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Humans’ performance on most cognitive tasks arenconly regulated by an underlying latent
variable (i.e., “general” intelligence), and thepesssion of this latent modulator of cognitive
performance varies across individuals. While “iigeince” in humans is easily recognized, a precise
definition of this trait has proven elusive, and limpeded efforts to compare the emergence of this
trait across species. Here we describe our effortsharacterize this cognitive trait in genetically
heterogeneous laboratory mice. Using batteriessomany as eight learning tasks and various
principal component analysis regimens, we have doanrobust general factor that accounts for
nearly 40% of the variance of individual animalsoss all tasks. This “general learning factor” @& n
attributable to variations in stress reactivity exploratory tendencies. However, like human
intelligence, this general factor covaries with #fficacy of selective attention and working memory
capacity. Importantly, we also find that generariteng abilities covary with animals’ performance
on novel tests of reasoning. In total, this wortliGates that learning abilities, attentional cohtand

the capacity for reasoning, features that constibgth colloquial and formal definitions of human
intelligence, are commonly regulated in individganetically heterogeneous mice. These results
suggest an evolutionary conservation of the qualéand quantitative properties of intelligenced a
indicate that like humans, sub-human animals egpresvidual differences in this trait.

For much of the history of animal studies of leagniand memory,
research has focused primarily on the processesnauhanisms that regulate
single domains of learning (e.g., spatial abilibe$avlovian conditioning). While
this tactic has been successful in delineating riberoanatomical substrates of
certain forms of learning and even learning domdimg., Berger, Laham, &
Thompson, 1980; Eichenbaum & Lipton, 2008; Fanselw.eDoux, 1999;
Holland & Gallagher, 2006; Ledoux, 2007), it hal lnexplored those aspects of
learning that are common across all domains. Caelgrstudies of humans have
focused more extensively on the mechanisms thatrliagdieneralinfluences that
impinge on all cognitive abilities (i.e., genenalelligence). However, such studies
are constrained by certain practical and ethicab®rations that do not similarly
limit studies of laboratory animals. Therefore yatbesis of these two approaches
would be of great virtue in beginning to elucid#te structure of and mechanisms
underlying general intelligence.

Here we will describe our efforts to isolate a gahenfluence on
cognitive performance in genetically diverse miaegd will explore the extent to
which that trait is qualitatively and quantitatiyehnalogous to the concept of
“intelligence” as it is applied to descriptionstafman cognitive performance.
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Light, and Danielle Colas for many discussions thatped refine this work. Correspondence
concerning this article should be addressed tod 8uiMatzel, Department of Psychology, Rutgers
University, Piscataway, NJ, 08854, U.S.A. (matzeli@utgers.edu).



What is “Intelligence”?

Before we can begin to assess the possibilityrthe¢ express a trait that
is analogous to intelligence, it is necessary teadt attempt to constrain or define
our discussion of this trait so that it may be difia. In 1995, a committee of the
American Psychological Association stated that:

Individuals differ from one another in their abjlito understand complex
ideas, to adapt effectively to the environmenteéon from experience, to
engage in various forms of reasoning, to overcomstazles by taking
thought. Concepts of ‘intelligence’ are attemptsctarify and organize

this complex set of phenomena.

In an article in the Wall Street Journal (Decemb@r1994) signed by 52
intelligence researchers, it was asserted thatliggece was “a very general
mental capability that, among other things, invelthe ability to reason, plan,
solve problems, think abstractly, comprehend comjpieas, learn quickly and
learn from experience. It reflects a broader andepde capability for
comprehending our surroundings.”

The above definitions, although provided by renednexperts on
intelligence, are decidedly nebulous in their cohteand at the same time,
expansive in their scope. Nevertheless, despitetigeing “expert” debate as to
what constitutes “intelligence,” these definitiomsuld differ little (if only in
form) from colloquial description of the trait thahe might hear from a random
sample of college undergraduates. Thus more thdényk@rs after Spearman
(1904) first described the concept of “general liiggence” (i.e., g), we still
grapple with its definition, but much like pornoghgy, tend to know it when we
see it. In this regard, quantification of intellige might best be relegated to
performance on psychometric tests. The rationale pgychometric tests are
roughly based on Spearmen’s early observationpgddbrmance on a wide range
of cognitive tasks are positively correlated, aagach, can be reduced to a single
index of aggregate performance across the battergsts. While controversy
persists regarding exactly what is measured byhusyetric tests of intelligence
(e.g., the Stanford-Binet, Wechsler Adult Intelige Scale, the Raven’s
Progressive Matrix), this controversy arises ingdarpart from the lack of
consensus and/or vague definitions of intelligeitself. What is certain is that
these tests are strongly predictive of importantiadooutcomes, including
educational and career success (Gottfredson, 1988sen, 1998). To quote
Gottfredson (1998):

no matter their form or content, tests of mentélsskavariably point to the
existence of a global factor that permeates alleasp of cognition. This
factor seems to have considerable influence onrsopés practical quality
of life. Intelligence as measured by 1Q tests is fingle most effective
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predictor known of individual performance at schaad on the job as well
as many other aspects of “well beinfp’ 24)

In conclusion, contemporary “definitions” of intgénce tend to be vague,
broad, and to some degree, a matter of debatenffetgy, 1985). Nevertheless,
psychometric tests of intelligence do appear toatdtarize a trait captured in both
collogquial and empirical definitions of intelligesgci.e., the ability to understand,
learn, and reason. Thus to explore a trait analgotintelligence in laboratory
animals, we should devise tests that charactehizesame set of skills. To this
end, we have begun to characterize the performahogce on batteries of tests
that represent diverse learning skills, reasonihilitias, and the capacity for
selective attention (a process presumed to regtilage other cognitive skills).

