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Critical periods during sensory development
Nicoletta Berardi*, Tommaso Pizzorusso’ and Lamberto Maffeit

Recent studies have made progress in characterizing the
determinants of critical periods for experience-dependent
plasticity. They highlight the role of neurotrophins, NMDA
receptors and GABAergic inhibition. In particular, genetic
manipulation of a single molecule, brain-derived neurotrophic
factor (BDNF), has been shown to alter the timing of the
critical period of plasticity in mouse visual cortex, establishing a
causal relation between neurotrophin action, the development
of visual function, and the duration of the critical period.
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Abbreviations

CREB cyclic AMP response element binding protein
BDNF brain-derived neurotrophic factor
DR dark rearing

GABA y-aminobutyric acid

GAD glutamic acid decarboxylase

LTP long-term potentiation

MD monocular deprivation

NGF nerve growth factor

NMDA N-methyl-D-aspartate

NMDAR NMDA receptor
Introduction

Early in development, the existence, of critical periods
for experience-dependent plasticity has been clearly
demonstrated for the visual, auditory and somatosensory
systems. Critical periods also exist for many other func-
tions, including song in birds and language in
humans — in this latter case, plasticity may even reach
the extreme of allowing the interhemispheric transfer of
language areas, as seen in the case of left hemisphere
injury early in infancy [1=3]. Critical periods have been
found to exist in virtually all species, from humans to
Drosophila [4]. Here, we shall restrict ourselves mainly to
studies focusing on the development of visual and audi-
tory systems in mammals and birds.

Classical studies have shown that the effects of sensory
deprivation (such as monocular deprivation or monaural
plugging) and the effects of alterations in sensory input
(such as caused by strabismus, rearing in a restricted
auditory environment, or misalignment of the auditory
and visual space) are evident only when the manipula-
tion of the sensory input is made during the critical
period; similar deprivations and alterations in mature
animals have no effect. The duration of these critical
periods depends on the function tested and on the way

plasticity is evaluated, as for instance, critical periods
measured in terms of recovery from sensory deprivation
are longer than critical periods measured in terms of the
induction of sensory deprivation effects. In research on
the visual system, the most extensively studied critical
period is that for the effects of monocular deprivation
(MD) on the ocular dominance of cortical neurons, which
has been characterized in the monkey, cat, rat, mouse,
ferret and human [5,6,7°°,8-10] (Figure 1). In the audi-
tory system, the most extensively studied critical period
is that for the calibration of the auditory space map by
visual input [3,11]. Critical periods for sensory plasticity
resulting from increased sensory experience have also
occasionally been reported: in humans, musical training
in infancy leads to an expanded auditory cortical repre-
sentation [12°°], but only if practising began before the
age of 9 (Figure 2).

As shown in Figure 1, the critical period is a definite por-
tion of an animal’s life devoted to the shaping of neural
connections: the longer the life span, the longer the critical
period. A relation also exists between the critical period
and brain weight; if one assumes that brain weight is a
rough measure of brain complexity, it follows that the more
complex the brain, the longer the critical period. During
the critical period, sensory functions reach maturity: for
example, as shown in Figure 1b, the end of the critical
period for MD roughly coincides with the completion of
visual acuity development in a number of species. This
indicates that experience-dependent plasticity during the
critical period is closely interconnected with maturation of
sensory functions.

It should be noted that some aspects of cortical organiza-
tion are also modifiable, by experience, in the adult. This
is the case for the frequency map in the auditory cortex
[13] and the somatotopic map in the somatosensory cor-
tex [1,14]. The search for the mechanisms determining the
beginning and the end of critical periods has been pro-
gressing for some years. The possibility to exploit genetic
manipulations in the mouse has given fresh impetus to the
quest. In this review we shall highlight recent advances
which have brought this quest to the cellular and molecu-
lar levels, calling into play neurotrophins, inhibitory
circuitry and NMDA receptors.

Crossmodal plasticity following early sensory
deprivation

Only during early development can total deprivation in
one modality lead to compensatory changes in other
modalities; namely, to ‘crossmodal’ plasticity. For example,
it has recently been reported that early-blind human sub-
jects localize sound sources better than sighted subjects
[15°], particularly for peripheral locations [16°]. This
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Figure 1

(a) Life span and critical period. The graph
shows the relation between life span and (@)
critical period for monocular deprivation in
mammals. The duration of the critical period is
taken from references [5,6,7°*,8—10]. The
solid line is the linear correlation fitted to the
data (r=0.98; SD=0.14; P<0.001). ltis
evident that the longer the life span, the
longer the critical period. This indicates that a
definite portion of the life of an animal is
allocated to experience-dependent shaping of
neural connections. (b) Critical period and
sensory function development. The
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ability might be subserved by the expansion of auditory
inputs to ‘unused’ visual areas and the improvement of
auditory neuron spatial tuning, as observed in binocularly
deprived cats [17]. An expansion of tactile inputs to prima-
ry visual cortex has also been demonstrated in early-blind,
but not late-blind humans [18]. In addition, evidence for
an improvement of movement detection has been
obtained in congenitally deaf people, but only in the
peripheral visual field [19].

Experience-related control of critical periods

Experience is a strong determinant for the duration of crit-
ical periods: total lack of experience usually prolongs
critical periods and delays development of sensory func-
tions. The clearest examples of this come from studies

using dark rearing (DR), but evidence is also available from
studies in early-deaf children who have been fitted with
cochlear implants [13,20]; in addition, a lack of appropriate
tutorial experience seems to prolong the critical period for
the development of birdsong [2].

The issue of whether experience- and/or sensory-driven
electrical activity has instructive or permissive roles for
development during the critical period is much debated. It
is often difficult to disentangle these two roles, and there
are studies that suggest the occurrence of both. Even brief
periods of exposure to light during DR can trigger the
process of visual development; this would suggest a per-
missive role for sensory-driven activity. A permissive role
for visually driven activity is also suggested by a recent


Geert De Groof



140 Development
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Strength of cortical activation in response to piano tones as a function
of the age at which musical training began in musicians with absolute or
relative pitch. Functional magnetic source imaging (single dipole
moment) was used to measure the cortical representation of complex
harmonic sounds, such as piano tones, in highly skilled musicians.
Auditory evoked fields in response to piano tones were recorded above
the left hemisphere. The dipole moment indicates the total strength of
cortical activation (i.e. the number of neurons simultaneously active at
the time of the auditory evoked field component measured). The solid
line is the linear correlation fitted to the data of the combined groups of
musicians. The broken line denotes the mean dipole moment in control
subjects who had never played a musical instrument. These data
indicate that the younger the subjects were when they started playing
their instrument, the larger was their cortical reorganization in
recognition of piano tones. Enhanced cortical representation was seen
only in subjects who began practising before the age of 9 years
(reproduced from [12°*]). A similar correlation between enhanced
somatosensory representation of the fingering digits and practice
inception has been found in highly skilled string players [60].

experiment in binocularly deprived cats, where develop-
ment of cortical orientation columns and ocular dominance
maps is shown to proceed, initially, even in absence of
patterned visual inputs [21]. Instructive roles for sensory-
driven activity, on the other hand, are evident in several
experimental paradigms: first, in experiments where the
pattern of afferent electrical activity is artificially modified
[22]; second, where sensory inputs from one modality are
forcibly rerouted to cortical areas devoted to other modali-
ties [23]; and third, when rearing animals in particular
restricted visual environments [24°].

The finding that some aspects of cortical map development
are independent of experience does not imply that they are
independent of electrical activity. Spontaneous activity,
which has been shown to be present prenatally, can clearly
play an instructive role, as is the case for the development
of ocular dominance columns in the monkey [25].

Determinants of critical periods
We shall now examine some factors whose status as
determinants of critical periods has recently been

established, including NMDA receptors, neurotrophins,
and inhibitory circuitry.

NMDA receptors

The involvement of NMDA receptors (NMDARs) in devel-
opmental plasticity has been repeatedly suggested to take
place in the somatosensory cortex [26], the auditory cortex
(where new excitatory connections subserving auditory map
plasticity are exclusively mediated by NMDA) [27], and the
visual system (where block of NMDARS in the visual cortex
blocks MD effects) [28]. A difficulty with pharmacologically
blocking NMDARs in experiments on plasticity of the visu-
al system is that it significantly affects visually driven
activity. Recently, the use of different NMDAR antagonists
[29] or antisense oligonucleotides [30] in order to reduce the
expression of NMDARI1 has overcome this problem, show-
ing that it is possible to block the effects of MD on plasticity
without affecting visual responses.

Two interesting properties of NMDARs that make them
likely candidates to be molecular determinants of critical
periods are that the characteristics of NMDAR mediated
synaptic transmission are developmentally regulated, and
that their expression is modified by electrical activity
[31,32]. In particular, their subunit composition varies in
the visual cortex — from a dominant presence of recep-
tors containing the subunit 2B to a high presence of
receptors containing the subunit ZA — with a time course
that parallels that of the critical period; the expression of
2A also correlates with the progressive shortening of the
NMDA current [33,34]. DR delays the developmental
shortening of NMDA currents [35], suggesting that the
increase in 2A/2B ratio is related to visual cortical devel-
opment and possibly to the closure of the critical period.
It has now been shown that in dark-reared animals, 2A
expression is indeed lower than in light-reared animals;
interestingly, very brief visual experiences, which are suf-
ficient to trigger the process of development, also trigger
a rapid increase in the expression of NMDAR sub-
unit 2A [36°°]. In a very recent paper, the same group has
shown that a reduction of 2A expression occurs also if
animals are put in the dark at post-natal day 23 after a
period of normal light rearing [37].

NMDA function is thought to be crucial for mechanisms of
synaptic plasticity that follow Hebbian rules and rely on
NMDA-dependent modifications of synaptic efficacy. TP
and LI'D are such mechanisms, and both have been
described in the visual (and somatosensory) cortex during
their respective critical periods; no data are available for
the auditory system. T'he critical period for the induction
of LI'P in the somatosensory cortex closely matches the
developmental changes in NMDAR properties and the
critical period for sensory deprivation [38]. Causal relation-
ships, however, cannot be derived from such correlations,
and many examples of research in which LI'P inducibility
and MD-induced plasticity do not correlate are known to
exist [39,40].
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Figure 3
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Neurotrophins

Several observations suggest that neurotrophins play impor-
tant roles in the control of developmental plasticity; for
instance, exogenous supply of neurotrophins counteracts the
effects of MD and DR, and blocking their activity prevents
the formation of ocular dominance columns. They can mod-
ulate synaptic transmission and, like NMDARs, their
expression is developmentally regulated and dependent on
electrical activity [41°,42]. 'This reciprocal regulation
between neurotrophins and neural activity may provide a
means by which active neuronal connections are selectively

strengthened. Indeed, neurotrophins seem to require the
presence of electrical activity in order to exert their effects
[41°]. Particularly compelling evidence for this comes from
Caleo ¢z al. [43°], who have shown that nerve growth factor
(NGF) signalling via the TrkA receptor must be coupled
with afferent electrical activity to prevent the effects of MD.

In addition, there is clear evidence that neurotrophins con-
trol the duration of the critical period; in fact, they are the
first molecules for which a causal relation has been estab-
lished between their action and the duration of critical
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periods in mammals. The first evidence came from the
finding that block of endogenous NGF through the use of
antibodies prolongs the duration of the critical period — an
effect similar to that of dark rearing [44]. Very recently, in
an elegant study using transgenic mice that overexpress
BDNF in the forebrain, Huang ¢ /. [7°°] have found
accelerated visual development and early closure of the
critical period. This is accompanied by a precocious devel-
opment of inhibition, and by an early closure of synaptic
plasticity that is usually enabled by L'TP in the visual cor-
tex (Figure 3). These findings suggest that BDNF controls
the time course of the critical period by accelerating the
maturation of GABAergic inhibition.

To summarise, BDNF regulates GABAergic inhibitory
interneurons [45], potentiates GABA release [46°], and
mediates the activity-dependent regulation of synaptic
inhibition [47]. In addition to these actions, BDNF has
been repeatedly found to affect excitatory transmission;
also, modulation of NMDA responses by BDNF has
recently been suggested [48,49].

Inhibitory circuitry

Experience-dependent plasticity is not limited to excitato-
ry circuitry. In the tectum of young barn owls, the formation
of new auditory maps in response to visual input displace-
ment is accompanied by the development of selective
inhibitory inputs; these inputs are thought to block the

Figure 4

Development of selective inhibitory inputs is crucial for the plasticity of
functional auditory maps during the critical period in barn owls.

