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Most  research  on neurodevelopmental  disorders  has  focused  on  their  abnormalities.  However,  what
remains  intact  may  also be important.  Increasing  evidence  suggests  that  declarative  memory,  a critical
learning  and  memory  system  in the  brain,  remains  largely  functional  in  a number  of neurodevelopmental
disorders.  Because  declarative  memory  remains  functional,  and  because  this  system  can  learn  and retain
numerous  types  of information,  functions,  and  tasks,  it  should  be able  to play  compensatory  roles  for
multiple  types  of  impairments  across  the  disorders.  Here,  we examine  this  hypothesis  for  specific  lan-
guage impairment,  dyslexia,  autism  spectrum  disorder,  Tourette  syndrome,  and  obsessive–compulsive
disorder.  We lay  out specific  predictions  for the  hypothesis  and  review  existing  behavioral,  electrophysio-
logical,  and  neuroimaging  evidence.  Overall,  the  evidence  suggests  that  declarative  memory  indeed  plays
compensatory  roles  for a range  of impairments  across  all  five  disorders.  Finally,  we  discuss  diagnostic,
therapeutic  and other  implications.
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. Introduction

Not surprisingly, most research on neurodevelopmental dis-
rders has focused on the behavioral and neurobiological
bnormalities that characterize them, and on the underlying causes
f these abnormalities. However, what remains normal may  be
s important as what is abnormal. It has long been known that
elatively intact circuitry can play compensatory roles in brain
isorders – even subsequent to adult-onset lesions, where less plas-
icity is generally expected than in children. For example, the right
emisphere may  compensate for left hemisphere damage (Basso
t al., 1989), and spared sensory systems can be employed in the
ace of sensory deficits, such as Braille reading by the blind.

It has previously been suggested that declarative memory, an
mportant learning and memory system in the brain, may  com-
ensate for certain deficits in some neurodevelopmental disorders.

n particular, it has been proposed that this memory system can
t least partially take over certain functions that normally rely
eavily on other systems. Such compensation has been posited

or grammatical deficits in specific language impairment (Ullman
nd Pierpont, 2005), procedural memory impairments in obses-
ive–compulsive disorder (Rauch et al., 1997), and deficits of theory
f mind and of implicit learning in autism spectrum disorder (Frith,
004; Klinger and Dawson, 2001; Klinger et al., 2007). However,
his evidence has not been synthesized or systematically reviewed,
ithin let alone across disorders. Nor has declarative memory-

ased compensation been examined more broadly, including in
elated neurodevelopmental disorders and for a broader range of
eficits. Thus the nature and extent of compensation by the declar-
tive memory system remains unclear.

Here we present an in-depth examination of the declarative
emory compensation hypothesis,  which posits that declarative
emory should play compensatory roles for multiple impairments

cross disorders, as long as the system remains largely functional.
pecifically, we  examine whether and how declarative mem-
ry plays compensatory roles across a range of deficits (beyond
rammar and procedural memory) in several neurodevelopmental

autism spectrum disorder (ASD), Tourette syndrome, and obses-
sive–compulsive disorder (OCD). Because declarative memory is
powerful and flexible in that it can learn and retain multiple types
of information, functions and tasks (Eichenbaum, 2012; Squire and
Wixted, 2011; Ullman, 2015b), it should be able to support the
learning and use of many types of compensatory strategies. Impor-
tantly, because this memory system is quite well understood in
both humans and non-human animals, elucidating its compen-
satory roles in neurodevelopmental disorders has the potential to
be highly informative, and could lead to therapeutic and diagnostic
advances as well as to an increased understanding of the disorders
themselves.

The main goals of this paper are to present the declarative mem-
ory compensation hypothesis, to lay out clear testable predictions,
to review and synthesize existing evidence for these predictions
for each disorder, to elucidate gaps and weaknesses that can guide
future studies, and to outline potential impacts for basic and trans-
lational research.

Below, we first provide a brief review of declarative memory.
Next, we show that learning and retention in declarative mem-
ory remain largely intact in the disorders examined here, allowing
the memory system to play compensatory roles across them. We
then outline the main predictions of the compensation hypoth-
esis, and examine the evidence for each of these predictions for
each disorder. Finally, we discuss therapeutic, diagnostic, and other
implications.

2. Declarative memory: what is it?

Traditionally, the declarative memory system has referred
to the brain system that underlies the learning and storage of
explicit knowledge, that is, knowledge that is available to con-
scious awareness. This includes explicit knowledge both about
facts (semantic knowledge; e.g., that the capital of Swaziland is
Mbabane) and about events (episodic knowledge; e.g., that you
ate spicy tender but crunchy calamari at a Thai restaurant last
night). However, accumulating evidence suggests that this brain
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

isorders that are often comorbid with each other (Bradshaw,
001; Gillberg, 2010; Goorhuis-Brouwer and Wijnberg-Williams,
996; Pauc, 2005; Pennington and Bishop, 2009): specific language

mpairment (SLI; i.e., developmental language disorder), dyslexia,
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

system underlies much more, and that it can learn implicit as
well as explicit knowledge, for a wide range of information, func-
tions, and tasks, across cognitive domains and sensory modalities
(Cabeza and Moscovitch, 2013; Eichenbaum, 2012; Eichenbaum
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t al., 2012; Henke, 2010; Squire and Wixted, 2011; Ullman, 2004,
015b). Thus the system seems very well suited to compensate
or a wide variety of impairments across disorders. Moreover, the
ystem is quite well understood at many levels – including its
ehavioral, computational, neuroanatomical, electrophysiological,
ellular, biochemical, and genetic correlates – providing a rich
oundation for generating testable predictions regarding its com-
ensation in various disorders.

So what constitutes this brain system? (For reviews, see Cabeza
nd Moscovitch, 2013; Eichenbaum, 2012; Eichenbaum et al., 2012;
enke, 2010; Squire and Wixted, 2011; Ullman, 2004, 2015b) Per-
aps most importantly, learning and consolidation in the system
rucially depend on the hippocampus and other medial temporal
obe (MTL) structures. Within the MTL, the hippocampus appears
o underlie the rapid linking (binding, associating) of different
its of knowledge or experience, across a wide range of domains
nd modalities, including what may  be characterized as knowl-
dge of “what” (facts, meanings), “where” (landmarks), and “when”
when an event occurred). The ability of the hippocampus to bind
omplex relational associations, including contextual and tempo-
al information, may  explain why it seems to be critical for episodic
nowledge (Brown et al., 2010; Eichenbaum et al., 2012; Squire and
ixted, 2011). Other MTL  structures, in particular the entorhinal,

erirhinal, and parahippocampal cortices, also play important roles
n declarative memory. For example, it has been suggested that
erirhinal cortex underlies the familiarity of newly learned infor-
ation, while the hippocampus subserves its explicit recollection

Brown and Aggleton, 2001; Brown et al., 2010) (but see Wixted and
quire, 2011). Additionally, perirhinal cortex may  support memo-
ies of single items, and might be particularly important (perhaps
n addition to the hippocampus) for aspects of semantic and other
on-episodic (e.g., lexical) knowledge. Structures connected to the
TL, including the fornix and various diencephalic structures, also

upport declarative memory (Squire and Wixted, 2011).
Although the MTL  and these connected structures play key roles

n learning and consolidation, ultimately most long-term knowl-
dge learned in this system seems to rely mainly on neocortical
egions, especially but not only in the temporal lobes (Eichenbaum,
012; Eichenbaum et al., 2012; Squire and Wixted, 2011; Ullman,
004). Nevertheless, some evidence suggests that the MTL  may
ontinue to underlie long-term memories, particularly for autobio-
raphical (episodic) knowledge (Winocur and Moscovitch, 2011),
hough this claim has been disputed (Squire and Wixted, 2011).

Within neocortex, different regions appear to underlie differ-
nt types of knowledge (Martin, 2007; Martin and Chao, 2001;
quire and Wixted, 2011). For example, knowledge of faces involves
ortions of the fusiform gyrus (the so-called fusiform face area),
hereas written words depend more on the “visual word form

rea” (also in the fusiform gyrus). Additionally, higher-level con-
epts may  rely on more anterior temporal regions (Barense et al.,
012; Bussey and Saksida, 2007; Martin and Chao, 2001). Finally,
ther brain structures interact with the core learning and stor-
ge functions of declarative memory. For example, certain frontal
egions (e.g., Brodmann’s areas 45/47) seem to be involved in the
ncoding of information that is learned in declarative memory and
he subsequent recall of this knowledge (Fletcher et al., 2003; Hofer
t al., 2007; Ullman, 2004). And a posterior parietal region may
nderlie aspects of encoding and retrieval (Uncapher and Wagner,
009; Wagner et al., 2005).

The molecular and genetic bases of declarative memory have
lso been well studied, in both humans and animals (Green and
unbar, 2012; Ullman, 2004). For example, various genes, including
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

hose for brain-derived neurotrophic factor (BDNF) and apolipopro-
ein E (APOE), seem to play roles in declarative memory and
ippocampal function (Green and Dunbar, 2012; Pezawas et al.,
004), as does the neurotransmitter acetylcholine (Freo et al., 2002;
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Packard, 1998) and the hormone estrogen (Phillips and Sherwin,
1992; Sherwin, 1988). For example, higher levels of estrogen are
associated with better declarative memory (Maki and Resnick,
2000; Sherwin, 1998).

