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Abstract: Twice-exceptional learners face a unique set of challenges arising from the intersection of extraordinary talent and
disability. Neurobiology research has the capacity to complement pedagogical research and provide support for twice-
exceptional learners. Very few studies have attempted to specifically address the neurobiological underpinnings of twice-
exceptionality. However, neurobiologists have built a broad base of knowledge in nervous system function spanning from
the level of neural circuits to the molecular basis of behavior. It is known that distinct neural circuits mediate different neural
functions, which suggests that 2e learning may result from enhancement in one circuit and disruption in another. Neural
circuits are known to adapt and change in response to experience, a cellular process known as neuroplasticity. Plasticity is
controlled by a bidirectional connection between the synapse, where neural signals are received, and the nucleus, where
regulated gene expression can return to alter synaptic function. Complex molecular mechanisms compose this connection in
distinct neural circuits, and genetic alterations in these mechanisms are associated with both memory enhancements and
psychiatric disorder. Understanding the consequences of these changes at the molecular, cellular, and circuit levels will

provide critical insights into the neurobiological bases of twice-exceptional learning.
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1. Introduction

Twice-exceptional (2e) learners are students who possess
extraordinary cognitive abilities, or demonstrate a capacity
for high achievement, in one or more academic areas, while
also facing challenges in the form of a diagnosed disability
(Reis, Baum, & Burke, 2014). 2e is a highly heterogenous
condition encompassing a variety of strengths and
psychiatric disorders. One study of 2e incidence estimates
that roughly 360,000 students in the U.S. meet the criteria
for 2e, which correlates to roughly 0.7% of all K-12 students
(National Education Association, 2006). 2e learners face
unique challenges that result from the intersection of their
increased ability and unique disability (Assouline, Nicpon, &
Huber, 2006). As a result, many 2e learners are not
sufficiently supported by traditional special education
and/or gifted education (Assouline & Whiteman, 2011;
Beckmann & Minnaert, 2018). Pedagogical research has
dominated the field of 2e as experts try to determine how
best to meet the needs of 2e students (Foley-Nicpon,

Assouline, & Colangelo, 2013). A few studies have
attempted to characterize the cognitive profiles of a variety
of 2e cohorts, where strengths are indicated in some areas
and relative deficits in others (Budding & Chidekel, 2012;
Maddocks, 2019; Cain, Kaboski, & Gilger, 2019).
Furthermore, multiple psychological theories have been
proposed to explain relative intellectual strengths and
weaknesses within an individual (Gardner, 1983; Sternberg,
1985). However, this literature does little to address brain
function in individuals with 2e.

A more complete understanding of the neural
mechanisms underlying 2e could provide insights that help
to both promote the achievement of 2e learners by
identifying their strengths as well as provide necessary
support in areas of struggle (Gilger & Hynd, 2008). A
candidate to guide the neurobiological study of 2e is
plasticity. Plasticity is hypothesized to explain the basis of
how the brain responds to experience and stores memory
(reviewed in Takeuchi, Duszkiewicz, & Morris, 2014).
Plasticity has been linked to intellectual giftedness (Brans et
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al., 2010), and dysregulation of plasticity is implicated in
neurodevelopmental disorders such as autism spectrum
disorder (ASD) (Bourgeron, 2015; Hansel, 2019). The
knowledge and investigative techniques developed by
neuroscientists to study neuroplasticity have the power to
delineate the changes that result in many of the variable
presentations of 2e. The investigation of changes in
plasticity at the circuit level may reveal how some neural
functions become enhanced in 2e while others are
disrupted. Investigation at the cellular and molecular levels
may illuminate the neurobiological underpinnings of these
2e phenotypes. Such investigations will have wide-ranging
implications for the support of 2e learners as well as our
broader understanding of the brain.