(a) Normal circuit subserving the connection of auditory and visual maps
in barn owls. In the external nucleus of the inferior colliculus (ICx),
neurons are sharply tuned for interaural differences in the timing of sound
(interaural time differences or ITDs); ITDs are used to compute the
left-right positioning of the sound source. The value of ITD to which ICx
neurons are tuned varies topographically across the ICx, which thus
contains a map of the auditory space according to the left-right
positioning of a sound source. Neurons in the ICx receive excitatory input
from neurons in the central nucleus of the inferior colliculus (ICc), which
is tonotopically organized for sound frequency, at conventional AMPA
receptors (A). A feed-forward GABAergic inhibition from these same
neurons is also present (G). ICx neurons send their main output to the
optic tectum, and activate neurons that are also driven by visual
stimulation from the same point in space as the sound source: in this
way, either the sight or the sound of a stimulus (such as prey) can
stimulate the owl to orient itself toward it. (b) Horizontally displacing
prisms (which displace the visual input to the left or to the right) mounted
in front of the owl's eyes change the relationship between auditory
spatial cues, such as ITDs, and their corresponding location in the visual
field; auditory and visual maps are thus no longer in register. In juvenile
owls reared with horizontal prism spectacles, a rearrangement occurs in
the auditory space map in the ICx such that it becomes consistent with
the visual map (i.e. adaptation). The shift in auditory space map involves
the formation of new excitatory inputs from ICc to ICx; these new neural
connections are mediated by NMDA receptors (N). The formation of
these new excitatory connections explains how neurons in the ICx
respond to stimulation corresponding to new positions in space

(e.g. new ITD values) under the instruction of visual input. However, the
old circuitry underlying the previous (unadapted) auditory map still exists.
In order to eliminate these old and now inappropriate responses, a
selective increase of GABAergic inhibition (G) occurs; this is activated
by the same auditory stimuli that activated the original excitatory
connections. This new inhibition (G) overcomes the excitatory signals
from the old connections, which are thus functionally inactivated (dashed
lines). In this way, the auditory and visual maps are once again in register,
and the sound of prey once again causes appropriate orienting of the
owl's gaze towards it. These findings clearly show that experience
adjusts both excitation and inhibition [50°°].

excitation from the old map while leaving the neural cir-
cuitry in place (Figure 4). This inhibitory input is therefore
crucial for the emergence of the new, appropriate
visuo—audio coordination [50°*]. Inhibitory connections
also explain why the capacity for plasticity in adult owls is
greater if they have experienced map rearrangement during
the critical period [51°]: when the prism spectacles
employed to displace the visual input in juvenile owls are
removed, it is the new map, now inappropriate, which is
overridden by inhibition. The presence of this ‘hidden’
auditory space map can be disclosed by a new prism spec-
tacles experience (equal to that experienced as juveniles)
even in adult owls, after the end of the critical period.

Two sets of experiments have addressed the role of the
intracortical inhibitory circuitry in visual cortical plasticity
during the critical period. The first shows that inhibitory
interactions are necessary for the manifestation of experi-
ence-dependent plasticity. In transgenic mice lacking the
65 kDa isoform of the GABA-synthesizing enzyme GAD
(GADG65), experience-dependent plasticity in response to
MD is deficient. Normal plasticity in these animals can be
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rescued if GABAergic transmission is enhanced in the
visual cortex by means of benzodiazepines [52°°].

The second set of experiments has a direct bearing on the
possible role of inhibition as a critical period determinant.
The development of inhibition lags behind that of excita-
tion. 'This developmental mismatch between inhibition
and excitation could provide a time window — a critical
period — during which the organization of cortical circuitry
can be particularly influenced by sensory experience. The
results obtained in mice with precocious BDNF expression
(Figure 3) point to this hypothesis: reducing the develop-
mental mismatch between inhibition and excitation (by
accelerating inhibition) results in an early closure of the
critical period for plasticity in response to MD.

Other factors

Other factors have recently been suggested to have a bear-
ing on critical periods. Intracortical blockade of tissue
plasminogen activator selectively prevents the recovery
from MD [53°]; this suggests that recovery of cortical func-
tion after a period of sensory deprivation is subserved by
molecular mechanisms that are distinct from those involved
in the induction of sensory deprivation effects. Two inter-
esting factors, cpg 15 (candidate plasticity gene 15), and class |
MHC (major histocompatibility complex), are currently
under investigation in the laboratory of Carla Shatz [54°]:
cpg 15 is expressed at high levels during postnatal cortical
development, and its pattern of expression correlates with
the timing of ocular dominance column formation; cpg 15
has also been shown to be regulated by activity. Class |
MHC has been suprisingly involved in activity-dependent
plasticity after its selection by differential display of
mRNAs extracted from prenatal lateral geniculate cells
after block of electrical activity. Class I MHC was found to
be present at very high levels in the LGN during the activ-
ity-dependent process of layer formation and its expression
is strictly regulated by electrical activity.

Furthermore, transcription factors such as CREB could
play an important role in developmental plasticity. A link
between CREB and the critical period is indicated by the
observation that CRE-dependent transcription is activated
in the visual cortex following brief monocular deprivation
and this induction is strongly downregulated after the end
of the critical period [56°].

Conclusions

It is becoming increasingly clear that critical periods result
from changes in the expression of molecules; however, the
identity of these putative molecular determinants is far from
being established. For most candidate molecules correla-
tive — but not causal — connections between expression of
that molecule and duration of the critical period have been
obtained. The first conclusion to be drawn from this survey
is that neurotrophins are the only factors for which a causal
link between expression of a single molecule and duration
of the critical period has been established.

A second important conclusion is that inhibition plays a cru-
cial role in the regulation of critical periods. Accelerating
the development of intracortical inhibition through muta-
tions that result in early expression of BDNF has been
shown to cause accelerated visual development and early
closure of the critical period. Itis conceivable that control of
the critical period involves the modulation of inhibitory cir-
cuits by other neurotrophins in addition to BDNFE

The third conclusion concerns the role of developmental
regulation of NMDARS in control of the critical period. New
evidence has reinforced the hypothesis that the switch in
expression from NMDARZB to NMDARZ2A subunits plays
a crucial role in critical period control. A causal link between
this switch and critical period closure, however, is still miss-
ing. The study of transgenic mice that express the juvenile
form of NMDARs into adulthood could make it possible to
test this hypothesis in the future [56].

Note added in proof

"Iwo papers have been published very recently [62,63]. The
first is concerned with the acute effects of neurotrophins.
BDNF has been found to excite isolated cortical, hip-
pocampal and cerebellar neurons in culture just as rapidly
as the neurotransmitter glutamate. The second is con-
cerned with the development of ocular dominance columns
in ferrets. Surprisingly, total removal of retinal influence
early in visual development did not prevent segregation of
geniculocortical axons into alternating stripes with period-
icity normal for ocular dominance columns.
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Synapse dynamics
Excitatory synapses at
spines exhibit several forms
of structurat plasticity
regulated by activity,
including changes In the size
of pre- and postsynaptic
complexes, and spine
disappearance and
appearance events,
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Structural plasticity upon learning:
regulation and functions

The contributions of brain networks to information
processing and learning and memory are classically
interpreted within the framework of Hebbian plasticity
and the notion that synaptic weights can be modified by
specific patterns of activity. However, accumulating evi-
dence over the past decade indicates that synaptic net-
works are also structurally plastic, and that connectivity
is remodelled throughout life, through mechanisms of
synapse formation, stabilization and elimination'. This
has led to the concept of structural plasticity, which can
encompass a variety of morphological changes that have
functional consequences. These include on the one hand
structural rearrangements at pre-existing synapses, and
on the other hand the formation or loss of synapses, of
neuronal processes that form synapses or of neurons.
In this Review we focus on plasticity that involves gains
and/or losses of synapses. Its key potential implication
for learning and memory is to physically alter circuit
connectivity, thus providing long-lasting memory traces
that can be recruited at subsequent retrieval. Detecting
this form of plasticity and relating it to its possible func-
tions poses unique challenges, which are in part due to
our still limited understanding of how structure relates
to function in the nervous system,

We review recent studies that relate the structural
plasticity of neuronal circuits to behavioural learning
and memory and discuss conceptual and mechanis-
tic advances, as well as future challenges. The studies
establish a number of strong links between specific
behavioural learning processes and the assembly and
loss of specific synapses. Further areas of substantial
progress include molecular and cellular mechanisms

Pico Caroni', Flavio Donato' and Dominique Muller?

Abstract| Recent studies have provided long-sought evidence that behavioural learning involves
specific synapse gain and elimination processes, which lead to memory traces that influence
behaviour. The connectivity rearrangements are preceded by enhanced synapse turnover, which
can be modulated through changes in inhibitory connectivity. Behaviourally related synapse
rearrangement events tend to co-occur spatially within short stretches of dendrites, and involve
signalling pathways partially overlapping with those controlling the functional plasticity of
synapses. The new findings suggest that a mechanistic understanding of learning and memory
processes will require monitoring ensembles of synapses in situ and the development of synaptic
network models that combine changes in synaptic function and connectivity.

that regulate synapse dynamics in response to alterations
in synaptic activity, the specific spatial distribution of
the synaptic changes among identified neurons and den-
drites and the relative roles of excitation and inhibition
in regulating structural plasticity.

The new findings provide exciting early vistas of how
learning and memory may be implemented at the level
of structural circuit plasticity. At the same time, they
highlight major gaps in our understanding of plastic-
ity regulation at the cellular, circuit and systems levels,
Accordingly, achieving a better mechanistic understand-
ing of learning and memory processes is likely to depend
on the development of more effective techniques and
models to investigate ensembles of identified synapses
longitudinally, both functionally and structurally.

Molecular mechanisms of synapse remodelling

A remarkable feature of excitatory and inhibitory syn-
apses is their high level of structural variability? and the
fact that their morphologies and stabilities change over
time?®. This phenomenon is regulated by activity, and the
size of spine heads correlates with synaptic strength*,
presynaptic properties® and the long-term stability of the
synapse®, The morphological characteristics of synapses
thus reveal important features of their function and sta-
bility. Most importantly, there is a continuity of regula-
tory processes relating synaptic activity to the strength,
shape and long-term retention of existing synapses.

Synapse restructuring, Early electron microscopy studies
provided the first evidence that the induction of synap-
tic plasticity could affect the size and shape of dendritic
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Figure 11 Molecular mechanisms regulating activity-mediated stabilization of

dendritic spines.

Induction of synaptic plasticity at individual synapses is associated

witha rapid enlargement of the spine head, an increase in synaptic efficacy and a switch

inthe stability of the

synapse that could make them persistent, Recent findings implicate

an important role of protein kinases (such as PKC (protein kinase Cy and CaMKXIi (calcium/

calmodulin proteink

inase II)) contributing to long-term potentiation (LTP) maintenance,

spine enlargement and in vivo spine stability (for PKC). In addition, local protein synthesis
(for example of BONF (brain-derived neurotrophic factor), TRKB {tyrosine kinase B},
MAPK (mitogen~activated protein kinase), Pi3K, {phosphoinositide 3-kinase), PTEN
(phosphatase and tensin homologue), AKT, TSC1 (tuberous sclerosis 1), TSC2, mTOR

(mammalian target o
cont

f rapamycin) and FMRP (fragile X mental retardation protein))

ributesto LTP maintenance, spine enlargement and spine stability. Proteins

'mplicatEd in the requlation of the actin cytoskeleton (such as DISC1 (disrupted in

! Chizophfen‘a 1), CDC42 (cell division control protein 42}, RAC1 (Ras-related C3
;Otulinum toxin substrate 1), PAKs {p21-activated kinases) and adducin) contribute to
{TP maintenance and spine enlargement {and spine stability for PAK3), The actin
Cytoskeleton s indicated as F-actin. Moreover, adhesion molecules and molecules of the

postsynaptic density

(including PSD95 {postsynaptic density protein of 95kDa), SHANKs

(SH3 and multiple ankyrin repeat domains proteins), neuroligins, N-cadherins, AMPA
recebtors (AMPARs) and NMDA receptors (NMDARs)) are implicated in LTP maintenance,
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largement and spine stability.

spines’. Later, two-photon glutamate uncaging and imag-
ing experiments demonstrated a close association between
increased synaptic strength and an enlargement of
the spine head". The significance of this enlargement
could reflect several important functional modifications
of the synapse. It could be linked to the changes in recep-
tor expression that are thought to account for the increase
in synaptic strength at many synapses®. It could also result

REVIEWS

from the mobilization of subcellular resources to potenti-
ated synapses, such as ribosomes or additional cytoskel-
eton-associated proteins® In addition, this restructuring
could be part of a more global set of changes that promote
the stabilization of the synapse™®, Several recent stud-
ies have indeed highlighted the importance of synapse -
stabilization as a defined feature associated with behav-
joural learning. Novel sensory experience was shown
to promote the stabilization of a new set of persistent
spines in the somatosensory cortex in vivo®, Similarly, in
motor skill learning experiments, new spines that grow
on selective populations of neurons are preferentially
stabilized during subsequent training, with the spines
persisting long after training has stopped'**2, In birds,
song learning by imitation during a juvenile sensitive
period leads to a rapid stabilization and enlargement of
dendritic spines that is correlated with an enhancement
of synaptic activity'* These different studies support the
idea that the stabilization of selective subpopulations of
spines could represent a structural basis for memory stor-
age. Although this stabilization process is often associ-
ated with the induction of plasticity, several important
issues remain to be addressed, How does this stabilization
relate to changes in synaptic strength or spine size? Are
changes in synaptic strength required for the stabilization
of a synapse? How stable is this mechanism? A recent
study suggests that reconditioning following a procedure
of conditioning and extinction preferentially eliminates
dendritic spines formed and stabilized by extinction™,
Accordingly, stabilization may be considered as a key
reversible property of individual synapses that is linked
to the induction of plasticity.