The functional characteristics of declarative memory are also
quite well understood (Eichenbaum, 2012; Henke, 2010; Squire
and Wixted, 2011; Ullman, 2004, 2015b). As mentioned above, this
memory system can support a wide range of information, tasks,
and functions across domains and modalities. It can acquire not
only semantic and episodic knowledge in the restricted sense of
meaning and event knowledge, but also words (lexical knowledge),
images, scripts, instructions, and much more (Eichenbaum, 2012;
Squire and Wixted, 2011; Ullman, 2004, 2015b). For example, this
system, and perhaps the hippocampus in particular, is involved in
such diverse functions as inhibitory learning (learning to suppress a
prepotent response; Chan et al., 2001) and aspects of social learning
and memory (likely due the system’s role integrating the com-
plex information necessary for this function; Hitti and Siegelbaum,
2014; Kogan et al., 2000). More generally, the system may be
specialized for learning and representing arbitrary pieces of infor-
mation, as well as linking them together. Unlike other learning and
memory systems, such as basal ganglia-based procedural mem-
ory or amygdala-based fear conditioning, this system can rapidly
learn many types of knowledge, even from a single exposure of
a stimulus, although additional exposures strengthen memories.
The acquired knowledge can be either explicit or implicit (Chun,
2000; Henke, 2010; Schendan et al., 2003). However, declarative
memory appears to be the only long-term memory system that
underlies explicit knowledge; thus, any knowledge that is explicit
was likely learned in this memory system. Once learned, informa-
tion in declarative memory can be generalized and used flexibly
across different contexts.

Finally, multiple factors have been found to affect learning
and retention in declarative memory, including subject-related
variables such as age, sex, sleep, and stress; learning context-
related variables such as deep vs. shallow encoding and spaced vs.
massed presentation; and item-level variables such as imageability
(Delaney and Knowles, 2005; Marshall and Born, 2007; Prado and
Ullman, 2009; Ullman, 2005a; Ullman et al., 2008; Wolf, 2009).

3. The status of declarative memory in
neurodevelopmental disorders

Here we examine the functionality of declarative memory
in each of the five neurodevelopmental disorders: specific lan-
guage impairment, dyslexia, autism spectrum disorder, Tourette
syndrome, and obsessive–compulsive disorder. As we will see, evi-
dence suggests that individuals with these disorders generally learn
and retain knowledge in declarative memory at least adequately
if not normally, and in some cases even show superior perfor-
mance as compared to typically developing individuals. Moreover,
individuals with the disorders appear to be able to learn multiple
types of knowledge in declarative memory, suggesting that they
can also learn multiple types of compensatory strategies. Note that
most such strategies likely rely primarily on various types of non-
episodic knowledge (since most compensatory strategies do not
require remembering the context in which they were learned), and
such knowledge seems to be particularly spared in the disorders.
Thus, declarative memory appears to show sufficient functionality
across the disorders to underlie the learning and retention of a wide
range of compensatory strategies.
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

Where weaknesses have been reported in tests of declarative
memory, they are generally observed where the tests also depend
on functions that are compromised in the disorders, such as phono-
logical processing, working memory, or free recall (interestingly,
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hese functions tend to rely at least in part on frontal, basal ganglia
r cerebellar circuits, which often show abnormalities in the disor-
ers; Amaral et al., 2008; Eckert et al., 2005; Hoekstra et al., 2004;
ernet et al., 2009; Rauch et al., 2007; Ullman and Pierpont, 2005;
llman et al., submitted for publication). Indeed, tests of declara-

ive memory that minimize or avoid such functions generally show
pared performance. Importantly, these compromised functions do
ot seem to prevent the eventual learning and retention of substan-
ial knowledge, especially non-episodic knowledge. For example,
ong-term memories of common knowledge, such as lexical and
emantic knowledge, do not show particular impairments, perhaps
ecause learners were exposed to the relevant information many
imes, as well as in multiple contexts that do not always heavily
nvolve the full range of compromised functions (e.g., that mini-

ize the need for working memory). Thus, any such weaknesses
re not likely to preclude the learning of compensatory strategies
y declarative memory.

.1. Specific language impairment (SLI)

Specific language impairment is a neurodevelopmental disor-
er of language that is not attributable to hearing or other sensory

mpairments, motor dysfunction, environmental deprivation, emo-
ional problems, or another medical or neurological condition,
nd is not better explained by intellectual disability (American
sychiatric Association, 2013; Leonard, 1998, 2014). It is referred
o as “language disorder” in the DSM-5 (American Psychiatric
ssociation, 2013). Grammatical aspects of language, in particular
yntax, morphology, and phonology, are especially affected in SLI.
earning in declarative memory appears to remain largely unaf-
ected in individuals with SLI, particularly for non-verbal material,
ut possibly even in the verbal domain once working memory and

anguage impairments have been controlled for (Lum and Conti-
amsden, 2013) (Dewey and Wall, 1997; Lum et al., 2012; Lum
t al., submitted for publication; Ullman and Pierpont, 2005). For
xample, in one study children with SLI showed no impairments
n tests that probed the learning of visual information, and nor-

al  learning of verbal information after working memory and
anguage deficits were statistically controlled for; in contrast, the
ame subjects were impaired at working memory and procedural
emory, and these impairments were found even after controlling

or other deficits (Lum et al., 2012). In another study of children
ith SLI, impairments at learning verbal information were found

nly in those children with co-occuring working memory deficits
Lum et al., submitted for publication). Interestingly, two recent
tudies found that children with SLI may  actually consolidate infor-
ation in declarative memory better than typically developing

hildren (Lukacs et al., in preparation; Lum et al., in preparation).
mportantly, long-term common knowledge also seems to remain
elatively normal in SLI, especially after controlling for working
emory and language deficits (Ullman and Pierpont, 2005). For

eviews of declarative memory in SLI, see Ullman and Pierpont
2005), Lum et al. (2012), and Lum and Conti-Ramsden (2013).

.2. Dyslexia

Dyslexia is a neurodevelopmental disorder in which reading
s impaired below expectation given the individual’s age, where
he impairment is not better accounted for by intellectual disabil-
ty, sensory impairments, other mental or neurological disorders,
sychosocial adversity, or inadequate educational instruction
American Psychiatric Association, 2013; Lyon et al., 2003). It is
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
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ategorized as a specific learning disorder in the DSM-5 (American
sychiatric Association, 2013). Learning non-verbal visual informa-
ion in declarative memory appears to remain normal in dyslexia
Jorm, 1983; Kibby, 2009; Kibby and Cohen, 2008). Learning verbal
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material also seem to be unimpaired, especially when difficulties in
encoding, which are likely due to phonological and working mem-
ory deficits, are accounted for (Felton et al., 1987; Jorm, 1983; Kibby,
2009; Kibby and Cohen, 2008; Kramer et al., 2000). For example, in
a list-learning task (in which subjects are asked to remember a list
of words), children with dyslexia may  learn fewer words during
the encoding phase, but have no difficulty in subsequently remem-
bering the words they have learned (Kibby, 2009; Kramer et al.,
2000). Lexical knowledge also remains largely unaffected in the dis-
order, as evidenced by studies of receptive vocabulary (e.g., which
present words to subjects and ask them to pick the correct mean-
ing) (Richardson et al., 2004; Swan and Goswami, 1997). When
deficits are found in tasks that probe lexical or other long-term
common knowledge, such as in object naming tests (subjects see
a picture of an object, and have to name it), the problems often
seem to reflect phonological or recall deficits rather than memory
impairments per se (Jorm, 1983; Swan and Goswami, 1997). Adults
with dyslexia have also been found to show unimpaired perfor-
mance at a spatial contextual learning task, which probes implicit
aspects of declarative memory (Bennett et al., 2008; Howard et al.,
2006). In fact, in one study subjects showed a trend toward superior
contextual learning as compared to typically developing controls,
but were impaired on a different task that relies on procedural
learning (Howard et al., 2006). In a similar contrast between the
two memory systems, children with dyslexia showed deficits at a
sequence learning task that involves procedural learning, but not at
a sequence learning task with explicit instruction that depends on
declarative memory (Vicari et al., 2003). Finally, in a recent study of
incidental encoding and subsequent recognition of objects (which
minimized working memory, phonological processing, and recall)
(Hedenius et al., 2013), children with dyslexia showed better learn-
ing and retention than age-matched typically developing children.
This result, as well as the trend of superior performance at contex-
tual learning (Howard et al., 2006), remains to be explained, though
it may  be due to the “seesaw effect” – that is, the enhancement of
declarative memory as a result of abnormalities in the frontal/basal-
ganglia circuits underlying procedural memory (Ullman, 2004).

3.3. Autism spectrum disorder (ASD)

Autism spectrum disorder, here also referred to as autism,
is characterized by impairments of social interaction and
communication, and by restricted repetitive and stereotyped pat-
terns of behavior, interests, and activities (American Psychiatric
Association, 2013). The status of declarative memory in ASD
appears to be more complex than in SLI and dyslexia.

In high functioning individuals with autism, learning in declar-
ative memory seems to remain largely intact, as tested by both
recognition and cued recall tests (e.g., in which subjects are given a
phonological cue to help them recall a word) (Boucher and Mayes,
2011, 2012; Boucher et al., 2012; Walenski et al., 2006). Indeed,
recognition has been found to be spared even when the underly-
ing neural processes appear to be atypical (Massand et al., 2013).
Spatial contextual learning (implicit learning in declarative mem-
ory; see above) also seems to be unimpaired (Barnes et al., 2008).
Importantly, so does long-term non-episodic (lexical and seman-
tic) knowledge (Walenski et al., 2006, 2008). In contrast, tests of
free recall (uncued recall; e.g., in which subjects are asked to recall
a list of words that they saw previously) have yielded inconsis-
tent results across studies of high functioning autism (Boucher and
Mayes, 2011; Boucher et al., 2012). Person- and emotion-related
memory as well as memory of personally experienced events are
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

also sometimes impaired, possibly as a result of the broader social
and emotional deficits in autism (Boucher and Mayes, 2011, 2012;
Boucher et al., 2012; Walenski et al., 2008), and the dependence of
memory for personally experienced events (episodic knowledge)
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n frontal structures, which are compromised in the disorder (Ben
halom, 2003). Overall, individuals with high functioning autism
ay  be best described as having intact memory for facts, percepts,

nd associations, with mild episodic memory impairments and a
reater vulnerability for person- and emotion-related memories
Boucher and Mayes, 2012).

Declarative memory may  be more impaired in low-functioning
utism (Boucher and Mayes, 2011; Boucher et al., 2008, 2012),
hich might help explain the more severe deficits found in this

orm of the disorder (see Section 5.2) – though note that even in
ow functioning individuals, cued recall and paired associate learn-
ng (e.g., in which subjects learn pairs of words) have been found
o be intact (Boucher and Mayes, 2011; Boucher et al., 2012).