General Learning Abilities in Genetically Heterogemous Mice

In our earliest work in this area, we explicitlyodded any reference to or
consideration of intelligencger se and instead, focused our efforts on the
guantification of a general influence on the apitif laboratory mice to acquire
efficient responses across a diverse set of legutaisks. To this end, genetically
diverse (outbred) CD-1 mice were tested in a batédrfive common learning
tasks, each of which made unigque sensory, motat, iaformation processing
demands on the animals (Matzel et al., 2003). ik bgard, this test battery was
analogous to the design of “classic” human intelige tests, wherein various
components of the battery are presumed to impingedifferent information
processing skills (i.e., “domains” of informatiomopessing). The tasks in this
battery were rudimentary in nature (associativer feanditioning, passive
avoidance, path integration, odor discriminatiomg apatial navigation) such that
all animals could eventually acquire the targepoeses with equal efficiency, but
did so at different rates. Animals that performeellwi.e., exhibited relatively
rapid acquisition) in one task tended to perfornil weother tasks in the battery.
This relationship was captured by a correlatiomalysis of animals’ performance
on all learning tasks. A positive correlation oflividuals’ rate of acquisition
across all tasks was observed, and principal coemgamalysis indicated that 38%
of the variance across tasks was attributablesiogle factor, which we described
as “general learning ability.” However, in publisheommentaries on this article,
the characterization of these mice was describedefhacting a trait that was
qualitative and quantitatively analogous to thé titeat is described in humans as
“intelligence” (Blinkhorn, 2003). Since the time dliis report (based on an
analysis of 56 animals), similar results have bektained in mice tested on as
many as nine cognitive tasks (Matz€rossman, Light, Townsend, & Kolata,
2008), and in a comprehensive test of 241 miceatéolLight, and Matzel (2008)
reported a hierarchical structure of the generghitive abilities of mice (where a
general factor influenced domain-specific factans|uding spatial abilities). This
hierarchy of control is similar to that thoughtuaderlie human intelligence test
performance. Figure 1 provides an illustrationh&f summary data of performance
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of a poor, average, and good learners drawn fraanaple of 241 mice tested on
five learning tasks, as well as the distributiorgeferal learning performances of
all of the animals in this data set. As is evidieom this figure, a roughly normal
distribution of the aggregate performances of iitlial mice across this battery of
tests was observed, and such normalcy is a defidiagacteristic of humans’
performance on standardized intelligence tests.
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Figure 1. A) Sample data from three animals that were ruoubh the learning battery (LM =
Lashley maze, PA = passive avoidance, WM = speai@ér maze, OD = odor discrimination, FC =
fear conditioning). Values indicate the z-scorethefindividual animal’s learning rate. Performagice
across the different tasks are highly related gheh one could designate a good learner (subject #
63), an average learner (subject # 24) and a maonér (subject #126). The solid lines indicate the
average score across trials. B) Normal distributadnfactor scores extracted from a principal
component factor analysis performed on the leardig from 241 mice tested on the five learning
tasks. Arrows indicate where the three sample dsifsabject # 63, subject #24, and subject # 126)
fall in the distribution. (Adapted from Kolata dt,2008)
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Sensory, Motor, and Non-Cognitive Influences on Gaaral Cognitive Abilities

In our first paper on individual differences in geal learning abilities
(Matzel et al., 2003) , we observed a relationshdt suggested the possibility that
general “learning” abilities might not reflect vations in learningper se but
rather, an indirect effect on learnipgrformanceby exploratory tendencies and/or
stress reactivity. In particular, a strong direotrelation was observed between
animals’ level of exploration and their aggregatfgrmance on the learning
battery. This suggested the possibility that eledatxploration promoted better
learning. It is notable in this regard that the rdegof preference for novelty in
human infants is positively correlated with lat@rfprmance on standardized 1Q
test batteries (Bornstein & Sigman, 1986; VietzeC&ates, 1986). Furthermore,
since exploration was presumed to be influencedstogss reactivity, it was
possible that differential stress responses cootdunt for variations in nhominal
“learning” abilities, since stress can itself impé&br in some case enhance) an
animal’s performance on tests of learning (Sha®98). Although untested, it was
also possible that variations in aggregate learmpagormance did not reflect
differences in learning abilitper se but instead, differences in some aspect of
sensory or motor fitness.

The above possibilities were assessed in a sefiegperiments. First, we
determined the relationship between 31 measuresen$ory/ motor abilities,
fitness, fear/stress sensitivity, and the geneeakrling abilities of individual
animals (Matzel et al., 2006). In no instance weeeable to detect a relationship
between measures of simple fitness or sensory/niatation and general learning
performance. For instance, measures of balancae, geisitivity or reactivity,
running speed, swimming speed, and overall actiailly loaded weakly and
inconsistently on factors on which performanceearring tasks loaded heavily in
a principal component analysis. Again however, aémexploratory patterns in
novel environments (an open field and an elevatesl maze) loaded heavily and
consistently with performance on tests of learniBgecifically, the extent to
which animals’ engaged in exploration of areas oli®nments that are
commonly asserted to promote stress responses pusitvely correlated with
performance on learning tasks. Performance measwuels as the percent of
activity in open quadrants of the open field, patagf time and number of entries
into open arms in the elevated plus maze, lateo@nter the first open arm, and
proclivity to enternew arms in the plus maze were positively correlated all
loaded heavily with learning performance on a srfgktor extracted by principal
components analysis.

In contrast to measures of exploration, commonsues of fear loaded
weakly and inconsistently with measures of learnihg particular, fecal boli
counts during exploration of the open field, shoukdced freezing, and startle-
induced escape responding were unrelated to animgiboratory patterns or their
general learning abilities. This pattern of vargbbading suggests that the
relationship between exploration and learning waisattributable to variations in
animals’ expression of fear or their sensitivityféar-evoking situations or stimuli.
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This is critical, as laboratory situations (e.gandling, novel environments,
aversive stimulation) designed to assess learmngnimals can reasonably be
expected to promote fear. These results mitigageptissibility that variations in
individuals’ sensitivity to fear might underlie thariations in general learning
abilities that we observe in laboratory mice.