Molecular mechanisms of synapse stabilization. The
molecular mechanisms accounting for synapse stabiliza-
tion are likely to implicate a variety of factors, which have
often been inferred from indirect analyses of either mech-
anisms contributing to long-term potentiation (LTP)
maintenance or mechanisms implicated in activity-
mediated spine enlargement. Relatively few studies
have examined molecular mechanisms contributing to
spine stabilization by directly measuring the persistence
of dendritic spines in vivo. Current evidence, however,
suggests that there is a significant overlap between the
molecular pathways implicated in these different aspects
of stability (FIC. 1), emphasizing the close link existing
between induction of plasticity and synapse stability.
First, an important part is likely to be played by phos-
phorylation mechanisms. Both calcium/calmodulin-
dependent protein kinase II (CaMKII) and protein
kinase C (PKC) have been directly implicated in LTP

-maintenance and behavioural learning'®%, CaMKII

activity is required for activity-mediated spine enlarge-
ment", and PKC contributes to in vivo spine stabiliza-
tion®, Another central mechanism for spine stabilization
involves the local regulation of protein synthesis, which
includes the signalling cascades (such as the mitogen-
activated protein kinase (MAPK) and phosphoinosilide
3-kinase (PI3K) pathways) downstream of receptor
tyrosine kinase B (TRKB; also known as NTRK2) acti-
vation, the mammalian target of rapamycin (mTOR)
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Spine dynamics

The spines of excitatory
synapses exhibit structural
plasticity, including changes
in shape and size and spine
disappearance and
appearance events.

signalling complex and the translation of mRNAs that
encode proteins such as ARC or CaMKII. Interference
with this signalling, with protein synthesis or with ARC
translation have been strongly implicated in LTP main-
tenance and in spine enlargement”?, whereas in vivo
blockade of protein synthesis results in synapse destabili-
zation'®, A third set of molecular factors critical for spine
stabilization includes the various signalling pathways
and actin-regulatory proteins that control the spine actin
cytoskeleton. Interference with actin polymerization
impairs LTP maintenance and changes in spine size”%,
Furthermore, phosphorylation of the cytoskeleton-
stabilizing protein -adducin through PKC is required
for the stabilization of populations of synapses induced
by environmental enrichment'®, Additional evidence
supporting a role of the cytoskeleton in spine stabili-
zation comes from the implications of Rho GTPases
and several upstream or downstream modulators of
this pathway, such as kalirin 7, DISCI (disrupted in
schizophrenia 1) or PAKs (p21-activated kinases).
Interference with this signalling affects LTP mecha-
nisms and the capacity of spines to enlarge?®?’, Finally,
one important mechanism through which synapse sta-
bility could be improved is by changes in the organ-
ization of the postsynaptic density (PSD) that promote
trans-synaptic adhesion and contact. Expression of
PSD95 and/or AMPA receptors enhances synaptic
strength and synapse stability??, Several adhesion
molecule systems have also been linked to spine stabil-
ity, including neuroligin 1 (REFS 29,30) and N-cadherin.
Activity-mediated expression of N-cadherin correlates
with, and is required for, the long-term stabilization of
spines activated by theta-burst stimulation®, Secreted
members of the C1q family have also been shown to
rapidly induce changes in synapse numbers by, for
example, stabilizing synapses in the mature cerebellum
in vivo through the formation of trans-synaptic com-
plexes®2, Taken together, these data highlight how spine
stabilization is regulated by a multiplicity of molecular
mechanisms, probably reflecting the importance and
complexity of the phenomenon.

Synapse turnover specificity in vivo

A comparatively small but significant fraction of syn-
apses in the adult in vivo undergo a continuous turno-
ver process, which may allow a continuous adaptation
of synaptic networks to experience’, The magnitude of
this turnover process varies strongly during develop-
ment, decreasing significantly in adult brain®»*, buta
substantial capacity for circuit rewiring is maintained
throughout life and can be reactivated by lesions'. As
discussed below, processes known to involve enhanced
plasticity also enhance the fraction of synapses that
undergo turnover in the adult.

Remodelling of connectivity. An important feature of
synapse turnover is its regulation by activity and sen-
sory experience”. Whereas initial in vitro experiments
mainly focused on spine growth and synapse forma-
tion in response to neuronal activation*-, more recent
experiments have shown that activity also destabilizes

existing synapses'®**, Under in vivo conditions, training
in motor skill learning tasks results in a rapid rewiring
through the formation and elimination of spines in the
primary motor cortex, affecting different sets of syn-
apses for different motor skills''2, Spine elimination
and formation caused by fear conditioning and extinc-
tion, respectively, occur in a cue- and location-specific
manner¥, Similarly, a major correlate of environmental
enrichment is a marked increase in synapse remodelling,
including synapse formation and destabilization®®,

An interesting feature of activity-mediated spine
dynamics is that it might be regulated locally: evidence
suggests that induction of plasticity is facilitated in the
vicinity of potentiated spines and that new spines pref-
erentially form close to activated spines'®*’. Two recent
studies further support these results, Using a repetitive
motor learning task, it has been shown that new spines
formed during the acquisition of learning emerge in
clusters as neighbouring spine pairs that are more likely
to persist than non-clustered spines®. Another study
carried out during development by monitoring synap-
tic activity through calcium imaging shows that neigh-
bouring synapses are more likely to be co-active than
synapses farther from each other. Local regulation of
spine dynamics may thus be an important mechanism
to promote such clustering activity.

A different aspect of the regulation of spine turnover
is that, in some cases, the effect may be more global and
differentially affect spine formation and elimination,
resulting in actual changes in spine density*, In the
motor learning task experiments, the increase in spine
formation and spine loss roughly cancelled each other
out, resulting in no marked changes in spine density!"2,
By contrast, the enriched environment protocols
greatly promoted spine growth, leading to an increase
in the absolute numbers of spines', Regulation of spine
dynamics thus not only promotes rewiring but also
controls the level of connectivity of the network. Taken
together, these observations suggest that the rewir-
ing observed under behavioural learning conditions
represents a structural correlate of learning (FIG. 2),

Regulation of spine and synapse turnover, One impor-
tant factor controlling synapse turnover appears to be the
balance between excitation and inhibition, Alterations of
this balance during critical (or sensitive) periods — that
is, developmental time windows of enhanced plasticity
— strongly affect the capacity for structural plasticity*!,
Furthermore, several recent studies have shown that
manipulations that reduce inhibition in adulthood are
able to restore visual plasticity to levels comparable to
those observed during development*®, Although it
remains unclear how exactly modulation of the excita-
tory-inhibitory balance can promote or reduce cortical
plasticity, part of the effect could implicate changes in
synapse dynamics. Consistent with this possibility, spine
changes correlate with the capacity for visual plasticity
in vivo* and, during development, short-term anaesthe-
sia or administration of drugs that enhance GA BAergic
inhibition results in rapid and marked changes in spine
growth and synapse gain*.,
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Several additional molecular mechanisms have also
been reported to modify spine numbers and dynamics,
Qestrogens, for example, can rapidly shift the balance of
spine turnover towards increased growth and stabiliza-
tion, thus leading to an increase in spine density in the
hippocampus*+”. The effect is reversible and probably
accounts for the variations in spine density reported
during the oestrous cycle. Brain-derived nerve growth
factor (BDNF) also affects spine formation mecha-
nisms by enhancing both destabilization of spines and
spine formation in the cortex and hippocampus,
and could thus contribute to some of the activity-
dependent regulations of synapse dynamics****, The
mechanisms through which BDNF influences spine
growth are as yet unclear, but could be linked to a regu-
lation of protein synthesis. Thus, PI3K, which interacts
with AKT and has functional links with mTOR signal-
ling, also regulates spinogenesis™, Furthermore, pro-
tein synthesis, mTOR signalling and spine turnover are
affected in fragile X mental retardation protein (FMRP)
knockout mice, a mouse model of fragile X syndrome®', A
further group of molecular mechanisms affecting spine
growth includes proteins implicated in the regulation of
the cytoskeleton, such as Rho GTPases and their regula-
tory proteins, The extent to which some of these factors
can diffuse locally could account for the mechanisms
of clustered spinogenesis®**, Notably, RAS, which is

REVIEWS

activated by LTP induction, has been shown to diffuse
locally and promote plasticity in neighbouring spines.
Through its activation of the MAPK pathway and its
effects on protein synthesis, it could also locally mod-
ulate spine growth. Although substantial progress has
been made recently, more work will be needed in order
to better understand how precisely these molecular
mechanisms control spine turnover,

Distribution of the structural plasticity

Circuit rearrangements can be confined to the neu-
rons involved in the particular learning process, or to
neuronal subpopulations within systems involved in
the learning process. However, under different circum-
stances, structural rearrangements can also be induced in
a broad range of systems in the brain (for example, upon
environmental enrichment, see below). An issue that
arises is whether the differences in plasticity distribution
reflect different roles of structural plasticity or whether
a common logic may underlie these distinct phenom-
ena. In this context, it is useful to take into account that
synapse gains and losses related to a particular learn-
ing process are mostly specified subsequent to the ini-
tial learning event, Accordingly, if memory consolidation
upon learning involves the selective stabilization and
strengthening of some synapses combined with the
weakening and loss of other synapses, the different
spatial scales of the structural plasticity may involve
the distinction between the potential substrates of
memory consolidation, which may be distributed
locally or broadly, and the actual substrates of the con-
solidation, which may be specifically associated with
the neurons involved in the particular learning process.
Consequently, two crucial issues concern the specificity
of the structural changes at the local level and whether
more global structural alterations may serve as potential
substrates for specific local modifications.

