests the existence of multiple semantic
maps, so that selective category-specific deficits occur

only when the localized representations of the category
in each map are lost. In any event, we can conclude
from the neuropsychological evidence gathered so far
that the representations are organized at least in part
by semantics, and these representations must be local-
ized to some degree.™

Functional Imaging Studies Support a Maplike
Organization of the Mental Lexicon

In one fMRI study, normal subjects were asked to
covertly name pictures of items from four categories
that had been chosen on the basis of previous neuro-
psychological evidence (i.e., animals, furniture, fruit,
and tools). Color images of 20 items from each category
were digitized and processed so that they were about
equal in luminance and contrast and could be projected
onto a screen mounted within the fMRI scanner. The
stimuli were projected one at a time for 1.5 s each,
resulting in 30-s stimulation epochs per category. One
f-min data acquisition run consisted of three presenta-
tions of each series of category-specific items, that is,
of 12 epochs, in fixed succession (animals / furniture /
fruit/ tools / animals / furniture, etc.). Four such runs
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were executed by each subject, with a pause of about
15 min between runs. Each run was preceded by a
30-s “warm-up”’ phase in which 20 items from the four
categories (5 of each) had to be named. The purpose
of this warm-up was to exclude activation caused by
the mere beginning of the task, a phenomenon that
was seen in a pilot experiment. The stimuli were differ-
ent from those in the subsequent tasks. While the sub-
jects performed the task, they were scanned with a
1.5-T (Tesla) MR scanner equipped with echo planar
imaging and a surface coil placed over the left fronto-
temporal region of the head. During each 30-s epoch,
15 images were taken in 5 planes.

Data were analyzed on a unit volume basis (i.e.,
voxel by voxel). Figure 59.8 displays the time course
of activation for the furniture and tool categories. Most
subjects showed areas of increased cortical activation
caused by naming items of one of the categories. Be-
cause of the way images were obtained, only the left
frontal temporal areas could be assessed.™ In another
study involving subjects naming only animals or furni-
ture items, activated areas were located not too far
apart within the brain of each subject. Several such
areas were found in each subject, in the left frontal and
temporal lobes. Therefore, this study provides further
evidence for distributed maplike semantic representa-
tions of semantic information. Two positron emission
tomography studies of category-specific brain activa-
tion found further evidence of localized storage of
high-level representations. Both studies involved the
categories of animals and tools and provide converging
evidence for the localized storage of aspects of these
representations,
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FIGURE 59.8 Results of MR studies using picture naming as the primary task. Within a left frontal
brain area related to semantic processing different sibes become active depending on whether the subject
sees pictures of furniture (Fu), animals (A), fruit (Fr), or tools (T). (A) Activity level of one set of sites during
presentation of different tvpes of pictures. These sites are most sensitive to furmniture. (B) Activity level of
another set of sites that most sensitive to tools.
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Associative Disorders Are Revealed by
Abnormal Semantic Priming in
Schizophrenic Patients

Schizophrenic patients suffering from thought dis-
orders exhibit a number of language-related abnormal-
ities.™ Their utterances in normal conversations contain
more repetitions, which may occur at the level of sylla-
bles, words, or phrases, as well as more associative
intrusions—inappropriate intrusions of words that are
often very remotely associated with some previous
words of the utterance. The finding that schizophrenic
patients produce more nonstandard associations in the
word association test has been replicated a number
of times.™

To investigate the associative processes of schizo-
phrenic patients in more detail, researchers have used
the above-mentioned semantic priming protocol.”
When one study was run, a most unexpected result
was obtained: an incrensed semantic priming effect in
schizophrenic patients who suffered from formal
thought disorder (TD) compared to the effect in non-
thought-disordered (NTD) schizophrenic patients and
normal control subjects.”™

This experimental result is highly unexpected, be-
cause the very patients who by definition suffer from
strange and unexpected associations benefit more from
normal associations in the lexical decision experiment.
The increased semantic priming effect (due to normal
associations) can be reconciled with the presence of
thought disorder (i.e., pathology of associations) by
the spreading activation hypothesis of lexical access,
if it is assumed that activation during lexical access
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Semantic priming

Indirect semantic priming

FIGURE 59.9 Tlustration of how direct and indirect priming help us to study the spread of semantic
activation. The elipses represent nodes in memory that code semantic information. Activation of the solid
elipse is driven by an input item (e.g., the prime “white” in Fig. 59.6). The activation spreads to closely
related nodes (which include “black™ as one example), activated nodes within the focused gray curve.
However, there may also be unfocused activation beyond the gray arca, shown by the white area, Indirect
priming (for example, of “night,” which is associated to black but only indirectly to white) can be used to
study actvation that spreads beyond the focused area.

spreads faster and farther in the semantic network in
TD schizophrenic patients than in normal subjects. This
causes the increased activation of normal associations
on the one hand (and hence an increased semantic
priming effect) and the intrusion of coblique and un-
usual associations into utterances, because activity
spreads out quickly to farther nodes, causing patholog-
iral intrusions.