Exploration of the open quadrants of a novel opeld for the open arms
of an elevated plus maze is often interpreted asnditation of an animal's
proclivity for novelty seeking, and/or may refldbe degree to which an animal
experiences stress in the unfamiliar open enviranisnéAnderson, 1993; Kabbaj,
Devine, Savage, & Akil, 2000). While the underlyingture of this relationship
between novelty seeking and learning/intelligerec@nknown, it is possible that
animals more engaged by novelty are more likelsetmgnize (or attend to) those
environmental relationships upon which learningetets. Relatedly, animals that
are prone to novelty seeking may be less susceptibl the experience or
physiological consequences of stress, which in margfances can impede
learning (Shors, 1998). This later possibility wassessed by examining the
relationship between animals’ serum corticosterievels (a physiological index
of stress) and their propensity for exploration.p@fticular interest was the nature
of this relationship under basal conditions rekatito the relationship under
conditions in which animals were experiencing &lef stress comparable to that
which might accompany exploration of a novel envinent. Of note, no
relationship was found between basal corticostelewvads and individual animals’
propensity to explore the open quadrants of then digdd or the open arms of an
elevated plus maze. Similarly, the elevated costemne levels associated with a
mild stressor (confinement on an elevated platfowe)e unrelated to animal’s
level of activity in the open quadrants of an opetd. A tendency toward a
relationship between stress-related corticosteleveds and time spent in the open
arms of the elevated plus maze was observed, hbisircase, the correlation was
such thathigher serum corticosterone was associated with a pitclie spend
moretime in the open arms (Matzel et al., 2006). Thea relationship between
physiological stress reactivity and the propenfityexploration suggests that it is
unlikely thatreducedsensitivity to stress could underlie an enhancerokgéneral
learning abilities.

Upon initial consideration, it is somewhat surprigthat fear and/or stress
sensitivity are not inversely related to animalgpleratory tendencies in novel
environments, particular when those tendencies saich that the exploratory
pattern exposes animals to environments that ave/krio evoke stress responses
(for results similar to those reported here, seell(DPiazza, Mayo, Le Moal, &
Simon, 1996; Piazza et al., 2005). However, usingimilar factor analytic
approach with different dependent measures ofssteesimilar lack of covariance
between these variables has been previously olikeRa instance, Overmier,
Murison and Johnsen (2003) have reported that rihiali propensity of rats to
explore a novel environment was unrelated to tkeliiood or extent of stress-
induced ulceration. Similarly, Overmier et al. (3pOfound no relationship
between common measures of fear and animals’ psitgdor exploration or their
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sensitivity to stress-induced ulceration. It isaldé that in the present studies,
fecal boli counts in a novel open fielekre positively correlated with the level of
serum corticosterone associated with mild stresserG the absence of a
relationship between these fecal boli counts anth lexploratory patterns or
learning abilities, this result further suggestattfear and/or stress sensitivity
cannot account for variations in general learnipigjtees.

In total, these results provide further evidence tfte existence of an
influence on animals’ learning abilities that treesds limited learning domains,
and that is independent of the sensory, motor, vatbinal, and information
processing demands of specific learning tasks (s¢s0 GalsworthyPaya-Cano,
Monledén, & Plomin, 2002; LocurtdBenoit, Crowley, & Miele, 2006; Locurto,
Fortin, & Sullivan, 2003). Furthermore, variatiomsindividuals’ general learning
abilities do not appear to be attributable to irdlral differences in fear responses
or the sensitivity to (or physiological consequenod) stress. Nevertheless, we
repeatedly observed a strong and consistent refdtip between animals’
tendency to explore stress-inducing novel envirantmand their general learning
abilities. Of course it is possible that these nlasses of behavior (learning and
exploration/novelty seeking) are regulated in comnimut do not otherwise
influence each other. A more intriguing possibiligythat animals’ propensity for
exploration predisposes them to encounter thosdingmmcies upon which
learning depends, and thus is a determinant ofrgklearning abilities.

This later possibility was assessed in two waysstFiGrossman, Hale,
Light, Kolata, and Matzel (2007) treated animalshwa dose of an anxiolytic
(chlordiazopoxide) that promoted an increase inagpory behaviors but which
had no measureable effect on sensory/motor belsagigpain sensitivity. Despite
the increase in exploration, no benefit of the alytic could be observed on
individual learning tasks or on aggregate perforceam the battery of learning
tests. In fact, nonsignificant tendencies were olegefor the anxiolytic treatment
to impair learning, an effect that has been observed elsewKeoon & Carobrez,
2009; Scaife et al., 2007). Light et al. (2008)yed a more direct test of the
possibility that increases in exploration mightmoie a commensurate facilitation
of general learning abilities. To this end, Lightaé exposed animals to a series of
novel and varyingly complex environments over ausege of 12 days. This
“adaptation to novelty” promoted a profound andgldasting (at least 30 days)
increase in the propensity for exploration when titeated animals were again
tested in yet another novel, but unique, envirorin{@n elevated plus maze).
Despite this increase in exploratory behavior, ¢hasimals exhibited no overall
improvement in performance in our battery of leagniasks. In total, these results
suggest that while general learning abilities axplaratory behaviors consistently
co-vary, the degree of exploration has no direaisabh impact on animals’
aggregate performance on batteries of diverseitgatasks. What then is the basis
for this relationship between cognitive performareel exploration? Data from
our laboratory suggests that far from being a “nognitive” measure, an animal’s
propensity for exploration is in fact modulated g capacity for learning.
According to this reasoning, exploration of the enatress-inducing areas of a
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novel environment (e.g., the open arms of an ed&lvptus maze) begins to emerge
at the time at which animals adapt to the lessssiireducing aspects of that
environment (e.g., the closed arms of an elevalieslpaze). Consequently, faster
learners adapt more quickly, and thus move to ezplew areas sooner. Our
recent, more detailed analysis of the behavior afenmin the open field and
elevated plus maze, as well as other exploratohawiers, has confirmed this
possibility (Light et al., manuscript under revieor related results, see Poucet,
Chapuis, Durup, & Thinus-Blanc, 1986).