Plasticity within local microcircuits, A remarkable
aspect of the recent studies relating learning to changes
in dendritic spines and axon terminals is that the struc-
tural plasticity could be detected readily using sparse
labelling approaches in vivo, provided that cortical areas
relevant to the particular form of learning were ana-
lysed repeatedly during an appropriate time window.
One might expect that changes in synapse numbers
that correlate with new learning may only affect a very
small fraction of the synapses within a relevant network,
and for that reason methods that only sample 0.1-1% of
the neurons of a given kind"** may not be adequate to
detect such changes. The dramatic detection sensitivity
of these structural plasticity studies is probably owing
to the fact that these experiments have involved longi-
tudinal analysis of the same large ensembles of synaptic
structures, an approach that is far superior to compari-
sons of synapse groups, which tend to underestimate the
extent of the structural plasticity. In addition, the detec-
tion of structural changes was probably facilitated by
the fact that behavioural learning initially increases the
dynamics of a fraction of spine synapses that is larger
than the fraction ultimately retained as a structural trace
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of learning'"'*%, Nevertheless, the detection of synapse
remodelling events did not reflect a lack of specific-
ity in the circuit elements involved in the structural

plasticity. For example, in agreement with behavioural.

observations, structural plasticity in the motor cortex
upon learning of a grasping movement was specifically
confined to projection neurons driving distal [imb mus-
clesand did not affect those driving proximal muscles™,
The specificity was particularly remarkable considering
that the different projection neurons are locally inter-
mingled within the primary motor cortex. Notably, the
extent of the structural plasticity was correlated with
the magnitude of the learned movement®, Evidence for
specificity was also provided in experiments in which
sensory deprivation in the adult produced specific pat-
terns of growth and retraction in cortical axons and
dendrites®>*,

In support of the notion that the local structural plas-
ticity was specifically associated with learning, re-learning
the same task or a second occurrence of the same kind
of sensory deprivation did not elicit further plastic-
ity in the same neurons'*'%, These findings suggest
that learning-induced structural plasticity can initially
affect a substantial fraction of the neurons involved in
the learning, and that less abundant but more persistent
alterations reflect ‘lasting structural traces’ of learning*.
The number of structural traces of learning that become
long lasting may depend on intrinsic processes that regu-
late plasticity and on the amount of repeated training
that triggers memory consolidation and reconsolida-
tion processes, Elucidating the extent to which the new
synapses may truly mediate the encoding of memories
(that is, whether they represent ‘engrams’) will require
more sophisticated methods to combine structural and
functional imaging of synapses in vivo® (see below).
Nevertheless, two recent studies have provided some evi-
dence that there may indeed be a direct correspondence
between new synapses and engrams in learning, In one
study, fear learning and its extinction affected the forma-
tion and disappearance of spines within two microns of
distance on the same dendrites, suggesting that oppo-
site changes in the numbers of spatially closely related
synapses are associated with opposite behavioural out-
comes™, Evidence for specificity was provided by the
observation that learning~extinction cycles for different
tones, which produced separate regulation behaviour-
ally, were associated with distinct stretches of dendrites™.
In a second study, new spines assembled upon repeated
motor learning had a high probability to appear in the
close vicinity of spines that had appeared at previous
days during the same motor learning process, suggesting
astriking correspondence between the gradual encoding
of specific new memories and the spatial position of new
spines along particular dendrites®,

In addition to alterations at subsets of neurons and
synapses, behavioural learning can produce more global
alterations in the numbers of specific types of synapses
within systems involved in the particular learning. For
example, different forms of behavioural learning can
lead to up to a doubling in the numbers of excitatory
synapses onto fast-spiking inhibitory interneurons in

the hippocampus and/or cerebellar cortex (feedfor-
ward inhibitory (FFI) growth)®. Using targeted virus-
mediated rescue experiments in a f-adducin mutant
background deficient in learning-induced synaptogen-
esis, the same study provided causal evidence that this
plasticity is critically important for the behavioural pre-
cision of the memory, but not for the memory of the
learned association itself*®, Although the high level of
local prevalence of the FFI growth might suggesta lower
circuit level specificity for this form of structural plastic-
ity, this may in fact not be the case. Thus, fast-spiking
interneurons are thought to detect local levels of circuit
excitation through the convergence of large numbers of
weak excitatory synapses onto them and to broadcast
that signal to most excitatory neurons within their local
environment. Accordingly, the broad FFI growth plas-
ticity may be specifically adjusted to the connectivity
properties of fast-spiking feedforward excitation target-
ing cell bodies and proximal dendrites. Whether learn-
ing produces additional broadly distributed alterations
in defined elements of neuronal circuits remains to be

determined.

Plasticity affecting multiple systems and neurons.
Several factors have been shown to influence future
learning and behavioural outputs by inducing major
modifications in the numbers, arrangements and
dynamics of synaptic connections, For example, envi-
ronmental enrichment and oestrogen both produce
large increases in synapse turnover and synapse num-
bers at multiple neuronal systems'®¥, Conversely,
stress can reduce synapse numbers in some systems
(for example, in the hippocampus), while increasing
them in other systems (for example, in the amygdala)®,
Synapse dynamics and numbers are further influenced
by seasonal changes and developmental age®, For envi-
ronmental enrichment, the increased synapse turn-
over has been causally related to improved learning?®,
Common to these influences of external and internal
contingencies on structural plasticity is the fact that
they do not involve specific learning processes. The
structural alterations related to experience, hormones
and age are not confined to a few neuronal systems, but
their distribution has not yet been investigated in suf-
ficient detail to extract possible patterns. It is possible
that these alterations may reflect the properties of the
signals that induced them, such as the distribution of
hormone receptors and the ways through which novel
sensory experience influences circuit function.

Widespread dynamics followed by confined consoli-
dation. How can the presence of broadly distributed
structural alterations upon experience and learning be
reconciled with the specificity necessary for the struc-
tural modifications to selectively reflect learned relation-
ships? It is possible that some of the broad changes in
circuit structure affect function in ways that are unre-
lated to mechanisms of learning. However, many of
the alterations as a result of experience, hormones and
ageing are likely to affect learning and memory by act-
ing on the same cellular and molecular processes. As
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Figure 3 | Global and local synapse turnover regulation processes affecting learning and memory. The schematics
represent dendrites of two excitatory neurons and their spine synapses. Increasing plasticity is represented as darker grey
tones, Dynamic spines are green (gains) and red (losses); spine changes upon learning are indicated by green and red
arrows; orange spines appear upon learning, but do not persist during consolidation; and structural traces of learning
upon consolidation include spine gains (blue) and spine losses. a— | Learning-induced structural plasticity enhances the
turnover of subpopulations of new and pre-existing synapses specifically in excitatory neurons involved in the learning

(a versus b), and leads to the selective stabilization of some learning-induced spines (c), d-f| Enhanced baseline tevels of
synapse turnover as a consequence of enrichment, developmental stage or hormones (d versus a) may augment the
magnitude of learning-induced spine gains and losses (e versus b), and may lead to more robust structural traces of
learning (fversus c}. The enhanced structural plasticity baseline levels undertie improved behavioural learning upon
enrichment®®, and improved song learning in the presence of a tutor during zebra finch development*’,

discussed in previous sections, LTP and learning are
accompanied by enhanced rates of synapse assembly
and disassembly events'®®!, Several studies of learning-
related synapse dynamics in vivo have provided strong
evidence that enhanced dynamics is specifically cor-
related with new learning in intact birds, rodents and
primates, and with recovery after stroke in the human
adult4+56263, Similar studies have further shown that
a subpopulation of new synapses is subsequently stabi-
lized during a process depending on repeated training,
which lasts for many days and even weeks'-*%, A study
of how zebra finches learn to sing from a tutor pro-
vides a particularly compelling case for the relationship
between behavioural learning and synapse turnover®,
Thus, at the appropriate developmental stage, enhanced
spine turnover was detected on sensorimotor neurons
involved in the learning, and the learning experience
stabilized some of these spines. An age-related decline
in spine dynamics was delayed if the birds were raised

without a tutor'?, Furthermore, enhanced learning upon

environmental enrichment was dependent on increased
gains and losses of synapses™, These were, in part, pro-
vided by the population of additional dynamic synapses
that were induced upon enrichment'®. Similar principles
seem to apply to the increase in labile synapses induced
by oestrogen**¥, It is likely that several types of signals,
some acting locally and directly related to new learning,

and others acting more globally and related to experi-
ence, hormones and age, may all produce alterations in
synapse turnover and in the numbers of dynamic syn-
apses that provide potential substrates for learning, The
presence of larger numbers of dynamic synapses before
learning may facilitate learning, whereas the selective
stabilization of small subsets of dynamic synapses upon
repeated learning may provide structural traces of learn-
ing (FIG. 3). As enhanced learning upon environmental
enrichment also depends on synapse loss™, it is likely
that learning also involves the selective elimination of
synapse subpopulations.

It is conceivable that learning and memory, under a
regime of previously enhanced (for example, after envi-
ronmental enrichment) or reduced widespread synapse
dynamics, might be subject to regulation that differs,
in part, from that involving synapse dynamics specifi-
cally induced during learning, That may, for example,
involve distinct molecular compositions and stabiliza-
tion mechanisms at synapses involved in learning. Such
differences could have important implications for how
experience (for example, stress) influences internal states
and learning, but an adequate investigation of these
phenomena will probably depend on the establishment
of more sensitive experimental paradigms to study spe-
cific relationships between the structure and function of
neuronal networks in living animals (see below).
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Plasticity regulation

What mechanisms regulate the potential for structural
plasticity (metaplasticity) in the brain? Much of the cur-
rent knowledge and concepts about plasticity regulation
are derived from studies of juvenile animals in which
time windows of enhanced plasticity facilitate adjust-
ments that are important for adult function* 426+,
Whereas most of the studies have investigated plasticity
to adjust for malformations such as strabism or monocu-
lar deprivation, a recent study revealed that within the
binocular visual cortex, critical period plasticity produces

Critical period

A developmental period of
enhanced plasticity during
early postnatal life whose
opening and closing is
regulated by experience.

" Learning during critical periods
can leave long-lasting structural
traces that influence adult
learning,

ri
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Figure 4{ Mechanisms of structural metaplasticity regulation. The capacity for
structural plasticity can be regulated at various levels. Alterations in expression of certain
genes in target neurons (shown in purple) and their transport into dendritesand to
synapses (straight arrow) results in structural plasticity by mechanisms that may enhance
the formation of excitatory synapses (such as calcium/calmodulin kinases (CaMKs),
miR-132, CREB (cAMP response element-binding), UBE3A (ubiquitin protein ligase E3A)
and histone acetylation) or reduce the formation of such synapses {such as MEF2
{myocyte enhancer factor 2} and miR-134). Expression of the transcription factor NPAS4
{neuronal PAS domain-containing protein 4) promotes the formation of inhibitory
synapses {indicated by a curved arrow). Structural plasticity can result from
neuromodulatory modifications of the excitatory-inhibitory balance (including the
cholinergic system, LYNX1 {Ly-6/neurotoxin-like protein 1), serotonin and dopamine).
LYNX1 inhibits nicotinic acetylcholine (nACh) receptors, which can be found
presynapticatly, on dendrites and around somas. Furthermore, structural plasticity can be
achieved through diffusible factors (including brain-derived neurotrophic factor (BDNF)
and WNT, indicated by the green shading) that can affect synaptic signalling pathways
{such as CaMKIl, MAPK {mitogen-activated protein kinase), ARC and UBE3A) or through
alterations of the extracellular matrix (matrix metalloprotease 9 {MMP9) and

perineuronal nets (PNNs)).

a matching of the orientation preferences of individual
neurons in response to each eye®”, Critical period stud-
ies in the visual and auditory system have provided evi-
dence for profound structural plasticity during learning,
including the assembly and long-term retention of alter-
native extra circuits that can be recruited in the adult
under appropriate conditions®¢*<, Studies in barn
owls have revealed that the additional learned circuits
that had been assembled during a sensitive period in
juvenile birds were turned on and off in the adult through
mechanisms distinct from those that turn innate natural
circuits on and off (disinhibition versus AMPA/NMDA
ratios for the innate and learned circuits, respectively),
suggesting that innate and acquired circuit arrangements
can be distinguished functionally*, At the mechanis-
tic level, the studies of critical periods have uncovered a
major role for the maturation of inhibitory circuits, and
in particular those established by parvalbumin-positive
(PV*) fast-spiking interneurons, in opening and closing
plasticity windows*%7°, Recent findings suggest that
similar mechanisms may regulate plasticity in the adult,
and that the regulatory mechanisms may in part involve
structural plasticity at inhibitory interneurons,

Factors promoting and inhibiting plasticity. Some of

the molecular pathways known to regulate plasticity are

illustrated in FIG. 4, In most cases, plasticity regulation

involves signalling pathways relating neuronal activity

to the expression of key activity-regulated genes”",

Consistent with its central roles in mediating signalling

downstream of synaptic activity, calcium has prominent

roles in activity-regulated gene expression, One of the

genes regulated by calcium is the transcription factor

MEF2 (myocyte enhancer factor 2), which reduces excit-

atory synapse numbers. Genes regulated through MEF2
include the synaptic components ARC and HOMER1,
and the neurotrophin BDNF, which augments inhibitory
synapse numbers”, Although many growth factors can
enhance plasticity when applied to cultured neurons or
in vivo, only a few of them, particularly BDNF, have been
related conclusively to endogenous plasticity regulation
under physiological conditions™. Strong evidence sup-
ports the notion that BDNF signalling has a key role in
promoting plasticity, and that this signalling pathway is
recruited upon enhanced excitation*¥, Intracellular sig-
nalling molecules and pathways relating excitation and
BDNF signalling to plasticity include: ARC, MAPK,
CaMK, CREB (cAMP response element-binding) acti-
vation, histone acetylation and the microRNA miR-132
(REFS 19, 75-82). Mechanisms through which age influ-
ences plasticity regulation can involve chromatin remod-
elling pathways®. Extracellular factors that facilitate
plasticity include the proteases matrix metalloprotease 9
angl urokinase-type plasminogen activator®. In addi-
tion, WNT signalling can enhance synapse numbers®,
Further important signalling molecules with a major
role in regulating plasticity include the neuromodulators
acetylcholine, noradrenaline, serotonin and dopamine,
Among them, a particularly strong case has been made
for a link between nicotinic cholinergic transmission and
enhanced plasticity. Thus, cholinergic transmission is
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critically important for skill learning and for functional
recovery after brain injury®-*,