Finally, enhanced (Walenski et al., 2008) or even savant-like
emory has often been reported in individuals with autism

Boucher and Mayes, 2011) – for example, drawing complex scenes
rom memory (Howlin et al., 2009). Such memory advantages could
e due to various factors, including the seesaw effect (Ullman,
004; Walenski et al., 2006, 2008), enhanced perceptual function-

ng and pattern recognition (Mottron et al., 2013; Toichi and Kamio,
002), and an obsessive focus on particular informational domains
Boucher and Mayes, 2011). Indeed, such obsessions might help
xplain why some individuals with ASD who have excellent mem-
ry for particular topics still do not seem to compensate effectively
or social and other deficits.

.4. Tourette syndrome

Tourette syndrome is a neurodevelopmental disorder that man-
fests itself with multiple motor tics and at least one vocal tic, where
hese are not explained by medications or another medical condi-
ion (American Psychiatric Association, 2013). Although few studies
ave investigated declarative memory in Tourette syndrome, the
vidence suggests that it remains largely unimpaired (for a review,
ee Walenski et al., 2007). Learning new information in declarative
emory, including verbal and non-verbal list learning (Brookshire

t al., 1994; Channon et al., 2003) and remembering the locations of
bjects (Alexander and Peterson, 2004; Marsh et al., 2004), appears
uite typical, as does long-term lexical and semantic knowledge
Channon et al., 2003; Scheurholz et al., 1996). And whereas the
mplicit learning of procedural knowledge in the “weather predic-
ion” task was found to be impaired in children and adults with
ourette syndrome, typical performance was observed in a test of
xplicit knowledge in the same subjects (Marsh et al., 2004). In con-
rast, as we have seen for other neurodevelopmental disorders, free
ecall is often compromised in Tourette syndrome (Channon et al.,
003; Sutherland et al., 1982).

.5. Obsessive–compulsive disorder (OCD)

Obsessive–compulsive disorder, which is closely related to
ourette syndrome, is marked by obsessions (repeated and persis-
ent thoughts, impulses, or images that the individual attempts to
uppress) and/or compulsions (repetitive and excessive behaviors
ue to an obsession, or performed in order to follow a rigid set of
ules), where these cause distress and/or interfere with appropri-
te functioning (American Psychiatric Association, 2013). OCD, like
ourette syndrome, seems to leave declarative memory essentially
nimpaired. Learning verbal information is generally unaffected
Olley et al., 2007; Roth et al., 2004), while difficulties learning
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

n the visual domain have been attributed to executive deficits
Deckersbach et al., 2004; Olley et al., 2007; Savage et al., 2000).
exical knowledge also appears to be typical in OCD, as revealed by
asks probing receptive vocabulary (Deckersbach et al., 2000) and
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lexical decision (in which subjects have to decide which items are
real words and which are made-up words) (Unoki et al., 1999).

3.6. Summary

Overall, the data suggest that individuals with these five
neurodevelopmental disorders are generally able to learn and
in particular retain information in declarative memory. Thus,
although impairments in interacting functions such as working
memory or phonological processing may  slow the learning of infor-
mation in declarative memory, the information can nonetheless
be largely acquired and retained, suggesting that compensatory
strategies can also be learned and retained in this system.

4. A compensatory role for declarative memory?

To date, relatively few studies have been specifically designed to
test the hypothesis that declarative memory supports compensa-
tion in neurodevelopmental disorders. Nevertheless, an increasing
number of studies provide evidence that directly or indirectly tests
the hypothesis in the five disorders examined here, thus allow-
ing it to be evaluated in these disorders. In this section we first
lay out the three major predictions derived from the hypothesis.
These predictions are expected to hold across symptoms and dis-
orders. We  then examine a wide range of relevant evidence, and
identify existing gaps in the literature, thus providing a roadmap
for future research (also see Table 1). Relevant studies were iden-
tified via online searches (e.g., using PubMed, Google Scholar), our
own database of articles, references in identified articles as well as
articles that cite them, and queries to researchers in the field.

The three main predictions are as follows. First, individuals
with the disorders should at least partly compensate for their
impairments by using cognitive and other behavioral strategies
that depend on declarative memory. (Note that this does not
preclude either an additional reliance on strategies that do not
involve declarative memory, or improvements in the compro-
mised systems themselves, for example due to developmental
changes, experience, or therapy.) Thus, individuals with the dis-
orders should rely more than typically developing individuals on
declarative memory-based strategies. At least two  types of com-
pensatory strategies could be learned in this system. First, the
system could at least partially take over certain functions that nor-
mally rely heavily on other systems, such as grammar or sequence
learning. Second, the system could learn strategies that allow indi-
viduals to inhibit or control inappropriate behaviors, such as tics
or obsessions. Compensatory strategies could be learned explic-
itly or implicitly, and either spontaneously or through behavioral
therapies. Indeed, given the proposed importance of declarative
memory, we  expect that existing therapies tend to take advantage
of declarative memory even if they were not specifically designed
to do so.

Second, an increased behavioral dependence on declarative
memory should be reflected in an increased reliance on the neural
underpinnings of this system. Thus, imaging and electrophysio-
logical studies should indicate greater involvement of the neural
substrates of declarative memory in individuals with the disorders
as compared to typically developing controls. This pattern should
be found in particular when probing impairments that can be com-
pensated for by this system. Note that activation in the MTL  should
be observed primarily in studies in which compensatory strategies
are still being learned or were recently learned rather than in stud-
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

ies examining long-established strategies, since the latter are less
likely to still rely on MTL  structures (see Section 2). In addition,
therapeutic interventions may  be expected to lead to an increased
reliance on declarative memory brain structures, especially (but not

527

528

529

530

dx.doi.org/10.1016/j.neubiorev.2015.01.008


Please
 cite

 th
is

 article
 in

 p
ress

 as:
 U

llm
an

,
 M

.T.,
 Pu

llm
an

,
 M

.Y
.,

 A
 com

p
en

satory
 role

 for
 d

eclarative
 m

em
ory

 in
 n

eu
rod

evelop
m

en
tal

d
isord

ers.
 N

eu
rosci.

 B
iobeh

av.
 R

ev.
 (2015),

 h
ttp

://d
x.d

oi.org/10.1016/j.n
eu

biorev.2015.01.008

A
R

T
IC

L
E

 IN
 P

R
E

S
S

G
 M

odel
N

B
R

 2114
 1–18

6
 

M
.T.

 U
llm

an,
 M

.Y.
 Pullm

an
 /

 N
euroscience

 and
 Biobehavioral

 R
eview

s
 xxx

 (2015)
 xxx–xxx

Table 1
Predictions and evidence for compensation by declarative memory in neurodevelopmental disorders.

Predictions Evidence

SLI Dyslexia Autism Spectrum Disorder Tourette syndrome OCD

Increased reliance (from
either spontaneous
learning or therapy) on
strategies thought to
depend on declarative
memory

• Chunking of complex
linguistic forms (Oetting
and Horohov, 1997;
Thordardottir and Ellis
Weismer, 2002; Ullman
and Gopnik, 1999; Ullman
and Pierpont, 2005; van
der Lely and Ullman, 2001)
•  Explicit rule
memorization, including
from instruction (Ullman
and Gopnik, 1999; Ullman
and Pierpont, 2005)

• Memorization of whole
word forms (chunking)
(Bruck, 1990; Rack et al.,
1992; Shaywitz et al., 2003;
Snowling et al., 1994)
• Reading improves when
supported by semantic
context (Ben-Dror et al.,
1991; Nation and
Snowling, 1998). Reading
improvements during
development may  be due
to semantic knowledge
(Chiarello et al., 2006;
Shaywitz et al., 2003)
• Reliance of therapies on
explicit rules (Alexander
and Slinger-Constant,
2004; Ehri and Nunes,
2001)

• Formulaic speech (chunked
phrases and sentences) (Dobbinson
et  al., 2003; Tager-Flusberg and
Calkins, 1990; Walenski et al.,
2006)
•  Explicit memorization of social
scripts, rules and event schemas
(Bishop and Norbury, 2002; Eales,
1993; Landa, 2000; Portman, 2006)
•  Theory of mind learned explicitly
(Frith, 2004; Klinger et al., 2007;
Senju et al., 2009)
• Category learning based on
explicit rules rather than implicit
prototypes(Klinger and Dawson,
2001)
•  Reliance of therapies on explicit
rules, scripts and event schemas
(Charlop-Christy and Kelso, 2003;
Crozier and Tincani, 2007; Ganz
et  al., 2008; Ivey et al., 2004;
Krantz and McClannahan, 1998)

Habit reversal therapy,
which involves the explicit
control of tics, is effective
in TS (Frank and Cavanna,
2013; Himle et al., 2006)

Habit reversal therapy, as
well as other cognitive
behavioral therapies, are
effective in OCD (March,
1995; Watson and Rees,
2008)

Increased reliance on the
neural system
underlying declarative
memory

Electrophysiological
evidence: N400 ERP
components found for
grammatical processing
(Fonteneau and van der
Lely, 2008; Neville et al.,
1993; Ullman and
Pierpont, 2005)

• Functional and structural
MRI  evidence: Behavioral
interventions lead to
increased hippocampal
activation and volumes
(Eden et al., 2004; Gebauer
et al., 2012; Krafnick et al.,
2011; Temple et al., 2003)
• Electrophysiological
evidence: N400 ERP
components found for
grammatical processing
(Cantiani et al., 2012, 2013)

fMRI evidence: Increased
activation in medial temporal lobe
structures during some social
processing tasks (Dichter et al.,
2012; Vaidya et al., 2011)

TBD fMRI and PET evidence:
Increased activation in MTL
structures (and decreased
activation in the basal
ganglia) during procedural
memory and executive
tasks (Rauch et al., 1997,
2001, 2007; Roth et al.,
2003; van den Heuvel
et  al., 2005)