2. Behavior is Mediated by Distinct Neural Circuits

2.1 Memory Systems

The neurobiological study of 2e will require an
understanding of how distinct neural functions are affected
in a given 2e phenotype. The multiple memory systems
(MMS) hypothesis has dominated the contemporary
understanding of how distinct neural functions are
mediated, and it provides a promising framework for the
explanation of 2e phenotypes (Sherry & Schacter, 1987;
Squire, 1992). MMS postulates that information is stored in
the brain via distinct and independent modules that mediate
unique aspects of memory. Memory is the maintenance of
learning, experience-dependent changes in behavior, over
time. These modules manifest as distinct neural circuits,
each with their own structural and functional properties.
The most convincing support for MMS comes from lesion
studies, where memory is studied in humans or other model
organisms with selective damage to a specific module
(Figure 1). The seminal, and most famous, lesion study is that
of H.M., a patient with bilateral lesions of the hippocampus
(Scoville & Milner, 1957). H.M. was unable to establish new
declarative memories, which refers to his inability to
remember facts and events. Importantly, H.M.’s memory
deficits largely did not translate to declarative memories
acquired prior to hippocampal lesioning or the learning of
new motor skills, known as procedural memory. In other
words, H.M. could learn new motor skills, but he could not
remember the circumstances in which he learned them.
More recent lesion studies have provided further support to
the MMS hypothesis and dissociated the memory functions
of other brain regions such as the amygdala and dorsal
striatum (McDonald & White, 1993; Bechara et al., 1995).
One such study was able to dissociate the memory functions
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of the hippocampus and amygdala in human patients with
selective lesions to each region using a classical conditioning
paradigm (Bechara et al.,, 1995). The participant with
selective hippocampal lesions, like H.M., was unable to
recite declarative facts about the conditioning experience
but still acquired the conditioned physiologic response as
measured by skin galvanic response (Figure 1A). The
participant with selective lesions of the amygdala, on the
other hand, did not acquire the conditioned physiologic
response but could answer questions about the experience
indicating the formation of episodic memory (Figure 1B).
These lesion studies support the idea that different
functions are mediated by independent neural modules with
distinct underlying mechanisms, and disruption of a module
also disrupts the function that it controls. 2e phenotypes
may then plausibly result from disruption in one system co-
existing with enhancement in another system.

2.2 Interactions between Memory Systems

Although the MMS hypothesis continues to accurately
explain the nature of unique and independent facets of
memory, recent data has led to slight variations in MMS
theory that account for the complex crosstalk between
memory systems (Ferbinteanu, 2019). The basis of this
variation in MMS is that memory formation in real-world
settings can be more complex than what is measured in
controlled laboratory experiments. This complexity
necessitates the involvement of multiple memory systems
whose usually parallel functions interact to support memory
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Figure 1. Double Dissociation of Memory Systems. A)
Lesioning of the hippocampus disrupts episodic memory
formation, while leaving the physiologic response intact. B)
Lesioning of the amygdala prevents the physiologic response,
while episodic memory formation is preserved.
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formation. Lesion experiments support that some memory
functions are the result of interactions between memory
systems (McDonald & White, 1995). Interactions are
revealed when the lesioning of one memory system induces
a different memory system to produce the same memory
function, or the lesioning of both systems is required for the
loss of memory function. These interactions may explain the
ability for a memory system that is secondary to a given
behavior to compensate for the dysfunction of the dominant
memory system based upon the needs of the organism.
Network neuroscience employs graph theory to attempt to
map these complex and dynamic interactions between
memory modules (Bassett & Sporns, 2017). This is just one
approach by which scientists are beginning to address the
challenge of characterizing the neural circuitry involved in
complex behaviors such as learning and memory, and more
work needs to be done to fully understand these
interactions. However, an understanding of neural circuits
as dynamic and capable of compensating for one another is
essential to the study of learning and memory in general and
in the context of 2e.

