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Abstract

In this perspective paper, we examine possible premises of plasticity in the neural
substrates underlying cognitive change. We take the special role of the medial
temporal lobe as an anchoring point, but also investigate characteristics throughout
the cortex. Specifically, we examine the dimensions of evolutionary expansion,
heritability, variability of morphometric change, and inter-individual variance in
myelination with respect to the plastic potential of different brain regions. We argue
that areas showing less evolutionary expansion, lower heritability, greater variability
of cortical thickness change through the lifespan, and greater inter-individual
differences in intracortical myelin content have a great extent of plasticity. While
different regions of the brain show these features to varying extent, analyses converge
on the medial temporal lobe including the hippocampi as the target of all these
premises. We discuss implications for effects of training on brain structures, and

conditions under which plasticity may be evoked.
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A number of studies have by now shown effects of experience, including physical and
cognitive activity, on brain structure and function, e.g. (Bless et al., 2014; Engvig et
al., 2010, 20123; Erickson et al., 2014; Lovden et al., 2010b; Lovden et al., 2012).
Effects vary with type of activity or training, as well as target group (Engvig et al.,
2014; Engvig et al., 2012b; Wenger et al., 2012). In a lifespan perspective, however, a
number of studies converge on the medial temporal lobe (MTL) areas as plastic and
susceptible to intervention effects across ages (Carlson et al., 2015; Engvig et al.,
2014; Lovden et al., 2012). The dentate gyrus of the hippocampus stands out as one
restricted area in displaying neurogenesis in human adulthood ((Eriksson et al., 1998)
but see also (Ernst et al., 2014; Lotsch et al., 2014)). Hippocampus and the entorhinal
cortex have unique roles in learning involving episodic memory (Scoville and Milner,
1957) and navigation (Hafting et al., 2005). In this perspective paper we use the
established role of the MTL to examine possible premises of plasticity in neural

substrates underlying cognitive change, using published as well as preliminary data.

By premises therefore, we refer to both prerequisites (from Latin praemittere, to send
before) and the ground or localization of plasticity in the brain (as in premises
referring to a tract of land with the buildings thereon). Plasticity can also have
multiple meanings, a common definition is capacity for being molded or altered
(Merriam-Webster, 2015). Another definition is the capacity of organisms with the
same genotype to vary in developmental pattern, in phenotype, or in behavior
according to varying environmental conditions (Merriam-Webster, 2005). Clearly,
many types of alterations take place in the brain, on highly different time scales, in
response to variable environmental conditions. For the purpose of the present

perspective paper, we restrict our focus from common rapid ongoing adaptation based



on current function, by Lovden and colleagues termed flexibility, i.e. capacity to
optimize the brain’s performance within the limits of the current state of functional
supply (Lovden et al., 2010a). Rather, we will focus on plasticity as comprising
functional changes accompanied by structural alterations, capacity for reactive change
altering the individual’s range of functioning (Lovden et al., 2010a). Of further note,
our perspective is not restricted to the type of reactive changes that are programmed
to occur as individuals encounter species-mandatory experiences within critical
periods, such as normal visual stimulation of the eyes in early development associated
with cortical ocular dominance columns in mammals (Wiesel, 1982). While such
experience-expectant plasticity can have dramatic consequences under abnormal
environmental conditions in early development (Greenough et al., 1987), the lifelong
experience-dependent plasticity is associated with more commonly occurring

differences in experience, and is the primary target of this perspective paper.

Specifically, we examine the dimensions of evolutionary expansion, heritability,
variability of morphometric change, and inter-individual variance in myelination with
respect to plastic potential of brain areas. This perspective is based on the rationale
that a possible conjunction of these characteristics can underlie plasticity-related brain
mechanisms, and their interplay may be a key to enable cognitive changes. Hence we
ask what characterizes the MTL on these dimensions, and to what extent the MTL
shows these characteristics exclusively or shares them with other neuroanatomical
structures. If the characteristics are shared among structures, to what extent can these

other structures also display relatively high plasticity?