Indicators of better
declarative memory are
associated with better
compensation

Better grammatical
abilities in individuals with
better declarative memory
(Lum et al., 2012)

Better reading ability in
individuals with better
declarative memory and
larger hippocampi/MTL
structures (Hedenius et al.,
2013; Krafnick et al., 2011)

TBD • TS symptoms better in
individuals with larger
hippocampi/MTL
structures (Peterson et al.,
2007; Plessen et al., 2009;
Worbe et al., 2010)

OCD symptoms better in
individuals with larger
hippocampi/MTL
structures (Carmona et al.,
2007; Peterson et al., 2007;
van den Heuvel et al., 2009)

Notes: SLI, specific language impairment; TS, Tourette syndrome; OCD, obsessive–compulsive disorder; TBD, To be determined; we are not aware of any relevant studies. (f)MRI, (functional) magnetic resonance imaging; PET,
positron  emission tomography; ERP, event-related potential; MTL, medial temporal lobe.
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Fig. 1. Electrophysiological evidence from children and adults with specific lan-
guage impairment (SLI). In an event-related potential (ERP) study (Fonteneau and
van der Lely, 2008), syntactic anomalies elicited a left anterior negativity in typi-
cally developing children and adults. In contrast, in children and adults with SLI the
anomalies elicited an N400, which has been linked to lexical/semantic processing
and declarative memory (Kutas and Federmeier, 2011; Ullman, 2001). This suggests
that, unlike typically developing individuals, individuals with SLI may  rely on lex-
ical/semantic processing and declarative memory to compensate for impairments
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nly) if they were designed to take advantage of this system. We
mphasize that an increased dependence on declarative memory in
o way precludes an additional reliance on other (non-declarative)
rain systems; that is, one type of compensation does not neces-
arily exclude others.

Third, better declarative memory should result in better com-
ensation. Correlations should be observed, such that individuals or
roups with evidence of superior declarative memory should show
uperior compensation, and thus fewer or less severe symptoms.
ote that even though declarative memory seems to remain rel-
tively spared in the disorders, its functionality should still show
etween-subject variability. Such variability could be due to the
ort of variation in declarative memory functioning that is also
ound in typically developing individuals (Ullman, 2001, 2004,
005a; Ullman et al., 2008), or to a degree of dysfunction of declara-
ive memory in some individuals (e.g., from the same pathological
rocesses that result in other abnormalities in the disorders; see
ection 5.2), or even to the enhancement of this memory system
e.g., from the seesaw effect).

.1. Specific language impairment

Previous studies of SLI provide some supporting evidence for
ll three predictions. First, behavioral evidence suggests that indi-
iduals with SLI use declarative memory in at least two ways to
ompensate for their grammatical deficits: chunking and explicit
ules. Typically developing individuals generally compute com-
lex forms such as “the cat” or “walked” with highly automatized
rammatical composition (e.g., the + cat,  walk + -ed), a process
hat appears to depend on procedural memory (Ullman, 2004,
015b). In contrast, individuals with SLI often memorize complex
orms as (structured or unstructured) wholes, that is as chunks,
hich appear to be stored in declarative memory (Oetting and
orohov, 1997; Ullman and Gopnik, 1999; Ullman and Pierpont,
005). For example, children with SLI disproportionately use high-
requency phrases (i.e., those that are more often encountered in
he language) (Thordardottir and Ellis Weismer, 2002), which are
articularly likely to be memorized. And evidence from experi-
ental approaches such as the examination of “frequency effects”,
hich can distinguish whether complex forms are chunked or are

omposed from their parts, suggests that children and adults with
LI tend to depend more than typically developing controls on
hunking (Oetting and Horohov, 1997; Ullman and Pierpont, 2005;
an der Lely and Ullman, 2001). Individuals with SLI also learn
xplicit grammar rules, that is, rules that appear to be learned and
pplied with conscious awareness (Ullman and Pierpont, 2005).
or example, one child with developmental language impairment
eported that “at school, learn it at school. In the past tense put -
-d on it. If it’s today it’s -i-n-g. Like swimming: ‘I went swimming
oday’ and ‘Yesterday I swammed”’ (Ullman and Gopnik, 1999).
s indicated above, since declarative memory appears to be the
nly long-term memory system underlying explicit knowledge,
ny such knowledge is likely to have been learned in this memory
ystem.

Second, evidence suggests that individuals with SLI rely more
han typically developing individuals on the neural system underly-
ng declarative memory. Specifically, electrophysiological evidence
rom the recording of event-related potentials (ERPs) impli-
ates declarative memory in a compensatory role for grammar
Fonteneau and van der Lely, 2008; Neville et al., 1993; Ullman
nd Pierpont, 2005). For example, one study (Fonteneau and van
er Lely, 2008) showed that in typically developing children and
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

dults syntactic anomalies elicited a left anterior negativity, a
attern often found in typical individuals, whereas in matched
articipants with SLI these anomalies elicited an N400, an ERP com-
onent that has been linked to lexical/semantic processing and
at syntactic processing.

Figure adapted from Fonteneau and van der Lely (2008).

declarative memory, perhaps perirhinal cortex in particular (Kutas
and Federmeier, 2011; McCarthy et al., 1995; Mormann et al., 2005;
Ullman, 2001, 2015b); see Fig. 1. In contrast, both groups showed
similar N400s for lexical anomalies, indicating, as expected, that
an increased dependence on declarative memory in SLI does not
occur for functions that already depend on this system in typically
developing individuals. Additional electrophysiological studies of
grammar in SLI seem warranted. Note that previous functional
magnetic resonance imaging (fMRI) and positron emission tomo-
graphy (PET) studies of SLI have, to our knowledge, ignored both
syntax and morphology, focusing instead on lexical, phonologi-
cal, and executive tasks (Ullman and Pierpont, 2005; Ullman et al.,
submitted for publication). Thus, previous studies using these tech-
niques have not yet tested whether individuals with SLI rely on
declarative memory brain structures for the compensation of these
grammatical functions.

Third, correlational evidence suggests that individuals with SLI
who demonstrate better declarative memory also show better
grammatical performance. Grammatical abilities have been found
to correlate with declarative memory learning abilities in children
with SLI, but not with learning in procedural memory or work-
ing memory measures in the same children (Lum et al., 2012). In
contrast, in matched typically developing children, grammar cor-
related with procedural memory, but not with declarative memory
or working memory. As expected, lexical abilities correlated with
declarative memory in both groups (and not with either procedural
memory or working memory measures). Overall, this suggests that
whereas typically developing children depend importantly on pro-
cedural memory for grammar, children with SLI use declarative
memory to help them compensate for their grammatical deficits.

4.2. Dyslexia

Previous studies also provide evidence for all three predic-
tions in dyslexia, though again further research is needed. First,
behavioral evidence suggests that individuals with dyslexia rely
disproportionately on declarative memory for reading, using at
least three strategies: chunking, a reliance on semantics, and the
use of explicit rules. As in SLI, chunking, in particular whole word
memorization, seems to be important in dyslexia. Whereas typ-
ically developing individuals rely on both phonological decoding
and chunking for reading, individuals with dyslexia appear to have
deficits with phonological decoding, with relatively spared chunk-
ing, leading to a disproportionate reliance on the latter. Thus, they
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

have particular problems reading made-up words (which cannot
have been previously memorized as whole words), but are less
impaired at reading real words (which could have been memo-
rized), especially those that occur that occur with high frequency
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Fig. 2. Structural imaging evidence from children with dyslexia. In a structural magnetic resonance imaging (MRI) study (Krafnick et al., 2011), gray matter volume (GMV)
was  examined in children with dyslexia before and after a behavioral intervention. Following the intervention, there was a significant increase not only of reading abilities,
but  also of gray matter volumes in the left hippocampus/fusiform and the right hippocampus (both shown here), as well as the left precuneus and right cerebellum (not
shown). Since larger hippocampal volumes have independently been shown to correlate with better declarative memory (Protopopescu et al., 2008; Schofield et al., 2009), the
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ndings suggest that intensive behavioral intervention in dyslexia can lead to impr
as  not directly assessed in this study.

igure adapted from Krafnick et al. (2011).

n the language (which are especially likely to have been mem-
rized) (Bruck, 1990; Rack et al., 1992; Shaywitz et al., 2003;
nowling et al., 1994). This is analogous to the pattern found in
LI for complex forms. Reading by individuals with dyslexia also
elies heavily on semantic knowledge, which is learned in declar-
tive memory. For example, one study found that children with
yslexia improved their reading of single words when these were
upported by a strong semantic context, whereas such semantic
acilitation appeared to be weaker in typically developing children
Nation and Snowling, 1998). The authors suggest that the chil-
ren with dyslexia used semantic context to compensate for poor
ecoding skills. Such semantic facilitation effects have also been
ound in adults with dyslexia (Ben-Dror et al., 1991). Moreover,
tudies of adult dyslexics suggest that improvements in reading
uring childhood and adolescence are due not to improvements

n phonological processing but rather to an increased reliance on
emantic knowledge (Chiarello et al., 2006; Shaywitz et al., 2003).
inally, explicit rules also appear to play an important role in
eading in dyslexia. Therapeutic programs designed to teach read-
ng in dyslexia often focus on learning explicit phonological rules
Alexander and Slinger-Constant, 2004; Ehri and Nunes, 2001).

oreover, such programs may  lead to more significant reading
ains than therapies that do not depend on explicit rules (Alexander
nd Slinger-Constant, 2004; Ehri and Nunes, 2001).

