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ABSTRACT

Accumulating evidence indicates that the storage and processing capabilities of the human working
memory system co-vary with individuals’ performance on a wide range of cognitive tasks. The
ubiquitous nature of this relationship suggests that variations in these processes may underlie individual
differences in intelligence. Here we briefly review relevant data which supports this view. Furthermore,
we emphasize an emerging literature describing a trait in genetically heterogeneous mice that is
quantitatively and qualitatively analogous to general intelligence (g) in humans. As in humans, this
animal analog of g co-varies with individual differences in both storage and processing components of
the working memory system. Absent some of the complications associated with work with human
subjects (e.g., phonological processing), this work with laboratory animals has provided an opportunity
to assess otherwise intractable hypotheses. For instance, it has been possible in animals to manipulate
individual aspects of the working memory system (e.g., selective attention), and to observe causal

Aging relationships between these variables and the expression of general cognitive abilities. This work with
Transgenics laboratory animals has coincided with human imaging studies (briefly reviewed here) which suggest
Pr?frontal cortex that common brain structures (e.g., prefrontal cortex) mediate the efficacy of selective attention and the
Mice performance of individuals on intelligence test batteries. In total, this evidence suggests an evolutionary

Humans . . w . ” :
conservation of the processes that co-vary with and/or regulate “intelligence” and provides a framework

for promoting these abilities in both young and old animals.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

contemporary descriptions of the process, the description of
working memory by Baddeley and Hitch (1974) probably best

The concept of working memory has undergone a dramatic
evolution since first formally introduced more than 50 years ago
(Miller, 1956). Although not entirely consistent with the most
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captures the sentiments of most modern theorists. Baddeley and
Hitch assessed subject’s performance on list learning, retrieval, and
comprehension tasks under conditions of high and low inter-
ference. Under conditions that imposed high interference, reason-
ing, comprehension, and learning were all impaired by otherwise
insignificant memory loads. Based on these observations, Baddeley
and Hitch proposed that working memory was a limited resource
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system with both storage and processing components which were
traded off as a function of task demands. Accordingly, working
memory has come to be viewed as a flexible system that both
maintains current information while supporting the simultaneous
execution of higher cognitive functions.

“Higher cognitive functions” (such as reasoning, comprehen-
sion, and learning) are the hallmark of contemporary intelligence
test batteries, and form common colloquial descriptions of
“intelligence”. Thus it is not surprising that “working memory”
(or at least some of its sub-components) has come to be viewed by
some as the potential latent factor which underlies general (fluid)
cognitive abilities, i.e., intelligence (e.g., Mackintosh, 1998).
Accordingly, variations in (components of) working memory
efficacy have been proposed to regulate individual differences in
intelligence.

Here we will briefly review evidence from the human literature
that supports the assertion that specific components of the
working memory system establish an individual’s level of
performance across diverse tests of cognitive ability. Next, we
will review recent evidence from our laboratory which indicates
that genetically heterogeneous laboratory mice express a trait that
is both quantitatively and structurally similar to “intelligence” in
humans. It is noted that many studies of “animal intelligence” have
historically taken a different approach than the one described here,
often focusing on proof of concept demonstrations in non-human
animals of abilities akin to “cognitive capacities”, “correlates of
mind”, tool use, or language in humans (for reviews, see
Shettleworth, 2009; Jerison, 1985). Here we will focus on a recent
series of experiments which takes a different approach in which
the aggregate performance of laboratory mice is assessed across
diverse learning and attentional tasks, a strategy that is
qualitatively and quantitatively analogous (in some respects) to
the characterization of individual differences in human intelli-
gence. Following this strategy, our use of animal subjects has
provided the opportunity for a comparative analysis of the role of
working memory in the establishment of general cognitive
abilities. Furthermore, we will describe our efforts to modulate
the processing efficiency of working memory, allowing us to assess
the causal relationship between working memory and general
cognitive abilities (a test that is not easily implemented with
human subjects). Lastly (and based in part on our analysis of aged
animals), we describe a theoretical framework for understanding
the role of working memory in the establishment of general
cognitive abilities across the lifespan.

2. Working memory and intelligence in humans

In a seminal paper, Underwood (1975) argued that psycholo-
gical theories could be best assessed by tests of individual
differences, that is, if Mechanism “A” is believed to underlie
Process “B” than individual differences in Mechanism “A” should
predict corresponding differences in Process “B”. It has largely
been this approach that has led to the common assertion that
processing components of the working memory system might
serve as the latent factor which underlies variations in intelligence.

