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Abstract
Numerous studies have illustrated the benefits of physical workout and cognitive exercise on brain function

and structure and, more importantly, on decelerating cognitive decline in old age and promoting functional
rehabilitation following injury. Despite these behavioral observations, the exact mechanisms underlying
these neuroplastic phenomena remain obscure. This gap illustrates the need for carefully designed in depth
studies using valid models and translational tools which allow to uncover the observed events up to the
molecular level. We promote the use of in vivo Magnetic Resonance Imaging (MRI) because it is a powerful
translational imaging technique able to extract functional, structural and biochemical information from the
entire brain. Advanced processing techniques allow performing voxel-based analyses which are capable of
detecting novel loci implicated in specific neuroplastic events beyond traditional Regions-of-Interest
analyses. In addition, its non-invasive character sets it as currently the best global imaging tool for
performing dynamic longitudinal studies on the same living subject, allowing thus exploring the effects of
experience, training, treatment etc. in parallel to additional measures such as age, cognitive performance
scores, hormone levels and many others. The aim of this review is (i) to introduce how different animal

1



models contributed to extend the knowledge on neuroplasticity in both health and disease, over different
life stages and upon various experiences and (ii) to illustrate how specific MRI techniques can be applied
successfully to inform on the fundamental mechanisms underlying experience-dependent or activity-

induced neuroplasticity including cognitive processes.
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1. Introduction

The most remarkable revolution in the field of neurosciences in the 20" century was the notion that instead
of being fixed or immutable, the brain is constantly adapting its function and structure in response to
experience or injury. Today, this phenomenon is defined as experience-dependent or activity-induced
neuroplasticity and is the result from a delicate interplay between innate genotype and environmental stimuli
to ensure adjusted functioning of neural networks and to maintain homeostasis upon changing surroundings
(Butz, Worgotter et al. 2009, Nagy and Turecki 2012). Indeed, numerous studies have illustrated the benefits
of physical workout and cognitive exercise on brain function and structure (May 2011) and, more
importantly, convincing experimental and clinical evidence points toward the active role of experience and
physical activity to partially unlock neuroplasticity in adult life and promote functional rehabilitation upon
trauma (Sarkamo, Ripollés et al. 2014). An excellent review by Draganski and May (2008) compiles the
state-of-the-art insights into the effect of motor training on brain morphometry and also highlights several
‘flaws’ in current understanding of training-induced brain adaptations: (i) the time-course of neuroplastic
events is still relatively vague, (ii) the underlying biological mechanisms are far from clear and (iii) the
relation between functional and structural neuroplastic adaptations is not yet understood (Draganski and
May 2008). In order to resolve these key questions, animal experiments are needed which can divulge the

observed neuroplastic events up to the molecular level.

Besides focusing on the effects of physical and cognitive exercising on brain structure and function, we aim
to extend this review with exemplary high-impact studies which have led to major insights into mechanisms
affecting or even directing neuroplasticity. We will start by exploring the effects of age and ‘timing’ on
neuroplasticity after which we will discuss the effects of hormones on brain function and structure. Doing
so, we intend to focus attention on how different MRI-based techniques have successfully captured
neuroplastic events in different contexts but also on how MRI —besides conventional tools such as histology—

might be of use in future experiments to study the effects of experience and activity on the brain.

2. Invivo MRI: the ultimate tool

Probably the most significant advantage of in vivo MRI is the possibility to sensitize the MR signal to
functional, structural —both macro- and micro-level anatomy—, metabolic and vascular events in the living
brain (Table 1). In addition, the non-invasive character along with its dependence on magnetism instead of
ionizing radiation (CT) or radioactive substances (PET, SPECT), allows performing dynamic longitudinal
studies where functional, structural and metabolic brain changes can be followed up in vivo upon experience,

aging, maturation, training or treatment. Importantly, this experimental strategy allows for each animal to
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serve as its own reference. However, the experimental design should be carefully considered and clearly
reported especially for studies investigating the effect of e.g. training or experience on the brain (Thomas
and Baker 2013).

Combining different MR modalities makes that each voxel can contain an abundance of biological
information where the temporal evolution of functional, structural and biochemical modifications related to
a specific disorder or event can be traced repetitively and in high precision. This might help in interpreting
MRI findings, which is today one of the biggest challenges of MRI since a specific parameter readout does
not relate one-on-one to a particular biological phenomenon (Zatorre, Fields et al. 2012). Artefacts related
to acquisition e.g. measurement error due to for example physiological noise or head movements, or
processing-induced inaccuracies might obscure the actual findings e.g. imperfect spatial normalization
(Bookstein 2001, Davatzikos 2004) or abundant smoothing (Jones, Symms et al. 2005) prior to voxel-based
processing. For a more elaborate study on several ‘caveats’ directly related to in vivo MRI used to study
(training- or experience-induced) brain plasticity we refer to (Poldrack 2000, Ridgway, Henley et al. 2008,
Thomas and Baker 2013). Likewise, both drawbacks also highlight the importance of validation studies
using alternative methods to unravel the plausible cellular and molecular substrates of the observed in vivo
findings. In addition, mapping the temporal profile of changes might help elucidate the underlying biology
since not all events take place at the same speed e.g. dendritic sprouting takes place more rapidly than
neurogenesis and neuronal migration. Moreover, repeated measures lead to a more direct understanding of
the relative timing between and absolute time scale of different neuroplastic events. In addition, each MR
examination can be accompanied by additional measures on the same individual such as cognitive scores or
plasma hormone levels, which can be related to the neuroplastic events observed by in vivo MRI. This way,
cause-consequence interrelationships can be established between specific behaviors —how they evolve— and
the underlying biological substrate. Furthermore, since information from the entire field-of-view can be
tested statistically in a voxel-wise manner, novel loci can be uncovered using an ‘entire brain approach’ as

compared to traditional hypothesis-driven delineation of brain regions-of-interest.

Besides the biological versatility of MRI, technological advancements in imaging hardware and processing
techniques (Van Reeth, Tham et al. 2012) allow to obtain sufficient spatial and temporal precision enabling
the detection of acute functional adaptations such as LTP (s-min) (Alvarez-Salvado, Pallarés et al. 2014),
microstructural remodeling of the hippocampus after only 2 hours of spatial learning (Sagi, Tavor et al.
2012) or long-term re-mapping of cortical regions after several weeks of coordinated motor training (Boyke,

Driemeyer et al. 2008, Draganski and May 2008, Sampaio-Baptista, Scholz et al. 2014).

-~ TABLE 1--



3. Neuroplasticity and cognition, what can we learn from animals?

With the advent of neuroimaging tools designed to extract functional, structural and metabolic information
of the brain in a non-invasive manner, the field of neuroscience has expanded widely. Numerous studies
have described volume or shape changes of cortical brain areas upon specific motor or cognitive training
programs (Draganski and May 2008), microstructural deficits related to cognitive decline in
neurodegenerative disorders (Niccolini and Politis 2014, McConathy and Sheline 2015), functional
reallocation of specific brain areas after trauma (Frasnelli, Collignon et al. 2011) etc. Also the effects of
stress (O'Doherty, Chitty et al. , Dedovic, Renwick et al. 2005), hormones (Brabant, Cain et al. 2011), (drug)
addiction (Fowler, Volkow et al. 2007, Parvaz, Alia-Klein et al. 2011, Salo and Fassbender 2012, Moulton,
Elman et al. 2014, Viswanath, Velasquez et al. 2015) and aging (Lockhart and DeCarli 2014) on the brain
have been evaluated thoroughly.

Most clinical studies describe effects observed with in vivo imaging tools often related to a specific
behavioral phenotype, but fail to target the underlying biological mechanisms. Biomedical research, on the
other hand, applies well-established translational models that mimic specific parts of disease or response
upon experience. In addition, a laboratory setting allows to strictly control environmental input including
diet, social interaction, rearing conditions, age, hormonal status etc., all of which are crucial determinants
in experience-dependent or activity-induced neuroplasticity. Importantly, over the last decades genetically
engineered animals —especially rodents— have become available and greatly help in elucidating mechanism
underlying specific biological effects by knocking in or down specific genes translating molecular elements
suspected to be involved. Moreover, animals with identical genetic backgrounds strongly reduce variance
associated to differences in plasticity-related gene expression profiles, leaving the experimental intervention
as single variable. Furthermore, the lifespan of most animals is markedly shorter and is characterized by an
accelerated succession of developmental stages making it possible to study e.g. disease ontogenesis up to
more advanced stages or the age-dependency of neuroplastic processes within the same animal on relatively
short timescales. Interestingly, several animal studies have already illustrated human-like plasticity in
response to physical exercise e.g. voluntary wheel running in mice (Biedermann, Fuss et al. 2012) and rats
(Sumiyoshi, Taki et al. 2014), and cognitive training (Quallo, Price et al. 2009, Sagi, Tavor et al. 2012) etc.,

indicating that most plasticity-related mechanisms are conserved among species.