The Relationship of Working Memory to General Cogniive Abilities in Mice

“Higher cognitive functions” (such as reasoningmpoehension, and
learning) are the hallmark of contemporary inteltige test batteries, and form
common colloquial descriptions of “intelligence.’hds it is not surprising that
“working memory” (or at least some of its sub-coments) has come to be
viewed by some as the potential latent factor whiclderlies general (fluid)
cognitive abilities, i.e., intelligence (e.g., EaglTuholski, Laughlin, & Conway,
1999; Mackintosh, 1998; Matzel & Kolata, 2010). Aotdingly, variations in
(components of) working memory efficacy have beeoppsed to regulate
individual differences in intelligence.

Although measures of list retention abilities happeared in intelligence
test batteries since their earliest descriptiorge (8empster, 1981), Daneman and
Carpenter (1980) reported that simple span (iraerfiory span” or the ability to
accurately recall a list of items, in this caserdg) was uncorrelated with reading
comprehension (on a Scholastic Aptitude Test, la ttasught to be representative
of intelligence). In contrast, complex span (thditgtto retain and recall the last
words in a series of related sentences) was siroogirelated with reading
comprehension, although the actual list of words vadgntical in the simple and
complex span tasks. While both simple and compleanseach tax storage
abilities, only complex span is believed to reflgcocessing abilities, i.e., the
capacity to retain information while simultaneouslging that information to
complete a directed task. Thus Daneman and Carppriaposed that processing
components of working memory were more critical thee establishment of
intelligence than were simple storage abilitiesméduous behavioral studies have
supported this contention (e.g., Ackerman, 2003p@pRebollo, Palacios, Jaun-
Espinosa, & Kyllonen, 2004; Conway & Engle, 1996ige et al., 1999; Sub,
Oberauer, Wittman, Wilhelm, & Schulze, 2002). Inneerging support, brain
image analyses have indicated that a wide rang@hber cognitive tests (i.e., ones
that simultaneously tax storage and processingiab)lengage areas of the frontal
cortex (particularly the dorsolateral prefrontatte®; see Section 4 below) which
are thought to be critical for the efficient implentation of working memory
(Gray, Chabris, & Braver, 2003; Haier, Jung, Yeo, HeadAlkkire, 2004), and
activity in the dorsolateral prefrontal cortex ahgiintelligence testing is predictive
of overall performance on those tests (Conwaane, & Engle, 2003).
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Based on the above considerations, and havinglisstath a conceptually
and quantitatively sound method with which to as$he general learning abilities
of laboratory mice, we began to assess the rekdtipnof working memory to
these abilities. It is notable that in laboratorigen these comparisons can be made
without some of the more daunting complicationseisdéed with similar work in
humans (e.g., phonological processes or prior épex). To begin to assess this
relationship, we tested mice on a procedure addpted an earlier one described
by Roberts and Dale (1981). In this task, animadsewfirst tested in the learning
battery described above. These animals were tlamett to asymptotic levels of
performance in two separate eight-choice radial mamzes. In this task the animal
could collect eight pieces of food in distinct ltoas radiating out from a central
hub. A return to a location from which food hadealily been obtained was scored
as an error. After stable performance had beerblediad in both mazes, two
aspects of working memory were assessed. First, sdtveral choices in one of the
mazes, animals were confined to the central hulvdoying periods of time before
being allowed to make further choices in that m&zeors following confinement
increased as a function of the length of confinegm@mesult thought to reflect the
decay of information in short-term storage. Howewadividual differences in the
degree of disruption after confinement were onlyakle related to animals’
general performance on the cognitive test batfEns result is comparable to that
obtained with similar manipulations in humans, vehdrhas been reported that
short-term memory duration is weakly or inconsidiencorrelated with
performance on standardized intelligence testsa kecond manipulation, mice
were required to concurrently operate in each e&f tlvo mazes, i.e., several
choices in one maze alternated with choices incargk maze. Since the spatial
cues used to guide the animals’ choice were shaceass the two mazes, this
manipulation was thought to tax a process moreogoals to working memory
capacity, i.e., information from one task had torbtined for subsequent use
while performing in a second, overlapping task ébglogy, consider the Daneman
and Carpenter task described above). As anticipdtese competing demands
promoted an increase in errors (with a non-lineardase in errors as the number
of choices increased). The number of errors corethitty individual animals was
inversely related to their aggregate performancethan cognitive test battery
(Kolata et al., 2005). This led to the conclusibattworking memory capacity, but
not short-term memory duration, was related toahignals’ performance on the
learning test battery.

As noted above, working memory is not a singularcpss, but instead
encompasses both the storage of information as aglthe processing and
integration of information (Baddeley, 2003; Jari&dlowse, 2008). The above
experiment could not discern the relative contrdoubf these different aspects of
the working memory system to the correlation wigmeral cognitive abilities, and
so a second series of experiments ( Kolata, Magzklght, 2007) was designed to
assess these relative contributions. First, sinspien abilities were assessed by
requiring mice to maintain the memory of up todsual symbols associated with
food rewards. A moderate correlation £ 0.38) was observed between this
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measure of simple span (the number of items aayraemembered) and
individual animals’ aggregate performance in adgtiof six learning tasks. A
second task was employed with which we could as#essefficacy of these
animals’ selective attention. This task was modeléidr the human Stroop test
(Stroop, 1935). In a typical Stroop test, a subjeatequired to identify the font
color of a word that is briefly (e.g., 50 ms) pretgel. In the simple form of this
test, subjects’ accuracy is normally quite goodweleer, if the color of the font
conflicts with the meaning of the word, e.g., ifeal font spells the word “BLUE”
(i.e., BLUE), performance degrades such that the latencysjpore is extended
and/or response errors begin to accrue. This dagioadin performance is thought
to reflect a highly specific failure of selectivitemtion. In the Stroop-like task that
we adapted for mice (Fig. 2), the animals learnedheee-choice visual
discrimination in a context referred to as “A” (W9 and a three-choice olfactory
discrimination in a context referred to as “B” (@j. After stable performance
had been attained in both tasks, animals were ey tested under conditions
of high interference, i.e., both odor and visuaswere simultaneously presented
in Context A (Vis/OIf-A; the context which signaléhe relevance of visual cues)
or in Context B (OIf/Vis-B; the context which siged the relevance of olfactory
cues). Absent the interference promoted by thedertdevant distracters, animals’
performance on both the visual and olfactory disicrations was nearly perfect.
However, when the task-relevant distracters wededdo the test context (e.g.,
olfactory cues were present in the visual discration context), errors began to
accumulate. The degree to which an animal commétears under conditions of
interference was strongly correlated=(0.50) with their aggregate performance in
the cognitive test battery. Although no task carakserted to be process-pure, this
animal analog of the Stroop task makes no nomiaalashds on either short-term
memory duration or simple span abilities, and iadteequires the animal to ignore
a task-relevant distracter in order to performoidfitly.