Evolutionary expansion



Alzheimer’s Disease is likely a human-specific disease, being very uncommon in
other primates (Bufill et al., 2013; Finch and Austad, 2012), and it has been suggested
that evolutionarily high-expanding brain areas are especially susceptible to
neurodegeneration and dementia (Rapoport and Nelson, 2011). For instance, much
focus has been put on the default mode network (DMN), comprising frontal, parietal
and lateral, as well as medial temporal areas (Buckner, 2004, 2012). Initially DMN
was suggested to consist of association cortices having undergone especially large
phylogenetic changes from nonhuman primates to humans, having the most complex
columnar organization, and being slow in reaching mature levels of myelin
(Andreasen et al., 1995; Catani and ffytche, 2005). However, as seen from Figure 1
(upper left panel), the medial temporal areas, including the hippocampus and
entorhinal cortex, along with other parts of the limbic system such as the retrosplenial
cortex, form important exceptions to this: They are not among the areas exhibiting the
largest inter-primate expansion. Of note, in addition to these areas, we also see that
the medial primary visual cortex shows relatively little expansion. While this is
neither an area showing adult neurogenesis, nor bordering regions that do so, it is
certainly an area of especially high plasticity in early life, when experience can
irreversibly alter the organization of the primary visual cortex (Maya-Vetencourt and
Origlia, 2012). Hence, certain areas that show high capacity for plasticity in humans

also show relatively low inter-primate expansion.

Indeed the premise of the countless animal models on these regions, the MTL,
hippocampus and entorhinal cortex inclusive, see e.g. (Hafting et al., 2005), is their
considerable structural and functional similarity across species. Even in reptiles and

fish, place memory and spatial mapping capabilities can be similarly based on the



function of structures considered homologous to the hippocampus of mammals and
birds, namely the medial cortex in reptiles and lateral telencephalic pallium in teleost
fish (Salas et al., 2003). The same is true for the olfactory areas in the orbitofrontal
cortex, with the olfactory bulb also having been found to display neurogenesis in
adulthood in most mammals (Gheusi and Lledo, 2014). Though some differences
prevail, there are considerable cross-species similarities of structure, and also in fruit
flies (drosphila melanogaster), there is an analogous olfactory center, the antennal
lobe (Vosshall, 2001). Although these similarities can be due both to conservation of
structure, or convergent evolution (Gottfried and Zald, 2005), the correspondence of
layout across very different organisms is striking, suggesting that these structures

have evolved as “optimal solutions” to problems fundamental across organisms.

Hence, it seems that evolutionary expansion and high extent of phylogenetic change is
not a premise of plasticity. Rather, we suggest that conservation or convergent
evolution across species may be one. This should not come as a surprise when taking
into account that human beings as a species have evolved as an adaptive advantage
what may be seen as the counterpart of plasticity, the ability to rely heavily on
accumulated experience (Rakic, 1985). As also noted by others, plasticity is costly to
human beings (Lindenberger, 2014), and must be counterbalanced in the human
central nervous system by considerable rigidity. Indeed, compared to many other
species, we display little renewal of our brains. Enormous differences exist in
neurogenic potential between "lower" and "higher" vertebrates (Zupanc, 2008). The
relative number of new cells and neurogenic sites is much larger in teleost fish than in
mammals. Fish brains produce new neurons in dozens of areas in addition to the

homologues of the hippocampus and the olfactory bulb (Zupanc, 2006). Moreover,



compared to many “lower” vertebrates, the rate of neurogenesis in adult mammals
decreases with age (Amrein et al., 2011). Part of the limbic system, with the cingulum
projections, MTL and the hippocampi, along with olfactory areas, are lonely “old”
and fundamental structures in the human brain. Hence we suggest that in looking for
premises and mechanisms of plasticity, we should look to our distant past, and
cerebral features shared with other species, rather than to features uniquely human, as

plasticity is not uniquely human, in fact not very human at all.

Heritability

Twin and family studies provide another line of research that can be taken to
identify brain areas which may have shown high susceptibility to plastic changes
beyond what can be explained by common genes in specific cohorts. In this line
of reasoning, we first want to emphasize that we by this do not in any way imply
that brain areas with high heritability cannot show plastic changes. Of that we
know little, as heritability estimates are both highly malleable by environmental
factors and bound to be specific to the sample and context in which they have
been derived (Plomin et al., 2014). For example, body mass index has a high
heritability (around .75), but is highly influenced and modifiable by differences
in food intake and physical activity (Horn et al., 2015). A high heritability of e.g.
cortical thickness in a specific region does not mean that cortical thickness in
that region is hardwired and cannot be changed by environmental influence. We
cannot use “what is” as an indication for “what could be” as Plomin and
colleagues phrase it (Plomin et al., 2014). That is, we do not want to imply that
high heritability is an indication for “what could not be” in terms of plastic

changes. However, regions showing low heritability in multiple samples per



definition have shown variance that cannot be explained by genetic variance, and
where one can more often assume that environmental effects have been at work.
We thus think, in conjunction with multiple dimensions, it may be fruitful to
circle in on such areas also to identify regions that may be targets of plastic

changes.