2.3 Candidate Circuits in 2e

Although the specific neural circuits underlying 2e have yet
to be delineated, a wide range of circuits have been
suggested to be involved in various 2e phenotypes. For
example, the prediction impairment in autism (PIA)
hypothesis, which posits that ASD results from the
dysfunction of predictive circuits, implicates the basal
ganglia in general and the striatum more specifically (Sinha
et al., 2014; see also Nickl-Jockschat et al., 2012; Janouschek
et al., 2021). Under this hypothesis 2e-ASD is thought to
result in exceptional ability in certain disciplines, such as
mathematics, where strict rules exist and prediction is less
vital. Another interesting hypothesis proposes that
declarative memory systems may act to compensate for
dysfunction in other memory systems in the context of a
variety of psychiatric conditions (Ullman & Pullman, 2015).
The declarative memory compensation hypothesis
postulates that the declarative memory systems of the
medial temporal lobe (MTL), in which the hippocampus is
the major player, can make up for deficits in other memory
systems. This idea is supported by the observation that
declarative memory remains largely intact across several
neurodevelopmental disorders including ASD (Boucher &
Mayes, 2012; Boucher, Mayes, & Bigham, 2012).
Furthermore, one study suggests that individuals with ASD
may use declarative memory dependent strategies, such as
memorizing social scripts, to overcome social challenges
(Portman, 2006). Another imaging study showed
hypoactivation of the nucleus accumbens (basal ganglia) and
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hyperactivation of the hippocampus during a social reward
anticipation task, which suggests that declarative memory
could be compensating for a critical deficit in the basal
ganglia circuitry (Dichter et al., 2011). This hypothesis might
help to explain the experience of many 2e individuals where
their specific disability is masked by extraordinary abilities in
other domains such as declarative memory. Similarly, the
hyper systemizing theory of ASD, which hypothesizes that
individuals with ASD are better able to identify the regular
causal rules of an input-output system, has implicated
cortical regions involved in sensory processing and
perception including the lateral frontoparietal circuity
(Baron-Cohen, 2006; Baron-Cohen & Lombardo, 2017). The
same theory also suggests that motivation is a critical
component of 2e-ASD, which points to corticostriatal circuits
and their interaction with the dopamine system.
Importantly, under each hypothesis it is proposed that the
same underlying mechanisms that lead to ASD also create
the opportunity for exceptional ability. It is also important to
remember that although most of the work regarding the
neural basis of 2e focuses on 2e-ASD, 2e can involve a wide
variety of psychiatric conditions, each of which may involve
a unique neurobiological etiology. Therefore, although the
proposed circuit differences serve as a promising starting
point for the neurobiological investigation of 2e, specific 2e
phenotypes will require emphasis on unique and varied
neural circuits.

3. Plasticity Controls a Circuit’s Response to Experience

3.1 Synaptic Plasticity

A challenge for the field of neuroscience research for more
than a century has been to describe the cellular basis of how
neural circuits are altered in response to experience and
how these changes persist to influence behavior. The
leading explanation of this phenomenon is termed synaptic
plasticity, which was first proposed by Donald Hebb in 1949
when he observed that the sequential activation of neurons
creates a strengthening of the synaptic connection between
them (Hebb, 1949). Many avenues of research in recent
decades have continued to support, strengthen, and add
complexity to Hebb’s original findings, which has led to the
creation and refinement of the synaptic plasticity in memory
(SPM) hypothesis (Takeuchi, Duszkiewicz, & Morris, 2014).
The central postulation of SPM is that activity-dependent
synaptic plasticity at specific synapses following an
experience is both necessary and sufficient to produce
memory. Synaptic plasticity can manifest as the
strengthening of synaptic connections through an increase
in synaptic efficiency, which is known as long-term
potentiation (LTP). LTP is the form of plasticity most closely
associated with memory formation in response to
experience. On the other hand, plasticity could also entail
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the weakening of synapses, known as long-term depression
(LTD). Plasticity may also include the addition of new
synapses or the removal of existing synapses. Another key
provision of the SPM hypothesis is that activity-dependent
plasticity mediates the storage of information that is specific
to the neural module where it occurs (Martin, Grimwood, &
Morris, 2000). This provision accommodates the MMS
hypothesis and provides a theoretical framework for the
study of synaptic plasticity in relation to 2e, where enhanced
plasticity in one memory system results in extraordinary
ability, while disrupted plasticity in another memory system
underlies disorder.