A principal component analysis was performed t@ssshe entire data set
described above. One factor accounted for 44% ettdbal variance in cognitive
performance across the six learning tasks. Onstnise factor, short-term memory
duration loaded at a negligible level (0.14), simpglpan abilities loaded at a
moderate level (0.50), and our measure of seleatiemtion loaded heavily (0.78).
Given the good separation of simple span and $e&deattention that we believe
these procedures support, these results (consistightthat from the human
literature) suggest that simple span and contratéshtion may act in unison (but
to varying extents) to regulate the relationshigwieen working memory and
general cognitive abilities.
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Figure 2. The efficacy of animals’ selective attention wasessed in a test analogous to a
human Stroop test. In each of two distinct boxesimals received odor (in the odor
discrimination box) or visual (in the visual disorhation box) discrimination training. In the
individual tasks (not depicted), the animal coutdlect food at a location marked by a single
discriminative stimulus, e.g., the MINT odor in thdor discrimination box or the green X in the
visual discrimination box. (Note that in the acttest, distinct LED arrays served as the visual
stimulus). On each trial, the location of the cwes rearranged, but the identity of the target cue
remained constant. Mice are quick to learn theseridninations, and will usually attain
errorless performance (i.e., they do not approamitarget cues) within four trials. After the
completion of training in the simple individual kas animals were occasionally tested in the
visual discrimination box with odor cues present sadient distracters, or in the odor
discrimination box with visual cues present as esdli distracters. (These complex
discriminations are depicted in the figure abovete\that the target visual and odor cue never
appeared in the same location). Unlike the simjderoinination tasks, the presence of salient
distracters resulted in an increase in errors (eterchined by incorrect choices for the
discrimination cue by the test box). Errors in firesence of salient distracters are thought to
reflect failures of selective attention, and thenber of errors committed by individual animals
varied widely. (Adapted from Matzel & Kolata, 2009)
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Modulation of Working Memory and General Cognitive Abilities

At least in part, prevailing theory is based on #ssumption that the
relationship between working memory and intelligenis causal in nature,
although by design, the factor analytic techniqured underlie this assertion are
correlational. Thus it was of interest to determiménether the observed
relationship between aspects of working memory gederal cognitive ability
were merely correlational or if a causal influengas being revealed by this
relationship.

Despite the colloquial (c.f. commercial) contentitviat “brain exercises”
and “smart drugs” can enhance fluid intelligencenormal adults, these claims
have rarely been subjected to empirical test, beyihe observation that such
treatments have small task-specific benefits. ¢ltnoted that many of the
commercial “brain exercise” programs that are midkéo the public make claims
of effectiveness based on improvement of performamt a common pre- and
post-test of cognitive function, a result that t&rilutable to a simple practice
effect). In fact, decades of rigorous empiricaleggsh has found little evidence
that environmental variables influence intelligentast performance in any
systematic way (Gray et al., 2003). As a simpledmmpelling example, one of the
most “extreme” instances of an environmental mdaipmn is represented by the
process of early-childhood adoption. It has bearsistently observed that when a
child is removed from the home of low-IQ birth patss and placed in the home of
high-IQ adoptive parents, the IQ of that child asaalult is far more likely to
resemble its birth, rather than adoptive, parelnterto, 1990; LoehlinHorn, &
Willerman, 1989; Phillips & Fulker, 1989). By comjson, fledgling “brain
exercises” are at best trivial (if not unsystematn@nipulations, and thus it is not
surprising that they have little influence on itiggnce test performance.

Despite our pessimism, we recently questioned vanethe general
learning abilities of mice could be modulated byeesive training on a task that
taxed working memory functions. Light et al. (20p0pvided mice with complex
working memory “exercise” by training them repedge@ver a period of weeks)
in the dual-radial arm maze task described abowalaf et al., 2005). This
training promoted superior performance when thenals were later tested in our
animal analog of the Stroop task, i.e., working ragmexercise promoted an
improvement in animals’ selective attention. Thiaswnot merely an effect of
working memory span exercise, as animals that sgmmparable time performing
in a single eight-arm radial maze did not exhibi¢ same increase in selective
attention performance. Importantly, the animalst thad undergone complex
working memory exercise exhibited superior aggregerformance in a six-task
learning battery. More so than the previous demmatishs of a correlation
between working memory capacity/selective attentiamd general learning
abilities, these results suggest the possibility afausal relationship between the
efficacy of working memory and general intelligendéis conclusion is partially
supported by the recent report of beneficial effeaft complex working memory
training on human intelligence test performancedda Buschkuehl, Jonides, &

-47 -



Perrig, 2008), although this later work has beegastioned on methodological
grounds (Moody, 2009). However, we must reiterasg intelligence is not likely
a unitary phenomenon (Ackerman, 2005; Conway e¢P8D3; Heitz et al., 2008),
and these results should not be taken to indidae intelligence and working
memory are synonymous, but rather, that working orgrmay constitute at least
some percentage of that trait that we describéndalligence.” Nevertheless, at the
functional level, we are inclined to conclude thairking memory training may
have at least transient beneficial effects on perémce indicative of intelligence.