Besides these advantages, several drawbacks should be mentioned as well. Despite the high conservation of
biological processes amongst mammals and most vertebrates, important differences still exist which
question the translational character of animal findings. Furthermore, studying genetically engineered
animals sheds light onto very specific parts of disease or response upon a given experience, but still does
not provide a clear understanding of the complete biological basis and how different systems interact to
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result in a specific behavior. Although it broadens the variety of techniques and tests that can be applied,
animal research narrows the range of biological questions that can be addressed. For example, information
regarding higher cognitive skills such as reasoning and complex emotions, mathematics and planning etc.,
is in most cases impossible to extract from the animal brain. Notwithstanding, several training procedures
have been developed to assess human-like higher cognitive functionality in the animal brain e.g. maze
training for spatial learning and memory (Vorhees and Williams 2014), conditioning paradigms (Aguado
2003, Delgado, Olsson et al. 2006), etc.

Besides the above mentioned advantages of non-invasive in vivo imaging, MRI is a highly translational tool.
Consequently, given its wide range of biological sensitivity, MRI has been used intensively in
neuroplasticity research over the last decade to uncover brain loci affected by experience, activated upon
stimulation etc. in various species (Van der Linden, Van Camp et al. 2007, Van der Linden, Van Meir et al.
2009, Pelled 2011). This way several important determinants in setting boundaries on neuroplasticity have
been uncovered. Age is the most well-known and strongest factor, but also hormones, physical workout,
cognitive training programs etc. affect the brain at various levels. In the following sections, the above
mentioned mechanisms along with appropriate models to assess the behavioral outcome will be introduced
briefly and the involvement of MRI in tracing the resulting neuroplastic changes will be discussed. These
findings have led to a deeper understanding of neuroplasticity in general, also related to the brains’ response

to physical and cognitive exercise in adulthood.

3.1. The impact of age on neuroplasticity
The susceptibility of the brain to undergo neuroplastic changes is strongly dependent on age. For example,
children born blind due to e.g. congenital cataract, or deaf should receive adequate medical treatment before
respectively 6 weeks or 2 years of age to prevent impaired visual acuity (Fledelius, Goldschmidt et al. 2014)
or altered auditory perception and language accuracy in adult life (Svirsky, Teoh et al. 2004, Kral 2013).
This age-dependent variation in prognosis can be ascribed to the existence of critical periods or precisely
delineated time windows in early life during which environmental stimuli most potently shape cortical brain
circuitries responsible for the acquisition of various skills and abilities required in later life (Jon 2012).
When reaching adulthood, previously established neural networks encoding acquired skills are consolidated,
imposing strict boundaries on the brains’ ability to adapt. Fortunately, neuroplasticity is never entirely
down-regulated, allowing the adult organism to learn and retain memory at later life stages or for the adult

brain to ‘reshape’ upon cognitive and physical training.



A very interesting study illustrating this age-dependent, differential sensitivity of the brain to motor learning
was performed by Bengtsson and colleagues. They investigated the effects of piano practice on the brain
plasticity during distinct developmental periods i.e. childhood, adolescence and adulthood. During
childhood the largest number of brain areas displayed changes, whereas in older ages only a limited number
of brain regions showed training-induced adaptations (Bengtsson, Nagy et al. 2005). Also in preclinical
research the age-dependency of neuroplastic events has been observed. Blumenfeld-Katzir and colleagues
(2011) found that 1, 4 and 12 month old rats showed a similar pattern of brain areas actively undergoing
changes after 5 days of Morris Water Maze (MWM) training, however, the extent of the changes was
different between the ages (Blumenfeld-Katzir, Pasternak et al. 2011). In addition, VVan Praag et al. (2005)
investigated the effects of voluntary wheel running in young versus old mice (3 versus 19 months of age),
and found that spatial learning and hippocampal neurogenesis did not improve equally indicating that
physical activity in mice exerts different effects on brain plasticity in early compared to older life stages
(van Praag, Shubert et al. 2005). Understanding age-dependent mechanisms posing ‘temporal’ boundaries
on plasticity might help in finding possible targets implicated in enabling neuroplasticity following training
in adulthood or old age.

Behavior is affected by age as well. Indeed, Albani and colleagues (2015) detected dissimilar performances
in the elevated plus maze —experimental setup to assess anxiety-related behavior in rodents (Walf and Frye
2007)— when testing rats at two successive maturational stages in early postnatal life i.e. p17-19 versus p22-
24, or when varying the illumination level of the environment i.e. dim versus bright. Interestingly, they also
zoomed in on neuronal activation by investigating the expression of the immediate early gene Arc and found
differential expression in the amygdala and visual cortex stipulated by age and surroundings (illumination).
This study underlines important methodological considerations given that little differences in age (<1 week)
or environment can have a major impact on the functional activation of neural substrate encoding specific
behaviors (Albani, Andrawis et al. 2015).

3.1.1.Childhood

3.1.1.1 Critical periods of development
Current insights into critical period plasticity have been extracted mainly from research devoted to the
acquisition of sensorimotor modalities such as the visual (ocular dominance theory (Hensch 2004, Levelt
and Huabener 2012)), auditory (tonotopic mapping, pitch learning (Kral 2013)) and somatosensory or tactile
(whisker-barrel pathway (Erzurumlu and Gaspar 2012)) systems in mammals. Using invasive methods,

several factors have been put forward as major critical period delineators including (i) structural factors e.g.



myelin, perineuronal nets (PNNSs) etc., (ii) functional mediators e.g. excitation-inhibition balance through
GABA and glutamate etc., and (iii) molecular elements e.g. Brain-Derived Neurotrophic Factor (BDNF),
Orthodenticle Homeobox 2 homeoprotein (Otx2), myelin-related Nogo Receptor (NgR), Insulin-like
Growth Factor-1 (IGF-1), Paired immunoglobulin-like receptor B (PirB) etc. (Tropea, Van Wart et al. 2009,
Nabel and Morishita 2013, Berardi, Sale et al. 2015). Recently, epigenetic mechanisms were proposed to be
part of the interface between environmental stimuli experienced during early life critical periods and the
sustained molecular, cellular and complex behavioral phenotypes (Fagiolini, Jensen et al. 2009). Based on
these findings, several attempts have been made to reopen plasticity in adulthood by pharmacological
intervention e.g. selective serotonin reuptake inhibitors (SSRI), histone deacetylase inhibitor (HDACI),
chondroitinase ABC inhibitors (ChABCI), acetylcholine-esterase inhibitors (AChEI) etc. and altered
environmental stimulation e.g. deprivation by dark exposure or environmental enrichment (Jon 2012, Nabel
and Morishita 2013). Unfortunately however, the exact interaction between these factors, the temporal
succession of critical periods encoding distinct sensorimotor skills, and whether these factors also translate
to higher cognitive skills such as speech learning, the establishment of social relationships, reading,

mathematics etc., still remains obscure.