3.2 Measuring Plasticity

The study of LTP in animal models is a critical tool for
researchers in the fields of learning and memory. The field
of LTP began in 1973 when Terje Lgmo reported a stable
increase in synaptic strength in the hippocampus of a rabbit
after providing high-frequency electrical stimulation to
presynaptic axons (Bliss & Lémo, 1973). This study provided
the first physical evidence for the plasticity of neuronal
connections that was first postulated by Santiago Ramén y
Cajal more than a century ago (Ramén y Cajal & Azoulay,
1894). Today, LTP is generally categorized into two distinct
phases: early LTP (E-LTP) and late LTP (L-LTP) (Baltaci,
Mogulkoc, & Baltaci, 2018). These phases are separated
both temporally, as E-LTP occurs prior to L-LTP, and
biochemically, where L-LTP is dependent upon the
transcription and translation of new proteins while E-LTP is
translation independent. Stable L-LTP is believed to be more
relevant to long-term memory formation and hence will be
the focus of this review. Experiments that study animal
learning behavior while targeting the NMDA receptor, which
is critical for hippocampal LTP, provide a direct link between
LTP and learning (Morris et al., 1986; Giese et al. 1998).
Today, LTP experiments provide neuroscientists the ability
to explore synaptic plasticity in defined circuits and under
controlled experimental conditions. In particular, ex vivo
recordings of mouse hippocampal slices allow for the study
of LTP responses and provide a cellular model of learning
(Figure 2). Researchers have used this technique to define
how various genetic changes lead to alterations in LTP.
Notably, genetic studies have demonstrated the role for the
molecule PKA in the late phase of LTP in the CA1 region of
the hippocampus (Abel et al., 1997). Moreover, although LTP
experiments are most well-defined within the tri-synaptic
circuit of the hippocampus, LTP has also been observed in
other circuits, such as the those in the amygdala and
striatum (Nabavi et al, 2014; Lovinger, 2010). Importantly,
LTP at synapses in these different circuits can have distinct
properties and disparate underlying mechanisms. These
differences provide an opportunity for LTP in some circuits
to become enhanced while others may be disrupted under
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the same conditions. Therefore, the utilization of LTP
experiments to study plasticity in different neural circuits
provides a promising investigative angle to interrogate the
MMS hypothesis of 2e.

3.3 Plasticity and 2e

There is a lack of evidence to indicate specifically the roles
that plasticity may play in 2e. However, the SPM hypothesis
provides a promising framework for the investigation of 2e
phenotypes. For instance, one could imagine that plasticity
mechanisms in the hippocampus could be enhanced in an
individual, while plasticity in the basal ganglia may be
disrupted in that same individual. The result might then be a
2e phenotype where the prediction or motivation circuity is
disrupted, while declarative memory is enhanced. Based
upon the nature of the memory systems involved, the same
underlying mechanisms may be responsible for both the
enhancement and disruption of a given system.
Alternatively, distinct mechanisms may create disparate
functional outcomes for each system. Complicating this

Recording C Presynaptic Neuron

Stimulating | Electrode

Electrode

Postsynaptic Neuron

& /
/ o -,
\4 I \_ / \ s

Action Synaptic Transmission Action
Potential Potential

p—

Figure 2. Hippocampal LTP is a cellular model of learning. A)
Electrophysiological recordings from mouse hippocampal
slices provide an established method for measuring LTP ex
vivo. B) High frequency stimulation results in LTP as
evidenced by a higher magnitude field potential. C and D)
LTP facilitates enhanced communication between the
presynaptic and postsynaptic neuron.
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picture is how plasticity in one system, such as declarative
memory, may compensate for disrupted plasticity in another
(Ullman & Pullman, 2015). Indeed, the complex ways in
which memory systems interact and may functionally
compensate for one another are just beginning to be
understood (Ferbinteanu, 2019). On the other hand, it is
known that the human brain is capable of extraordinary
feats in plasticity, especially during early development. For
example, certain forms of intractable epilepsy in children is
treated with hemispherectomy, which involves the
disconnection and removal of an entire cerebral hemisphere
(Kim et al., 2018). Remarkably, this treatment is effective in
relieving seizures and leaves cognitive functioning generally
intact (Kliemann et al., 2021). The plasticity that allows the
brain to maintain function in the absence of an entire
hemisphere is not fully understood. However, these cases
demonstrate the truly extraordinary potential for plasticity
in the brain. Therefore, the concept of plasticity as a
hallmark of neural function should guide the investigation
into 2e phenotypes.