Candidate areas are brain regions for which the phenotypic structural variance
can to a substantial degree be explained by environmental influence, that is,
brain areas that have shown low heritability (h2) or, expressed within the
framework of the ACE-model (i.e., additive genetics, A; common environment, C;
unique environment, E), low additive genetic effects (a2). In general, heritability
estimates for brain measures show substantial differences between brain
regions (for review see (Batouli et al., 2014; Blokland et al., 2012; Jansen et al.,
2015)). While different morphometric variables have been used, the most
commonly considered are volume (e.g. of subcortical structures), along with
cortical thickness, and that is also our focus here. For example, in a study by
Eyler et al. ((Eyler et al.,, 2012) see also (Kremen et al., 2010)), using data from
the Vietnam Era Twin Study of Aging (VETSA) project, heritability estimates of
apparent cortical thickness vary between h2=.50 and .70 throughout frontal,
parietal, occipital and temporal brain regions (see also Figure 1, upper right
panel). The lowest heritability coefficients were found in right entorhinal
(h?=.42) and medial orbitofrontal (h?=.44) cortex, parahippocampal gyrus
(h?2=.46) as well as in the banks of the superior temporal sulcus (h2=.43). Schmitt
et al. (Schmitt et al., 2008), analyzing data from the National Institute of Mental

Health (NIMH) twin sample, identify right lingual gyrus (a2=.01) as well as right



and left parahippocampal gyrus (a2=.06 and .10, respectively) as the regions with
lowest additive genetic effects on cortical thickness variance. Regarding the
volume of subcortical gray matter structures, Kremen et al. (Kremen et al,, 2010)
report the heritability estimates for hippocampus (a%=.63-.64) and thalamus
(a2=.60-.68) to be lower than estimates for caudate nucleus (a%=.70-.79) or
putamen (a2=.84-.85; VETSA sample; for comparable results in a Dutch twin

sample see (den Braber et al,, 2013)).

Heritability estimates of brain measures are not stable and rather follow a
characteristic trajectory throughout the lifespan (for review see (Batouli et al.,
2014)). During childhood and adolescence, heritability estimates of most brain
structures continuously increase (Batouli et al., 2014; Schmitt et al., 2014;
Swagerman et al.,, 2014), though with increasingly reduced increment during the
second life decade (Schmitt et al., 2014). From the third decade of life onwards a
continuous decline in heritability can be observed into older age (Batouli et al.,
2014; Lessov-Schlaggar et al,, 2012). For example, average h? estimates across
brain structures start at about .70 in infants, reach a peak of .85 during
adolescence and fall continuously to a level of about .55 at the age of 65 years
(Batouli et al,, 2014). Also, the MTL regions appear to show lower heritability in
adults with higher age, thus following the general trajectory of heritability
during the lifespan, although the heritability estimates for the MTL at different
ages appear moderate or somewhat lower compared with other subcortical and

cortical regions (Batouli et al., 2014).



Thus, taken together, the MTL region (i.e., entorhinal and parahippocampal
cortex as well as hippocampal volume) appears to be among the brain regions
that show lowest heritability across the lifespan, independent of study and
sample (see also meta-analysis by (Blokland et al., 2012)). This observation may
be influenced by multiple conditions, e.g. reliability of measures, but may also be
seen indicative of a susceptibility of the MTL to environmental variance. We

further discuss variability of change and possible mechanisms below.

Variability of morphometric change through the lifespan

To what extent does the MTL show greater intra-individual variability of change
compared to other brain regions through the lifespan? As seen from Figures 1 (lower
left panel) and 2, the MTL cortices and the hippocampus show considerable inter-
individual variability of change, and more so than most other structures. This
variability may or may not be linked to lower heritability, as change in itself may be
heritable (Schmitt et al., 2014; Swagerman et al., 2014), and mediated by the
environment sought out by individuals with specific genetic dispositions. The greater
variability may be linked to susceptibility of these areas to experience and various
impacts. It has previously been suggested that regions characterized by a high degree
of life-long plasticity are vulnerable to degeneration in aging (Fjell et al., 2014b;
Lindenberger, 2014; Mesulam, 1999; Neill, 1995; Raz, 2007). The MTL is arguably
among these structures (Eriksson et al., 1998), along with olfactory areas, also
showing substantial variability and effects of age (Bhatnagar et al., 1987). Indeed,
animal models indicate that regional susceptibility to anesthesia-induced apoptosis

varies depending on age of exposure, but for brain regions undergoing neurogenesis
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into adulthood, namely the dentate gyrus and olfactory bulb, susceptibility extends

into adulthood (Deng et al., 2014).