Bridging information from developmental studies in rodents, ferrets and cats, Olaverria and coworkers
(2012) discuss the possibility of using Diffusion Tensor Imaging (DTI; Table 1) as a reliable marker to
evaluate the timing of critical periods in early brain development by mapping the effects of experience-
dependent plasticity on cortico-cortical connectivity within the neural tissue encoding sensory skills such as
the visual system (Jaime, Andrew et al. 2012). A practical example in this context can be found in a study
by Chan et al. (2012), who assessed the effects of early visual impairment i.e. monocular enucleation and
monocular deprivation —a popular model for critical period ocular dominance plasticity— in rodents by
combining DTI and Manganese Enhanced MRI (MEMRI; Table 1). They reported a reduced fractional
anisotropy (FA) in the anterior and posterior retinal pathways in the monocular enucleated and deprived
group compared to control, indicative of respectively degeneration and immaturity of the tracts.
Interestingly, the non-deprived eye was characterized by a higher FA compared to control rats (Chan, Cheng
et al. 2012). Besides its use in probing structural connectivity, DTI is sensitive to microstructural
rearrangements and changing myelin content as well, both factors known to be implicated in limiting
neuroplasticity. Remarkably, to our knowledge only a limited number of studies reported on targeting
critical period plasticity with non-invasive imaging tools. Certain biological mechanisms setting boundaries
on critical period plasticity e.g. formation of PNNs, excitation-inhibition balance mediated through GABA
etc. could possibly be targeted by in vivo MRI and are extremely likely to play a role in recovery from

functional losses or several pathologies e.g. impact of PNN abnormalities in Schizophrenia (Berretta,
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Pantazopoulos et al. 2015), in adulthood as well. Using MEMRI, Chan and colleagues were able to track
axonal projections originating in the retinal ganglion cells and distinguish alterations to retinal and callosal
projections resulting from early visual impairment. They succeeded in demarcating the contralateral cortical
projection area and found a significantly increased volume in early blinded rats and mice compared to
controls. The brains’ response to monocular enucleation in early postnatal life has also been tackled by in
vivo Magnetic Resonance Spectroscopy (MRS; Table 1). Three weeks after surgery, Chow and colleagues
(2011) found a significant reduction in the Taurine (Tau) and N-acetyl Aspartate (NAA) levels in the visual
cortex contralateral to the enucleated eye indicative of neuronal loss and axonal damage (Chow, Zhou et al.
2011). Glutamate (Glu), Choline (Cho) and myo-Inositol concentrations were not affected. These
observations are in line with previous histological studies (Ribak and Robertson 1986, Robertson, Héhmann
et al. 1988).

Interestingly, Ben-Ari and coworkers describe the role of GABA in directing cortical brain maturation by
tightly controlling the excitation/inhibition balance and how dysregulation of GABA might give rise to
neurodevelopmental disorders such as Autism Spectrum Disorder and epilepsy (Ben-Ari, Khalilov et al.
2012). In addition, research on the visual system in rats describes GABA as a decisive determinant in
imposing brakes on critical period plasticity (Deidda, Allegra et al. 2015). Most of these findings, however,
were discovered by invasive and highly localized molecular tools. MRS, on the other hand, can be regarded
as an exceptional tool to evaluate critical period plasticity given its sensitivity to estimate the neurochemical
signature of metabolites such as GABA in the living brain. Stagg (2014) nicely reviews how MRS can be
applied in research aimed at tackling the role GABA in cortical plasticity focused on the primary motor
cortex. In addition, Stagg briefly touches upon the effects of acute neuromodulation of glutamate and GABA
by noninvasive stimulation protocols such as Transcranial Magnetic Stimulation (TMS), and how this
relates to the MRS GABA readout (Stagg 2014). Besides focusing on GABA, also other MRS-detectable
metabolites infer neuroplastic events possibly related to the establishment of higher cognitive learned skills.
Based on a prior functional MRI (fMRI; Table 1) study (Pugh, Landi et al. 2013), Pugh et al. (2014) acquired
MRS spectra in children at two time points throughout the development of the neural circuitry involved in
reading. Focusing on NAA, Cho, Glu and GABA levels, they found inverse correlations between Cho and
Glu levels and reading and linguistic performance in the occipital lobes. Fascinatingly, Glu levels at the first
measurement were predictive of reading performance assessed during a behavioral follow up 24 months
later (Pugh, Frost et al. 2014).

A more unusual animal model displaying striking similarities to the process of human speech learning might
shed light on the translational character of critical period determinants to higher cognitive functions. Indeed,
similar to humans, songbirds —especially close-ended learners such as zebra finches— learn the song of their
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father (tutor) during two partly overlapping critical periods early in life (for review (Doupe and Kuhl 1999)).
After closure of the critical periods for vocal learning, the song will be crystallized. Therefore, male birds
sing only one stereotypic zebra finch song which —under normal circumstances— never changes again. A
very interesting advantage of songbirds in neuroplasticity research is that their song directly reflects the
specific stage of vocal learning. Moreover, songs can be easily recorded, quantified and related to the
observed functional and structural changes. Of particular interest with regards to critical period plasticity,
recently, the appearance of parvalbumin-positive interneurons and PNNs have been studied throughout the
process of vocal learning (Balmer, Carels et al. 2009). Fascinatingly, song maturity correlated to the
percentage of parvalbuminergic cells surrounded by PNNs in a brain area in control of song learning and
production. Moreover, depriving juvenile male zebra finches of tutor song resulted in a decreased level of
parvalbumine-positive interneurons and PNNs (Balmer, Carels et al. 2009). In line with observations from
critical period of sensorimotor functions, if no proper stimulation i.e. tutor song, is heard during the critical
period for vocal learning, the deprived males will not be able to sing a typical zebra finch song in adult life
(Feher, Wang et al. 2009). In addition, another study by the same group showed that the distribution of
perineuronal nets is highly sexually dimorphic in specific components of the song control circuitry i.e. the
brain circuitry in control of singing (Meyer, Boroda et al. 2014). This was confirmed by others as well
(Cornez, ter Haar et al. 2015). Interestingly, only male zebra finches sing, while both sexes memorize the
tutor song. Consequently, the neural substrate in control of the motoric aspect of song production displays
a differential density in PNNs in females as compared to males. Both findings strongly suggest that the
sexually dimorphic and developmental evolution of expression of PNNs in the zebra finch brain might be
correlated to critical period plasticity. In order to confirm or disprove these hypothetical presumptions a
causal relationship between behavioral changes i.e. song output, and localized reorganization of the
extracellular matrix needs to be established. Interestingly, in theory, it might be possible to track the
formation of PNNs with in vivo imaging tools sensitive to microstructural rearrangements e.g. DTI.
Moreover, changing myelin contents and GABA levels can also be measured, making critical period

plasticity highly fascinating to address with in vivo MRI.
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3.1.2.Adulthood

Yin and Yuang review the existence of a balance between Hebbian and homeostatic plasticity in adult life

(Yin and Yuan 2015). Hebbian plasticity challenges existing functional and structural networks aimed at a
constant refinement of current abilities and the corresponding neural substrate. Homeostatic plasticity, on
the other hand, tries to maintain neuronal homeostasis and previously established connectivity by
constraining network activity within physiological ranges. Several mechanisms in control of maintaining
the balance between flexibility and stability of the brain have been identified (for review (Yin and Yuan
2015)), however, the tightly regulated interaction between these factors, the resulting large-scale effects on
brain function and structure, and the corresponding behavior remain obscure. Insights into this matter might
be obtained from studies assessing the biological base of memory acquisition and retention, and recovery
from trauma in adulthood. In addition, also the visual system has proven to be an interesting model in the
context of studying adult neuroplasticity (Wandell and Smirnakis 2009).

12



3.1.2.1. Learn and retain memory in adulthood

‘Cells that fire together, wire together’. Donald Hebb was one of the first neuroscientists describing what
we today refer to as the result of Long-Term Potentiation (LTP) (Hebb 1949, Bliss and Lgmo 1973), often
defined as the physiological basis or ‘cellular consolidation” of memory (LYNCH 2004, Mednick, Cai et
al. 2011). LTP is a very clear example of experience-dependent plasticity since it mediates the
reconfiguration of intrinsic homeostatic properties of individual neurons by sensitizing synapses, but also
triggers large-scale network-wide adaptations based on environmental input. Indeed recently, parallel
electrophysiological and fMRI recordings have targeted the acute effects of (artificial) induction of LTP on
long-range global functional connectivity in adult rats (Canals, Beyerlein et al. 2009). This study was the
first to reliably detect the rapid effects of LTP by fMRI, a technique that allows investigating widespread
activation patterns of entire networks using a whole-brain approach. Remarkably, comparing BOLD
activation maps while stimulating the perforant path between rats before (control) and after (potentiated)
induction of LTP, they noted a significant enlargement of the activated network recruiting more distantly
connected brain areas. In the potentiated condition, the cluster displaying voxels activated by stimulation
encompassed the entire hippocampal formation i.e. hippocampus proper, subiculum and entorhinal cortex,
also extending to the hippocampus of the contralateral hemisphere and involving extrahippocampal brain
areas such as the perirhinal cortex, prefrontal cortex, nucleus accumbens and the anterior olfactory nucleus
(ipsilateral hemisphere) (Canals, Beyerlein et al. 2009). Especially the latter observations uncovered an
entire network of increased functional recruitment possibly reflecting intensified functional connectivity,
extending beyond previously established areas of involvement known from electrophysiology and
molecular studies. A follow up study revealed the effects of different stimulation paradigms and, using high-
resolution functional imaging, they were able to specify the specific sub-locations of LTP-mediated effects
in the hippocampus (Alvarez-Salvado, Pallares et al. 2014) (Fig 1).