In their more recent formulation, Baddeley and Logie (1999)
suggested that working memory was a system that retains
information (primarily from recent experience), and thus supports
the acquisition of new knowledge, aids in problem solving, and
provides information with which to formulate and act on current
goals. It is these storage components of the working memory
system that determine the duration of the memory trace as well as
the amount of information that can be maintained (simple span)
prior to displacement to some secondary storage device. However,
storage alone is not sufficient to accomplish the diverse functions
attributed to working memory. To this end, the storage system is

controlled by processing devices, the primary purpose of which are
to oversee decisions (regarding the transfer of information from
primary [limited] and secondary storage sites) and to direct
attention in a controlled manner (i.e., selective attention).

Decades of research were directed at establishing relationships
between physical characteristics (e.g., head size, transmission
speed, reflex latencies, degree of myopia, etc.) and performance on
standardized tests of intelligence. Although weak correlations
between these physical characteristics and intelligence have often
been reported, the research was somewhat un-systematic and the
results less than compelling, such that no unifying principals
emerged. In contrast, during the past decade much attention has
been paid to the role of working memory in the establishment of
intelligence. It is beyond the scope of the present paper to present a
comprehensive review of this literature (for an extensive recent
review, see Unsworth and Engle, 2007a). However, a brief
summary is warranted.

Although measures of list retention abilities have appeared in
intelligence test batteries since their earliest descriptions (see
Dempster, 1981), Daneman and Carpenter reported in 1980 that
simple span (i.e., “memory span” or the ability to accurately recall
a list of items, in this case, words) was uncorrelated with reading
comprehension (on a Scholastic Aptitude Test, a task thought to be
representative of intelligence). In contrast, complex span (the
ability to retain and recall the last words in a series of related
sentences) was strongly correlated with reading comprehension,
although the actual list of words was identical in the simple and
complex span tasks. While both simple and complex span each tax
storage abilities, only complex span is believed to reflect
processing abilities, i.e., the capacity to retain information while
simultaneously using that information to complete a directed task.
Thus Daneman and Carpenter proposed that processing compo-
nents of working memory were more critical to the establishment
of intelligence than were simple storage abilities. Numerous
behavioral studies have supported this contention (e.g., Ackerman,
2005; Colom et al., 2004; Conway and Engle, 1996; Engle et al.,
1999; Sub et al., 2002). In converging support, brain image analyses
have indicated that a wide range of higher cognitive tests (i.e., ones
that simultaneously tax storage and processing abilities) engage
areas of the frontal cortex (particularly the dorsolateral prefrontal
cortex; see Section 4 below) which are thought to be critical for the
efficient implementation of working memory (Gray et al., 2003;
Haier et al., 2004), and activity in the dorsolateral prefrontal cortex
during intelligence testing is predictive of overall performance on
those tests (Conway et al., 2003).

There is no doubt that simple span and complex span measure
overlapping processes, and performance on tasks that nominally
isolate these two processes are typically correlated (Unsworth and
Engle, 2007b). Nevertheless, it is presumed (consistent with
Daneman and Carpenter, 1980) that performance on a complex
span task recruits processes beyond those required for simple span
performance. It is this additional processing that is thought to
account for the superiority of complex span performance in the
prediction of higher cognitive abilities.

In its most rudimentary form, a complex span task requires
subjects to not only maintain information, but to maintain that
information in spite of competing demands or task-relevant
distraction. This is clearly exemplified in the reading comprehen-
sionfword list recall task of Daneman and Carpenter (1980)
described above. However, the conclusion that the correlation
between complex span performance and higher cognitive abilities
(e.g., intelligence) is specific to the processing demands of the
complex span task has been challenged by a series of recent results.
For instance, Unsworth and Engle (2006) reported that at low
memory loads (2-4 items), complex span performance was a
moderate predictor (r~.45) of fluid intelligence, while simple
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span performance was not (r ~.12). However, at higher memory
loads (>6 items), both simple and complex span performance were
equally good predictors, with the correlation between simple span
and fluid intelligence rising to ~.45 (also see Colom et al., 2008;
Oberauer et al., 2008).

A similar complication arises when one considers the nature of
human memory. Perhaps uniquely so, humans typically rely on
verbal processes to implement many memory tasks, and the
phonological processes that overlay human performance on any
memory tasks complicates their interpretation. Unsworth and
Engle (2007a) have argued that when phonological processing is
minimized, humans’ performance on both simple and complex
(working) memory span tasks may be equally predictive of
intelligence test scores (provided that memory loads are suffi-
ciently high).