Second, behavioral interventions in dyslexia can lead not only
o reading improvements, but also to concomittant changes in the
ippocampus and other MTL  structures that underlie declarative
emory, in both functional and structural imaging studies. At least

hree fMRI studies of children or adults with dyslexia have found
hat various interventions can lead to both improved reading and
ncreased activation in the hippocampus and other MTL  structures
as well as other brain regions) in phonological processing and
seudoword reading tasks, suggesting an increased dependence
n these structures (Eden et al., 2004; Gebauer et al., 2012; Temple
t al., 2003). It has been argued that this pattern may  be due to com-
ensation by hippocampal-based memory (Temple et al., 2003) –
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

hough for this and other findings, it is important to keep in mind
hat inference of function from a given activation pattern is often
ncertain (for a discussion of the issue of inference in neuroimag-

ng studies, see Poldrack, 2006). To our knowledge, other studies
eclarative memory as well as improved reading. Declarative memory performance

have not reported MTL  activation increases following intervention
(Barquero et al., 2014), although such negative findings might be
due to factors such as small subject numbers (Temple et al., 2000)
or a much briefer intervention (Aylward et al., 2003). In a structural
MRI study of children with dyslexia, intensive training (not specifi-
cally designed to emphasize explicit memory) led to better reading
skills as well as to increased gray matter volumes in the hippocampi
bilaterally (Krafnick et al., 2011); see Fig. 2. Although unfortu-
nately declarative memory performance was  not assessed in this
study (or in the fMRI studies described above), larger hippocam-
pal volumes have often been associated with better declarative
memory (Protopopescu et al., 2008; Schofield et al., 2009). Thus,
intensive behavioral intervention in dyslexia may lead not only to
better reading, but also to improvements in declarative memory,
presumably because this system was relied upon during training.
Indeed, training paradigms that clearly involve memorization in
declarative memory have been found to lead to larger hippocam-
pal volumes (Draganski et al., 2006; Woollett and Maguire, 2011),
underscoring the plausibility of this outcome. We  are aware of no
other studies examining the effects of intervention on gray mat-
ter volumes in dyslexia. Finally, electrophysiological evidence also
suggests a compensatory role for declarative memory in the dis-
order. As in SLI, individuals with dyslexia may  show grammatical
impairments (Cantiani et al., 2012, 2013). And similarly to SLI,
morphosyntactic violations elicit N400s (which are linked to lex-
ical/semantic processing and declarative memory; see above) in
adults and children with dyslexia, but not in matched typically
developing individuals (Cantiani et al., 2012, 2013).

Third, evidence suggests that better declarative memory in
dyslexia may  correlate with better reading. First of all, the structural
MRI  study discussed above (Krafnick et al., 2011) found that subse-
quent to training, children with dyslexia showed not only improved
reading but also larger hippocampi, which are linked to supe-
rior declarative memory. Thus, within subjects, an indication of
improved declarative memory is associated with improved reading
in dyslexia. Further studies seem warranted to test whether posi-
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

tive reading outcomes from such interventions may  be explained at
least in part by improvements of declarative memory. More direct
evidence comes from a recent behavioral study, which found that
performance at learning and retention in a recognition memory
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ask was positively associated with reading performance in chil-
ren with dyslexia (Hedenius et al., 2013). In contrast, no such
ssociation was observed in typically developing children in the
ame study. The results suggest that better declarative memory
ight in fact lead to better reading, but only in dyslexia, consistent
ith this memory system playing a compensatory role for reading

n the disorder. We  are not aware of other studies that exam-
ne (separately in dyslexic and typically developing individuals)
orrelations between measures of reading and direct or indirect
easures of declarative memory.

.3. Autism spectrum disorder

In ASD (also referred to here as autism), research supports the
rst prediction (an increased dependence on behavioral strategies
hat rely on declarative memory), and has begun to shed light on
he second prediction (an increased reliance on the brain structures
nderlying declarative memory). We  are not aware of any research
n individuals with autism pertaining to the third (correlational)
rediction.

Behavioral evidence indicates that declarative memory plays an
mportant role in compensating for a range of language, pragmatic,
nd social problems in the disorder. First, many individuals with
utism use formulaic speech (memorized, i.e., chunked, phrases
nd sentences), which can compensate for both linguistic and
ocial deficits (Dobbinson et al., 2003; Tager-Flusberg and Calkins,
990; Walenski et al., 2006). Second, they often explicitly memo-
ize and apply rules, scripts, and event schemas to compensate for
ocial deficits (Bishop and Norbury, 2002; Eales, 1993; Landa, 2000;
ortman, 2006). For example, they may  memorize entire scripts for
ommon social situations and scenarios, a strategy that is often evi-
ent in the sometimes overly formal tone of their language (Eales,
993; Portman, 2006). Third, whereas individuals with autism can

earn to perform specific tasks of theory of mind, this learning
oes not appear to apply more broadly (Klinger et al., 2007); it
as been suggested that these individuals learn explicit rules for
he specific tasks rather than implicitly learning underlying prin-
iples (Klinger et al., 2007). Similarly, it has been suggested that
he automatic implicit ability to attribute mental states to others
s dysfunctional in ASD, but at least individuals with Asperger syn-
rome (American Psychiatric Association, 2000) can compensate
y learning an explicit theory of mind (Frith, 2004; Senju et al.,
009). Fourth, whereas typically developing individuals can implic-

tly learn fuzzy mental categories (where some category members
re more prototypical than others), a skill that may  depend on pro-
edural memory (Knowlton and Squire, 1993), individuals with ASD
ppear to show impairments at this skill, and instead attempt to
ely on a memorized set of explicit rules for category membership
e.g., a dog has to bark, have two ears, four legs, and a tail) (Klinger
nd Dawson, 2001). Fifth, behavioral therapeutic approaches for
utism often target explicit rules, scripts, and schemas (Charlop-
hristy and Kelso, 2003; Ganz et al., 2008; Krantz and McClannahan,
993, 1998). For example, “Social Stories”, a type of cognitive
ehavioral therapy, is a popular and often effective treatment in
hich individuals with ASD are provided with sentences and pic-

ures that explicitly guide them through specific types of social
ituations, such as how to behave at a birthday party or how to get
riends to look at a toy (Crozier and Tincani, 2007; Ivey et al., 2004;
hiemann and Goldstein, 2001). More generally, Social Stories, as
ell as and other types of cognitive behavioral therapy (often

eferred to simply as CBT, these are goal-oriented therapies that
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

ely heavily on explicit knowledge), have been shown to improve
ocial skills as well as associated symptoms like anxiety in children
ith autism (Crozier and Tincani, 2007; Ivey et al., 2004; Lang et al.,

010; Thiemann and Goldstein, 2001).
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The second (neural) prediction is supported by at least some
functional neuroimaging research, though further, more targeted,
studies of ASD are clearly needed. One recent fMRI study exam-
ined the neural basis of social motivation deficits in autism with
a reward anticipation task (Dichter et al., 2012). Adults with ASD
showed decreased activation in the nucleus accumbens (part of the
basal ganglia) and increased activation in the hippocampus while
performing the task, as compared to typically developing con-
trols, even though there were no behavioral differences between
the groups. The authors suggest this pattern may reflect an MTL
memory-based compensatory mechanism in the ASD subjects. In
an fMRI study of children with ASD, increased activation in the
parahippocampal gyrus was  observed during the processing of
social stimuli (gaze processing) in more as compared to less severe
cases of ASD (Vaidya et al., 2011). Activation was  not compared
between the more severe cases of ASD and typically developing
controls. The authors suggest that the results may  reflect MTL-
based associative learning of the task, and that this compensation
was relied on more in individuals with more severe underlying
impairments. Overall, these studies suggest that children and adults
with autism may  indeed rely on declarative memory and its neural
substrates to compensate for disparate tasks and functions. How-
ever, it is important to emphasize that many functional imaging
studies of ASD have not reported increased activation in medial
temporal or other regions associated with declarative memory.
Further studies directly testing the declarative memory compensa-
tion hypothesis in ASD seem warranted, in particular to investigate
under what conditions (e.g., which types of subjects, which types
of tasks) such compensation might occur.

4.4. Tourette syndrome

In Tourette syndrome, therapeutic evidence provides some sup-
port for the first (behavioral) prediction. Habit reversal training,
a type of cognitive behavioral therapy in which the individual
increases conscious awareness of a tic and learns to explicitly per-
form a competing response, can successfully suppress tics in the
disorder (Frank and Cavanna, 2013; Himle et al., 2006). Indeed, it
is the most widely used behavioral therapy for Tourette syndrome,
and has been shown to be highly effective (Frank and Cavanna,
2013; Himle et al., 2006). Although various explanatory accounts
for habit reversal training have been proposed (Himle et al., 2006),
its dependence on learned explicit responses indicates that it is
based at least in part on declarative memory. Note that any later
automatization of these responses does not preclude an initial
dependence on explicit knowledge in declarative memory, nor even
on later implicit declarative memory processes. Other cognitive
behavioral therapies may  also be effective in Tourette syndrome
(Frank and Cavanna, 2013). Finally, note that the apparent role of
declarative memory in inhibitory learning (i.e., learning to sup-
press a response) (Chan et al., 2001) underscores the plausibility
of declarative memory playing an inhibitory role in suppressing
tics in Tourette syndrome. Additional studies directly testing the
behavioral prediction in the disorder seem warranted.

Although we are aware of no non-correlational evidence that is
relevant to the second (neural) prediction, neuroimaging evidence
supports the third (correlational) prediction for Tourette syndrome.
Specifically, larger hippocampal and other medial temporal lobe
volumes are associated with lower tic severity in both children and
adults with the disorder (Peterson et al., 2007; Plessen et al., 2009;
Worbe et al., 2010). Since larger hippocampal volumes are linked
to better declarative memory (Protopopescu et al., 2008; Schofield
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

et al., 2009), this suggests that tic suppression may  depend at least
in part on this memory system. Indeed, in one study, hippocam-
pal volumes correlated negatively with tic severity as well as with
co-occurring OCD symptoms (Peterson et al., 2007). The authors
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Fig. 3. Functional imaging evidence from adults with obsessive–compulsive disorder (OCD). Typically developing adults and adults with OCD were given a procedural
learning task (the serial reaction time task) during positron emission tomography scanning (Rauch et al., 1997). The two groups showed no behavioral differences on the
task.  However, their functional neuroanatomy differed. Whereas the typically developing group showed bilateral basal ganglia (and other) activation, the OCD group instead
a his su
l t side.
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east  some tasks that normally depend on procedural memory. L = left side; R = righ

igure adapted from Rauch et al. (1997).

uggest a compensatory role for the hippocampus in attenuating
r controlling symptoms of both disorders (Peterson et al., 2007).