In addition to enhanced excitation, reduced inhi-
bition augments plasticity under a number of differ-
ent conditions, including environmental enrichment,
the effects of fluoxetine treatments and the reduction
of perineuronal nets around the cell body and proxi-
mal dendrites of PV* interneurons*##-%, Several lines
of evidence have directly related reduced inhibition to
enhanced plasticity during critical periods and in the
adult in rodents*"$>%,

Finally, important recent studies have introduced
the notion that the potential for plasticity in the adult
may be as robust as that detected in juvenile ani-
mals, but that adult plasticity is effectively prevented
through ‘brake’ mechanisms®. The reduced plasticity
in the adult may prevent aberrant plasticity after the
formation of lesions and may ensure the transmis-
sion of adaptive behaviours learned from conspecifics
across generations, In addition to perineuronal nets
and myelin-associated inhibitors, which may in part
have structural roles, LYNX1 (Ly-6/neurotoxin-like
protein 1) has been identified as a specific inhibitor of
nicotinic cholinergic signalling that suppresses plasticity
in the presence of widespread cholinergic innervation in
the adult®, An'important transcriptional pathway involv-
ing NPAS4 (neuronal PAS domain-containing protein 4)
also specifically links excitation to the establishment of
a higher number of inhibitory synapses onto activated
neurons®, Furthermore, miR-134 has been identified as
a major negative post-transcriptional regulator of plas-
ticity downstream of SIRT1 (NAD-dependent protein
deacetylase sirtuin 1) and upstream of CREB®.

Inhibitory circuit rearrangements. Whereas most stud-
ies of structural plasticity initially focused on excita-
tory neurons, several recent studies have revealed that
structural plasticity by inhibitory neurons® precedes
that by excitatory neurons and may have a critical
role in regulating plasticity during learning. An initial
series of studies documented structural plasticity of
dendritic tips by GABAergic neurons in adult mouse
cortex, with most of the plasticity contained within a
superficial strip of layer 2/3 (REFS 94-96). A subsequent
study documented pronounced structural plasticity
of inhibitory axons upon sensory deprivation, which
preceded sprouting by excitatory axons, and several-
fold enhanced spine and axonal bouton turnover%,
Changes in structural plasticity were detected within
hours following peripheral lesions, suggesting that they
might account for rapid changes in functional plastic-
ity of receptive fields. Furthermore, dramatic changes in
structural plasticity by fast-spiking striatal inhibitory
neuron axons that specifically target the indirect stri-
atal pathway were detected following lesions that result
in dopamine deprivation”. Finally, two recent studies in
sensory-deprived visual cortex provided evidence
that regulation of structural plasticity by inhibitory
interneurons may provide permissive conditions for
subsequent plasticity by excitatory neurons, One study
reported an early loss of spines, thus reducing excitatory
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inputs onto a subpopulation of inhibitory interneurons
(mainly neuropeptide Y-positive), and a subsequent
loss of axonal boutons, thus reducing inhibitory out-
put by the same interneurons upon sensory depriva-
tion®. The second study reported a loss of excitatory
inputs onto inhibitory neurons in layer 2/3 upon visual
deprivation®., Together, the studies suggest that early
structural plasticity in sensory-deprived cortex may
lead to a diminished excitatory drive onto inhibitory
interneurons, suggesting a possible structural basis for
disinhibition and enhanced excitation.

Is it inhibition or excitation? The recent discovery of
early structural plasticity at inhibitory interneuron sub-
populations preceding plasticity at excitatory neurons
suggests a possible conceptual framework to account for
how excitation-inhibition balances may regulate short-
and long-term structural plasticity in the adult. The
mechanisms involved appear to resemble those regulat-
ing plasticity during circuit maturation, consistent with
the notion that plasticity is controlled in similar ways
in young animals and in adults. Instead of focusing on
excitatory or inhibitory neurotransmitter levels, or
on global levels of excitation and inhibition, this emerg-
ing framework addresses plasticity regulation at the cir-
cuit level, thus offering possible mechanistic solutions
to account for fine-tuned regulation and specificity in
learning-related plasticity. Findings discussed in pre-
vious sections that may be particularly relevant are: at
the level of individual neurons, structural plasticity is
augmented by enhanced excitation; reducing inhibi-
tion is sufficient to enhance plasticity in the adult; and.
salient activity (for example, exposure to light after
dark rearing) can produce disinhibition of excitatory
neurons by activating ‘second layer’ (disinhibiting)
inhibitory interneurons, partly through structural plas-
ticity. Accordingly, signals that trigger plasticity may
initially reduce the activation of GABAergic neurons,
such as PV* interneurons that target excitatory neu-
rons; depending on the extent of the plasticity, this may
involve recruitment of disinhibitory interneurons and/
or structural plasticity to reduce the connectivity of PV*
interneurons, in turn leading to enhanced excitation
and structural plasticity of excitatory neurons (FIC. 5).
Targeting inhibitory neuron networks first might have
a plasticity-facilitating effect at the network level. The
enhanced potential for plasticity could then serve as a
basis for more specific synapse remodelling processes at
the level of individual excitatory neurons. The validity
of the model, the identity of the particular interneuron
subpopulations and the circuit mechanisms involved
in short- and long-term plasticity regulation processes
remain to be determined.

From structural plasticity to memories

It is generally assumed that structural plasticity provides
a mechanism for long-term storage of memory traces
upon learning'. However, the temporal sequences of
events and the regulatory mechanisms relating learn-
ing and structural plasticity to long-term memory are
still poorly understood. An important aspect involves
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Rett syndrome the ter}np»oral delay betvt’een the early potentiation of
Neurodevelopmental disorder  pre-existing synapses, spine growth and synaptogenesis
caused by mutations of MECP2 upon learning. Such delays may differ among learning
{methyl-CpG-binding protein 2, protocols and systems involved. Thus, some studies

:r':; tir;y!l::igg;\ot:?::;ﬁ have su.ggested that synapses involving new spines or
X cnromosome. Sorme of filopodia are assembled within the first 1-3 hours after
the manifestations of Rett potentiation!®!, whereas other studies have provided
:{;Tg::?:ez fucr:E:; iasg‘g:fsic of  evidence for delays of 12-18 hours™. The longer delays

: provide a potential mechanism to relate learning to the

consolidation of memories, for example, during sleep.
Such scenarios may enhance the specificity of synapse
remodelling processes upon learning by uncoupling
contingencies present during learning from the con-
solidation of new synapses and their integration into
memory networks. Further structural plasticity may
occur during longer lasting system-level consolidation
processes, but experimental evidence for such plasticity
is not available yet. Likewise, whether and how memory
retrieval and reconsolidation processes involve struc-
tural plasticity remains to be determined. Addressing
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BN Perineuronal nets
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J
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Figure § | Circuit mechanisms of plasticity regulation. Left:schematic representing
alocal circuit arrangement involving two inhibitory neurons {ovals 1 and 2, perisomatic
and disinhibiting, respectively) impinging onto one excitatory celt {triangle 3). Circles:
excitatory inputs; bars: inhibitory inputs. Right: circuit mechanisms leading to enhanced
plasticity. Decreased connectivity (decreased synapse numbers (a,b) or decreased
synapse function (c)) is represented by red colours; increased connectivity is represented
by green colours. Structural plasticity in the excitatory cell s enhanced (shown in purple)
under conditions of decreased excitatory connectivity (a), increased inhibitory
connectivity {b) or perineuronal net reduction (c) on the perisomatic interneuron that

. directly inhibits the excitatory cell. Whereas the three scenarios involving structural
plasticity at inhibitory interneurons lead to broad disinhibition of excitatory cells, a direct
Increase of the excitatory drive onto the excitatory neuron can also enhance plasticity.

these fundamental issues in learning and memory at
the structural level will require the development of more
specific and sensitive approaches to investigate circuit
and network remodelling processes in vivo, at the level
of identified synapse ensembles.

Synapse remodelling and mental health

The important contribution of structural plasticity to
various behavioural learning situations highlights the
importance of connectivity remodelling and synapse
stabilization as substrates for learning processes and
memory retention. Accordingly, any defect in syn-
apse dynamics can be expected to have a significant
impact on the development, organization or speci-
ficity of synaptic networks. Indeed, the mechanisms
regulating synapse dynamics have been implicated
in several developmental psychiatric disorders as
discussed below.

Synapse rearrangements in disease and upon lesions,
Analyses of the synaptic defects associated with a num-
ber of synaptic proteins implicated in intellectual disa-
bility, autism spectrum disorders or schizophrenia show
alterations of synapse structure or numbers (TABLE 1),
Consistent with a key role for structural plasticity and
the excitation-inhibition balance in controlling cir-
cuit maturation, many of the psychiatric conditions
manifest during early life. SHANK3 (SH3 and multiple
ankyrin repeat domains protein 3), PSD95, synapse-
associated protein 97 and ubiquitin protein ligase
E3A are involved in excitatory synapse stabilization.
FMRP, PTEN (phosphatase and tensin homologue),
TSC1 (tuberous sclerosis 1; also known as hamartin)
and TCS2 (also known as tuberin) regulate local pro-
tein synthesis, possibly affecting mechanisms of syn-
apse stabilization. Several molecules (such as DISCI,
kalirin, EPAC2 (also known as RAPGEF4), PAK3 and
ARHGEF6 (Rho guanine nucleotide exchange factor 6))
are implicated in signalling through Rho GTPases,
and could perturb cytoskeletal functions that regulate
spine and synapse dynamics. Finally, MECP2 (methyl-
CpG-binding protein 2) and molecules of the neu-
roligin-neurexin complex appear to be important for
regulating the balance between excitation and inhibition
and could therefore interfere with spine formation and
dynamics'®. All these observations point to the pos-
sibility that alterations of structural plasticity mecha-
nisms may have an important role in these diseases.
Consistent with this notion, defects in connectivity
between layer 5 cortical neurons have been reported
in a mouse model of Rett syndrome'®, and this is asso-
ciated with important alterations of spine dynamics'®.
Other recent evidence from in vivo imaging in a mouse
model of fragile X syndrome suggests that synapse
dynamics could be exaggerated, leading to an increased
proportion of unstable synapses and an excessive
remodelling of synaptic circuits'®!”, Similarly, muta-
tion of the intellectual disability gene PAK3, which is
an effector of the Rho GTPases RAC1 (Ras-related C3
botulinum toxin substrate 1) and CDC42 (cell division
control protein 42 homologue), results in excessive
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Table 1| Synaptic proteins with genetic defects that have been associated with developmental psychiatric disorders

" Protein Function
ARHGEF6 RAC GEF, regulation of actin cytoskeleton
CYFIP1 Protein synthesis
DISC1 Scaffold protein
" EPAC2 RAPGEF
ERBB4 Receptor tyrosine kinase
FMRP Protein synthesis
GABRB3, GABRAS, GABRG3  GABA receptor subunits
" JLIRAPL1 Scaffold protein
Kalirin RAC GEF, regulation of actin cytoskeleton
LIMK1 Protein kinase, actin skeleton
MINT2 Presynaptic adaptor protein

Neuregulin 1 Trans-synaptic modulator of ERBB4

Neurexin 1 Presynaptic adhesion molecule
Neuroligin 3, neuroligin 4 Adhesion molecules

RhoA GAF, regulation of receptor trafficking

Synaptic contribution

Synapse formation and maturation
Unknown

Synapse formation and maturation
Spine maturation

Regulation of excitatory transmission

. Synapse stabilization

Excitation-inhibition balance
Synapse formation
Synapse formation and maturation

Spine maturation

Neurosecretion
Regulation of excitatory transmission
Synapse stabilization

Synapse stabilization

Disease

Intellectual disability
Fragile X syndrome
Schizophrenia

ASD

Schizophrenia
Fragile X syndrome
ASD

Intellectual disability
Schizophrenia, ASD

Williams syndrome,
intellectual disability

ASD, schizophrenia
Schizophrenia

ASD

ASD

Intellectual disability
Intellectual disability
ASD

ASD, schizophrenia
ASD, macrocephaly
Intellectual disability
ASD, schizophrenia
ASD