Based on these recent observations and there interpretation, it
is reasonable to ask what unique processing ability is taxed by a
complex span task that is absent from a simple span task. One
candidate for this unique process is controlled or selective
attention, i.e., the ability to focus on task-relevant goals to the
exclusion of salient distracters. A common task that isolates
controlled attention to exclusion of simple memory demands is the
Stroop test (Stroop, 1935). In a typical Stroop test, a subject is
required to identify the color of a word that is briefly (e.g., 50 ms)
presented. In the simple form of this test, subjects’ accuracy is
normally quite good. However, if the color of the font conflicts with
the meaning of the word, e.g., if a red font spells the word “BLUE”
(i.e., BLUE), performance degrades such that the latency to
respond is extended and/or response errors begin to accrue.
Performance on the Stroop test is strongly correlated with
intelligence test scores, i.e., more intelligent individuals perform
better than their less intelligent counterparts under conditions of
interference. The degree of this correlation often exceeds that
between complex span tasks and intelligence, and is presumed to
do so despite only trivial memory loads. Even so, interpretation of
this data is not without complication, since the effect is eliminated
simply by obscuring part of the word (Besner and Stolz, 1999;
Vecera et al., 2000), a result which suggests a phonological
influence on performance of this seemingly rudimentary task.
Some of these (and related) complications are mitigated in studies
of laboratory animals.

3. General cognitive abilities in genetically heterogeneous mice

In part to overcome some of the complications described above
(particularly those related to phonological confounds), we recently
developed a testing and analysis regimen with which to assess the
general cognitive abilities of laboratory mice. In our initial analysis
(Matzel et al., 2003) mice were tested in a battery of five common
learning tasks, each of which made unique sensory, motor, and
information processing demands on the animals. The tasks in this
battery were rudimentary in nature (associative fear conditioning,
operant avoidance, path integration, odor discrimination, and
spatial navigation) such that all animals could eventually acquire
the target responses with equal efficiency, but did so at different
rates. A positive correlation of individuals’ performance across all
tasks was observed, and principal component analysis indicated
that 38% of the variance across tasks was attributable to a single
factor, which we described as “general learning ability”. However,
in published commentaries on this article, the performance of
these mice was described as being qualitative and quantitatively
analogous to the trait that is described in humans as “intelligence”
(Blinkhorn, 2003). In subsequent reports, we have determined that
the general cognitive abilities of mice are not merely a function of
variations in native levels of stress reactivity or emotionality
(Matzel et al., 2006; Grossman et al., 2007). Furthermore, although

general learning abilities are strongly correlated with exploration
and novelty seeking, these processes do not appear to be causally
related (Grossman et al., 2007; Light et al., 2008). Since the time of
these earlier reports, similar results have been obtained in mice
tested on as many as nine cognitive tasks (Matzel et al., 2008), and
in a comprehensive test of 256 mice, Kolata et al. (2008a) reported
a hierarchical structure (where a general factor influenced domain-
specific factors) of the general cognitive abilities of mice similar to
that thought to underlie human intelligence test performance.
Adding to the generality of these results, similar batteries to assess
general cognitive performance in mice have been reported
elsewhere (Locurto et al.,, 2003, 2006, 2003; Galsworthy et al.,
2002, 2005).

3.1. The relationship of working memory to general cognitive
abilities in mice

Having established a conceptually and quantitatively sound
method with which to assess the general cognitive abilities of
laboratory mice, we began to assess the relationship of working
memory to these abilities, absent the complications associated
with similar work in humans (e.g., phonological processes or prior
experience). To begin to assess this relationship, we tested mice on
a procedure adapted from an earlier one described by Roberts and
Dale (1981). In this task, animals were first tested in the learning
battery described above. These animals were then trained to
asymptotic levels of performance in two separate eight-choice
radial arm mazes (Fig. 1; a task where the animal can collect eight
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Fig. 1. Radial arm mazes (grey and black) were used to assess composite working
memory. Animals were trained independently in each of two mazes. The end of
each of the arms on the mazes was baited with a desirable food. After initial
training, the mice’s pattern of choices in each maze becomes very efficient, i.e.,
when started in the center hub, the animal will navigate down the arms of the maze
(collecting food) in a nonsystematic order (they do not adapt a simple algorithmic
strategy) and will rarely enter an arm from which food has already been retrieved
(i.e., it will make no errors). Upon collection of the final food pellet, a trial is
terminated. The errorless performance in such mazes reflects the implementation
of a spatial strategy based on the locations of extra-maze cues. (These cues are
depicted here as assorted geometric shapes, although more and more complex
visual cues are present in the actual test environment.) After animals’ performance
in each maze had reached stable levels, animals underwent a procedure where on
occasional trials, they would begin to alternate between mazes after collecting only
three food pellets in the starting maze. After three choices in the alternate maze,
they were returned to the original maze where they collected three more food
pellets. The animals alternated between mazes once more, until all food in each
maze had been collected. This “alternating maze” version of the task requires that
the animals maintain a list of locations (those which still hold food) while
performing a second, related, memory task. That is, each of the maintained lists (one
for each maze) shares an overlapping set of visual cues. Unlike the simple version of
this task, this version is thought to tax several aspects of working memory,
including span, duration, and capacity and/or selective attention. Typically, errors
begin to rise precipitously after three to six pieces of food have been collected.
Individual differences in the efficiency of an animal’s performance on latter choices
are thought to reflect variations in composite working memory.