4. Molecular Mechanisms Mediating Plasticity

4.1 The Synapse and Nucleus: A Bidirectional Connection
Controls Plasticity

Behavioral assays of memory, LTP experiments, and studies
of synaptic plasticity at the cellular level have all paved the
way for a molecular understanding of synaptic plasticity.
Molecular studies of plasticity have guided an extensive
body of work defining the molecular bases of synaptic
plasticity at glutamatergic synapses, as well as provided
pivotal insight into the underpinnings of psychiatric
disorders. These studies have illuminated a remarkable
connection between genes involved in both synaptic
plasticity and neurodevelopmental disorders: they function
either at the synapse or in the nucleus (Kandel, 2001) (Figure
3). The genes that function in the nucleus generally then
alter the expression of genes that function at the synapse.
This remarkable connection between the synapse and
nucleus forms the basis of the neuron’s ability to respond to
the environment, which constitutes learning. One well-
studied example of this connection is that of the cAMP
response element binding protein (CREB) (Abel & Lattal,
2001; Kandel, 2012). CREB acts as a molecular switch that
can be turned on following stimulation by a class of
molecules known as kinases, which  catalyze
phosphorylation of CREB, a common post-translational
modification (PTM) used to modify molecular structure and
function. These kinases are themselves activated by
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neuronal stimulation at glutamatergic synapses which can
result in increased Ca®* influx via NMDA receptors and/or
increased cAMP resulting from the activation of
neuromodulatory receptors. Activated CREB then binds to
certain DNA sequences in the nucleus to promote
expression of effector genes that function to promote
synaptic plasticity. These subsequent stable molecular
changes in the neuron that allow for retention of this
synaptic response over time is believed to constitute
memory storage. Therefore, it is likely that within these
molecular mechanisms of memory storage lie the clues to
explaining various 2e phenotypes. Molecular variations may
lead to enhanced function in the context of one memory
system and simultaneously produce disability when applied
to another memory system.

4.2 Epigenetics Mediate Plasticity

Epigenetic modifications are biochemical reactions that alter
gene expression by modifying the structure of chromatin,
which is made up of DNA and class of proteins called
histones. They are classified into two main categories:
histone tail modifications and DNA methylation, although
other classes of epigenetic modifications are also important
regulators of gene expression. These epigenetic
modifications provide the most widely accepted explanation
for the molecular basis of memory storage (Levenson &
Sweatt, 2005; Zovkic, 2021). Epigenetic modifications can
either loosen the association between DNA and histones,
thereby tighten this
relationship to limit gene expression. Increased expression
of certain genes as a result of relaxed chromatin promotes
memory formation, while more compact chromatin
generally has the opposite effect (Fischer et al.,, 2007).
Epigenetic modifications are “written” by enzymes that
regulate memory and gene expression. One prominent
example of such a regulator is CREB, whose neuronal
stimulation-dependent activation recruits the
transcriptional co-activator CREB-binding protein (CBP)
(Kwok et al., 1994). CBP contains intrinsic histone
acetyltransferase (HAT) activity, which catalyzes a transfer
of an acetyl group onto lysine residues of the histone tail.
This epigenetic modification is associated with an open
chromatin state and increased gene expression (Graff & Tsai,
2013). This CREB-dependent chromatin modification can be
either transient or incredibly stable depending upon the
cellular circumstances. Importantly, CREB function has been
show in mice to be critical for both LTP and long-term
memory formation (Guan et al., 2002; Bourtchuladze et al.,
1994). Whereas CREB-mediated histone acetylation

increasing gene expression, or
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generally promotes gene expression and memory
formation, other epigenetic modifications such as histone
methylation can oppose this action (Jarome & Lubin, 2013).
For instance, histone methylation at residues such as lysines
9 and 27 of histone 3 generally serve to repress gene
expression, where acetylation at these residues increases
expression. Histone methylation has also been shown to
occur in response to fear conditioning (Gupta et al., 2010).
Evidence suggests that the precisely regulated methylation
that represses the expression of certain genes while
promoting the expression of others is critical for learning
(Gupta-Agarwal et al., 2012). Overall, the evidence suggests
that strictly regulated epigenetic modifications in response
to experience are essential for appropriate learning and
memory. Conversely, disruption in epigenetic mechanisms is
associated with neurodevelopmental disorders (Peixoto &
Abel, 2012; Siu & Weksberg, 2017; Christopher, Kyle, & Katz,
2017). Thus, precise molecular alterations in epigenetic
mechanisms may provide key insight into memory
enhancements and disorder in 2e.