Indirect Priming Is Improved in Schizophrenia

The finding of an increased semantic priming effect
in TD schizophrenic patients was an important first
step. However, careful clinical observation provided
the clue for another measure of increased spreading
of activation in TD schizophrenic patients. Whereas
schizophrenic patients produce fewer close associates in
word association tests,” they tend to produce more
indirect, or mediated, associations. Many years ago,
Bleuler™ (p. 26) noted: “'In experimental investigations
of association, we find a notable frequency of ‘mediate
associations.”” Bleuler's results were recently repli-
cated using a standard word association task given
to 20 normal control subjects and 20 schizophrenic
patients.” Compared to the normal control subjects,
the TD schizophrenic patients showed fewer standard

associations, fewer associations driven by meaning,
and more indirect associations.

Finally, the following line of argument, derived
from the associative network model of semantic prim-
ing, can be made to suggest a better measure for
the spreading of activation in such networks. Ac-
cording to this model, activation is postulated to
dissipate with distance. Empirical evidence indicates
that such an inverse relationship between semantic
distance and the amount of activation exists in normal
subjects.” Therefore, from a psycholinguistic perspec-
tive, closely associated words, which are automati-
cally activated in normal control subjects and in
schizophrenic patients, may not be the best stimuli
for proving the faster and farther spread of activation
in associative networks of schizophrenic patients.
Instead, far associations should be more effective
discriminators between normal and activated associa-
tive networks (Fig. 59.9). Examples of such far, or
indirect, associations are “‘chalk (white)-black” and
“lemon (sour)—sweet.” In general, indirect associa-
tions can be defined as word pairs where the connec-
tion between the words is obvious only via a mediat-
ing associated word, Applied to lexical decision
experiments, this means that the target is an associa-
tion to an association of the prime.
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FIGURE 59.10 Direct (A) and indirect (B) priming score (difference between RT to related and unrelated
words) for 50 normal controls, 21 non-thought-disordered schizophrenics, and 29 thought-disordered schizo-
phrenics, Reproduced with permission from Spitzer.®
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Indirect Semantic Priming Proved to Be a
Better Measure of Spreading Activation Than
Direct Semantic Priming

Two studies of indirect and direct semantic priming
in normal control subjects and schizophrenic patients
clearly confirmed the validity of these ideas. As can
be seen in Fig. 59.10, the spreading of activation reaches
more distant nodes only after several hundred millisec-
onds in normal subjects. In this group a significant
indirect semantic priming effect was observed only
when the target word appeared 700 ms after the prime
word. This interval between the beginning of the prime
and the beginning of the target is called stimulus onset
asynchrony (SOA). In contrast, TD schizophrenic pa-
tients displayed a significant indirect semantic priming
effect when the SOA was short, i.e., only 200 ms. This
was interpreted as a sign of the fast and far spreading
of activation in this group.

Differences in (direct) semantic priming between
TD schizophrenic patients and normal subjects—
particularly at the long SOA—can be attributed exclu-
sively to the general slowness of the patients. When
this slowness was taken into account, no difference in
the priming effect was visible. This was not the case,
however, for the indirect semantic priming effect. This

study not only provided support for the spreading
activation model of thought disorder but also sug-
gested that indirect semantic priming in lexical deci-
sion tasks with a short SOA is a good measure of
spatiotemporal characteristics of the spreading of acti-
vation in semantic networks.

SCHIZOPHRENIA AND DOPAMINE

The Modulatory Activity of Neurons Changes
Relatively Slowly Compared to the Rate
of Neurotransmission

Most neurons in the brain are engaged in excitatory
or inhibitory point-to-point fast signal transmission
(see Chapter 8). Only a small fraction of all brain neu-
rons do not engage in fast information processing of
signals. These cells have connections that are diffusely
and widely spread across the cortex. They use sub-
stances such as monoamines (norepinephrine, dopa-
mine), serotonin, and acetylcholine for transmission,
and receptor sites for these substances can be found
in many cortical areas and within the various layers
of the cortex. The transmitters do not act on ion chan-
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nels, but rather activate comparatively slow second-
messenger systems (see Chapter 9).