26 L.D. Matzel, S. Kolata/Neuroscience and Biobehavioral Reviews 34 (2010) 23-30

pieces of food in distinct locations radiating out from a central hub.
A return to a location from which food had already been obtained
was scored as an error). After stable performance had been
established in both mazes, two aspects of working memory were
assessed. First, after several choices in one of the mazes, animals
were confined to the central hub for varying periods of time before
being allowed to make further choices in that maze. Errors
following confinement increased as a function of the length of
confinement, a result thought to reflect the decay of information in
short-term storage. However, individual differences in the degree
of disruption after confinement were only weakly related to
animals’ general performance on the cognitive test battery. This
result is comparable to that obtained with similar manipulations in
humans, where it has been reported that short-term memory
duration is weakly or inconsistently correlated with performance
on standardized intelligence tests. In a second manipulation in this
task, mice were required to concurrently operate in each of two
mazes, i.e., several choices in one maze alternated with choices in a
second maze. Since the spatial cues used to guide the animals’
choice were shared across the two mazes, this manipulation was
thought to tax a process more analogous to working memory
capacity, i.e., information from one task had to be retained for
subsequent use while performing in a second, overlapping task. As
anticipated, these competing demands promoted an increase in
errors (with a non-linear increase in errors as the number of
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choices increased). The number of errors committed by individual
animals was strongly related to their aggregate performance on the
cognitive test battery. This led to the conclusion that working
memory capacity, but not short-term memory duration, was
related to the animals’ performance on the learning test battery.

As noted above, working memory is not a singular process, but
instead encompasses both the storage of information as well as the
processing and integration of information (Baddeley, 2003; Jarrod
and Towse, 2008). The above experiment could not discern the
relative contribution of these different aspects of the working
memory system to the correlation with general cognitive abilities,
and a second series of experiments (Kolata et al., 2007) was
designed to assess these relative contributions. First, simple span
abilities were assessed by requiring mice to maintain the memory
of up to six visual symbols associated with food rewards. A
moderate correlation (r = .38) was observed between this measure
of simple span and individual animals’ aggregate performance in a
battery of six learning tasks. A second task was employed with
which we could assess the efficacy of these animals’ selective
attention. This task was modeled after the Stroop test described
above. In this task (Fig. 2), mice learned a three-choice visual
discrimination in a context referred to as “A” (Vis-A) and a three-
choice olfactory discrimination in a context referred to as “B” (OlIf-
B). After stable performance had been attained in both tasks,
animals were occasionally tested under conditions of high
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Fig. 2. The efficacy of animals’ selective attention was assessed in a test analogous to a human Stroop test. In each of two distinct boxes, animals received odor (in the odor
discrimination box) or visual (in the visual discrimination box) discrimination training. In the individual tasks (not depicted), the animal could collect food at a location
marked by a single discriminative stimulus, e.g., the MINT odor in the odor discrimination box or the green ¥ in the visual discrimination box. (Note that in the actual test,
distinct LED arrays served as the visual stimulus.) On each trial, the location of the cues was rearranged, but the identity of the target cue remained constant. Mice are quick to
learn these discriminations, and will usually attain errorless performance (i.e., they do not approach non-target cues) within four trials. After the completion of training in the
simple individual tasks, animals were occasionally tested in the visual discrimination box with odor cues present as salient distracters, or in the odor discrimination box with
visual cues present as salient distracters. (These complex discriminations are depicted in the figure. Note that the target visual and odor cue never appeared in the same
location.) Unlike the simple discrimination tasks, the presence of salient distracters resulted in an increase in errors (as determined by incorrect choices for the discrimination
cue by the test box). Errors in the presence of salient distracters are thought to reflect failures of selective attention, and the number of errors committed by individual animals