Our preferred interpretation of the above descrileddtionship between
working memory capacity and general learning aeditnotwithstanding, those
trained in experimental psychology would be quick goint out that “causal
relationships” are never as easy to confirm as #®yto infer. That said, one
might ask if the effect of working memory training general cognitive abilities is
specific, or if the modulation odny co-variate with general cognitive abilities
might have a similar beneficial impact. Early irr oeork with mice we observed a
consistent positive correlation between various suess of exploration and the
aggregate performance of mice on learning tesehest (Matzel et al., 2003,
2006). Various measures of simpaletivity did not bear the same relationship with
general learning abilities. We hypothesized thatais of high native exploratory
tendencies might make quicker contact with thosdarenmental contingencies
upon which learning was based, and thus exploratidght causally promote
general cognitive abilities. We assessed this piisgiusing a procedure that was
conceptually related to the one described aboverémnote more efficacious
selective attention. Here, animals were repeatexibpsed to novel environments,
a manipulation that had a long-lasting (at leasinttm®, including from pre-
pubescence into adulthood) and profound effectganious exploratory behaviors,
i.e., exposure to novelty promoted broad increasploration. However, this up-
regulation of exploratory behaviors had little av impact on performance on
individual measures of learning, and did not praman increase in the aggregate
performance of mice on our learning test battgligght et al., 2008). Thus despite
the correlation between the propensity for exploratand general learning
abilities, and a conceptually logical expectatibatta causal relationship might
exist between these variables, no such causalaredaip could be detected. This
set of null results makes the observed relationdld@pween working memory
“exercise” and general cognitive performance thatimmore striking.

The Relationship of General Learning Abilities to Reasoning

As described above, no consensus has emerged iregtrd definition of
“intelligence.” Nevertheless, most definitions (umting those provided above)
state that intelligent behavior involves the apitit “adapt to the environment” or
“learn quickly.” These characteristics, like collogl impressions of intelligence,
suggest that learning is a critical component bfat critically influenced by,
intelligence. However, no widely accepted defimitiof intelligence would begin
and end with a statement about the ability to lebrstead, most definitions make
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reference to the intelligent beings’ capacity tairik rationally,” “reason,” “engage
in reasoning,” or colloquially, “to figure out ndveolutions” based on limited
experience, and the efficacy of reasoning is camel a critical component of
cognitive intelligence (Manktelow, 1999). Thus mastelligence test batteries
include components specifically intended to chadmt an individual's capacity
for reasoning. Accordingly, correlations betweeasmning and other cognitive
tasks (ones not explicitly relegated to the cldsgasoning tasks) should co-vary.
It is this premise which led us to ask whether a&ngeneral learning abilities
were correlated with their capacity for reasoning.

Nominally, the answer to such a question should/ek within our grasp.
However, much like intelligence, that which congtis reasoning is not always
obvious. Following Aristotle, it is often assertit reasoning can take one of two
forms. In the first, one attempts to understand‘@iwle” by considering only the
component parts. In the second, one attempts t@ctesize a class of objects by
considering the common features of each objedtah det. To assess reasoning in
laboratory mice, we devised two novel tasks whigltect each of these forms of
rational thought. First, animals’ performance wasessed in a “decision” or
binary tree maze (see Fig. 3). Decision trees arsnwnly used in operations
research, specifically in decision analysis, tontdg strategies that are most
efficient in reaching a goal. While many searchatstgies (or paths) could be
utilized to visit every node in the decision tréfee vast majority of these paths
would lead to an inefficient search, i.e., one Whimnecessarily retraces paths or
crosses goals that had already been explored. theudegree to which an animal
can comprehend the whole structure of the mazeirapément that information
from its current location would be a reflection attype of reasoning consistent
with Aristotle’s first description (above).

From a starting location, the decision tree biftesg(at decision points)
into branches. At each decision point is a potegtial location, and the end of
each branch terminates in two leaves, each of whlish contains potential goal
locations, providing a total (in this maze) of ldtential goals. In our case, the
animals’ task was to navigate the maze so as meatsevery potential goal for a
payoff (in this case, a piece of food).

In the maze illustrated in Figure 3, animals cotddss 14 potential goal
locations (labeled 1 - 14 in Fig. 3). On a singia@tation day, all goal locations
were baited with a food pellet. On subsequentdags (trials), a randomly chosen
four- to-eight of the potential goal locations wéegted (with the restriction that at
least two pieces of food be located on each sidaepinaze). Thus on any given
trial, the animal could not know the location ofoéb or the number of goal
locations that were actually baited. It would tHem of benefit to the animal to
navigate through the decision points in the mositafious manner possible.
Using such a strategy, the animal would pass amanxi of 24 goal locations (as
would be required were the animal to search eves} op one half of the maze,
efficiently exit that side of the maze, then seachry goal in the other half of the
maze). What distinguishes this from a maze leartasl such as the Lashley
Maze is that no single path is “best,” i.e., maoytes reflect equal efficiency, and
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an efficient animal will often perform errorlessdgross a series of trials, yet will
not follow the same route on successive trialstHemmore, the efficacy with
which animals navigate the maze stabilizes veryclkdyi(within 3 - 5 trials),
suggesting that animals quickly come to apprediaeunderlying structure of the
maze, and fix on a strategy for its solution.
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Figure 3. Decision trees (as illustrated above) are comynoséd in operations research, specifically
in decision analysis, to identify strategies tha most efficient in reaching a goal. While many
search patterns (or paths) could be utilized tit &igery node in the decision tree, the vast mbjari
these paths would lead to an inefficient seareh, @ne which unnecessarily retraces paths ore&soss
goals that had already been explored. Thus theeddgrwhich an animal can comprehend the whole
structure of the maze and implement that infornmafiom its current location would be a reflection
of a type of inductive reasoning. Here, the animaisk was to navigate the maze so as to inspect
every potential goal for a payoff (in this cas@jece of food). Animals could cross 14 potentiahlgo
locations (labeled 1-14). On test days (trialslamdomly chosen four- to-eight of the potentiallgoa
locations were baited (with the restriction thateatst two pieces of food be located on each side o
the maze). Thus on any given trial, the animal daodt know the location of food or the number of
goal locations that were actually baited. It wotlidn be of benefit to the animal to navigate throug
the decision points in the most efficacious marpassible. Using such a strategy, the animal would
pass a maximum of 24 goal locations (as would beired were the animal to search every goal in
one half of the maze, efficiently exit that sidetloé maze, then search every goal in the otherdfialf
the maze).