Intellectual disability
Intellectual disability

ASD, intellectual disability
Intel[ectdaldisability

Angelman syndrome,
intellectual disability

sTRIOMIAIS, ARHGEFS, Rho guanine nucleotide
uanine nucleotide exchange factor 4; FMRP,

’ Oligophrenin 1 Spine maturation
PAK3 Protein kinase, actin cytoskeleton Synapse formation and stabilization
protocadherins Adhesion molecules Unknown
pSDY5 Scaffold protein Synapse plasticity and stabilization
PTEN Tyrosine phosphatase, protein synthesis Synapse stabilization
" RSK2 Protein kinase Neurosecretion

SAPT Scaffold protein PSD protein trafficking
SHANK2, SHANK3 Scaffold protein Synapse stabilization
rGAP3 RAC1 GAP Unknown
5SCAM {alsoknown as Scaffold protein Receptor trafficking
MAGI2)

GAP RAS/RAP/RAC-GAP Receptor trafficking and actin
Syn : cytoskeleton
T5C1 T15C2 Protein synthesis Synapse stabilization
UBE3A Protein degradation Synapse formation

tic proteins for which genetic defects {single point mutations, deletions, transtocations or copy number variations (CNVs}) have been assoclated with autism

Synap I.-.-. disorders (ASDs), intellectual disability or schizophrenia. Supporting references can be found in recent review:
spectrt e factor 6; CYFIP1, cytoplasmic FMR1-interacting protein 1; DISC1, disrupted in schizophrenia 1; EPAC2, Rap g
fexc};[aeng mental retardation protein; ILIRAPLL, interleukin-1 receptor accessory protein-like 1; LIMK1, LIM domain kinase 1; MINT2, MUNC18-interacting protein 2;
ragd

PAK3, P
g7:SH
W an

21-activated kinase 3; PSD, postsynaptic density; PTEN, phosphatase and tensin homologue;
ANK, SH3 and multiple ankyrin repeat domains protein; srcGAP3, SLIT-ROBO Rho GTPase-activating protein 3; SSCAM, membrane associated guanylate kinase,
d P!SZ domain containing 2: SynGAF, Ras GTPase-activating protein; TSC, tuberous scterosis: UBE3A, ubiquitin protein ligase E3A,

RSK2, ribosomal S6 kinase 2; SAP97, synapse-associated protein
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spine growth and defects in activity-mediated spine

_ stabilization®, Alterations in synapse dynamics, either

through excessive or insufficient rewiring or defects
in synapse stabilization, could perturb the specificity
of the mechanisms through which learning shapes the
formation of synaptic networks.

Structural plasticity is also important to restore
function following lesions. Several recent studies have
highlighted the extensive remodelling of both dendritic
spines and axons in cortical tissue recovering from
stroke or in the visual cortex following lesions® 1%,
Synapse-restructuring-associated growth and pruning
correlates with functional changes recapitulating the
structural plasticity seen in early development,

Outlook: network structure-function

Studies of structural plasticity related to learning and
memory have led to major advances during the past
couple of years. First, specific synapse assembly and
synapse loss processes have been related conclusively to
animal learning, and to structural traces of the learning,
How the new synapses contribute to memory is not yet
clear, but the current evidence favours the notion that
the new synapse arrangements do have specific roles in
memory encoding. Second, causality relationships could
be established between the new assembly of identified
synapses upon learning and the behavioural expression
of the learned memories. Third, important mechanisms
and principles underlying the regulation of synapse
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Microcircuit

The minimal number of
interacting defined neurons
that can collectively produce a
particular functional output.
The term implies local
computations, and usually
distinguishes locally
interconnected neurons {for
example, within the
hippocampus or within its
dentate gyrus) from the
long-range projections that
interconnect brain regions,

remodelling upon enhanced synaptic activity and
learning are being defined at the molecular and cellular
level. Among them, an important new insight involves
the assembly of new synapses in spatial clusters, sug-
gesting mechanisms of local co-regulation for synapses
that may involve the same or connected learning-related
memories, Finally, recent results suggest first concep-
tual frameworks to account for plasticity regulation
mechanisms at the circuit level.

The emergence of structural plasticity as a grow-
ing research area in learning and memory raises new
immediate and long-term challenges. Major unresolved
mechanistic issues include: defining the relationships
between gains and losses of identified individual syn-
apses upon learning and the memory of what was
learned at the microcircuit and systems level; identifying
causal sequences of events that relate experience and
learning to alterations in structural plasticity and the bal-
ance between excitation and inhibition, which includes
elucidating how structural remodelling of identified
inhibitory and excitatory neuron microcircuits impinge
on long-term plasticity regulation during development,
in the adult and in disease; and relating genes involved in
psychiatric conditions to synapse and microcircuit
maturation and remodelling and to the functional con-
sequences of these remodelling processes for system
function and animal behaviour.

What will be the probable impact of these new find-
ings for research in neuroscience? The recent advances
suggest that structural plasticity processes may be inte-
gral components of most aspects of learning and mem-
ory. Accordingly, this field of research is likely to have
an increasing impact on cognitive neuroscience. The
main limitations going forward are of a technical nature.

Although functional imaging techniques in intact ani-
mals are extremely valuable for uncovering volume alter-
ations in grey matter or axonal projections upon learning
or in disease models, they still lack the resolution required
to detect structural plasticity at the microcircuit level.
Nevertheless, future research will have to tackle network
functions at the level of ensembles of individual identified
synapses and neurons in vivo, Further progress will prob- .
ably depend on the development of methods to image
synapses and their molecular components with high
sensitivity and spatiotemporal resolution in situ'®-11%,
Exciting recent developments mainly, but not exclusively,
based on calcium imaging have achieved sufficient reso-
lution to monitor function at the level of ensembles of
spines in the neocortex!'*"%, Combining such methods
in vivo and in slice preparations should allow neurosci-
entists to bridge important gaps between the anatomy of
microcircuits, their plasticity and their function, In paral-
lel, modelling efforts will probably be important for the
development of testable conceptual frameworks that take
into account specific structural rearrangements within
realistic neuronal networks. The addition of structural
plasticity rules to current functional plasticity models may
reveal new behaviours or properties that are important for
learning capacity. Finally, targeted manipulations in sity
— for example, through cellular, but possibly even sub-
cellular, compartment-specific optogenetic methods —
will be key in order to establish causal relationships
between defined structural alterations in network archi-
tecture and network function in behaving animals.
Combining cell- and synapse-specific imaging, model-
ling and optogenetic methods should allow neuroscien-
tists to tackle learning, memory and cognition at the level
of defined neuronal circuits.
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Manganese-enhanced magnetic resonance imaging
(ME-MRI), blood oxygen-level-dependent functional
MRI (BOLD fMRI) and diffusion tensor imaging (DTI)
can now be applied to animal species as small as mice
or songbirds. These techniques confirmed previous find-
ings but are also beginning to reveal new phenomena
that were difficult or impossible to study previously.
These imaging techniques will lead to major technical
and conceptual advances in systems neurosciences. We
illustrate these new developments with studies of the
song control and auditory systems in songbirds, a
spatially organized neuronal circuitry that mediates
the acquisition, production and perception of complex
learned vocalizations. This neural system is an outstand-
ing model for studying vocal learning, brain steroid
hormone action, brain plasticity and lateralization of
brain function.

Introduction

Modern neuroscience research devotes a substantial
amount of attention to changes in brain function and
structure including neural plasticity associated with cog-
nition. In adult animals, including humans, recent studies
have confirmed the remarkable plasticity accompanying
normal daily processes such as learning but also recovery
from neurological insults. Integrated brain studies should,
thus, simultaneously consider cellular function and
morphological changes. This requires repeated visualiza-
tion of neural activity associated with an analysis of
morphological changes and interactions between brain
regions. This is only possible by in vivo techniques based
on a whole-brain approach that enable the simultaneous
assessment of activity in defined neuronal populations and
determination of structural changes.

We describe here how this was accomplished by apply-
ing multiple recently developed magnetic resonance ima-
ging (MRI) techniques in studies of small songbirds; this is
a model system exhibiting vocal learning associated with
an extreme brain plasticity linked to quantifiable beha-
vioral changes. Similar MRI approaches were also incorp-
orated in studies of other small animals such as rats and
mice. The extensive neural plasticity and cognitive
capacities of songbirds, however, provide a very suitable
model for illustrating the capacity of these imaging tools.
These imaging techniques should in the near future lead to

Corresponding author: Van der Linden, A. (annemie.vanderlinden@ua.ac.be)

major conceptual advances in the study of how the brain
changes behavior and how behavior changes the brain, in
both health and disease. These advances will be due
mainly to the inherent capacity of MRI for repeated
measures over the course of longitudinal studies of both
brain structure and activity.

Plasticity in the song control system

Songbirds (members of the order Passeriformes) share
with humans, a few other mammalian taxa (e.g. cetaceans,
possibly bats and elephants) and birds from two other
orders (some parrots and hummingbirds) the ability to
learn their vocalizations. They are probably the only model
system exhibiting learned vocalizations that can be easily
studied in the laboratory. Vocal communication probably
emerged independently in songbirds and humans [1], but
brain circuits underlying learned vocal communication in
these two taxa display substantial similarities (whether
these similarities represent homologies or constraints in
evolution is not known at present [1,2]). There are
additional interesting parallels between song and human
speech, including the existence of crucial periods for learn-
ing, dependence on auditory experience and feedback, and
lateralization of sound production [3].

During evolution, several forebrain regions of songbirds
became part of a spatially organized circuitry that med-
iates this ability to learn and produce songs: the so-called
song control system (SCS) [4] (Figure 1a).

In seasonally breeding species, the SCS displays a high
degree of seasonal plasticity including changes in the
volume of neuronal cell groups (nuclei) and in their con-
nectivity [5]. This discovery led to one of the most import-
ant paradigm shifts in modern neuroscience: the
realization of the extent to which dynamic changes in brain
function and structure are the norm rather than the excep-
tion. Nuclei such as HVC (acronym now used as a proper
name; formerly high vocal center), nucleus robustus arco-

Glossary

BOLD: blood oxygen-level dependent.

BOS: bird own song.

DME-MRI: dynamic manganese-enhanced magnetic resonance imaging.

DTI: diffusion tensor imaging.

fMRI: functional magnetic resonance imaging.

IEG: immediate early gene.

ME-MRI: manganese-enhanced magnetic resonance imaging.

Mn?*: manganese, a calcium analog that enters neurons via activity-dependent
voltage-gated calcium channels.
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Figure 1. The song and auditory systems in songbirds: a unique model of vocal
learning and production. (a) Song control system (SCS). Songbirds have evolved a
suite of neural specializations that mediates learning and production of song, the so-
called SCS [67]. The SCS is schematically divided into two main parts. The caudal
motor-control pathway (dark blue nuclei and arrows) is made up of the nucleus HVC,
the nucleus robustus arcopallialis (RA), the dorso-medial portion (DM) of the nucleus
intercollicularis (ICo), medullary nuclei that modulate respiratory motor neurons and
the tracheosyringal portion of the hypoglossal nucleus (nXllts) that controls muscles
of the syrinx, the avian vocal organ [4,68] (see Ref. [69] for the recent revision of the
avian brain nomenclature). In the more rostral, anterior forebrain pathway (AFP; red
nuclei and arrows), another population of HVC neurons projects to area X of the
medial striatum (homolog of the caudate and putamen), which in turn projects to the
medial dorsolateral thalamic nucleus (DLM). DLM projects to the lateral
magnocellular nucleus of the anterior nidopallium (LMAN), and LMAN projects
(predominantly) to the RA. This pathway is organized as follows:
HVC—X—DLM—LMAN—RA [67]. Thus, there are two pathways from HVC to RA:
the caudal pathway, which is essential for song production, and the indirect AFP,
which is crucial for song learning [70]. The AFP is also involved in the maintenance of
adult song stereotypy. (b) Auditory system. HVC receives direct auditory inputs
required for acquisition of a song model to be reproduced and for auditory feedback
enabling the match of the bird’s vocal production with the template stored during
learning. Afferents from the inner ear project to various hindbrain nuclei, including
the cochlear nucleus, then to the auditory midbrain (nucleus mesencephalicus
lateralis pars dorsalis; MLd) and the thalamic nucleus ovoidalis (Ov). Ov, in turn,
sends projections to the primary auditory area in the pallium, called field L, a
structure analogous to the mammalian primary auditory cortex. Field L has been sub-
divided into L1, L2a, L2b and L3 based on differences in cytoarchitecture and
connectivity [71]. L1 and L3 make bi-directional connections with two secondary
auditory areas: the caudal lateral and medial mesopallium (CLM/CMM) and the
caudal medial nidopallium (NCM). Auditory information reaches HVC, partially from
field L and mainly from CM, which projects directly and indirectly to HVC via the
interfacial nucleus of the nidopallium. NCM has no direct connection with HVC.
Redrawn from figures in Ref. [2].