varied widely.
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interference, i.e., both odor and visual cues were simultaneously
presented Context A (Vis/Olf-A; the context which signaled the
relevance of visual cues) or in Context B (Olf/Vis-B; the context
which signaled the relevance of olfactory cues). Absent these
interference conditions, animals’ performance on both the visual
and olfactory discriminations were nearly perfect. However, when
the task-relevant distracters were added to the test context (e.g.,
olfactory cues were present in the visual discrimination context),
errors began to accumulate. The degree to which an animal
committed errors under conditions of interference was strongly
correlated (r=.50) with their aggregate performance in the
cognitive test battery. Although no task can be asserted to be
process-pure, this animal analog of the Stroop task makes no
nominal demands on either short-term memory duration or
simple span abilities, and instead requires the animal to ignore a
task-relevant distracter in order to perform efficiently.

A principal component analysis was performed to assess the
entire data set described above. One factor accounted for 44% of the
total variance in cognitive performance across the six learning
tasks. On this factor, short-term memory duration loaded at a
negligible level (.14), simple span abilities loaded at a moderate
level (.50), and our measure of selective attention loaded strongly
(.78). Given the good separation of simple span and selective
attention that we believe these procedures support, these results
(consistent with that from the human literature) suggest that
simple span and controlled attention may act in unison (but to
varying extents) to regulate the relationship between working
memory and general cognitive abilities.

3.2. Modulation of working memory and general cognitive abilities

Prevailing theory is based, at least in part, on an assumption
that the relationship between working memory and intelligence is
causal in nature, although by design, the factor analytic techniques
that underlie this assertion are correlational. Thus it was of interest
to determine whether the observed relationship between aspects
of working memory and general cognitive ability were merely
correlational or if a causal influence was being revealed by this
relationship.

Despite the colloquial (c.f. commercial) contention that “brain
exercises” and “smart drugs” can enhance fluid intelligence in
normal adults, these claims have rarely been subjected to
empirical test, beyond the observation that such treatments have
small task-specific benefits. (It is noted that many of the
commercial “brain exercise” programs that are marketed to the
public make claims of effectiveness based on improvement of
performance on a common pre- and post-test of cognitive function,
a result that is attributable to a simple practice effect.) In fact,
decades of rigorous empirical research has found little evidence
that environmental variables influence intelligence test perfor-
mance in any systematic way (Gray et al., 2003).

Although seemingly insensitive to environmental variables, we
have recently questioned whether the general learning abilities of
mice could be modulated by extensive training on a task that taxed
working memory functions. In work currently under review, Light
et al. (2008) provided mice with complex working memory
“exercise” by training them repeatedly (over a period of weeks) in
the dual-radial arm maze task described above (Kolata et al., 2005).
This training promoted superior performance when the animals
were later tested in our animal analog of the Stroop task, i.e.,
working memory exercise promoted an improvement in animals’
selective attention. This was not merely an effect of working
memory span exercise, as animals that spent comparable time
performing in a single eight-arm radial maze did not exhibit the
same increase in selective attention performance. Importantly, the
animals that had undergone complex working memory exercise

exhibited superior aggregate performance in a six-task learning
battery. More so than the previous demonstrations of a correlation
between working memory capacity/selective attention and gen-
eral learning abilities, these results suggest the possibility of a
causal relationship between the efficacy of working memory and
general intelligence. This conclusion is partially supported by the
recent report of beneficial effects of complex working memory
training on human intelligence test performance (Jaeggi et al.,
2008), although this later work has been questioned on
methodological reasons (Moody, 2009). Nevertheless, we must
reiterate that intelligence is not likely a unitary phenomenon
(Ackerman, 2005; Conway et al., 2003), and these results should
not be taken to indicate that intelligence and working memory are
synonymous, but rather, that working memory may constitute at
least some percentage of that trait that we describe as
“intelligence”.

Our preferred interpretation of the above described relation-
ship between working memory capacity and general learning
abilities notwithstanding, those trained in experimental psychol-
ogy would be quick to point out that “causal relationships” are
never as easy to confirm as they are to infer. That said, one might
ask if the effect of working memory training on general cognitive
abilities is specific, or if the modulation of any co-variate with
general cognitive abilities might have a similar beneficial impact.
Early in our work with mice we observed a consistent positive
correlation between various measures of exploration and the
aggregate performance of mice on learning test batteries (Matzel
etal., 2003, 2006). Various measures of simple activity did not bear
the same relationship with general learning abilities. We
hypothesized that animals of high native exploratory tendencies
might make quicker contact with those environmental contin-
gencies upon which learning was based, and thus exploration
might causally promote general cognitive abilities. We assessed
this possibility using a procedure that was conceptually related to
the one described above to promote more efficacious selective
attention. Here, animals were repeatedly exposed to novel
environments, a manipulation that had a long-lasting (at least
months, including from pre-pubescence into adulthood) and
profound effects on various exploratory behaviors, i.e., exposure
to novelty promoted broad increase in exploration. However, this
up-regulation of exploratory behaviors had little or no impact on
performance on individual measures of learning, and did not
promote an increase in the aggregate performance of mice on our
learning test batteries (Light et al., 2008). Thus despite the
correlation between the propensity for exploration and general
learning abilities, and a conceptually logical expectation that a
causal relationship might exist between these variables, no such
causal relationship could be detected (for a related pharmacolo-
gical manipulation, see Grossman et al., 2007). This set of null
results makes the observed relationship between working memory
“exercise” and general cognitive performance that much more
striking.