The extended neurogenesis of these areas may hence render immature neurons
vulnerable to insult, but also, the general metabolic demands of these structures may
put them at risk. Studies of regional glucose uptake have demonstrated that
hippocampal neurons have among the highest energy requirements in the brain
(LaManna and Harik, 1985; McEwen and Reagan, 2004). Cardiovascular and
respiratory disease, as well as ischemic insult, may then more easily influence the
functioning of these areas than that of regions lower in demand. Hence, it is
important to recognize that while these areas are highly plastic, this plasticity
may also be more easily compromised. Effects of cognitive interventions have
been found in both healthy young and older adults in terms of hippocampal
volumetric sparing or increase (Engvig et al., 2014; Lovden et al,, 2012).
However, while one study found that cortical increases were restricted to young
adults (Wenger et al., 2012), we found that patients with subjective cognitive
impairment showed cortical, but not hippocampal increases, which can be
interpreted as possible compromise of hippocampal plasticity selectively (see
Figure 3), as also seen in a functional MRI study (Belleville et al., 2011). In sum,
the variability of change in the MTL may be due to differences in experience,
health and disease factors. Due to the extended neurogenesis and high metabolic
demands, this region may be especially susceptible to change, both in positive

and negative terms (Eriksson et al., 1998; Mesulam, 1999; Neill, 1995).

Variability in myelin content
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Substantial evidence points to white matter alterations as a result of training (see e.g.
(Engvig et al., 2012a; Lovden et al., 2010b; Mackey et al., 2012; Scholz et al., 2009;
Takeuchi et al., 2010)). For instance, we have shown that memory training in middle-
aged and older adults yielded increased fractional anisotropy (FA) in the uncinate
fasciculus compared with controls, and that the extent of these changes was related to
memory performance improvement (Engvig et al., 2012a). Such alterations in FA can
be seen to reflect formation and remodeling of myelination of the long-distance axons
within white matter tissue (Zatorre et al., 2012). However, there is also rich cellular
evidence that the myelination of intracortical gray matter axons can be influenced by
experience. Age-related alteration of glial cells in sensory cortical areas can be
accelerated by activity-driven central mechanisms that result from an age-related loss
of peripheral sensitivity (Tremblay et al., 2012). The human cerebral cortex contains
numerous myelinated fibers and cortical myelin maturation and aging-related
degradation are likely of great importance to brain functioning, as myelin serves to
isolate axons and hence speed up the conduction of nerve signals (Bartzokis, 2004;
Nieuwenhuys, 2013). Recently, surface-based cortical myelin has been mapped by
taking the ratio of T1-weighted and T2-weighted (T1w/T2w) magnetic resonance
image (MRYI) intensities to correct for the MRI-related image intensity bias field and
to increase the contrast-to-noise ratio for myelin (Glasser and Van Essen, 2011).
Using a T1w/T2w -myelin-mapping approach, we have previously characterized the
degree of intracortical myelin in individuals at different ages of the lifespan
(Grydeland et al., 2013). We found inverse U-shaped lifespan trajectories, with
substantial heterogeneity across different cortical regions. Association cortices tended
to show the most curved trajectories, indicating protracted intracortical myelin

development and vulnerability to aging. Myelin content correlated with within-subject
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variability on a speeded performance task signaling behavioral correlates of
individual differences in cortical myelin (Grydeland et al., 2013). Hence, mapping
myelin by use of T1w/T2w MRI could be a valuable tool for studying intra-cortical
myelin content effects. For the present perspective paper, we therefore proceeded to
map the inter-individual variability of myelin content in the cortices specifically. As
seen from Figure 1 (lower right panel), the variability of myelin content is substantial,
and is the highest in MTL, cingulate and primary visual cortices. We here argue that
increased variability in the T1w/T2w ratio is marker for the increased susceptibility of

these regions for experience dependent changes.

Although myelin plasticity is an important mechanism, myelin and myelin-associated
inhibitors are also implicated in reduced developmental plasticity (Takesian and
Hensch, 2013), with high myelin content being related to more hard-wired and less
plastic regions in the cortex, and previous research has suggested that myelin content
is lower in regions high-expanding between humans and other primates (Amlien et
al., 2014; Glasser and Van Essen, 2011). Interestingly, myelin-related processes seem
to be a crucial factor for closing the window of plasticity in brain regions that are
especially susceptible to environmental influences such as the visual cortex. It has
been demonstrated in mice that mutations that interfere with normal myelin-related
processing extend the critical period of plasticity in visual cortex, and that these
processes normally function to consolidate the neural circuitry established during
experience-dependent plasticity (McGee et al., 2005). Conversely, in the adult brain,
it seems that regions with high content of myelin are more resistant to change. Myelin

content in parahippocampal and entorhinal cortices is low (Grydeland et al., 2013),
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and combined with the large inter-individual variability in myelin content, this likely

constitute a premise for plasticity of this region.