.5. Obsessive–compulsive disorder

In OCD, the evidence, which is somewhat similar to that for
ourette syndrome, provides some support for all three predic-
ions. First, just as in Tourette syndrome, habit reversal training
nd other cognitive behavioral therapies have been shown to be
ffective (March, 1995; Watson and Rees, 2008). Indeed, cognitive
ehavioral therapies are among the most widely used treatments
or OCD, and may  have larger treatement effects than pharmacolog-
cal approaches (Watson and Rees, 2008). Moreover, they have been
ecommended as the first-line treatment, at least for pediatric OCD
nd for adolescents with OCD who have mild to moderate symp-
oms (Watson and Rees, 2008). Additional research is needed to
xamine the behavioral prediction for OCD, including the possibil-
ty (analogous to Tourette syndrome) that declarative memory may
e involved in inhibitory learning in the suppression of obsessions
nd compulsions.

Second, a number of functional neuroimaging studies directly
upport the neural prediction. PET and fMRI studies of proce-
ural learning, using both serial reaction time tasks (which probe
equence learning) and weather prediction tasks (which probe
robabilistic category/rule learning), have found that while adults
ith OCD show equivalent learning as compared to typically devel-

ping controls, they show altered patterns of brain activation. In
articular, they show less activation in basal ganglia circuits, which
re normally recruited for these procedural learning tasks, but
ore in declarative memory brain substrates (hippocampal and

arahippocampal regions) (Rauch et al., 1997, 2001, 2007; Roth
t al., 2003); see Fig. 3. This suggests that individuals with OCD can,
t least in some circumstances, fully compensate with declarative
emory for tasks that normally depend on procedural memory.

ince primary OCD symptoms might be at least partly explained
y dysfunctional procedural memory (Rauch and Savage, 2000;
auch et al., 2007), these findings suggest the possibility that such
ompensation may  also play a more general role in alleviating the
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

ymptoms of OCD. Another study of adults with OCD examined the
ower of London task (van den Heuvel et al., 2005), which probes
xecutive functioning and planning, domains that have been found
o be impaired in OCD (Greisberg and McKay, 2003). The study
ggests that OCD individuals may use declarative memory to fully compensate for at

found less activation in frontal and basal ganglia structures in the
subjects with OCD than in typically developing controls, but more
and “presumably compensatory” activation of parahippocampal
cortex, among other regions (van den Heuvel et al., 2005). Per-
formance at the task was  worse in the subjects with OCD than
in controls, suggesting that, unlike in the tasks designed to probe
procedural learning, declarative memory may  only partially com-
pensate for certain executive and planning deficits in the disorder.
Overall, the functional imaging evidence suggests that adults with
OCD can use declarative memory to either fully or partially com-
pensate for at least certain frontal/basal-ganglia based tasks.

Third, correlational evidence for declarative memory-based
compensation is found in OCD, similarly to Tourette syndrome.
Specifically, OCD symptoms such as obsessive thoughts and actions
have been found to correlate negatively with hippocampal and
other medial temporal lobe volumes (Carmona et al., 2007;
Peterson et al., 2007; van den Heuvel et al., 2009). Note however
that one study (Kwon et al., 2003) found a positive correlation
between OCD symptoms and glucose metabolism (as measured by
PET) in the hippocampus. Further studies examining such correla-
tions seem warranted.

5. Discussion

In summary, accumulating evidence suggests the following.
First, across the five neurodevelopmental disorders examined here
(SLI, dyslexia, ASD, Tourette syndrome, and OCD), declarative mem-
ory generally remains sufficiently intact to learn and retain the sort
of knowledge that could be used for many compensatory strategies.
Second, this memory system does indeed underlie compensation
for wide range of impairments across the disorders, supporting the
declarative memory compensation hypothesis.

5.1. The nature of declarative memory compensation

Declarative memory can apparently compensate for deficits
in at least two ways. First, it can to some extent actually carry
out various functions that are comprised in the disorders, such
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

as grammar in SLI and dyslexia, and sequence learning in OCD.
That is, it can compensate by acting as a redundant (backup)
mechanism for the systems that generally support these functions
but are compromised in the disorders. In some cases individuals
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ith neurodevelopmental disorders seem to rely on declarative
emory-based strategies that are also used, though to a lesser

xtent, by typically developing individuals: for example, chunking
omplex forms in SLI, whole word reading in dyslexia, and perhaps
ven formulaic speech in autism (Ullman, 2005a; Ullman et al.,
008). Other strategies appear to be qualitatively different from
hose used by typically developing individuals, such as social scripts
n autism. Evidence from populations other than those with devel-
pmental disorders underscores the plausibility of a redundant role
Schlaggar and McCandliss, 2007) for declarative memory (Ullman,
004, 2005b). For example, the memory system has been found to
upport grammar both in adult second language learners (Ullman,
001, 2005a, 2015a) and individuals with aphasia (see Section 5.3).

Second, declarative memory seems to support the learning and
se of strategies that allow individuals to inhibit, control, or oth-
rwise minimize inappropriate behaviors. Notably, such strategies
ay  help individuals with Tourette syndrome or OCD control their

ics, obsessions, and compulsions. For certain strategies, such as
he use of social scripts by individuals with ASD, declarative mem-
ry can be thought of both as playing a redundant functional role
nd as controlling inappropriate behaviors. Finally, given the flex-
bility of declarative memory, it seems likely that other types of
ompensation by this system will also be found.

Evidently, declarative memory does not fully compensate for all
mpairments in the disorders. The compensation hypothesis leads
o a number of predictions regarding compensatory success, which
hould vary as a function of several factors. The degree to which
ompensation is successful should increase with the functionality
f declarative memory – in particular those aspects of declarative
emory that are involved in the relevant compensatory strate-

ies (e.g., verbal or non-verbal). Compensatory success should
ecrease, however, with the severity of the underlying problem.
dditionally, some deficits are more likely to be amenable to effec-

ive compensation than others, and some strategies should lead
o better compensation. For example, whereas declarative mem-
ry may  compensate for local grammatical relations via chunking,
his strategy is less likely to succeed for long-distance depend-
ncies (e.g., “John walks” is easier to memorize as a chunk than
here John and walks are separated by additional words or phrases)

Ullman, 2005a). It remains to be seen whether even the best com-
ensatory strategies (e.g., perhaps chunking for local grammatical
elations) are as efficient as the processes generally used in typi-
ally developing individuals. Finally, impairments that cannot be
asily compensated for with declarative memory should be partic-
larly characteristic of the disorders – for example, long-distance
ependencies in SLI, or reading novel words in dyslexia. Simi-

arly, to the extent to which declarative memory-based strategies
n Tourette syndrome or OCD rely on executive control to imple-

ent memorized rules, any executive impairments in individuals
ith these disorders should limit the effectiveness of such strate-

ies.

.2. Implications for therapy, diagnosis and basic research

The declarative memory compensation hypothesis has signifi-
ant implications for therapy, diagnosis and basic research. First,
t suggests that therapies should target not only the disordered
ehaviors and neurobiology, but also declarative memory and its
eurobiological substrates. Such an approach is promising not just
ecause of the power and flexibility of this memory system, but also
ecause the system is quite well understood, leading to a number
f specific therapeutic predictions and recommendations, includ-
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

ng the following. Behavioral therapies that depend on declarative
emory (including cognitive behavioral therapies or any other

reatments that rely heavily on explicit knowledge) could be fur-
her enhanced by incorporating approaches that have been shown
 PRESS
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to improve learning and retention in this memory system, such
as deep vs. shallow encoding, spaced vs. massed presentation, use
of imageable items, sleep, exercise, and stress avoidance (Delaney
and Knowles, 2005; Erickson et al., 2011; Marshall and Born, 2007;
Prado and Ullman, 2009; Wolf, 2009). For example, given that sleep
may  promote consolidation in declarative memory (Marshall and
Born, 2007), sufficient sleep may  be important for the develop-
ment of compensatory strategies in this system. (Note that sleep
may  also enhance learning in procedural memory; more gener-
ally, as discussed in Section 4, we emphasize that compensation
by declarative memory should not preclude either compensation
by other means, or improvements in any systems that are abnor-
mal  in the disorders, such as procedural memory.) Pharmacological
agents that have been found to enhance declarative memory, such
as acetylcholinesterase inhibitors, methylphenidate, or meman-
tine (Dommett et al., 2008; Repantis et al., 2010), may also be
useful, whether alone or in combination with behavioral ther-
apies. Therapies that depend on declarative memory should be
designed to minimize the involvement of other functions that are
compromised in the disorders, such as phonological processing
and working memory, since their involvement would impede such
therapies. Therapies that rely on declarative memory may  be espe-
cially effective in groups or individuals with better declarative
memory, allowing for more individualized therapeutic approaches
– for example, females as compared to males (Ullman et al., 2008),
individuals with particular genotypes (see below), or those who
show direct evidence of enhanced declarative memory (see Section
2). In contrast, those with worse declarative memory should benefit
from behavioral or pharmacological approaches (e.g., using spaced
presentation, or memantine) that may  improve their learning in the
memory system, which in turn should lead to better compensation
with this system. Finally, an understanding of declarative memory-
based compensation may  also allow the development of therapies
that prevent such compensation (e.g., by focusing on long-distance
dependencies, or relying more on working memory if it is dysfunc-
tional), with the goal of increasing reliance on the compromised
system(s) rather than encouraging compensation. Consistent with
the principles of constraint-induced therapy (Cherney et al., 2008b;
Pulvermuller et al., 2001; Taub et al., 1999), such an approach could
potentially augment functionality, though in this case by targeting
and improving the underlying neurocognitive mechanisms (e.g.,
procedural memory) rather than the surface behavior or function
(e.g., grammar or movement). This constraint-induced targeting
of mechanisms or systems rather than behaviors may  constitute
a useful extension of traditional constraint-induced therapeutic
approaches.