3.3. Working memory and age-related cognitive declines

Broad learning deficits are a defining feature of the cognitive
phenotype of elderly humans. Performance on human test
batteries indicate that age-related learning deficits transcend
specific domains of learning and are commonly expressed
independent of the sensory, motor, motivational, or information
processing demands of individual tasks. This is particularly
important as the proportion of variance between individuals that
is accounted for by general learning abilities increases across the
lifespan, and “fluid” (i.e., domain-independent) intelligence tends
to decline earlier than task-specific abilities (Li et al., 2004).
(Although estimates of the amount of variability in cognitive
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performance vary, estimates of this variance increase from
approximately 40% in young individuals to as much as 80% among
the elderly.) Based on these observations, it is of great concern to
begin to elucidate the basis for age-related declines in general
cognitive abilities.

We recently assessed the performance of young (3-5-month
old) and “elderly” (19-21-month old) mice on a battery of seven
learning tasks and several components of the working memory
system (Matzel et al., 2008). Aged animals exhibited significant
deficits in five of the seven learning tasks, and ranked significantly
lower than their young counterparts in general learning abilities.
When cognitive performance was assessed by a principal
component analysis, a “general” factor accounted for 33% of the
total variance in performance in young animals, and 43% of the
variance in old animals. This result suggests that aging adds
variability to common core performance (i.e., that which underlies
general learning abilities) and that an increase in the variability of
aged animals’ performance on all learning tasks (as was observed)
was attributable to increasing variability in general learning
abilities.

Given the above result, it was critical to understand those
variables that impact of common core performance of aged mice on
this battery of cognitive tasks. Of particular relevance to the
present discussion was the performance of young and old animals
on tests of working memory ability. As described previously
(Kolata et al., 2005, 2007), here animals were tested on a task in
which they were required to perform either separately or
concurrently in two eight-choice radial arm mazes that required
that animals use overlapping spatial cues to perform in each maze.
By confining animals between choices, it was possible to assess the
rate of decay and span of simple short-term memories, and by
switching animals between mazes in the interim between
subsequent choices, it was possible to assess the efficacy of
working memory capacity (i.e., resistance to interference between
independent short-term memories and/or selective attention).
Separate factor analyses were conducted for young and old
animals, and these analyses included as variables all seven of the
learning tasks as well as these two measures relevant to the
storage and processing components of working memory. Con-
sistent with prior work (Kolata et al,, 2005, 2007), in young
animals, short-term memory duration/span loaded only moder-
ately (0.36) on the extracted primary factor, whereas working
memory capacity loaded relatively heavily (0.73). In contrast,
among old animals, short-term memory duration/span and
capacity each loaded at similarly high levels (0.88 and 0.81,
respectively). The most parsimonious explanation for this increas-
ing co-variation of general cognitive abilities and short-term
memory/span capacity is that our measure of working memory
capacity (concurrent operation on two lists maintained within a
limited storage device) makes demands on a single storage device.
In young animals, this reliance on the storage components of
working memory is normally insufficient to overly tax that device.
However, as animals age, perturbations of the storage device
impact working memory capacity to a degree not observed in
young animals. This conclusion is consistent with that offered by
Unsworth and Engle (2007b) to describe the interaction of the
storage and processing components of working memory in the
determination of general intelligence in humans (see above). Of
course it is also possible that as animals age, specific cognitive
abilities become less differentiable, either as a real consequence of
the aging process or owing to an artifact of our testing regimens
(which to large extent have been developed for testing young
animals). Regardless, each of these interpretations make similar
functional predictions, i.e., that working memory storage becomes
increasingly dominant contributor to general cognitive abilities
across the lifespan. Although further separation of the storage and

processing components of working memory in aged animals will
be necessary to fully elucidate the contributions of variations in
these processes to age-related cognitive declines, these results are
suggestive of a critical role for working memory in the
determination of these cognitive failures.