In addition to the functional repercussions of induction of LTP, also the local biochemical environment is
affected. For example, LTP results in a modulation of pre- and post-synaptic strength mediated through
neurotransmitters such as glutamate, and their receptors e.g. NMDA-receptors. Moreover, a study in rats
showed that LTP-like plasticity can only be successfully elicited after decreasing GABA levels in the motor
cortex (Trepel and Racine 2000). In theory, since both GABA and glutamate can be detected by in vivo
spectroscopy, MRS might be able to detect LTP-mediated plasticity directly if it includes a sufficiently large

brain area (partial volume effect).
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Figure 1: LTP elicits enhanced bilateral coupling detected by fMRI. (a) temporal evolution of the BOLD signal in the ipsi- and
contralateral dorsal hippocampus before (black) and 3 h after induction of LTP (red). (b) Statistical maps indicating voxels activated
upon electrical stimulation pre (i) and post (ii) LTP induction (n=4, p<0.001). Statistical map indicating the difference in activation
when comparing fMRI maps before and after induction of LTP (p<0.01). Only the hippocampus is included in the analysis. (c)
Three-dimensional reconstruction of the hippocampus and its relative position in the rat brain. (d) Group and (e) individual statistical
maps indicating the cross-correlations of the BOLD-time courses before (i) and 3 h after (ii) induction of LTP. (f) Maps indicating
significantly correlated voxels pre (i) and post (ii) induction of LTP. The color code of the statistical significance and correlation
coefficients can be found on the right. (g) Schematic legend of the hippocampal territories on a grey-scaled cross-correlation map.
Reprinted from (Alvarez-Salvado, Pallares et al. 2014) with permission from The Philosophical Transactions of Royal Society of
London, Series B Biological Sciences.

Associative learning and conditioning

Besides tracing BOLD changes in response to LTP, fMRI has also been used intensively to visualize brain
activation patterns over the course of associative learning e.g. to expose the neural substrate tuned by eye-
blink conditioning in rabbits (Miller, Chen et al. 2003). The advantage of fMRI in this context is that it
allows to evaluate the spatial location and possible hemispheric lateralization, magnitude and time course
of BOLD activity across different stages. Evidence in favor of using small animals as a translational model
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to study mechanisms underlying associative learning is provided by a clinical study on human subjects
where fMRI data was acquired while performing an associative memory training (Small, Nava et al. 2001).
Interestingly, the observations could be replicated in mice (Kent, Hess et al. 2007). Moreover, by studying
CA3 NMDA receptor knock-out mice, Kent and colleagues could prove the involvement of NMDA
receptors in the CA3 subregion of the hippocampus by showing an experience-dependent shift in
hippocampal activity instigated by the learning task (Kent, Hess et al. 2007).

In addition to functional imaging, biochemical profiling has been used to study neuroplastic adaptations
resulting from a learning task. Zhou and coworkers (2012) explored the use of MRS to assess acute and
early effects of fear conditioning —model for post-traumatic stress disorder— on the brains of adult C57BL/6
mice. They reported a reduction in NAA, 1 day post conditioning in the hippocampus which persisted but
slightly regressed throughout the first week post fear training. In addition, choline levels were lower the first
day post conditioning, but this did not persist towards the 7 days’ time point. In the cingulate cortex, only
an acute reduction in NAA could be detected which did not last until one week post conditioning (Zhou,
Ding et al. 2012).

Motor and Spatial learning

Probably the most extensively investigated subtype of learning and memorization can be found in motor
and spatial learning. In contrast to most conditioning paradigms, motor and spatial learning are more
difficult to assess by fMRI given the need for appropriate stimulation, the physical limitations of performing
(complex) motor tasks in the MR scanner and the necessity to sedate animals during data acquisition (except
for awake imaging after habituation training). Consequently, the impact of motor and/or spatial learning on
microstructural remodeling of the brain has been studied extensively in both humans and animals (Imfeld,
Oechslin et al. 2009, Blumenfeld-Katzir, Pasternak et al. 2011, Sagi, Tavor et al. 2012, Hofstetter, Tavor et
al. 2013, Sampaio-Baptista, Scholz et al. 2014), for review (Dayan and Cohen 2011, Thomas and Baker
2013). In most cases, significant differences were found a few days or weeks after the motor training or
learning paradigms had been completed. Indeed, most structural phenomena such as neurogenesis and
network rearrangement are expected to be realized or at least detectable in the longer term. Sagi et al. (2012),
however, succeeded in detecting acute experience-dependent microstructural remodeling of the
hippocampus following spatial navigational learning (Sagi, Tavor et al. 2012). Fascinatingly, they observed
significant microstructural changes reflected in altered mean diffusion (MD) values in human brains after
only 2 hours of playing a virtual car race game and confirmed these observations in a rat study. Additional
histological analyses of the hippocampal tissue of the rat brains displayed an upregulated synaptophysin

immunoreactivity which is indicative of an increased number of synaptic vesicles, and revealed increased
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levels of BDNF. Since BDNF is commonly regarded as a marker for LTP (Lu, Nagappan et al. 2014), the
authors hypothesized that changes in MD might be indicative of the neural substrate where LTP was
triggered by the learning task. This was previously already proposed by (Blumenfeld-Katzir, Pasternak et
al. 2011) in a similar experimental setting, however, only combined MRI and electrophysiological measures
can prove or disprove this statement (Alvarez-Salvado, Pallares et al. 2014). BDNF and synaptic vesicles
are expected to be responsible for only a minor contribution of the observed MD changes. The authors also
found an increased GFAP immunoreactivity which suggests the active involvement of astrocytes. This
might concern cell swelling and remodeling of glial processes that result in a change of volume of the intra-
versus extracellular compartment. In addition, synaptogenesis, morphometric adaptations of axons,
dendrites and glial processes, and alterations in cell body size are likely to take part of the biological
correlate of the DTI parameter readout. Importantly, the magnitude of change in MD in the right
parahippocampal tissue could be correlated to behavioral performance i.e. task improvement is directly
related to the change in tissue microarchitecture. Therefore, it leaves no surprise that intensive long-term
training results in significant volume changes in these brain areas as previously observed by (Draganski,
Gaser et al. 2004) and (Lerch, Yiu et al. 2011) in humans and rodents respectively. A related example
investigating neuroplastic changes along the course of a single-food pellet reaching training in adult rats
using ex vivo DTI, revealed differences in FA and MD in several white matter fiber-containing structures
i.e. the cingulum, external capsule and parts of the corpus callosum in the hemisphere contralateral to the
trained paw. The imaging findings were confirmed by post mortem histology testing for myelin. This paper
was one of the first studies focusing on experience-dependent changes in white matter tracts instead of
detecting alterations to volumes or microstructural reorganizations upon the acquisition of a particular motor
task (Sampaio-Baptista, Khrapitchev et al. 2013). Another study aimed at finding rapid microstructural
adaptations in response to a learning task was performed by the group of Wu (2013). Using voxel-based
statistics, they found altered FA in the hippocampus, amygdala and cingulum as early as 1 hour and 1 day
after fear conditioning (Ding, Li et al. 2013). These brain areas are known to be involved in processing of
fearful experiences. Similar findings have been published in humans suffering post-traumatic stress disorder
(Van Boven, Harrington et al. 2009).

Also the acquisition of more advanced motor learning tasks has been examined thoroughly by in vivo
imaging. Quallo and coworkers (2009) found that macaque monkeys displayed volume alterations in the
superior temporal sulcus, the second somatosensory sulcus, intraparietal sulcus and lobule 5 of the cerebellar
hemisphere (bilaterally) after learning to retrieve food rewards using a rake. Moreover, motor performance
could be correlated to the extent of change observed on MRI in individual monkeys and the effects were

more pronounced in the right hemisphere compared to the left (Quallo, Price et al. 2009). A similar study
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was performed by Hihara et al. (2006) and described results of a tract tracing light microscopy analysis on
the brains of adult monkeys after 3 weeks of tool-use training to retrieve food placed out of reach. Using
anterograde tracers, they found differential connectivity originating from the temporo-parietal junction
projecting to the intraparietal junction in trained monkeys compared to untrained controls i.e. trained
monkeys displayed a robust projection connecting both brain areas, whereas controls only showed a very
weak connection. This observation involved the same brain areas as detected by in vivo voxel-based
morphometry, suggesting that the tool-use training gave rise to strengthening of this sparse but existing
pathway (Hihara, Notoya et al. 2006).