Second, the hypothesis has various diagnostic implications. Per-
haps most importantly, even reasonably effective compensation
by declarative memory may  delay or even preclude diagnosis,
especially where declarative memory is strong and the underlying
impairments are not too severe. Thus declarative memory-based
compensation may  be responsible for a fair degree of underdiagno-
sis. Our understanding of declarative memory allows this problem
to be at least partially addressed. For example, diagnostic instru-
ments should target symptoms and deficits that cannot easily be
compensated by declarative memory (e.g., long-distance depend-
encies in SLI), and hence would be revealed even in individuals with
superior compensation. Note that such individuals should still ben-
efit from diagnosis, since even their sub-clinical symptoms may
be detrimental, and may  be ameliorated with therapy. Investiga-
tion of such individuals may  also lead to a better understanding of
how the disorders should be defined. Population based studies (i.e.,
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

that examine the broader population rather than targeting already-
identified or at-risk individuals) should reveal the prevalence of
such underdiagnosis. Importantly, since it is precisely those indi-
viduals who have escaped diagnsosis who  may be compensating
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ost effectively, such studies should also help elucidate the nature
nd limits of declarative memory-based compensation.

The prediction that compensation by declarative memory
hould lead to underdiagnosis has various further implications.
irst of all, it might help to explain one of the major conundrums
egarding all of the neurodevelopmental disorders examined here:
hy they appear to be more prevalent in males than females

Geller, 2006; Rutter et al., 2003; Scharf et al., 2012). Because
emales seem to have better declarative memory, even as young
hildren (Ullman et al., 2008), females with the disorders should
end to compensate more successfully than males. As a con-
equence, females on the whole should show fewer (obvious)
mpairments than males, and so should be identified and diagnosed
ess often, even if males and females are in fact afflicted with under-
ying neurobiological abnormalities at the same rate (Ullman et al.,
008). This line of reasoning leads to testable predictions, including
he following. First, the generally observed male-to-female ratio
hould be higher than the actual sex ratio of the true popula-
ion with each disorder, as identified by the underlying pathology.
econd, for a given level of underlying pathology, females should
how fewer or less severe symptoms than males, even to the point
f escaping diagnosis. However, at different levels of pathology,
ifferent degrees of female compensation and thus different sex
atios should be observed. At mild to moderate pathological levels
emales could compensate effectively, even to the point of avoiding
iagnosis, thus leading to an apparently higher male prevalence. In
ontrast, at severe levels the sex ratio should tend to even out, since
t should be difficult for any individuals (even females with their
etter declarative memory) to compensate sufficiently to avoid
iagnosis. Finally, in the sample of those who are actually diagnosed
ith the disorder, females should tend to have worse underlying
athology than males, since those with similar pathology to males
hould be less likely to be diagnosed, biasing the sample of diag-
osed females toward those with worse pathology. We  emphasize
hat that this novel account based on compensation by declara-
ive memory is not mutually exclusive with other accounts for the
bserved sex ratios in these disorders (Baron-Cohen et al., 2005;
artung and Widiger, 1998; Hawke et al., 2009; Holden, 2005;
evy et al., 2011; Raz et al., 1994; Sawada and Shimohama, 2000),
nd more than one account may  explain the pattern. Future stud-
es directly examining the testable predictions of the sex difference
ompensation hypothesis proposed here should reveal its explana-
ory power.

Generalizing the same point beyond sex differences, any indi-
idual or group with better declarative memory should compensate
or their impairments more effectively, and thus should also be at
ncreased risk for underdiagnosis. For example, individuals with
he disorders who have genotypes that confer declarative mem-
ry advantages should, like females, compensate better and thus
e diagnosed less frequently. Some evidence suggests that val/val
omozygotes of the val66met single nucleotide polymorphism
f the BDNF gene may  have declarative memory advantages as
ompared to met  carriers, and possibly likewise for APOE non-E4
arriers as compared to E4 carriers, though the findings are not con-
istent (Green and Dunbar, 2012; Molendijk et al., 2012). If these
r other genotypes are shown to be reliably associated with better
eclarative memory, they may  be “protective” for the disorders,
imply (or at least in part) because they allow for greater compen-
ation.

Such variability in compensation due to variability in declara-
ive memory functionality may  be found not only between subjects,
ut also within subjects, though it is not clear whether individ-
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

als showing such intra-subject variability would be diagnosed at
 lower rate. For example, since evidence suggests that declara-
ive memory improves at higher estrogen levels (Maki and Resnick,
000; Sherwin, 1998), women with the disorders may  be expected
 PRESS
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to show superior compensation and thus fewer symptoms at
high-estrogen points of their menstrual cycle. Some evidence is
consistent with this prediction. Tic severity in women  with Tourette
syndrome has been found to improve at high-estrogen points of
the menstrual cycle as compared to low-estrogen points (Sandyk
et al., 1987; Schwabe and Konkol, 1992). Similarly, OCD symp-
toms such as obsessive thoughts and actions seem to decrease at
high-estrogen points of the menstrual cycle (Vulink et al., 2006).
However, at least one study has not found this pattern, in Tourette
syndrome (Kompoliti et al., 2001). Additionally, it is important to
point out that such correlations may  instead or additionally be
explained by other mechanisms, such the action of estrogen on
dopamine (Becker, 1990; Jacobs and D’Esposito, 2011), a neuro-
transmitter that plays a role in both Tourette syndrome and OCD
(Buse et al., 2013; Denys et al., 2004). Further research seems
warranted to examine whether higher estrogen levels are indeed
reliably associated with fewer symptoms in these and other disor-
ders, and what mechanisms underlie such patterns.

Finally, the declarative memory compensation hypothesis
should elucidate our understanding of the neurodevelopmental
disorders themselves. Some or perhaps much of their behavioral
profiles might be due not to the underlying dysfunctions, but to
the roles and characteristics of declarative memory. Well-studied
examples may  include the inappropriate use of memorized for-
mulas by individuals with autism, and the often formal tone of
their language. Additionally, improvements during the course of
childhood may  be explained at least in part by increasing declara-
tive memory-based compensation (Chiarello et al., 2006; Shaywitz
et al., 2003). Such increasing compensation over time could be
due to strategies gradually being learned as well as to matura-
tional changes in declarative memory, since evidence suggests that
learning in this system improves during childhood (Ullman, 2005a).
Findings that individuals with the disorders may  compensate suc-
cessfully for procedural memory deficits as adults (Rauch et al.,
1997, 2001, 2007; Roth et al., 2003) but apparently less so as chil-
dren (Barnes et al., 2010; Howard et al., 2006; Lum et al., 2012;
Marsh et al., 2004; Vicari et al., 2003) may  in part be explained
by such changes over time. Finally, the most striking and persistent
anomalies in the disorders might be not just those functions that are
most impaired, but also those that cannot easily be compensated
for.

An interesting question is why declarative memory seems to be
relatively spared in so many neurodevelopmental disorders. One
possibility is that since declarative memory functionality devel-
ops quite late, with abilities peaking in late adolescence and young
adulthood (Ullman, 2005a, 2015b), the early onset of dysfunction in
developmental disorders might tend to leave declarative memory
relatively unaffected. Another possibility is that many individuals
who might otherwise be diagnosed with one of the disorders dis-
cussed here are not given such a diagnosis due to accompanying
impairments of declarative memory (which could be caused by the
same pathological processes that result in other abnormalities). In
particular, if such impairments lead to dense amnesia, such that
they significantly affect learning non-episodic (as well as episodic)
knowledge (c.f., Vargha-Khadem et al., 1997), this may  lead to lower
IQ and more generally low functionality, thus precluding such diag-
noses (Nicolson and Fawcett, 2007; Ullman and Pierpont, 2005).
In other words, many individuals may have the same underlying
problems as are found in these disorders, but are not given such a
diagnosis due to accompanying declarative memory (and perhaps
other) impairments. Thus, it might be the case that these disor-
ders are under-diagnosed not only because of highly successful
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

compensation due to intact declarative memory (see above), but
also because of significantly compromised declarative memory that
leads to other difficulties, perhaps preventing an appropriate diag-
nosis of the disorder. Note that in the case of autism, individuals
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ith low IQ are still diagnosed with the disorder, and indeed such
ow functioning individuals may  have impairments of declarative

emory (see Section 3.3).

.3. Other disorders

The declarative memory compensation hypothesis may  extend
eyond the five disorders examined here. Neurodevelopmental
isorders that are comorbid with some of these disorders, that
how similar neuroanatomical profiles (e.g., frontal, basal ganglia,
r cerebellar anomalies) and relatively spared declarative mem-
ry, and that have been found to have a higher prevalence in
ales than females, are particularly likely candidates. Both atten-

ion deficit hyperactivity disorder (ADHD) (Froehlich et al., 2007;
rain and Castellanos, 2006) and developmental coordination dis-
rder (DCD) (Barnhart et al., 2003; Zwicker et al., 2009) fit the
ill. Note that declarative memory can underlie even some aspects
f motor function (Keisler and Shadmehr, 2010), and thus could
lay a compensatory role in motor disorders such as DCD. Indeed,
ome evidence hints at declarative memory compensation in both
isorders. Analogous to both Tourette syndrome and OCD, symp-
om severity in ADHD has been found to correlate negatively with
ippocampal volumes (Peterson et al., 2007; Plessen et al., 2006),
ndings that have been attributed to a hippocampal-based com-
ensatory response (Peterson et al., 2007; Plessen et al., 2006). Also
s with Tourette syndrome and OCD, females with ADHD seem to
ave less severe symptoms at higher than at lower estrogen points

n the menstrual cycle (Quinn, 2005; Stevenson and Williams,
000). Although less research has been carried out on DCD, one
ecent fMRI study of motor function found increased MTL  (parahip-
ocampal) activation in children with DCD as compared to typically
eveloping peers, despite equivalent performance (Zwicker et al.,
010), suggesting the possibility of declarative memory-based
ompensation of motor function in this disorder. Further investi-
ation of the compensation hypothesis in these disorders seemed
esirable.