Trends in Neurosciences Vol.xxx No.x

pallialis (RA) and area X are twice as large in the spring as
in the fall. The cellular bases of these volumetric differ-
ences relate to variation in cell size, branching and spacing
but also in the case of HVC to an active process of neuro-
genesis and new neuron incorporation [5]. Young neurons
born in the ventricular zone migrate and are incorporated
into functional circuits throughout most of the dorsal
telencephalon, especially in the HVC of songbirds. How-
ever, only neurons projecting to the RA are replaced at a
high rate and there is no replacement of area X projecting
cells in the HVC. This cellular plasticity is controlled by
testosterone acting directly and indirectly on the SCS but
also by changes in the social environment or by activity-
dependent changes associated with vocal production (i.e.
increased metabolic activity in HVC and RA, and activity-
dependent production of brain-derived neurotrophic fac-
tor) [6].

Auditory information reaches the SCS at the level of
HVC after transiting through the auditory pathway that
includes the cochlear ganglion and nucleus, the nucleus
mesencephalicus lateralis pars dorsalis (MLd) in the mid-
brain, the thalamic nucleus ovoidalis (Ov) and various
telencephalic nuclei (Figure 1b).

Plasticity in the song system has been intensively stu-
died, but histology, by definition performed postmortem,
only enables a single determination of morphological fea-
tures, and electrophysiology usually captures the activity
of just a few neurons. It is, therefore, difficult to correlate
the overall status of the song and auditory systems with
dynamic behavioral data. MRI, a non-destructive micro-
scopic tool, now enables investigation of these issues in vivo
(Box 1). We have explored this approach intensively for the
past six years.

MRI and neuroplasticity in songbirds: the proof of
principle

The first analyses of the brain in a live songbird provided
images with high anatomical resolution (section thickness
58 um, in plane resolution 78 pm) that identified a large
number of structures including fiber tracts but failed to
reveal SCS nuclei [7]. The very dense projections from HVC
to RA and area X subsequently enabled visualization of
these targets by manganese enhanced MRI (ME-MRI; see
Glossary) (Box 1). Stereotaxic injection of MnCl, into the
HVC labeled, within a few hours via anterograde trans-
port, RA and area X in images collected in live subjects so
that these nuclei could be delineated and their volume
measured (Figure 2a—c). This experimental approach was
first validated by comparing the brains of male and female
European starlings (Sturnus vulgaris) [8], which confirmed
the previously established sex differences in area X
volume. Subsequently, RA and area X volumes were
repeatedly measured in the same subjects (starlings or
canaries, Serinus canaria) before and after experimental
manipulations, enabling for the first time the performance
of longitudinal studies on these brain nuclei.

Female starlings that had received a six-week treat-
ment with testosterone displayed RA and X volumes that
were numerically larger than before treatment; however,
this difference was not statistically significant, apparently
because the effect of testosterone was confounded by a



TINS-685; No of Pages 10

Review

Trends in Neurosciences Vol.xxx No.x

Box 1. Different MRI techniques: what they are and what they can tell us?

Manganese-enhanced MRI

Mn?* is a paramagnetic CaZ* analog that enters cells through L-type
voltage-gated Ca?* channels. It is then transported by fast axonal
transport to synapses, released and picked up by postsynaptic
neurons. Mn?* can thus be visualized as hyperintense regions in T1-
weighted MRI in neuronal circuits [75] including several synapses
[54,76]. The blood-brain barrier is almost impermeable to Mn?2*,
which mainly enters the brain through the choroid plexus—cerebrosp-
inal fluid interface or through the olfactory and retinal pathways. Mn%*
can also enter the brain after a transient pharmacological opening of
the blood-brain barrier or by stereotaxic injections in the area of
interest (for review, see Ref. [77]). Because Mn?* cellular uptake is
activity dependent [75], manganese-enhanced MRI (ME-MRI) can be
used to monitor brain activation even in awake moving small animals:
after being injected with Mn2*, subjects are allowed to express a given
behavior for several hours and accumulation of Mn?* is then
visualized by MRI [39,44].

Diffusion tensor imaging

Diffusion tensor imaging (DTI) determines the preferential direction-
ality of water-diffusion movements that is constrained by the local
micro-architecture of brain structures [78]. The resulting measure

parallel decrease of the corresponding volumes in control
birds. Because control and testosterone-treated subjects
were imaged before and after treatments, it was, however,
possible to identify this volume decrease in controls and
detect a significant interaction between treatments and
repeated measures, therefore confirming an effect of tes-
tosterone that would have gone unnoticed in a single
histological measure [9].

The repeated images provided by ME-MRI can also be
compared with the specific behavior displayed by subjects
before and between imaging sessions, which enables an
analysis of individual correlations between behavior and
brain plasticity potentially driven by singing activity. We
explored, for example, relationships between seasonal
changes of the SCS, song output and intrinsic properties
of specific nuclei. Singing was recorded and quantified and
Mn?* uptake was analyzed in the same female starlings
(female starlings sing contrary to females in many other
species) when sexually active and singing a lot (March) or
inactive and silent (July). Besides prominent decreases in
RA and X volumes between March and July (Figure 2d),
significant correlations were also discovered between brain
structures, their changes and singing activity (e.g. individ-
ual song rate and song bout length in March predicted
seasonal changes in telencephalic volume), correlations
that could only be obtained by repeated brain measures
via MRI [10].

Functional studies by dynamic ME-MRI

Mn?* is a biological calcium analog and MRI contrast agent
that enters activated cells such as neurons through vol-
tage-gated calcium channels. When combined with MRI,
Mn?* can be used to assess neuronal function and highlight
specific brain areas that are active (Box 1).

In songbirds, HVC neurons are known to exhibit audi-
tory responsiveness [11]. This responsiveness is well docu-
mented in some species (including canaries, starlings and
sparrows) and usually stronger under anesthesia. Based
on electrophysiological evidence, both RA-projecting and

called fractional anisotropy (FA) is determined by the structure of
interest (e.g. neurons versus fiber tracts) and the fine organization of
fiber tracts (i.e. number of axons, their more or less parallel
organization, their degree of myelination). Damage to axonal
structures and demyelination affect the observed anisotropy.

Functional MRI

Neuronal activity increases glucose and oxygen consumption, resulting
in local decreases in oxygenated hemoglobin (HbO,) and increases in
deoxy-hemoglobin (Hb) that are rapidly over-compensated by in-
creased blood flow and cerebral blood volume. Owing to its para-
magnetic properties, Hb disturbs the magnetic fields, a property not
shared by the diamagnetic HbO,. The changes in HbO,:Hb ratio are
recorded by the so-called blood oxygen-level-dependent (BOLD) MRI
contrast [79]. BOLD responses reflect the synaptic and postsynaptic
activity of neurons and are, thus, best correlated with local field
potentials [80]. The time scale of BOLD responses (a few seconds) is
constrained by hemodynamic events. Its spatial resolution is mainly
constrained by the field strength of the MRI scanner (~2 mm at 1.5-3
tesla and 0.2 mm at 7 tesla). BOLD functional MRI (fMRI) provides
indirect measures of neuronal activity within small voxels but these still
contain hundreds to thousands of neurons.

area-X-projecting neurons seem to be responsive to auditory
stimuli [12]. To generalize this conclusion to large popu-
lations of HVC neurons, we stereotaxically injected Mn?* in
the HVC of anesthetized male canaries and then measured
the dynamic accumulation of Mn?* in RA and area X while
birds were or were not exposed to conspecific songs play-
backs [13]. This accumulation depends on the activity of
HVC projecting neurons and the density of their projections.
Accumulation of Mn?" was significantly affected by the
exposure to conspecific songs in an anatomically specific
manner (different effects in RA and X), thus confirming that
broad populations of RA- and area-X-projecting neurons in
the HVC are auditory responsive and that these two popu-
lations react differentially to the same auditory stimuli as
previously demonstrated [12] (Figure 2e).

Comparison of Mn?* uptake in male and female star-
lings also revealed sexually differentiated kinetics of Mn?*
transport from HVC to specific targets. More Mn?* was
transported to area X in males than in females (Figure 2¢)
and the dynamics of this transport was also sexually
differentiated (different shape of the sigmoid accumulation
curve modeling the process) in area X but not RA [8].

In another experiment, a six-week treatment of female
starlings with testosterone increased the total amount of
Mn?* transported to area X (increased maximal signal
intensity) and altered the rate of this accumulation, but
these parameters were not changed in RA, indicating that
testosterone differentially affects X- and RA-projecting
HVC neurons [9]. The non-invasive nature of this tech-
nique enabled imaging of the same birds before and after
exposure to testosterone, which markedly improved the
sensitivity of the study.

Dynamic ME-MRI (DME-MRI) thus provides an anato-
mically discrete indirect assessment of electrical activity
(Mn?* uptake by neurons depends on their action poten-
tials) in neurons of a brain nucleus specifically connected to
a specific target. Changes in Mn?" accumulation in this
target are directly related to electrical activity of neurons
at the origin of the projection when comparing the same
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Figure 2. Brain plasticity and function as assessed by manganese-enhanced MRI protocols. (a) Manganese (Mn?*) stereotaxically injected into HVC is taken up by the two
types of projection neurons and anterogradely transported to the two targets of these neurons, RA (blue) and area X (red). (b) This uptake, transport and accumulation of
Mn?* visualizes RA (blue asterisks) and area X (red stars) that are shown here in sagittal (left) horizontal (middle) and transversal (right) sections. The injection site in HVC is
also visible in the sagittal view (arrow). (c) The accumulation of Mn?*in HVC targets, illustrated here in area X, takes place over a period of 7 hours, and the dynamics of this
accumulation reflects the properties of the projections in addition to the activity of the projection neurons in HVC. The accumulation is shown here to be different in a male
and female starling. These images also confirm the larger size of area X in males than in females. (d) Mn?* uptake was monitored in female starlings during the spring
breeding season (March) and then again in July, when females had stopped all reproductive activities including song production. RA and area X volumes were much
smaller in July with area X being even undetectable in most subjects. The larger HVC in spring producing a bump in the dorsal surface of the brain is also clearly visible
(arrow in bottom panel). The data clearly show that, at least in starlings, seasonal plasticity also affects the female brain. Unexpectedly, individual song output in March was
not correlated with the volumes of the song control nuclei but, rather, with activity of the RA projecting HVC neurons (assessed by rate of Mn2* accumulation) in both
seasons (i.e. also in the summer when birds are not singing). Correlations were also detected between stable X-projecting and replaceable RA-projecting neurons,
indicating unexpected stable relations between the activity in the caudal motor pathway (HVC—RA) and anterior forebrain pathway (HVC—area X). (e) Indirect measures of
the activity of HVC neurons are obtained through the quantification of the dynamics of Mn2* uptake in RA and area X after injection in HVC. Mn?* accumulation in RA and
area X was accurately modeled by a sigmoid function that could be summarized by its basic parameters (asymptotic maximal signal intensity or [Slax], time to half Slax
[T41,2] and shape of the curve [n] providing an indirect measure of the complexity of underling process; see Ref. [8]). Mn?* uptake was quantified for 8 hours in male canaries
that were either exposed to the playback of conspecific songs (filled symbols) or kept in the control condition with no sound playback (open symbols). The two types of HVC
projection neurons were differentially activated by the auditory stimuli. In RA-projecting neurons exposure to songs modified the shape of the sigmoid curve (n parameter)
resulting in a faster accumulation of Mn2* in the target nucleus, whereas in area X the shape of the curve (n) was not affected but the total amount of Mn?* accumulated was
markedly increased (larger Slyax). Redrawn from figures in Refs [8] (b,c), [10] (d) and [13] (e).



TINS-685; No of Pages 10

Review

subject under different conditions (e.g. male canaries hear-
ing or not conspecific song). When comparing different
subjects (e.g. males and females) or during longitudinal
studies over a long period, changes in the structure of the
neural circuit might of course also have a potential role in
generating differences in Mn?* accumulation.