3.1.2.2. The inverse relationship between age and recovery from functional loss
The brains’ ability to overcome injury is highest in childhood and adolescence but is not completely
abolished towards adulthood (Nahmani and Turrigiano). Interesting in this context is the involvement of
experience to promote rehabilitation e.g. daily music listening to improve functional outcome after stroke
(Hannan 2014, Sarkamo, Ripollés et al. 2014).

A remarkable feature characteristic to specific cases of brain or peripheral nervous system trauma can be
found in paradoxical functional facilitation (PFF) when direct or indirect neural damage may result in the
reinforcement of particular behavioral functions (Kapur 1996). In general two main subtypes of PFF can be
discerned i.e. (i) restorative PFF, where after damage to an intact brain area improved or even normalized
performance of a previously abnormal level of functioning can be found e.g. the Sprague effect (Sprague
1966), and (ii) cross-modal plasticity i.e. a coping mechanism of the brain where cortical circuitries
previously encoding a particular skill or ability are re-assigned to process a new function after loss of the
original one e.g. after peripheral deafferentiation or congenital blindness (Bavelier and Hirshorn 2010,
Urbanski, Coubard et al. 2014). Cross-modal plasticity has been thoroughly examined in blind subjects,
where the onset of blindness i.e. congenital, early or old age, strongly predicts the behavioral outcome (for
review (Lazzouni and Lepore 2014, Urbanski, Coubard et al. 2014)). Indeed, VVoss (2013) discusses the
existence of sensitive windows (similar to critical periods) during which compensatory changes might exert
the largest effects, specifically focusing on insights obtained from investigations of impairments to the visual
system (Voss 2013). Complementary to this review, Nahmani and Turrigiano, (2014) comprehensively list
the similarities and dissimilarities in plasticity-related mechanisms in recovery from acute cortical trauma
or ischemia in adulthood compared to neuroplasticity triggered by deprivation in early development. The
authors explain that disinhibition is one of the primary mediators to release the brakes on cortical excitability
and thus functional and structural plasticity, both in early as well as later life. They conclude that the capacity
of the brain to ‘functionally rewire’ is indeed strongly reliant on the maturational stage of the organism, and
—in order to achieve a full understanding of the underlying neuroplastic mechanisms— combined multi-level
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assessments investigating both localized circuitry rewiring, expression of plasticity-related factors and
behavioral tests assessing functional recovery need to be conducted. Especially since behavioral
performance is the only reliable indicator of the functional success of the underlying neuroplastic adaptation
(Nahmani and Turrigiano 2014).

Functional imaging techniques provide great advantage in evaluating the functional reallocation of cortical
areas and cortical responsiveness to peripheral sensorimotor and/or cognitive stimulation. Indeed, Endo et
al. (2007) showed a biphasic modulation of the BOLD response when comparing the acute versus long-term
effects of complete thoracic spine transection in rats. The brain area activated upon stimulation partly
invaded the adjacent sensory-deprived hind limb cortical territory (Fig 2). Moreover, the biphasic evolution
of the fMRI response to forelimb stimulation was echoed by enhanced gene expression of BDNF, NgR and
LINGO-1, generally considered as neuroplasticity markers. When comparing their findings to previous
reports, the authors concluded that the extent of cortical reorganization strongly depends on the type and
severity of spinal cord injury (Endo, Spenger et al. 2007). However, since only adult animals were
considered in this context, no assumptions on possible age-dependency could be made. In addition, fMRI
upon visual stimulation has been used frequently to investigate population receptive field topographic maps
both in humans (Papanikolaou, Keliris et al. 2014) and animals (Shao, Keliris et al. 2013). Several other
experimental models displaying cross-modal plasticity have been investigated using fMRI and resting state
fMRI (rsfMRI; Table 1) (Pelled, Chuang et al. 2007, Pawela, Biswal et al. 2010, Yu, Wang et al. 2010, Li,
Hettinger et al. 2013) or DTI to shed light on alterations in structural connectivity e.g. (Ramu, Herrera et al.
2008, Wrigley, Gustin et al. 2009). In addition, MEMRI is also an interesting tool to inspect cortical
projection areas. Furthermore, the effects of stroke on the functional reorganization of the brain have been
explored extensively (Dijkhuizen, van der Marel et al. 2012). Besides functional and structural imaging, the
biochemical profile of cross-modal coping mechanisms following blindness have been researched
exhaustively with MRS in both humans (Weaver, Richards et al. 2013, Kupers and Ptito 2014) and animals
(Chan, Cheung et al. 2010).
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Figure 2: Temporal evolution of the fMRI activation of the primary sensory cortex upon contralateral forelimb stimulation after
(complete) spinal cord transection. A: Cluster activated in control rats. B-E: Functional activation in injured animals at 3 days (B),
1-2 weeks (C), 1-2 months (D) and 3-6 months (E) post transection. The crosshair indicates exactly the same anatomical position
in all panels. Interestingly, besides the 1-2 weeks post injury time point, all fMRI activation maps extend more caudal and medial
compared to the control group. (F) Coronal slice illustrating the statistical map 3 days after spine transection overlaid on the Paxinos
and Watson atlas indicating a medial but not lateral extension of the activated cluster. (HL: hind limb territory of primary
somatosensory cortex; FL: forelimb territory) (G) Cluster volume and BOLD signal change (%) of activation in the primary
somatosensory cortex at different time-points post transection and in healthy controls (n = 12 rats per group). Data are represented
as mean = SEM, * p < 0.05; ** p < 0.01; *** p < 0.001; NS: non-significant. Reprinted from (Endo, Spenger et al. 2007) with
permission from Oxford University Press Journals.

The adaptive response of the brain to injury or trauma can be beneficial so that functionality can be (almost
fully) regained, unfortunately however, in some cases neuroplasticity is maladaptive in that it triggers
pathogenesis (for review we refer to the special issue of Neuroscience December 26, 2014 ‘Compensation
Following Injury to the Adult Brain: Always for Good?’). Also in this field of research, MRI has proven to

be a valuable non-invasive probe to trace the physiological fingerprint of pathology. A very well-known
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example in this context can be found in (acquired) epilepsy. Grohn et al. (2011) reviews the use of combined
MR measures to set up the pathological profile of disease ontogenesis and progression of epilepsy (Grohn,
Sierra et al. 2011). For example, MEMRI hyperintensities in the early stages after induction of status
epilepticus have been correlated to mossy fiber sprouting in the dentate gyrus of the hippocampus
(Nairismégi, Pitk&nen et al. 2006), DTI revealed sites of axonal reorganization and myelin damage
(Laitinen, Sierra et al. 2010) where voxel-based processing of DTI datasets unveiled novel loci implicated
in the pathogenic process (Sierra, Laitinen et al. 2011), Arterial Spin Labeling (ASL) identified sites of
hypo/hyperperfusion (Choy, Cheung et al. 2010, Choy, Wells et al. 2010), intravascular contrast agents shed
light onto alterations in the vascular architecture (Hayward, Ndode-Ekane et al. 2010) etc. Gréhn explains
that in vivo MRI has great potential in becoming a crucial tool for personalized medicine given its ability to
infer disease ontogenesis and progression, which is of vital importance to evaluate individual rehabilitation

programs and find novel targets for treatment (Grohn, Sierra et al. 2011).

3.2. Hormones are powerful modulators of brain structure and function
Hormones and brain plasticity are bidirectionally linked (Institute 2009). Mounting evidence can be found
in favor of this statement. To name a few: (i) Hormones are indispensable during normal brain development
and partly drive sexual differentiation. (ii) Neuroplasticity is dramatically down-regulated during
adolescence towards adulthood, a period in life characterized by major fluctuations in hormonal
homeostasis. (iii) Changing hormone levels during the menstrual cycle have been correlated to rapid
structural (Pletzer, Kronbichler et al. 2010, Hagemann, Ugur et al. 2011) and functional (Arelin, Mueller et
al. 2015) neuroplastic adaptations (for review (Barth, Villringer et al. 2015)). (iv) Animal studies have
revealed the protective effect of estrogens on age-associated cognitive decline related to neurodegeneration
(Daniel 2013, Lan, Zhao et al. 2015). (v) The entire CNS is copiously sprinkled with hormone receptors and

enzymes converting inactive pre-hormone molecules into their active counterpart, and vice versa.