Vast amounts of data can be extracted from theopaence in this maze,
but for the present purposes, a single measurfficdey is representative of all of
the various measures that we have analyzed. Toetlds we can simply assess
each animal’'s correct “streak” prior to its unneszg8y crossing a previously
crossed goal location, and average the length isf dtreak across four trials
(following 10 trials in which performance is allod/o stabilize). (Note that unlike
learning measures, here we assess only aniraaighptoticbehavior). By this
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method, perfect performance would be reflected streak of 24, wherein all goal
locations were explored with maximum efficacy, wdes a streak of less than 24
would reflect less than optimal performance. Thote animals were first tested
on five learning tasks that constitute our standeadning battery, and were then
assessed for performance in the decision tree. Whenaverage streak of
individuals was compared to their factor scores émgregate measure of
performance) extracted from the learning battesy tiata, a strong correlatior) (
of 0.60 was observed. To insure that animals didsimoply follow a rote path to
navigate the maze, on several trials one of theaptat one of the second level
decision junctions was blocked (thereby disrupting potential fixed path), and
animals’ performance on subsequent choices wasssebe Despite this
manipulation, the correlation between the animaigrage streak and aggregate
performance on the learning battery was still gfran= 0.51. This work is
presently under review for publication (Wass et2010).

The above data suggests that animals’ appreciatfothe underlying
structure of the decision tree, and their efficias¢ of this information, co-varies
with their general learning abilities. It is notedwever, that as a “pure” measure
of reasoning, performance in this maze is confodndg short-term memory
persistence as well as span (i.e., the animal rieedsain a record of where it has
been in order to operate efficiently). Thus altHoumnimals’ efficient use of
structural information could be described as “reasm” reasoning is not the only
potential source of performance variation in thaskt Consequently, a second
reasoning task based on the concept of “fast mgppias developed that was not
subject to the same caveats. Fast mapping is aampracess whereby a new
concept can be learned based on a logical inferégeideed from a single exposure
to limited information. This corresponds with Ao#e’s second type of reasoning,
i.e., where one attempts to characterize a clasebggcts by considering the
common features of each object in that set.

Fast mapping (Carey & Bartlett, 1978) is believegblay a critical role in
the extraordinarily rapid and seemingly effortlassgjuisition of information during
early human development, and explains (in part) ghedigious rate at which
children gain vocabulary. For example, when facétl & group of familiar items
described by familiar words, an individual will gly associate an unfamiliar
word with a novel item added to the set, and tlsisoeiation requires no overt
“pairing” of the novel word and its correspondingvel item. Over time the word's
approximate meaning becomes more refined as @aB & other contexts. Logical
inference, as exemplified here, is often asseddxtta hallmark of reasoning.

Although extensively studied in humans, few effdrtase been made to
demonstrate the process of fast mapping in aniraitspugh it has been reported
in at least one dog (Tomasello & Kaminski, 20084was thus necessary to design
a task to assess fast mapping in laboratory mibe. @rocedure for this task is
depicted in Figure 4. For this purpose, animals @1) were familiarized with a
group of objects (small plastic animals), and ween taught to associate pairs of
these objects. This was accomplished by exposiagribuse (while confined to a
start box) to one object and then letting the maatgeve a piece of food that was
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hidden under the sample object’s paired assodiatatéd in a field adjacent to the
start box). For this initial training, the pairedsaciate was the sole object in the
test field. After learning a series of such objgeirs (much like a word is
associated with a meaning), the animals were tlainefind the relevant paired
associate within a field that contained severalkeats; all of which had been
previously associated with a different sample. Tthasning continued for several
weeks until all animals exhibited near errorlessiod performance. That is, shown
a sample object, they would quickly choose theemtrtarget object from a field of
potential choices. After completing this trainingnimals were occasionally
presented with a “fast mapping” test trial. On th&gls, animals were exposed to
a novel sample object, and then allowed to exploegest field which contained a
set of familiar objects (ones that had an estabtistmeaning” based on prior
training) and one novel object. The principle dftfenapping suggests that under
these conditions, a rational animal should concltdg since the sample object
was novel, the food reward should be located uttdeunfamiliar object in a field
of otherwise familiar objects. The number of err@recorrect choices) that the
animals made was averaged across four fast mappstdrials, and these errors
were compared to factor scores indicative of eadtmal’s general learning ability
(based on performance in the learning test batt&gain, performance on this
reasoning task was correlated with animals’ agdesgarformance in the learning
battery, that is, better learners tended to makefdast mapping errorg(39) =
0.44,p < 0.01. (Wass et al., manuscript under review]s Ihotable that some
animals madeno fast mapping errors across four trials, a redudt,tgiven the
number ofpotential errors, is of extremely low probability. This réssuggests
that fast mapping is well within cognitive repereiof sub-human animals,
including rodents.