4.3 Molecular Mechanisms Can Enhance Memory
Our understanding of the molecular mechanisms underlying
memory may provide key insights into many forms of 2e. An
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interesting mechanism to consider in 2e is the role of
memory suppressor genes (Abel et al., 1998; Noyes, Phan, &
Davis, 2021). Memory suppressor genes, as an analogy to
the tumor suppressor genes studied in cancer biology, are
those genes whose product functions to inhibit the
formation of memories. The existence of such genes is
evidenced by the fact that not only can we manipulate
memory systems to reduce expression of memory, but we
can also enhance the expression of memory through genetic
and pharmacological targeting of certain genes (Lee & Silva,
2009). For example, inhibition of the histone deacetylase
(HDAC) enzyme class has been shown to promote long-term
memory formation (Burns & Graff, 2021). HDACs catalyze
the removal of acetyl groups from histone tails, effectively
undoing the epigenetic modifications produced by HATs.
The typical function of HDACs is to mediate the repression
of gene transcription and thereby suppress memory
formation. Inhibition of the HDAC enzyme is analogous to
“cutting the breaks” on memory formation, allowing for
unrestrained memory formation. Similarly, inhibition of the
phosphodiesterase family of enzymes, which act to
metabolize the key memory effectors cAMP and cGMP, has
been shown to enhance hippocampal slice LTP and memory
performance in rodents (Boess et al., 2004; van der Staay et
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4.4 Molecular 2e: A Case Study
of CREB

To address the more
challenging component of 2e,
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Figure 3. Molecular mechanisms of synaptic plasticity bridge the synapse and nucleus. A series
of molecular events spanning the nucleus and synapse result in plasticity at glutamatergic
synapses. Neuronal stimulation leads to a postsynaptic influx of CaZ* and cAMP, which stimulate
kinases that signal to the nucleus. Chromatin remodeling in the nucleus changes patterns in

it may be helpful to return to
the multiple memory systems
hypothesis and consider CREB
as an example. The role of
CREB in complex behaviors
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such as memory can be difficult to delineate due to the
exceedingly complex regulation of CREB activation and
CREB-mediated gene transcription in various brain regions
and cell types (Carlezon Jr et al., 2005). For example,
increased CREB activation is generally associated with
enhanced declarative memory formation. One landmark
study showed in fruit flies that expression of an activated
form of CREB facilitated long-term memory (Yin et al., 1995).
A more recent study showed that expression of a mutant
CREB that lacks the ability to bind CBP inhibits the formation
of long-term memory in mice (Chatterjee et al., 2020).
However, increased CREB activation is not universally
associated with positive outcomes. Excessive CREB activity
in the nucleus accumbens (NAc), a striatal subregion that
plays a major role in the reward system, reduces the
rewarding feeling associated with sucrose, which indicates a
depression-like phenotype (Barrot et al., 2002). Increased
CREB phosphorylation in the NAc is also associated with
anxiety-like behaviors (Barrot et al., 2005). These data
indicate that the effects of CREB activation on behavior
depend upon the brain region where the activation is
occurring. Therefore, the same genetically determined
increase in CREB activation may lead to enhanced
hippocampal-dependent memory formation as well as
disability resulting from striatal dysfunction. Although
intensive study would be needed to confirm such a
dissociation of CREB-mediated behavioral effects in a 2e
model system, the CREB case study does provide an
intriguing framework for the study of 2e. Gaining meaningful
knowledge of 2e phenotypes will undoubtedly require the
study of molecular mechanisms beyond CREB. However, the
hypothesis that distinct behavioral outcomes result from
complex molecular interactions in distinct brain regions
provides a promising perspective from which to investigate
2e.