Besides its well-known effects on behavior, previous research on animals revealed sex hormone-mediated
changes in gliagenesis, vasculature, neurogenesis and synaptic remodeling (Woolley and McEwen 1992,
Yankova, Hart et al. 2001). Some of them occur very rapidly e.g. a 32% decrease in synaptic density of
hippocampal neurons 24 h after the onset of estrus in rats (Woolley and McEwen 1992), for a more recent
review by the same lab we refer to (Woolley 2007). Interestingly, voxel-based morphometry has been
applied to explore the effects of hormones on the brains of menopausal women (Boccardi, Ghidoni et al.
2006, Wnuk, Korol et al. 2012) or the effect of the menstrual cycle on hippocampal morphology

(Protopopescu, Butler et al. 2008). In addition, also the effects of altered testosterone (Hofer, Lanzenberger
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et al. 2013) and thyroid (Cooke, Mullally et al. 2013) levels on the brain have been studied by in vivo

imaging.

Not only mammals, but also songbirds have proven to be an extremely valuable model to study the effects
of (sex) hormone treatments on structural brain anatomy and higher cognitive functioning e.g. song-related
contextual processing, both acutely and in the longer term, in ontogeny as well as more advanced life stages
(Bottjer and Johnson 1997). Songbirds are the living proof that the environment, hormonal status and
behavior can have a huge impact on the overall organization of the brain, both in terms of function and
structure. Vocal communication —in this case birdsong— is a complex communicative tool, acquired by
learning, shared by only a few species, conveys meaning and is subject to interpretation by the audience
(Petkov and Jarvis 2012). Each year again seasonal songbirds go through a de- and recrudescence of the
gonads together with a remarkable reorganization of the song control system in the brain i.e. the volume
and interconnectivity between distinct song control system components dramatically increases in
anticipation of the breeding season, preparing birds to sing. Interestingly, this photoperiod-driven change in
hormone levels directly affects overall anatomy including the brain, but also drives singing behavior
(Tramontin and Brenowitz 2000) and affects auditory perception of song (De Groof, Poirier et al. 2013). In
addition, most seasonal species are capable of adapting and extending their song repertoire on a yearly basis.
These specific properties make songbirds an extremely attractive model to gain understanding of the effects
of experience-dependent or activity-induced plasticity, possibly related to hormonal status, on a higher
cognitive skill. So far, most studies mainly used invasive readouts such as histology and immediate early
gene assays (Mello, Velho et al. 2004, Thompson 2011, Clayton 2013) and only sparsely made use of in
vivo imaging. For example, DT1 and MEMRI to assess volume sizes of and structural connectivity between
brain areas over different seasons in canaries (Van Meir, Pavlova et al. 2006) and starling (De Groof and
Van der Linden 2010) or upon hormone-treatment (Van Meir, Verhoye et al. 2004), and auditory fMRI to
reveal seasonally changing activation patterns and right hemispheric dominance in processing songs with
distinct social relevance (De Groof, Poirier et al. 2013). Another study by the same group showed that also
rsfMRI can be used to detect hemispheric lateralization in songbirds and pigeons (Jonckers, Ginturkiin et
al. 2015). Figure 3 nicely illustrates how DTl and MEMRI can be used to investigate neuroplasticity in a

seasonal setting.
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Figure 3: MEMRI and DT to explore song control system plasticity in a seasonal songbird. (A) Simplified schematic overview
of the song control system in songbirds. (B) Sagittal sections in which both the MnClz injection site (HVC indicated by *) and the
downstream nuclei (RA and Area X) can be found. The right panels provide a 3-dimensions view of the volume difference picked
up by MEMRI when comparing spring to summer. (C) Changes in signal intensity at 2, 3, 4, 5, 6 and 7 hours post MnCl: injection
in the brain of a female starling. Over time a hyperintense signal can be colocalized with Area X and RA (not shown). (D) Top
image shows a sagittal section through the starling brain atlas (De Groof, George et al. 2015) in which the song control nuclei are
visible. The region of the insert in shown underneath were seasonal changes in the connectivity of the telencephalic vocal motor
circuit are observed using DTI. The upper row presents sagittal FA maps (right is caudal) of the same subject in different seasons.
The arrowhead shows the HVC-to-RA connection. The second row of images presents fiber-tracking with RA as the seed point.
The inserts show the individual diffusion tensors of the OM tract. Notice that they are broader in Summer than in Spring indicating
a potential change in myelination. Reprinted from (Van Meir, Pavlova et al. 2006) and (Van der Linden, Verhoye et al. 2002) with
permission from Elsevier and from (De Groof, Verhoye et al. 2008) with permission from John Wiley and sons.

3.3. Physical activity and environmental complexity promote neuroplasticity
The intricate balance between Hebbian and homeostatic plasticity can be easily disrupted by activity or
experience. Indeed, substantial clinical evidence illustrates the flexibility of the adult brain upon physical
or cognitive challenges, or —by combining both— the enhancement of cognitive functioning upon physical
exercise (Hotting and Roder 2013). This not only relates to healthy subjects, patients suffering stroke or
other neurotrauma and specific neurodegenerative disorders benefit significantly from physical workout and
active participation to cognitive tasks (Ahlskog, Geda et al. 2011). Also in animal studies, the link between
physical exercise and performance in spatial learning and memory tests has been demonstrated extensively
both in health and disease (Johansson 2004) and has shown great resemblance in mechanistic pathways
between animal and human plasticity (Voss, Vivar et al. 2013). A popular model used to mimic increased

physical and cognitive challenges in a research environment is found in housing animals in an enriched
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environment i.e. accommodate animals in large cages equipped with species-specific needs such as running
wheels, labyrinths etc. of which the composition and arrangement within the cage is changed regularly
(Baumans 2005). Environmental enrichment promotes physical workout, provides more complexity as
animals might need to overcome specific challenges to forage food or find its way back through the obstacles
and encourages social interaction. Berardi and coworkers (2015) nicely review how environmental
enrichment affects molecular plasticity-related (epi)genetic modulators, based on research dedicated mainly
to the visual system (Berardi, Sale et al. 2015).

3.3.1.Beyond critical periods: activity and experience are still able to shape the adult brain to a
certain extent

In healthy animals, environmental enrichment and complex training paradigms have often been related to
improved learning, memory and overall cognitive performance (van Praag, Kempermann et al. 2000,
Nithianantharajah and Hannan 2006, Simpson and Kelly 2011). Interestingly, Sholz and colleagues (2015)
used Manganese-enhanced MRI —to improve anatomical contrast—to inspect macrostructural brain plasticity
upon housing adult mice in an enriched environment. Previous studies reported that after around three weeks
of enrichment neuroplastic adaptations are established and can be observed (van Praag, Kempermann et al.
2000, Nithianantharajah and Hannan 2006). Therefore, Scholz acquired manganese-enhanced anatomical
datasets before, after three weeks of enriched housing conditions and after 4 weeks of enrichment combined
with one week of Barnes maze training (to test spatial learning and memory). In addition, to evaluate
whether a change of environment evokes acutely detectable brain changes, they performed high-resolution
ex vivo measurements of mouse brains which experienced 24h of enrichment (without application of
MnCl,). Using deformation-based morphometry, they found volumetric changes in the hippocampal
formation and sensorimotor cortices after three weeks of enrichment and could observe a similar —but not
significant— trend in the acute phase. The volumetric differences found in this study clearly show the
malleability of the brain to experiencing a more complex and stimulating environment. The involvement of
the hippocampus in learning and memory associated with navigation, exploration and locomotion, is in line
with another study where Morris Water Maze training revealed differences in apparent diffusion coefficient
of the hippocampus (Blumenfeld-Katzir, Pasternak et al. 2011). When relating housing conditions to
performance in the Barnes maze, Scholz et al. confirmed that mice housed in a more stimulating
environment learned the location of the escape box faster, but no differences in memory (during the probe
trial) could be detected between the stimulated and control group (Scholz, Allemang-Grand et al. 2015).
Connected to this study, the same research group used high-resolution ex vivo 3-dimensional datasets and
deformation-based morphometry to evaluate rapid structural modifications evoked by different maze
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learning procedures each mimicking a specific type of learning (Lerch, Yiu et al. 2011), and by rotarod
training (Scholz, Niibori et al. 2015).