Conclusion: Singling out the loner

We proposed as possible premises of plasticity of brain structures, that they
exhibit relatively lower evolutionary expansion, can show lower heritability and
greater variability of morphometric change and inter-individual variance in
myelin content. Seeing these data in conjunction across cortical areas, as shown
in the conjunction map in Figure 1 (center), leads us to one region exhibiting all
characteristics, namely the entorhinal cortex, extending into the
parahippocampal cortex, of the parahippocampal gyrus. While we have not been
able to use the conjunction approach of cortical evolutionary expansion,
heritability and variability of myelination on subcortical structures such as the
hippocampus, we know from much comparative data that the hippocampus too
is evolutionarily old, has across multiple studies shown relatively low variability,
and shows an extended myelination, making inter-individual variability likely.
Importantly, our analysis of volumetric change in the hippocampus shows
extensive variability (Figure 2). Hence, evidence from evolutionary expansion,
heritability, variability of change and myelination arguably converge on the
medial temporal lobe. We believe that interventions to some extent may have
preferentially large effects on these areas, and may hence also be targeted at
these areas. However, MTL plasticity may also be preferentially vulnerable, such
as e.g. in Alzheimer’s Disease and its preclinical stages (Mesulam, 1999; Neill,
1995). For instance, as seen in Figure 3, an intensive memory intervention failed

to induce training-related hippocampal changes in patients with memory
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complaints, whereas some neocortical areas retained potential for plasticity as
measured by increased gray matter volume. In case of compromised MTL
plasticity, then, one may look to other areas that show combinations of the
dimensions examined here. This could be areas that have shown either relatively
lower evolutionary expansion, such as the insula and in part orbitofrontal cortex;
lower heritability, such as part of the orbitofrontal cortex and cingulate; greater
variability of change, such as wide regions of the frontal and in part parietal
cortex, or greater variability of myelination, such as the cingulate cortex. Indeed,
intervention effects have been found in all of these areas, e.g. (Engvig et al., 2010;
Engvig et al., 2014). This perspective paper contains preliminary data, and our
suggestions are tentative, but we believe that further research into these
dimensions and their convergence as possible premises of plasticity may be a

fruitful approach.
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Figure Captions

Figure 1 Conjunction map — the medial temporal lobe is alone

Upper left panel: Cortical area expansion was assessed between several Simian
primates, i.e. marmoset, macaque and human, and the expansion maps were averaged,
yielding regions of consistently high vs. consistently low expansion across species.
MTL shows consistently low degrees of expansion across primates. Data from
(Chaplin et al., 2013), analyzed as described in (Amlien et al., 2014; Fjell et al.,
2014a).

Upper right panel: The genetic correlation between thickness measured at each vertex
on the cortical surface and total cortical thickness. MTL shows the lowest genetic
correlations. The scale goes from .50 to .99. Results from the Vietnam Era Twin
Study of Aging (VERSA), published in (Eyler et al., 2012).

Lower left panel: Variability in longitudinal cortical thickness change (standard
deviation / mean) was measured in 593 participants and mapped to the cortical
surface. MTL is among the regions with the highest degree of inter-individual
variability in longitudinal thickness change.

Lower right panel: Variability in intra-cortical myelin content, calculated from T1
weighted / T2 weighted contrast within the cortex. MTL shows high degree of inter-

individual variability in myelin content. Data from (Grydeland et al., 2013).

Figure 2 Hippocampal change variability
Inter-individual variability in change (std/ mean) was calculated for representative
subcortical structures. Hippocampus shows the largest inter-individual variability in

change. The data material is described in (Storsve et al., 2014).
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Figure 3 Differential effects of cognitive intervention on the hippocampus and
the cortex in healthy elderly and patients with memory complaints

Panel A: Eight weeks of memory training caused relative increase in cortical volume
in healthy elderly and patients with subjective cognitive impairment (SCI) compared
to a non-training group of age-matched healthy elderly. The training effect was seen
in several regions of the cortex, including the entorhinal. Panel B: While training had
similar effects on cortical changes in healthy elderly and SCI patients (e.g., in the
frontal cortex as shown in the boxplot to the right), comparable effects on
hippocampus was not seen. Only healthy elderly showed benefits of cognitive training
on hippocampal volume change, while the SCI patients did not improve relative to the

non-training healthy elderly. Figure modified from (Engvig et al., 2014).
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