5. A Neurobiological Future for 2e

5.1 2e Model Systems

One major obstacle impeding the biomedical investigation
of 2e is a lack of appropriate model systems to study.
Therefore, the development and characterization of animal
models with relevance to 2e is essential. The primary
candidate model system for the study of 2e is the mouse,
Mus musculus. Mice have become the primary model
system for the study of complex behaviors such as memory
due to their well-defined behavioral profile, easily
manipulatable genetics, and neuroanatomical similarity to
humans (Buéan & Abel, 2002; Havekes & Abel, 2009). Mouse
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models allow researchers to thoroughly study the
connection between targeted genetic changes and specific
molecular functions, neural circuits, and behaviors that
cannot be accomplished in humans. Mouse models with
relevance to 2e could possess a wide variety of genetic
manipulations, but they should satisfy two basic behavioral
criteria: at least one behavioral indicator of enhanced
cognitive ability and at least one behavioral phenotype
relevant to a psychiatric disorder. Such a model would allow
for the investigation of both behavioral phenotypes and
their underlying molecular mechanisms with a focus on
disassociating the effects on distinct memory systems. One
limitation of studying mouse models is that it can be difficult
to develop valid models that reproduce the complex
molecular and behavioral presentations of
neurodevelopmental conditions in humans (Silverman et al.,
2010; Sjoberg, 2017). Indeed, the goal of mouse models is
not to replicate the experience of a child with a
neurodevelopmental disorder or 2e. Rather, mouse models
allow researchers to uncover the molecular underpinnings
of neural circuits and behaviors that may be homologous
enough to inform our understanding of 2e.

5.2 Established Model Systems

Further work is required to define how established
molecular mechanisms, such as CREB activation, behave in
the context of distinct neural circuits. It is plausible that
existing mouse models of neurodevelopmental disorders
exhibit behavioral, cellular, or molecular phenotypes that
are relevant to 2e, but these phenotypes may go unreported
or underappreciated due to their perceived lack of relevance
to any neurodevelopmental disorder. Such a phenomenon
would represent a variation of the file drawer problem, a
bias in scientific publication where non-significant results, or
results perceived to be irrelevant to a research question,
tend to go unreported (Kennedy, 2004). In this case a strict
focus on the identification and treatment of specific deficits
may hinder the overall knowledge and clinical benefits
produced by neuroscience. Instead, increased attention to
results that may indicate enhanced performance, as well as
those that are relevant to disorders, will improve our
understanding of brain function with respect to both
improved performance and neurodevelopmental disorder.
Such a shift in orientation will help the neuroscientific
community to cultivate an increased understanding and
appreciation for both the strengths and struggles of
individuals with 2e.

5.2.1 Setd5*: a potential model mouse candidate for 2e
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At least one genetic mouse model exhibits the promising
characteristics to suggest it has relevance to 2e. The Setd5
haploinsufficiency (Setd5*") mouse model, a model of
neurodevelopmental disorder that is missing one copy of the
Setd5 gene, satisfies our stated criteria for relevance to 2e.
The Setd5 protein is an epigenetic regulator that alters the
transcription of target genes by its intrinsic histone
methylase activity and by regulating acetylation (Kuechler et
al., 2014). Gene expression analysis of Setd5*  mice
following contextual fear conditioning shows that Setd5
regulates the expression of several genes whose product
acts at the synapse including Neuroligin3 and Shank1 (Deliu
et al., 2018). Therefore, Setd5 fits the description of a gene
whose product modifies the vital relationship between the
synapse and nucleus in response to experience.
Furthermore, Setd5* mice exhibit multiple behaviors
relevant to neurodevelopmental disorder. One striking
example is an observed reduction in time that Setd5* mice
tend to interact with a novel mouse (Sessa et al., 2019). This
behavioral paradigm is interpreted as a test of social
interaction and is used as an indicator of an ASD-like
phenotype. Remarkably, this model of neurodevelopmental
disorder also exhibits characteristics that suggest its
relevance to the gifted component of the 2e phenotype.
Setd5* mice exhibit enhanced LTP in hippocampal slices and
increased long-term memory as measured by contextual
fear conditioning and novel object recognition behavioral
paradigms (Deliu et al., 2018). Interestingly, the
enhancement in fear memory was only seen in male mice
when a weaker induction protocol was used, which suggests
that protocol variations may reveal memory enhancements
in other models as well. This remarkable enhancement of
declarative memory in a mouse model of
neurodevelopmental disorder provides an exciting
opportunity to study the seemingly disparate behavioral
phenotypes that result from the same underlying genetic
change. Although further study is required to delineate the
effects of Setd5 haploinsufficiency in different brain regions
or memory systems, existing data indicate that this mouse
model represents a promising direction for the
neurobiological investigation of 2e.