4. Neuroanatomical and neurophysiological substrates of
general cognitive abilities

The individual difference approach described above has
provided a framework to both describe and characterize intelli-
gence. As work with humans (and now animals) has evolved, this
same approach has begun to be applied to studies of the co-
variation of brain activity with common measures of intelligence,
working memory, and selective attention. Of course much of this
literature is subject to the same caveats as the work described
above, i.e., it is correlational in nature. Nevertheless, it is useful to
review this work as it provides another source of converging
evidence in support of the critical relationship between working
memory and intelligence. Before examining the relationship of
activation of brain circuits putatively involved in the working
memory/selective attention systems and performance on common
measures of intelligence, it will first be necessary to briefly review
the working memory networks of the mammalian brain. Most of
the relevant data has been derived recently from the application of
imaging techniques (e.g., fMRI) in human populations, although
relevant neurophysiological data has also been obtained from non-
human primates.

4.1. Network analysis of the working memory system

It was once believed that all aspects of working memory,
including short-term maintenance of information, were instantiated
in the prefrontal cortex. However, a new picture of working memory
has since emerged in which it is assumed that domain-specific
sensory information is transiently stored in modality-specific brain
structures and the processing and attentional components of
working memory are instantiated in the prefrontal cortex (although
this region may also serve some storage functions). Evidence for this
model comes mostly from imaging studies that demonstrate that
spatial working memory tasks activate memory systems in both the
parietal cortex as well as executive-attentional networks located in
the prefrontal cortex (Cohen et al., 1997). Specifically, Cohen et al.
observed that during a spatial working memory task the temporal
activation dynamics in relevant brain regions could be divided into
two categories. Parietal cortex, as well as some prefrontal regions,
expressed sustained activation during a working memory retention
period (indicative of short-term maintenance of information) while
most prefrontal regions expressed only transient activation whose
peak varied with the extent of the memory load (indicative of
executive-attentional components of working memory). Similarly,
Roweetal.(2000) showed thatin a spatial working memory task, the
dorsal lateral prefrontal cortex was activated during the selection of
items from memory but not during the maintenance of those items.
This was contrasted with the intraparietal cortex which was only
active during the maintenance phase and not during selection. Todd
and Marois (2004) further established the role of the parietal cortex
in short-term storage of visual items. They demonstrated that the
amount of information that can be maintained in visual short-term
memory is correlated with activity in the parietal cortex as
measured by fMRI. Furthermore they demonstrated that the parietal
activity during visual short-term memory tasks occurred during the
encoding and maintenance period of the task but not at the time of
retrieval.

The above data suggests that there is a disassociation between
those areas involved short-term maintenance of information and
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those regions involved in processing of that information. However,
there is significant overlap between maintenance and processing
as evidenced by studies showing that spatial working memory is
impaired when, during a delay period, subjects are prevented from
attending to the memorized locations of relevant objects (Awh and
Jonides, 2001). Similarly, Gazzaley et al. (2005) demonstrated that
the magnitude and the speed of neural processing in the visual
association cortex are modulated by modality-independent top-
down attentional networks in the prefrontal cortex. These frontal
networks could enhance or suppress perceptual baseline visual
association cortex activity depending on whether relevant stimuli
were being attended to or ignored. Therefore, it appears that the
entirety of “working memory” is not represented in any one region
of the brain but that instead it involves a complex interplay
between many networks located throughout the brain including
the parietal lobe and the prefrontal cortex, the later of which
appears primarily relevant to the processing of information during
working memory tasks.

4.2. Network analysis of general intelligence

Moving from understanding general intelligence on purely a
behavioral level to a deeper neural anatomical level of analysis is a
holy grail of intelligence research. Witness Jensen, who stated “The
highest priority in g research...is to discover how certain
anatomical structures in the brain. ..cause individual differences
in g”. (Jensen, 1998, p. 579). In search of this elusive goal, Jung and
Haier (2007) conducted a comprehensive review of imaging
studies that attempted to locate brain regions involved in general
intelligence and concluded that the cortical networks in the
prefrontal cortex, parietal cortex, and the occipital lobe are all
equally involved in general intelligence tasks. The authors
described these results as fitting a parietal-frontal integration
theory of intelligence (P-FIT). However, perhaps a more parsimo-
nious explanation of these results is to state that these are the very
same regions most commonly associated with working memory. In
fact, given the high degree to which general intelligence and
working memory are related, it is not surprising that the networks
involved in working memory are also engaged by general
intelligence tasks.