In total, the assessment of animals’ performancténbinary tree maze
and fast mapping task suggests that mice are @pélbbnstructing rational plans
and making rational choices. Furthermore, the degférationality” exhibited by
individual animals was strongly and consistentlyrelated with their aggregate
performance on a battery of diverse learning tasks.
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PHASE 1: Paired Associate Training
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TEST: Selection of Novel Target in Otherwise Famiar Set (Fast Mapping)

Figure 4. An illustration of the procedure for the “fast pping” task. Animals were familiarized with a
group of objects (small plastic animals), and wien taught to associate pairs of these objects. Th
was accomplished by exposing the mouse (while nedfio a start box) to one object and then letting
the mouse retrieve a piece of food that was hidoheter the sample object’s paired associate (logated
a field adjacent to the start box). For this initr@aining, the paired associate was the sole o¢liethe
test field. After learning a series of such objeairs (much like a word is associated with a megnin
the animals were trained to find the relevant phiassociate within a field that contained several
objects, all of which had been previously assodiatih a different sample. This training continded
several weeks until all animals exhibited near rgss choice performance. After completing this
training, animals were occasionally presented witiast mapping” test trial. On these trials, arlsna
were exposed to a novel sample object, and thewedl to explore the test field which containedta se
of familiar objects (ones that had an establishe@aning” based on prior training) and one novel
object. The principle of fast mapping suggests thader these conditions, a rational animal should
conclude that since the sample object was novelfiabd reward should be located under the unfamilia
object in a field of otherwise familiar objects.qfé: For simplicity, the directional arrows illusted
above all point to a correct target object locéatethe center position of the test field. Duringued
tests, the location of the correct target was rarigaletermined on each trial).

-53 -



Summary

The results summarized above suggest that the ajeearning abilities,
selective attention, and reasoning capacity of feally heterogeneous mice are
commonly regulated. To return to one of the defing of intelligence provided
above, concepts of “intelligence” are attemptslassify “the ability to understand
complex ideas, to adapt effectively to the envirenmto learn from experience, to
engage in various forms of reasoning, to overcobm&azles by taking thought.”
While this and other similar definitions were comee to account for human
behavior, this same definition appears relevarstuimmarizing the performance of
mice on this diverse set of cognitive tasks. THke humans, mice appear to
express individual variations in intelligence, ahése variations have profound
functional consequences for the animals’ negotiatiotheir environments.

It is important to note that the work reviewed abowas originally
conceived as a method to assess individual vamgtia the generalearning
abilities of mice, and was not intended to assedslligence” or the conservation
of this trait across humans and mice. Howevergiresl published commentaries
on our initial studies, it was noted that what vesatibed as variations in general
learning ability would in other contexts be desedlas a reflection variations in
intelligence (Blinkhorn, 2003; Chin, 2003). It is ithis regard that we have
attempted to establish an analogy between the ptsoé intelligence in humans
and mice. This attempt is far from straight-forwagisen the difficulties that are
posed by any attempt to define intelligence (sewea}p Nevertheless, as a starting
point, the co-variation of broad learning capaieiit attentional abilities, and the
capacity for various forms of reasoning, is suggesof a conservation of the
cognitive trait that is at least colloquially debed as “intelligence.”

Certain principles have emerged from these studi#is animals. These
conclusions have been consistent with many of thdsdved from human
research, and in some instances, have allowed uw=iaok that go beyond that
which could be derived from studies of humans.tFik& have observed that the
parameters of both storage and processing compoéra system analogous to
working memory are correlated with animals aggregarformance on a battery
of behavioral tests designed to assess a rangeaohihg abilities. Although
working memory capacity (or resistance to intenfiee was a more consistent and
reliable predictor of general cognitive abilitideah was simple span or resistance
to decay, these storage components of working mghorhave some predictive
validity, and their predictive abilities appearinarease as a function of the degree
to which they are taxed (as is necessarily the sétbeaged animals; see Matzel et
al., 2008). Thus we have concluded that both seoeagl processing aspects of the
working memory system may play a role in the esthbient of individual
differences in higher cognitive abilities, deperidon task demands and the nature
of the test. This conclusion is similar to that @éhhas emerged from studies with
humans (Halford, Cowan, & Andrews, 2007; UnsworthERgle, 2007). It has
been suggested that the role of the storage amggsimg components of working
memory in the establishment of higher cognitiveligds may arise from their
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common reliance on (and limitations of) attenti@oan et al., 2006). As Cowan
et al. have enumerated, it is often difficult tppaete these processes in tests of
humans owing to their reliance on mnemonic strateguch as rehearsal and
grouping. These strategies (particularly thoseantlon verbal processing) are at
least partially mitigated with animal subjects.this regard, it is notable that the
performance of mice on an analog of the Stroop (iestvhich the animals must
focus on a target stimulus against a backgrounglefant distracters) was highly
correlated with aggregate performance on a leartgsgbattery. Since there is no
obvious storage requirement for efficient perforoeron this task, this result
suggests that processing aspects of working megnery selective attention) may
have at least some unique relationship to the esme of higher cognitive
abilities. Relatedly, we have determined that malaiions (e.g., working memory
“exercise”) that promote the more efficacious m#tion of selective attention have
commensurate effects on general cognitive perfocemasuggestive of a causal
relationship between these variables.

In total, available data suggests a conservatibrthe structure and
determinants of “intelligence” in both human andn#muman animals. The
gualitative correspondence of the concept of iigietice in humans and infra-
human animals provides the opportunity for compfitaey lines of research, and
animals provide a practical opportunity to addrisss of inquiry that are not
always tractable in humans (e.g., Kolata, LightMatzel, 2008). To this end,
Kolata, Light, Wass, Sahil, and Matzel (2009) hanev quantified the RNA
transcripts of approximately 25,000 known genesemweral limited brain regions
(including the prefrontal cortex) of animals cléigsl as expressing high or low
general cognitive abilities. As this work is pretyerunder review, it would be
premature to provide a detailed description of éhe=sults here. However, our
analyses indicate a specific co-variation betweseta@f genes related to dopamine
signaling in the prefrontal cortex and the aggregmrformance of animals in the
learning battery. It is of course notable that cataponal modeling has implicated
dopaminergic connectivity in the prefrontal corte®w working memory
(Durstewitz, Seamans, & Sejnowski, 2000a, 2000b}, these conclusions have
been supported by empirical observations (Meyedénberg et al., 2007); for
review, see (Matzel & Kolata, 2010). As the resuitsKolata et al. (2010) are
based on RNA transcripts, analogous work is préséntractable in human
subjects. Thus in combination with human work, Esdvith animals may provide
insights into what Jensen (1998) has describeth@shioly grail” of intelligence
research, i.e., the biological basis for this ult@usly manifest cognitive trait and
its role in the establishment of individual diffaces in intelligence.
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