5.3 Human Studies

5.3.1 Neuroimaging

In addition to studies of 2e-relevant animal models, studies
of humans with a specific focus on 2e will also benefit our
understanding of the talents and trials of individuals with 2e.
Multiple recording and imaging techniques that can be

do0i:10.20944/preprints202111.0224.v1

applied to human subjects have the potential to provide
insight into 2e phenotypes. Techniques such as
electroencephalogram (EEG) and magnetic resonance
imaging (MRI) have been extensively used to study brain
activity and structure in relation to human behavior and
neurodevelopmental disorder, although few studies exist
that specifically address individuals with 2e. However, one
such study using functional magnetic resonance imaging
(fMRI) showed that an ASD cohort performed similarly to a
typically developing cohort on an episodic memory task
despite a decrease in functional connectivity between the
MTL and the posterior medial network (PM), which is
important to performing such tasks (Hogeveen et al., 2020).
Their data further suggests that an increase in recruitment
of the hippocampus compensates for a decrease in
functional connectivity. This finding also provides support
for the hypothesis that hippocampal function can
compensate for the disruption of certain deficits in 2e
learners. Furthermore, a study using EEG, which utilizes
electrodes to record electrical activity in the cortex of awake
and behaving subjects, found that one 2e cohort had
increased visual perception processing and decreased
frontal lobe activity when compared to controls (Bireley,
Languis & Williamson, 1992). These techniques have the
power to link certain behavior and performance on cognitive
tasks to patterns of neural activity and specific brain regions
in individuals, which will serve to connect individual neural
circuits to exceptional behavior in 2e learners.

5.3.2 Genetic Studies

Although traditional neuroimaging is a powerful technique
for studying brain function, it is limited in describing the
genetic underpinnings of 2e. However, other strategies exist
that allow the neurobiologist to investigate these genetic
contributions in human subjects and samples. For example,
large-scale genetic studies such as SPARK, which studies
over 50,000 families with at least one ASD diagnosis and
maintains an interest in 2e-ASD, has the power to illuminate
some of the genetic underpinnings of 2e-ASD (SPARK
Consortium, 2018). Another option is to analyze
neuroimaging data, from humans or animal models,
alongside available gene expression data sets to connect
certain genes to anatomical changes in the brain (Kumar et
al., 2018; Richiardi et al, 2015). These techniques provide a
powerful tool to implicate specific genes underlying 2e, but
they do not allow for the detailed study of gene functions
that may comprise the molecular etiology of 2e.

5.3.3 Studies of Human-Derived Samples


https://doi.org/10.20944/preprints202111.0224.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2021

Molecular mechanisms underlying 2e may be effectively
studied in human-derived samples. One promising approach
to study molecular mechanisms in human cells is to use
induced pluripotent stem cells (iPSCs). iPSCs provide an
encouraging avenue for the study of rare or genetically
complex conditions (Freel, Sheets, & Francis, 2020; Drakulic
et al., 2020). iPSCs are stem cells that can be harmlessly
derived from the skin or blood of an individual with 2e.
These cells, which carry the genetic signature of the person
they are derived from, can then be differentiated into a
range of neural cell types. iPSCs allow for the in vitro study
of cellular and molecular function in neural cells with a
human genetic profile. A final possible strategy to study the
molecular contributions to 2e is the use of post-mortem
tissue samples, which can provide a snapshot of the
molecular profile of 2e in the human brain. Each of these
investigative strategies contributes a piece of the puzzle
which, alongside data collected from animal models, will
provide critical insight into the molecular underpinnings of
2e.
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6. Conclusion

Individuals with 2e represent a diverse community with rich
lives and extraordinary gifts, although they also face
substantial challenges. Both the strengths and struggles of
people with 2e often go unnoticed or underappreciated as
an exceptional ability may conceal the signs of impairment,
or a disability may obscure the signals of extraordinary
potential. The knowledge and tools of neuroscience have
the capacity to provide the understanding that will empower
individuals with 2e to utilize their talents and support their
difficulties. Neurobiological study of plasticity at the level of
circuits, cells, and molecules can provide the data to
delineate the underpinnings of a variety of 2e
manifestations. As a scientific community there is much to
contribute from understanding not just how we suffer from
psychiatric disorder but also how we excel despite
considerable challenges.
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