This putative relationship between working memory and
intelligence brain networks is highlighted by the results of a
study by Gray et al. (2003). In that study, the authors measured the
general intelligence scores of 48 subjects using Raven’s Advanced
Progressive Matrix task (which is a good predictor of general
intelligence). They then used fMRI to image the networks engaged
by a working memory task with a high selective attention demand.
Not surprisingly, they found that individuals with higher
intelligence scores performed better on the working memory
task. However, they also found that activity in the prefrontal and
parietal cortex mediated the relationship between intelligence and
working memory performance. These are the brain regions most
commonly associated with both intelligence and working memory.

Imaging studies investigating general intelligence seem to
suggest that both the regions associated with domain-specific
short-term maintenance of working memory information, such as
parietal and occipital cortex, as well as regions associated with the
processing component of working memory (i.e., prefrontal cortex)
are all engaged by intelligence tasks. At a rudimentary level, this
may seem paradoxical, since by definition, general intelligence is
domain-independent. However, one may conclude from these
studies that all of the sub-tasks in the intelligence batteries
impinged on some of the same domain-specific abilities (e.g.,
visual information and processing), accounting for the common
activation of parietal and occipital regions. Although it would be
premature to make any definitive statement, this work as a whole

suggests the possibility that the unifying brain region orchestrat-
ing all intelligence tasks, regardless of the information being
processed, is the prefrontal cortex, as the prefrontal cortex appears
to be the common mediator of both “intelligence” and selective
attention. Although too preliminary to describe here, ongoing work
in our laboratory has revealed a unique pattern of gene expression
in the mouse prefrontal areas (but not other brain regions) that
distinguishes animals of high and low general cognitive abilities. It
is worth noting that this work, based on RNA transcription of
~25,000 genes, is not technically feasible with human subjects,
indicative of another point of converging operations necessitating
both human and animal work.

5. Summary

Human and animal test results have suggested that working
memory and intelligence may be commonly constrained. Accu-
mulating evidence suggests that this constraint may arise from
limitations on both storage and processing (e.g., selective
attention) components of the working memory system, and that
the relative contributions of storage and processing capacities to
higher cognitive function may depend on the degree to which
these processes interact to influence the completion of any
particular task. In contrast to the extensive body of evidence that
has emerged from studies with human subjects, our work with
laboratory mice is in a relative stage of infancy. Nevertheless,
certain principles have emerged from these studies with animals.
These conclusions have been consistent with many of those
derived from human research, and in some instances, has allowed
conclusions that go beyond that which could be derived from
studies of humans.

First, we have observed that the parameters of both storage and
processing components of a system analogous to working memory
are correlated with animals’ aggregate performance on a battery of
behavioral tests designed to assess a range of learning abilities.
Although working memory capacity (or resistance to interference)
was a more consistent and reliable predictor of general cognitive
abilities than was simple span or resistance to decay, these storage
components of working memory do have some predictive validity,
and their predictive abilities appear to increase as a function of the
degree to which they are taxed (as is always the case with aged
animals). Thus we have concluded that both storage and
processing aspects of the working memory system may play a
role in the establishment of individual differences in higher
cognitive abilities, depending on task demands and the nature of
the test. This conclusion is similar to that which has emerged from
studies with humans (Halford et al., 2007; Unsworth and Engle,
2007a). It has been suggested that the role of the storage and
processing components of working memory in the establishment
of higher cognitive abilities may arise from their common reliance
on (and limitations of) attention (Cowan et al., 2006). As Cowan
et al. have enumerated, it is often difficult to separate these
processes in tests among humans owing to their reliance on
mnemonic strategies such as rehearsal and grouping. These
strategies (particularly those reliant on verbal processing) are at
least partially mitigated with animal subjects. In this regard, it is
notable that the performance of mice on an analog of the Stroop
test (in which the animals must focus on a target stimulus against a
background of relevant distracters) was highly correlated with
aggregate performance on a learning test battery. Since there is no
obvious storage requirement for efficient performance on this task,
this result suggests that processing aspects of working memory
(i.e., selective attention) may have at least some unique relation-
ship to the expression of higher cognitive abilities. Relatedly, we
have determined that manipulations (e.g., working memory
“exercise”) that promote the more efficacious utilization of
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selective attention have commensurate effects on general cogni-
tive performance, suggestive of a causal relationship between
these variables.

In total, available data suggests a conservation of the structure
and determinants of “intelligence” in both human and non-human
animals. The correspondence of humans and animals provides the
opportunity for complimentary lines of research, and animals
provide a practical opportunity to address lines of inquiry that are
not always tractable in humans (e.g., Kolata et al., 2008b).
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