The distinction between fast neurotransmission and
slow neuromodulation is a matter of degree. Consider
the following analogy: In a color TV set, fast informa-
tion processing corresponds to the screen being re-
freshed about every 30 ms, according to the signals
coming in through the antenna. In contrast, neuro-
modulation corresponds  to  slow, hand-operated
changes in general variables such as contrast, bright-
ness, and color saturation, affecting the entire screen
display.

Just as there is a clear advantage in being able to
control general qualities of TV pictures, it must be
advantageous for the organism to set general variables
controlling information processing. For example, when
we relax we may enjoy a seemingly endless and rather
unusual stream of “free” associations. Such “‘wander-
ing in mind” may eventually generate rather unusual
thoughts, or even creative solutions to problems we
have long carried with us. On the other hand, in the
presence of a threat, we had better do what we know
is best and quickly implement the necessary behavior
to get out of the situation. To wander in mind in such
circumstances would clearly be disadvantageous. In
other words, just as the adjustment of contrast or
brightness of a TV improves the overall quality of the
display in various circumstances (such as conditions
of lighting or picture displayed), the adjustment of
general processing features is advantageous for the
organism because it allows better adaptation to the
varying demand characteristics of an ever-changing
environment,

Which General Processing Features Can Be
Assumed to Be under the Control
of Neuromodulators?

From a subjective point of view, we are all familiar
with such general functional characteristics of menta-
tion as vigilance and mood. We are more or less alert
and do things in our mind with more or less ease; we
find ourselves in various mood states and accordingly
think differently about different aspects of the environ-
ment. Vigilance and affect are two concepts derived
from subjective experience that can be reframed in
neuromodulatory terms. Of course, it is unlikely that
there is a clear-cut match between verbal abstractions
from subjective accounts of mental processes and neu-
ronal modulatory systems; however, it is important
to realize that just as vigilance and affect are general
aspects of mentation, neuromodulatory systems con-
trol general aspects of fast neural transmission.

One such general aspect of mentation concerns the

strength of neural signals. At various sites in the cortex
serotonin (5-hydroxytryptamine; 5SHT) functions as an
enhancer of neural transmission. In contrast, norepi-
nephrine and dopamine do not act as general en-
hancers; instead, they amplify strong signals and
dampen weak ones.” The net effect of this function is
to enhance the ratio between a transmitted signal and
the background activity of the neurons. In computa-
tional terms, the effect of these two neuromodulators
has been referred to as enhancing the ratio between
signal and noise. To go back to our TV example:
Whereas BHT appears to control “brightness” (i.e., the
general strength of input signals to cortical areas), nor-
epinephrine and dopamine appear to control “con-
trast,” that is, the relation between the signal and the
random background activity of the system.®®

Elevated Dopamine Levels Have Been
Implicated in the Pathology of Schizophrenia

The basis for implicating dopamine in schizophrenia
is the finding that psychoactive agents that alleviate
symptoms of schizophrenia, such as hallucinations and
delusions, block dopamine receptors in the brain.®
Moreover, a side effect of these agents is parkinsonism,
a disorder chacterized by motor phenomena that are
caused by a hypodopaminergic state.

These findings led to the so-called dopamine hy-
pothesis of schizophrenia. The standard dopamine
hypothesis of schizophrenic psychopathology attri-
butes schizophrenic psychopathology to elevated do-
pamine levels in the brain. Although this hypothesis
dominated the literature for decades, much evidence
has accrued to challenge it. First, it never fit several
clinical observations. For example, whereas neurolep-
tic drugs, as dopamine-receptor antagonists are called
in the context of psychopharmacology, produce Par-
kinsonlike symptoms almost immediately, their action
on psychopathological symptoms is delayed by days
or sometimes even weeks. Second, some symptoms of
schizophrenia do not respond to neuroleptic drugs and
sometimes even become worse under therapy. In par-
ticular, so-called “positive” symptoms such as halluci-
nations and delusions may respond favorably to neu-
roleptic drugs, whereas this is not the case with most
"negative” symptoms such as social withdrawal, anhe-
donia, and apathy. Third, if schizophrenia were neces-
sarily associated with a hyperactive dopamine system,
one would expect increases in the levels of dopamine
and its metabolites in the brain of schizophrenic pa-
tients. Yet neither in vivo nor postmortem studies have
produced consistent results in this regard. Finally, ho-
meostatic mechanisms that are built into the dopamine

WIL BEHAVIORAL AND COGMNITIVE NELROSCIENCE



SCHIZOPHRENIA AND DOPAMINE 1561

system would act to restore dopamine equilibrium fol-
lowing destabilization.