Biedermann and colleagues (2012) used high-resolution T,-weighted datasets to inspect local volumetric
alterations combined with MRS spectra including information on GABA and glutamate levels. Interestingly,
they observed an inverse relationship between hippocampal volume (increase upon voluntary wheel
running) and glutamate concentration (decrease) pointing towards the active involvement of glutamatergic
system in aerobic exercise-induced neuroplasticity (Biedermann, Fuss et al. 2012) (Fig 4). This training-
induced alteration in metabolic profile was also found in a previous study in humans where they detected
acutely increased GIx (combined glutamate and glutamine signal) in the visual cortex after 10 min of
vigorous exercise (Maddock, Casazza et al. 2011). Other studies in humans used MRS to deduce metabolic
changes resulting from endurance-training in middle-aged subjects (Gonzales, Tarumi et al. 2013), fast
GABA level alterations were observed in the sensorimotor cortex due to motor-learning (Floyer-Lea,
Wylezinska et al. 2006) and increased NAA (relative to creatine and choline) levels in the left posterior

hippocampus related to rote learning (Roche, Mullally et al. 2009), etc.
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Figure 4: Results of voxel-based morphometric analysis comparing exercising and sedentary mice, and correlation of morphometric
results to Glutamate levels as detected by MRS obtained from the right hippocampus. (A-B) Statistical map indicating clusters
where increased grey matter was found co-localized with the left and right hippocampus (p < 0.001 uncorrected, 200 voxel cluster
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size). (C) Cluster in the hippocampus which are significantly negatively correlated with Glu levels. The color-bars show the T-
values of the statistical tests. (D) Glutamate levels represented in function of mean volume change in both sedentary and running
mice. Reprinted from (Biedermann, Fuss et al. 2012) with permission from Elsevier.

3.3.2.Activity-induced neuroplasticity to slow down disease progression or facilitate recovery
The beneficial effects of environmental enrichment on neurodegenerative disorders has been described in
Huntington’s’ (van Dellen, Blakemore et al. 2000, Lazic, Grote et al. 2006), Parkinson’s’ (Faherty, Raviie
Shepherd et al. 2005), Alzheimer’s’ (Gortz, Lewejohann et al. 2008) disease etc. Nithianantharajah and
colleagues (2006) and Svensson et al. (2014) nicely review the effects of physical exercise on disease
progression, inflammation, behavior etc. in neurodegenerative disorders, concluding to what extent
preclinical research involving animal models can be translated to the human brain (Nithianantharajah and
Hannan 2006, Svensson, Lexell et al. 2014). A particularly interesting preclinical example can be found in
a (preliminary) study by Little et al. (2012). Based on rsfMRI measures, they found an increased functional
connectivity between CAL and cortical areas when housing transgenic mice in environmental enriched
conditions (Little, Foxely et al. 2012). These findings could be linked to previously established results
revealing increased hippocampal neurogenesis under similar experimental settings using a different
transgenic mouse model for Alzheimer pathology (Herring, Ambree et al. 2009). Furthermore, Golub and
coworkers (2011) showed that mice suffering post-traumatic stress disorder displayed a volume reduction
of the left hippocampus and right amygdala. When the same stressor was applied in mice housed in a more
stimulating environment, both a change in hippocampal volume and fear-related behavior could be
observed. The authors concluded that environmental enrichment counteracted the post-traumatic volume
loss of the hippocampus and led to a decrease in contextual fear and arousal compared to traumatized mice
kept in standard housing conditions. Interestingly, the timing of enrichment i.e. before, after or continuous
seemed to have similar effects on the behavior, however, enrichment after foot shock appeared to be more
effective in inhibiting hippocampal, but not amygdaloid, volume loss. In order to gain a more extensive
understanding of the mechanisms resulting in the structural findings, Golub and colleagues performed post
mortem ultramicroscopy to validate hippocampal volume changes, and Western Blotting tests to assess
GAP43 (Growth Associated Protein 43) expression levels in the hippocampus and cerebellum. GAP43 is
an axonal plasticity marker localized in the presynaptic terminal of axons and linked to neurite outgrowth.
They found a reduction in hippocampal GAP43 expression after experiencing a foot shock and an increase
in hippocampal GAP43 expression in mice housed in a stimulating environment greatly resembling the MRI
findings. Interestingly, up-and down-regulation of GAP43 expression points to a respective pruning and
strengthening of neuronal interconnectivity in response to traumatizing or complex stimulating experiences

and is very likely part of the biological mechanisms responsible for the observed volume differences (Golub,
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Kaltwasser et al. 2011). Likewise, Zhang (2014) and He (2014) found independently that treadmill pre-
training reduced cerebral edema in case of ischemic stroke. They hypothesized that it was probably partially
instigated by improved mitochondrial function (Zhang, He et al. 2014) and the down-regulation of aquaporin
4 (He, Wang et al. 2014). In addition, Jenks et al., (2013) reported improved spatial learning, memory
performance and sociability in a rat model displaying severe malformations in cortical development, when
the rat pups were raised in a maximally stimulating environment or allowed increased training time.
Interestingly, after environmental enrichment, both control and cortical malformation groups outperformed

the groups lacking a stimulating environment (Jenks, Lucas et al. 2013).

3.3.3.Role of the Vasculature
Aerobic exercise enhances blood flow. Consequently, the biological base responsible for the beneficial
effects of physical exercise on neuroplasticity and cognition might be partially found in its effects on the
vasculature. Indeed, Mariotti and coworkers (2014) tested the effect of forced mild physical training
(treadmill running) in 25 month old mice. The old mice underwent imaging sessions before and after training
during which multislice anatomical datasets, T, maps and contrast-enhanced relative Cerebral Blood
Volume (rCBV) scans were acquired to test for resp. volumetry, microstructural rearrangements and the
assessment of relative blood volume. They found a significant effect of training on rCBV in the old mice,
but no differences in cortical thickness measured at the hippocampus and motor cortex, nor in relaxation
properties reflecting water distribution, were detected. These observations suggest that mild aerobic exercise
can induce regionally specific changes in perfusion (similar to (Pereira, Huddleston et al. 2007)), without
causing edema or detectable volume changes in motor cortex and hippocampus. Interestingly, when
testosterone was administered weekly during the entire motor training period, no additional differences were
observed compared to the training group (Mariotti, Fattoretti et al. 2014). This finding excluded the
additional effect of exogenous testosterone on activity-induced increases in cerebral perfusion as was first
hypothesized. Likewise, a study in rhesus monkeys revealed an inverse relation between CBV and age and
a positive correlation between CBV and memory performance in a delayed nonmatching-to-sample task.
Interestingly, both effects were strictly confined to the dentate gyrus of the hippocampus. This indicates that
non-neuronal factors that take part in neuroplasticity also behave differently in an age- and regionally
specific manner. To exclude biologically irrelevant observations due to age-related changes in biophysical
properties of the vasculature which might obscure the actual biological effect, and to account for the fact
that hemodynamic imaging only indirectly relates to brain function and metabolism, a parallel in situ
hybridization (ISH) experiment was performed in rats. Arc —immediately early gene that becomes
upregulated in neurons that participate to a specific behavior— RNA expression was evaluated in young,
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middle-aged and old rats after being briefly exposed to a novel environment (2 x 5 min). Interestingly, again
a correlation between the number of Arc-positive cells (activated upon experiencing novel environment)
and age could be observed exclusively in the dentate gyrus of the hippocampus. They concluded that the
dentate gyrus is most significantly affected by aging and might be partially responsible for cognitive
impairment related to advanced age (Small, Chawla et al. 2004). Based on these observations, Blau and
colleagues (2012) explored the presence of a link between age-related deficits in LTP and changes in
vasculature in healthy rats, assessing both blood flow and blood-brain barrier (BBB) permeability. Using a
combination of in vivo MRI techniques, histology and flow cytometry of hippocampal tissue, they found a
negative correlation between T relaxation time, activated microglia expressing CD11b and CD68 mRNA
and the ability to sustain LTP in the hippocampus, together with an age-related decrease in cerebral
perfusion and increased BBB permeability. They hypothesized that reduced cerebral blood flow (and thus
lowered tissue oxygenation) and impaired BBB permeability might destabilize local tissue homeostasis,
which in combination with deregulated microglia may be a crucial determinant in sustaining
neuroinflammatory activity affecting synaptic functioning and the resulting cognitive decline (Blau, Cowley
etal. 2012).