Compensation by declarative memory may  also be found
n some adult-onset disorders. Likely disorders are those with
omewhat similar cognitive and/or anatomical profiles to the neu-
odevelopmental disorders examined here. First of all, a number
f studies suggest that declarative memory may  underlie compen-
ation and recovery in aphasia, including in agrammatic aphasia
which is associated with the broader designations of Broca’s
nd non-fluent aphasias; Tesak and Code, 2008). Just as in SLI,
grammatic aphasics have been found to chunk complex linguistic
orms (Drury and Ullman, 2002). As in some of the neurodevel-
pmental disorders examined here, behavioral therapies based on
xplicit knowledge or strategies are commonly used for the treat-
ent of aphasias. For example, the computerized AphasiaScriptsTM

rogram, which involves the repetitive practice of individualized
cripts, promotes the memorization of phrases and sentences to
se in everyday situtations. Initial studies suggest that the pro-
ram seems to be effective in Broca’s and other aphasics: patients
mprove on the scripts, and in fact more generally improve their
cores on standardized aphasia tests (Cherney, 2012; Cherney and
alper, 2008; Cherney et al., 2008a). Pharmacological evidence

s also consistent with declarative memory-based compensation:
oth cholinesterase inhibitors and memantine (both which can
nhance declarative memory; see Section 5.2) have also been
hown to enhance recovery in individuals with Broca’s and other
phasias (Berthier et al., 2009, 2011). Additionally, electrophysio-
ogical evidence is suggestive: similar to SLI, agrammatic aphasics
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

ave been found to elicit an N400 in response to syntactic anomalies
Hagoort et al., 2003). And recent neuroimaging evidence suggests
hat the hippocampus may  be important in aphasia recovery. One
tudy found that the success of Broca’s aphasics at relearning words
 PRESS
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in a training paradigm correlated positively with activation in the
hippocampus (and other structures) (Menke et al., 2009). Another
study found that Broca’s and global aphasics’ success at relearn-
ing words in the same training paradigm correlated positively with
the integrity of the hippocampus, but not with overall lesion size or
global brain integrity (Meinzer et al., 2010). These studies reveal the
importance of the hippocampus in aphasia recovery, specifically at
relearning real words; it remains to be seen whether the same pat-
terns are observed for learning complex forms, as may  be expected
if aphasics can rely on declarative memory for grammatical com-
pensation. Finally, some evidence suggests the possibility of an
intriguing sex difference in aphasia recovery, with women showing
better recovery than men  in some measures of language function
(Basso et al., 1982; Pizzamiglio et al., 1985), although this pattern
has not been reliably observed (Basso, 1992; Pedersen et al., 1995).
Examination of this possible sex difference from the perspective of
the compensation hypothesis may  clarify these inconsistencies in
aphasia recovery. More generally, the compensatory role of declar-
ative memory in aphasia seems to warrant further study.

Cognitive and perhaps even motor deficits in Parkinson’s disease
(PD) may  also be compensatory targets, especially in earlier stages
of the disorder when declarative memory tends to be relatively
spared. Indeed, some evidence suggests declarative memory-based
compensation in PD. Analogously to findings with OCD  (see Sec-
tion 4.5; van den Heuvel et al., 2005), in a Tower of London task
patients with mild PD showed decreased basal ganglia activa-
tion, but increased activation in the hippocampus, as compared
to normal controls; additionally, these PD patients showed nor-
mal  performance on the task, suggesting that compensation was
successful (Dagher et al., 2001). Another study found a similar pat-
tern in mild to moderate PD patients (Beauchamp et al., 2008).
In yet another study, mild PD patients learned the weather pre-
diction task while showing the same pattern of decreased basal
ganglia activation and increased hippocampal activation (Moody
et al., 2004). In each of these studies, the authors suggest compen-
sation by the declarative memory system (Beauchamp et al., 2008;
Dagher et al., 2001; Moody et al., 2004). Other lines of evidence
also suggests that PD patients may  depend more on declarative
memory, not only for the weather prediction task (Shohamy et al.,
2004), but also for sequence learning (Carbon et al., 2010; Gobel
et al., 2013) and grammar (Johari et al., in preparation; Ullman
and Estabrooke, 2004). And, analogous to OCD and Tourette syn-
drome, motor symptom severity in pre-menopausal women with
Parkinson’s disease has been found to worsen during low estrogen
points of the menstrual cycle as compared to high estrogen points
(Quinn and Marsden, 1986). Interestingly, as in the neurodevelop-
mental disorders discussed above, PD appears to be more prevalent
in males than females (Elbaz et al., 2002; Gillies et al., 2014). It is
possible that this sex difference might also be partially explained
by better female compensation – though as discussed above, we
emphasize that the sex difference may  instead or additionally
be explained by other accounts (Gillies et al., 2014). Finally, an
intriguing possibility that might warrant investigation is whether
the delayed onset of PD symptoms relative to neuronal degener-
ation might be due in part to compensation (Gillies et al., 2014)
by declarative memory (perhaps especially of non-motor symp-
toms, which might be easier to compensate for by this system).
Further studies examining declarative memory-based compensa-
tion in Parkinson’s disease (including for motor symptoms) seem
warranted.

In contrast, we  would not expect declarative memory-based
compensation in disorders in which this memory system is not
pensatory role for declarative memory in neurodevelopmental
j.neubiorev.2015.01.008

functional. It is thus not predicted in disorders such as anterograde
amnesia or Alzheimer’s disease, at least to the extent that learning
non-episodic knowledge is impaired. Therefore it is not the case
that declarative memory-based compensation is always expected.
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ather, it should only be found where this memory system remains
unctional, and thus can play a compensatory role.

.4. Gaps in the literature and future research

We  have identified a number of gaps and weaknesses in pre-
ious research relevant to the declarative memory compensation
ypothesis. Indeed, as can be seen in Table 1, not all predictions
ave been examined in all five neurodevelopmental disorders, or by
ll methodologies. For example, previous research has investigated
uch compensation less in Tourette syndrome than in SLI. Even less
esearch relevant to the compensation hypothesis has examined
ther disorders, such as ADHD and developmental coordination
isorder. The hypothesis also warrants further investigation in
grammatic and other aphasias, as well as Parkinson’s disease.
iven the flexibility and power of declarative memory and its

esulting ability to compensate for a wide range of impairments,
he compensation hypothesis should also be considered in mul-
iple developmental, psychiatric, and neurological disorders not
iscussed here (e.g., schizophrenia, Huntington’s disease, traumatic
rain injury, alexia, and dysgraphia). Declarative memory based
ompensation might also take place in normal aging (Rieckmann
nd Backman, 2009; Rieckmann et al., 2010).

These gaps both limit our current understanding of the nature
f declarative memory-based compensation, and provide a useful
oadmap for guiding future research. Additionally, our synthesis
nd review of the literature has raised questions that can be tar-
eted by further studies. For example, it remains to be seen whether
he free recall difficulties often found in the disorders might limit
ompensation by hindering the recall of compensatory knowledge,
r whether perhaps the context in which strategies are learned
ight cue and thus facilitate their retrieval. Similarly, additional

tudies may  elucidate whether the problems that individuals with
SD have in learning person- and emotion-related memories might
ontribute to difficulties in learning social strategies. And as we
ave seen, the therapeutic, diagnostic, and basic research impli-
ations generated by the compensation hypothesis have raised
umerous questions, and generate testable predictions. These pre-
ictions should be directly examined in future studies, not only for
he five disorders focused on here, but also for additional disorders
n which declarative memory may  also play compensatory roles.

. Conclusion

In this paper we presented and examined the declarative
emory compensation hypothesis. The hypothesis posits that

eclarative memory should play compensatory roles for a range
f impairments across disorders, as long as the system remains
unctional. We  focused on five neurodevelopmental disorders: SLI,
yslexia, ASD, Tourette syndrome, and OCD.

First, we presented evidence that declarative memory gener-
lly remains sufficiently functional across these disorders to allow
t to play compensatory roles. To our knowledge, this is the first
eview of the status of declarative memory across these disorders.
ts apparent functionality in the disorders may  be of interest and
ave implications beyond the compensation hypothesis.

We  next laid out the major predictions for the compensation
ypothesis, and reviewed a wide range of evidence for all five dis-
rders. Behavioral evidence showing how individuals compensate
sing declarative memory (for example, by relying on chunking,
emantics, or explicit rules and strategies) is complemented by
Please cite this article in press as: Ullman, M.T., Pullman, M.Y., A com
disorders. Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/

lectrophysiological and neuroimaging evidence implicating the
rain system underlying declarative memory. Additionally, corre-
ational evidence from both behavioral and neuroimaging studies
uggests that better declarative memory is associated with fewer
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impairments, consistent with better compensation by the sys-
tem. Overall, the evidence supports the hypothesis that declarative
memory can at least partially compensate for a range of impair-
ments across the disorders. Future studies should further elucidate
the nature and limits of this compensation.

The compensation hypothesis has therapeutic, diagnostic, and
other implications. It suggests specific behavioral and pharma-
cological treatment approaches for the disorders, based on our
independent understanding of declarative memory. It predicts that
compensation may  lead to underdiagnosis, and proposes ways in
which such underdiagnosis may  be avoided. Underdiagnosis due
to compensation may  also help explain the apparently greater
prevalence of the disorders in males than females: female advan-
tages at declarative memory should lead to better compensation,
potentially resulting in higher rates of underdiagnosis. The hypoth-
esis may  also account for aspects of the behavioral profiles of
the disorders, which may  be explained not just by the underlying
dysfunctions, but also by the roles and characteristics of declara-
tive memory in its compensatory role. Finally, the compensation
hypothesis may  extend to additional developmental as well as
adult-onset disorders, including ADHD, developmental coordina-
tion disorder, aphasia, and Parkinson’s disease.

In conclusion, the declarative memory compensation hypothe-
sis may  contribute significantly to our understanding of a number of
disorders, with potentially important impacts for basic and trans-
lational research.
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