MNegative symptoms in schizophrenia may be due
to a decrease in dopaminergic activity rather than to an
increase.” ™ Various proposals have been based on this
concept. For example, negative symptoms may be
caused by low prefrontal dopamine activity, which
leads to excessive dopamine activity in mesolimbic
dopaminergic neurons, which in turn may eventually
lead to positive symptoms.®™

Dopamine May Modulate Signal-to-Noise
Ratios in the Neuronal Network

Several lines of evidence suggest that dopamine
modulates one general parameter of cortical informa-
tion processing, namely, its signal-to-noise ratio.” Ac-
cording to this model, a decreased dopaminergic acti-
vation of cortical areas leads to a decrease in the
functional focus of cortical neuronal network activity,
thereby reducing the ability to produce appropriate
output.

Whereas a high signal-to-noise ratio may at first
appear to be desirable under any conditions, it can also
at times be counterproductive. As discussed earlier,
network models suggest that noise is an important
factor driving neuroplasticity. In semantic networks,
the relative absence of noise, for example, that pro-
duced by a state of moderate anxiety, may cause a
more focused activation of ideas, concepts, and mean-
ings. The upside of this effect is that under a given
threat, human beings will engage in the one behavior
they have learned to be appropriate. With regard to
language, it has been demonstrated that stress and
anxiety can lead to the production of an increased
number of standard associations (such as black-white,
doctor-nurse) in normal subjects.”™ In other words,
anxiety may order the thoughts of normal subjects,
turning them in the opposite direction of the type of
thought disorders discussed above. The downside of
such highly focused activation characteristics of se-
mantic networks is that creativity is less likely to occur,
We all know that anxious candidates will not do too
well on an examination because they will not be able
to produce creative solutions of problems that require
more than the reproduction of rote-learned facts. To
come up with “creative” solutions, we need to "unfo-
cus”" our mental activity to some extent and allow for
the intrusion of unusual thoughts. In sum, the capacity
to modulate the relative amount of signal and noise
appears to be highly advantageous to an organism,
and therefore neuromodulatory systems may have
evolved,

L-Dopa Has Been Used to Study the Effects of
Dopamine in the Central Nervous System

If dopamine modulates the signal-to-noise ratio in
cortical networks, if such networks are involved in the
storage of semantic information in the form of maps,
and if these maps are accessed during semantic infor-
mation processing more or less reliably (i.e., with more
or less noise involved), the ingestion of L-dopa, a pre-
cursor of dopamine and norepinephrine (see Chapter
8), should cause an increase in the focus of activation
in semantic networks, and hence, a decrease in the
effects of spreading activation, which are represented
in Fig. 59.9. (L.-dopa is used because dopamine itself
cannot pass the blood-brain barrier.)

Because L-dopa is a precursor of dopamine and nor-
epinephrine and both substances have been implicated
in modulating the signal-to-noise ratio in cortical net-
works,"*™ the effects of the two catecholamines are
difficult to discern. However, neuroanatomical consid-
erations render dopamine the more likely candidate
when it comes to the modulation of semantic processes.
The noradrenergic system originates in the locus ceru-
leus and projects mainly to primary sensory cortical
areas, modulating sensory input from the thalamus.
In contrast, the dopaminergic projections arise from the
ventral tegmental area and terminate predominantly in
frontal areas, which are involved in language pro-
cessing. Moreover, dopamine receptors (mainly D1 re-
ceptors) have been demonstrated on spines of pyrami-
dal cells in cortical layer III, where corticocortical
projection neurons are located, linking association cor-
tices with each other.™" Anatomical properties thus
make the dopaminergic mesocortical neurons particu-
laarly suited to exerting a modulatory effect on the
processing of semantic information.