3.3.4.Role of Neurogenesis
Numerous studies revealed an up-regulation or increased survival of newly generated neurons in response
to physical exercise (van Praag, Christie et al. 1999, van Praag, Shubert et al. 2005), complex environmental
stimulation (Kempermann, Kuhn et al. 1997, Olson, Eadie et al. 2006), and after mastering an effortful
learning task such as eye-blink conditioning (Curlik, DiFeo et al. 2014), etc. Moreover, both in humans and
rodents it has been shown that hormones e.g. estrogen and progestin (McEwen, Alves et al. 1997, Luine,
Richards et al. 1998), promote neurogenesis and are linked to improved hippocampal-dependent learning
and cognitive performance. A review by Jessberger and Gage (2014) discusses research dedicated to adult
neurogenesis performed during the last few decades including the similarities and dissimilarities between
animal-based research and clinical investigation, current methods to assess neurogenesis in vivo in the adult
rodent and human brain, the interplay between neurogenesis and neuroplasticity, and the cellular and

molecular mechanisms in control of adult neurogenesis (Jessberger and Gage 2014).

In order to detect neurogenesis and especially the migration pattern of newly generated cells longitudinally
in the living brain, the use of different non-invasive imaging tools have been tested including
bioluminescence, PET and MRI-based methods such as MRI reporter genes and iron oxide particles (for

review: (Couillard-Despres, Vreys et al. 2011)). Most in vivo imaging tools label stem and/or progenitor
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cells derived from the subventricular zone and trace their travel along the rostral migration stream towards
the olfactory bulb. In contrast, neural progenitor cells originating from the dentate gyrus migrate only a very
short distance to the subgranular zone of the hippocampus. Unfortunately, this falls far beyond the accuracy
of in vivo MRI or PET (Coquery, Blesch et al. 2012).

Direct labelling of stem and/or progenitor cells cannot be applied in all experimental designs which
illustrates the need for indirect in vivo measures of neurogenesis. For example, Manganas et al. (2007)
suggested the 1.28 ppm peak to be a biomarker for neurogenesis (Manganas, Zhang et al. 2007). Follow up
studies, however, found that the spectroscopic signal (1.28 ppm peak) correlated more to the presence of
mobile lipids droplets within cells and apoptosis regardless of the cell type (Ramm, Couillard-Despres et al.
2009). Therefore, the 1.28 ppm peak might reflect neurogenic niches rather than echoing neurogenesis per
se (Couillard-Despres, Vreys et al. 2011). Pereira et al. (2007) showed a positive link between neurogenesis
and an increased cerebral blood volume (CBV) in the dentate gyrus of the hippocampus, the brain area most
prone to activity-induced neurogenesis, and confirmed this finding by post mortem histology staining for
BrdU (neurogenesis). Moreover they also found similar results in a parallel study on humans, where the
increased CBYV in the hippocampus could be correlated to both improved cardiopulmonary and cognitive
function (Pereira, Huddleston et al. 2007). Other post mortem investigations confirmed neurogenesis as
major factor underlying in vivo detected changes in grey matter volume in response to motor training
(Biedermann, Fuss et al. 2012). Interestingly, Fuss and colleagues performed in vivo volumetric imaging
and deduced the possible involvement of neurogenesis as underlying effect mediating hippocampal volume
increases upon physical exercise by the experimental design i.e. focal irradiation of the hippocampal
formation blocks neurogenesis. Irradiated mice failed to show hippocampal volume increases due to
physical exercise compared to non-irradiated control mice (Fuss, Biedermann et al. 2014). A different study
by the same group evaluated the effects of voluntary wheel running on adult mice with and without focal
irradiation of the hippocampus to interfere with local adult neurogenesis, and performed regressive analyses
between volumetric MRI measurements and histological investigations testing for neurogenesis,
proliferating and pyknotic cells, blood vessel density and arborization, glial cells, microglia, neuronal
activation. They found that irradiated mice that had access to the running wheel did not show any differences
in histological markers compared to the sedentary non-irradiated group. The sham-irradiated running group
displayed higher grey matter volume affecting the entire hippocampus compared to all other experimental
groups. Interestingly, by utilizing a regression model testing for a relationship between whole hippocampal
volume and the histological parameters, DCX-labeled newborn neurons correlated best and are most

plausibly underlying the activity-dependent hippocampal volume increase (Biedermann, Fuss et al. 2012).
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However, one should note that indirect measures lack specificity and can only be held partially responsible
for the underlying biology. For example, volumetric changes might be attributable by cell swelling and/or
infiltration of glia cells, both of which are often more likely to occur. The location and time course of these
changes can also be indicative of the observed changes e.g. cell swelling can take place acutely, whereas

neurogenesis and migration of newly generated cells can occupy days to weeks.

4. Conclusion

Using invasive methods, several mechanisms directing neuroplastic responses upon experience, training or
treatment are unmasked which led to the identification of general principles (excitation/inhibition balance
etc.), major factors (GABA, BDNF etc.) and genetic elements (Lynx-1, NogoR etc.). However, information
is still relatively fragmented and generalization between different systems is suggested but still not fully
proven. More in depth insights can only be realized by carefully designed animal experiments where in vivo
imaging can guide in-depth ex vivo methods such as histology and genetic testing to decipher the
involvement of and interaction between crucial mediators among different systems —ranging from basic
sensorimotor to higher cognitive skills—and different species. Numerous histological methods and localized
punching techniques combined with highly sensitive molecular assays allow to zoom in on the (epi-) genetic
background driving the observed changes in highly localized brain niches. This strategy allows the
establishment of cause-consequence relationships describing links between systems which might uncover

targets to ‘unlock the brain’ (Jon 2012).

Still, this will be a challenging quest since many internal and external factors are able to influence the
neuroplastic outcome. For example, the menstrual cycle affects the (micro-) structure of the brain, small
differences in early age significantly interfere with the outcome of specific behavioral tests etc. This all
stresses the need to carefully control the experimental conditions. Moreover, ample studies have illustrated
that timing is crucial. This not only relates to critical period plasticity in ontogeny, but also to the brain’s
adaptability following brain injury or to the effects of physical exercise on cognitive performance.
Understanding the temporal profile of neuroplastic changes along the acquisition of specific skills over
different training sessions or post trauma requires non-invasive translational imaging tools which allow to
dynamically map functional, structural and metabolical events in the same subject. Indeed, a few exemplary
studies have focused on the temporal progression of neuroplastic changes directly related to a specific
training or learning paradigm (Taubert, Draganski et al. 2010, Ma, Narayana et al. 2011, Taubert, Lohmann
et al. 2011, Hamzei, Glauche et al. 2012), for review (Taubert, Villringer et al. 2012). However, more

research is still highly necessary and will lead to fundamental insights into the dynamics of learning and
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memory, but will also shed light on how to predict motor outcome or improvements in behavioral
performance after a specific learning paradigm (Pugh, Frost et al. 2014, Sampaio-Baptista, Scholz et al.
2014) which is of crucial importance when e.g. choosing specific rehabilitation strategies after brain injury
(Choy, Cheung et al. 2010). Moreover, additional information on the behavioral outcome of this subject is
the only reliable measure to ‘quantify’ the success of rehabilitation programs or learning paradigms.
Fascinatingly, several imaging studies have been able to correlate the behavioral test scores to specific MRI
parameter readouts. These findings illustrate the power of in vivo imaging to effectively uncover the neural
substrate encoding specific skills responsible for specific behavioral functions. Many studies have already
shown the added value of MRI in neuroplasticity research, however, still many opportunities and
possibilities to investigate the brains’ response upon change using MRI remain relatively unexplored.
Combining several MRI contrasts might help in establishing a detailed profile of functional, structural and
biochemical alterations which leads to a more complete picture of the underlying biology responsible for a
specific behavioral readout. In addition, having this information, additional measures can be chosen more

judiciously.

To conclude, with this review we hope to convince you that (small animal) MRI enables a powerful top-
down imaging-guided research strategy in which a spatio-temporal profile of neuroplastic adaptations
related to specific behavioral events can be targeted with more localized invasive methods which will lead
to the disentanglement of the observed neuroplastic events up to the molecular level and will eventually

deepen our understanding of human brain function.
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