The hypothesis of a dopaminergic neuromodulatory
influence on semantic networks was directly tested
in a study on indirect semantic priming in normal
volunteers.”™ In a double-blind placebo-controlled de-
sign, a speeded lexical decision task and indirectly
related word pairs as well as nonrelated word pairs
were used to assess the effect of 100 mg of L-dopa
(plus 25 mg benserazide, a peripheral decarboxylase
inhibitor) on the time course of spreading activation
in 31 normal subjects. If dopamine causes a sharper
focus of lexical activation, the small indirect priming
effect that normal subjects display at longer SOAs
should decrease. The results of the study were in line
with this hypothesis: When a long stimulus onset
asynchrony was used to elicit indirect priming in nor-
mals, 1-dopa produced a significant decrease of the
indirect semantic priming effect from 28 to 14 ms. A
small, nonsignificant reduction in semantic priming
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indicated again that this measure may be less sensitive
to changes in the spreading of activation in semantic
networks. This study provided direct support for the
hypothesis that dopamine increases the signal-to-
noise-ratio in semantic networks, that is, causes a de-
creased spreading of activation during the process of
lexical access. Indirectly, these data provide some sup-
port for the hypothesis that formal thought disorder
is the result of a decreased dopaminergic tone.

Schizophrenics Also Show Working
Memory Deficits

Since the time of the German psychiatrist Emil
Kraepelin (1856-1926), the prefrontal cortex has been
linked to schizophrenic psychopathology. However,
until the advent of recent neurcimaging methods, little
clear-cut evidence had been produced in support of
this notion. This changed when single-photon emission
tomography (SPECT) and positron emission tomogra-
phy (PET) were used to image the brains of schizo-
phrenic patients. The majority of the SPECT studies
and quite a few of the PET studies suggest that schizo-
phrenic patients suffer from a lower blood flow
through the prefrontal cortex. In particular, more re-
cent studies demonstrated a failure of activation of the
prefrontal cortex in patients performing a task that
is known to activate the prefrontal cortex in normal
subjects, such as the Wisconsin Card Sorting Test, the
Continuous Performance Test, the Porteus Mazes, or
the Tower of London Test.™ This observation led to
the somewhat vague notion of “hypofrontality” in
schizophrenia ™

The frontal lobes can be conceived as the site of the
psychological function of working memory as dis-
cussed earlier in this chapter (also see Chapter 56).
Working memory has been linked to dopamine activity
in this brain area in human beings.® Because dopamine
functioning is clearly involved in the pathogenesis of
schizophrenia, because frontal cortex dysfunction in
schizophrenia has been demonstrated by neurcimag-
ing studies, and because delayed response tasks re-
quire subjects to guide their responses by memory of
information newly stored for each trial, such tasks
seem suitable for tapping working memory deficits in
schizophrenic patients.” Moreover, working memory
deficits have been demonstrated directly in schizo-
phrenic patients using wvarious delayed-response
taskﬁ_ﬁl&-}.ﬂﬁ

Features of schizophrenic thought may also be ex-
plained as a combined dysfunction of associative se-
mantic and working memory. As we have already
seen, the particular kind of schizophrenic concretism,
that is, the tendency to make a remote aspect of a

concept overly concrete, can easily be explained as the
combined effect of a disinhibited (unfocused) associa-
tive memory and a reduced capacity of working mem-
ory. Furthermore, the clinically relevant aspect of
schizophrenic thought and behavior, the patients’
ubiquitous lack of sensitivity to context," can easily
be accounted for in terms of working and associative
memory. The patients’ failure to make appropriate use
of contextual evidence in the production and under-
standing of language and in goal-directed behavior
may be caused by the inability to keep relevant infor-
mation “in mind"” while pursuing a certain project.
This relevant information must be represented in
working memory, because it must be permanently
used to guide behavior in the absence of immediate
perceptual cues or even despite perceptual cues that
suggest some alternative behavior.

Summary

Cognitive neuroscience is the most recent name for
the human endeavor to understand the nature of mind
and how it is related to the brain. Cognitive neurosci-
ence provides a framework for the study of higher
mental processes. In this chapter we reviewed the con-
cepts of working memory, problem solving, and psy-
chopathology. In doing so, we have drawn on concepts
and knowledge of attention, language, memory, and
emotion described in previous chapters of this section.
Concepts such as neuroplasticity and neuromodula-
tion have been used to understand the changes in such
systems over long and short periods of time. We be-
lieve that there remains very great potential for the
use of this framework in understanding higher mental
functional and its pathologies.
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