Seasonal rewiring of the brain detected by diffusion
tensor imaging

In vivo diffusion tensor imaging (DTI) is an MRI method
that focuses on the preferential directionality of water
movements in tissue. Specifically, it is ideally suited for
visualizing fiber tracts and their changes (Box 1). DTI is
classically used to study connectivity changes in the
human brain during development or neurodegeneration
[14-16] but a high-resolution variant of the technique was
recently implemented for studying songbirds [17]. Longi-
tudinal studies comparing a group of male starlings be-
tween the spring (the reproductive season) and summer
(the sexually quiescent period) confirmed changes in the
HVC to RA projection previously identified by histology
(Figure 3). However, this study also revealed the existence
of a marked seasonal plasticity affecting connectivity in
multiple fiber pathways including the occipito-mesence-

Trends in Neurosciences Vol.xxx No.x

phalic tract, the optic chiasm and the posterior commissure
[18].

Functional MRI of auditory processing: a new window
on cognitive neurosciences in songbirds
It has been known for ~25 years based on electrophysio-
logical recordings in song control nuclei that they exhibit
auditory responsiveness and a specialization characterized
by cells tuned to respond selectively to the bird’s own song
(BOS) as compared with other conspecific songs [11]. More
recently, analysis of immediate early gene (IEG) expres-
sion in songbird brains highlighted the central role of the
caudal telencephalon, which comprises the primary and
secondary auditory regions, in auditory processing [19].
This molecular technique revealed the specialization of
secondary auditory regions (caudal medial mesopallium
[CMM] and caudal medial nidopallium [NCM]) in conspe-
cific song processing (as compared with artificial sounds
and heterospecific songs) (for a review, see Ref. [19]). This
specialization was further confirmed by electrophysiologi-
cal methods [20].

Blood oxygen-level-dependent (BOLD) functional MRI
(fMRI) detects the global hemodynamic changes in
response to synaptic activity of a large number of neurons

Figure 3. Analysis by diffusion tensor imaging (DTI) of brain connectivity. Analysis by DTI of the starling brain during the spring reproductive season (April) (a,c) and in the
summer (July) (b,d) when birds are photorefractory and their testes are completely regressed demonstrates extensive plasticity in connectivity. This MRI approach first
confirms the important variation of the connection of HVC to RA between April and July. This projection is denser during the spring (increased axonal density and
myelination; see arrows in parts a and b), which is reflected in DTI in an increased fractional anisotropy (FA). Repeated analysis by DTI of the entire brain additionally
revealed the presence of massive seasonal changes in connectivity. These changes concerned the song system (e.g. increased myelination during the breeding season in
the medial telencephalic part of the occipito-mesencephalic tract (OM) that contains RA fibers projecting towards the dorsomedial nucleus of the intercollicular complex
[DM] of the mesencephalon; see arrows in part ¢ and d) [72] but also many other fiber tracts such as the optic chiasma displaying in spring an increased myelination
(resulting in larger FA values; not shown here). The color-coded arrows (centre bottom) indicate the predominant direction of fiber tracts; the same color code is used in the
entire figure (e.g. red: rostro-caudal tract). Repeated in vivo DTI thus identified an unexpected degree of plasticity, resulting in optimized connections in April (larger
numbers of axons and/or increased myelination) that might prepare birds for the demanding behavioral tasks conditioning successful reproduction. Unpublished images
describing results published in Ref. [18].



TINS-685; No of Pages 10

(Box 1). In addition to studies investigating the neurophy-
siological bases of the BOLD signal, fMRI has, until now,
only been sparsely used to study cognition in non-human
species. Owing to the intense noise produced by the MRI
scanner, BOLD fMRI is particularly challenging but feas-
ible in the auditory domain. It is now beginning to be
exploited to study cognitive issues in macaques and birds.
In macaques, auditory fMRI has been used to map the
auditory regions of the brain and their tonotopy [21],
investigate multi-sensory integration in the auditory cor-
tex [22] and identify the neural substrates of conspecific
voice recognition [23].

Establishment and methodological developments of
BOLD fMRI in songbirds

The feasibility of auditory fMRI in songbirds was first
demonstrated in 2005 [24] (Figure 4a) on starlings and
has now been extended to a smaller songbird species, the
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zebra finch [25,26]. The first starling fMRI study estab-
lished the existence of a hemodynamic response and
demonstrated that the temporal pattern of the auditory
BOLD response is remarkably similar to auditory evoked
BOLD responses in human subjects [24]. The occurrence of
a BOLD response was recently confirmed with near-infra-
red spectroscopy in birds exposed to hypercapnic con-
ditions [27].

Although it is measuring a different neuronal signal
from electrophysiological and IEG studies, fMRI has con-
firmed many results obtained by these techniques. Two
independent research groups [24-26] have confirmed the
specialization of the caudal telencephalon for processing
conspecific songs (over artificial sounds and modified con-
specific songs). It was also established that increasing
background noise progressively decreases in a very similar
manner behavioral responses to conspecific song and acti-
vation of the secondary auditory region NCM, as measured

Figure 4. Assessment of brain function by BOLD fMRI. (a) Z-score maps illustrating the differential brain activation in male starlings as observed by BOLD fMRI in response
to three types of auditory stimuli, namely white noise (sounds with no organized structure), music (organized sounds with no biologically relevant meaning for the species)
and conspecific song (songs of a male starling recorded during the breeding season that has, therefore, an obvious signification for the species). Images were collected in
two parasagittal slices positioned in the right hemisphere at increasing distances from the midline (top: more medial; bottom: more lateral). White noise activated the
auditory field L but more complex sounds such as music or songs extended activation caudally to secondary auditory areas such as NCM. Activation is also observed in the
thalamus and cerebellum in addition to field L and NCM. The highlighted pixels around the eye are due to eye movements. This differential activation by different sounds
was recently suggested to depend on the previous auditory experience of the subject [73]. (b) High-resolution MRI of the male zebra finch auditory system illustrating
subregions L2a and L2b of field L as dark areas. The boxed area is schematically represented in the insert with the name of all regions as identified in Ref. [71]. Analysis of
the BOLD fMRI responses induced by conspecific songs distinguishes subregions of field L [32]. These subregions (L2a and L2b) were not distinguished by IEG analysis
owing to the absence of expression in subfield L2 [74]. (¢) Rendering of the whole male zebra finch brain as reconstructed in a 3D stereotaxic atlas and of a selection of
structures that could be delineated on the MRI images, including all major song control nuclei; (left) right sagittal view, (right) frontal view. Abbreviations: E, entopallium;
FPL, lateral forebrain bundle; OB, olfactory bulb; TeO, tectum opticum; tOM, tractus occipitomesencephalicus; Rt, nucleus rotundus. Modified from data in Ref. [24] (a), [32]
(c) and [31] (b).
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by IEG expression [28]. This was confirmed by fMRI [29].
Successful recognition of biologically relevant information
(conspecific song) within noise, the so-called cocktail party
effect [30], is thus reflected in the fMRI BOLD response.

These fMRI studies were all based on the analysis of
regions of interest (ROI) and had, therefore, limited effec-
tive spatial resolution. Although statistically powerful
(signal intensity is averaged over all voxels in the ROI,
thus removing between-voxel variability), this approach
decreases spatial resolution in the results and implicitly
assumes that effects are identical over all voxels in the
ROI. This can be problematic if the ROI is large and
heterogeneous (e.g. auditory region including the primary
auditory region field L, and the secondary auditory regions
NCM and caudal mesopallium, CM in Ref. [26]). Voxel-
based analyses increase effective spatial resolution but
require a precise co-registration of individual fMRI data-
sets to a reference anatomical frame. To facilitate this
approach, we recently developed an MRI atlas of the male
zebra finch brain [31] that can now be used as the reference
for super-imposing statistical results of fMRI experiments
as is commonly done in humans (Figure 4c).

New discoveries on auditory processing in the songbird
brain

Besides confirming results provided by traditional
methods, BOLD fMRI has started to provide novel contri-
butions to the understanding of auditory processing. When
compared with a normal conspecific song, spectrally and
temporally filtered conspecific songs trigger a differential
neural activation in the frontal and caudal regions of a
cluster covering the primary auditory cortex (and possibly
small parts of surrounding secondary auditory regions)
[25] (Figure 4b). The first identified functional difference
between sub-regions L2a and L2b of the primary auditory
cortex was revealed in terms of BOLD signal intensity [32],
an important contribution of fMRI because field L2 does
not display increased IEG expression after exposure to
song and electrophysiology only enables recording of a
limited set of neurons.

Selective responses to BOS initially observed based on
electrophysiological methods in the SCS are usually
expected to emerge at least at an intermediary level in
the ascending auditory system [33,34], and numerous
studies were designed to determine where this selectivity
exactly emerges. Because electrophysiology requires an a
priori hypothesis about the location of the selectivity,
previous studies focused on the primary and secondary
auditory regions [34] but without success (see Ref. [35] for a
recent study indicating BOS selectivity in some excitatory
neurons of the secondary auditory region CM). Using the
zebra finch MRI atlas and voxel-based statistics, we
recently investigated this question with BOLD fMRI on
the whole zebra finch brain [36]. Comparison of neural
activation elicited by the BOS and a familiar conspecific
song confirmed BOS selectivity in large neuronal popu-
lations of HVC (and the HVC shelf) and part of area X. This
differential activation would be impossible to detect by the
IEG studies because these genes are not enhanced by
hearing songs in these song control nuclei. This study also
revealed the presence of activity-based selectivity to the
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BOS within the ascending auditory pathway at the level of
the midbrain (MLd; homolog to the inferior colliculus)
where it had never been investigated before.

Surprisingly, this selectivity was lateralized with a bias
towards the right side, a finding reminiscent of the neural
right lateralization of self-voice and self-face recognition in
human beings [37,38]. A previous fMRI study [26] already
suggested that activation by songs could be lateralized
because some effects were observed on the right side of
the brain only (this study, however, did not report any
direct comparison of selectivity between both hemi-
spheres). Interestingly selectivity for conspecific over het-
erospecific songs was also observed in the MLd but in this
case it was lateralized to the left side of the brain [36].
Future electrophysiological and IEG experiments should,
therefore, systematically measure and report results from
each hemisphere separately.

Advantages and limitations of MRI measures for brain

activity compared with other approaches

The scarcity of fMRI experiments completed in small
animals to date possibly relates to the fact that they
require anesthesia or sedation to achieve the complete
immobilization of the subjects. This restricts the type of
questions that can be addressed and also disturbs the
stability of the hemodynamic parameters challenging
the fMRI outcome. Solutions to these problems are pro-
gressively identified, as indicated in Table 1, which sum-
marizes the main advantages and limitations of MRI
techniques as compared with other approaches. Most
importantly, the non-invasiveness of MRI enables
repeated longitudinal measures on the same subjects,
which opens a large range of new possibilities.

Conclusions and future perspectives

Multiple MRI techniques have now been adapted for use in
small animals such as songbirds with body weight as low as
15-20 g. They have also been used in studies on rats (>200
hits for titles including MRI and rat brain in PubMed) and
to a smaller extent in mice that have a body weight similar
to songbirds such a zebra finches (Table 2).

These techniques were originally validated in songbirds
by showing that they identify changes in brain structure or
function consistent with previous results obtained by histo-
logical, tract-tracing or electrophysiological approaches.
Recently, they started to reveal new brain characteristics
such as the prominent plasticity affecting not only the SCS
but also large areas of the songbird brain and the unex-
pected lateralization in a mesencephalic auditory nucleus
of neural activity related to BOS, conspecific or heterospe-
cific song hearing. The tools have been sharpened and are
now available for exploring a long list of unresolved issues
in songbird neuroscience such as the respective roles had
by testosterone, social stimuli and singing activity itselfin
the control of neural plasticity in the SCS [6] and the
specific mechanisms that promote neuronal recruitment
in the SCS and the exact function of these new neurons.

The growing awareness within the neuroscience com-
munity of the capabilities of MRI tools as illustrated here
in songbirds (an unusually auspicious model for studying
neuroplasticity, cognition, learning and memory) should
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Table 1. Comparison of the advantages and limitations of two MRI techniques® (BOLD fMRI and ME-MRI) applied to a small animal
brain compared with electrophysiology or mapping of brain activity by the IEG technique

Brain coverage

Temporal resolution

(compared with neural activity)
Connectivity

(possibility of analyzing
functional circuits)

Possibility of studies with freely
moving animals

Possibility of repeated
measurements

Possibility of multiple stimuli or
conditions in one experiment

(£ 100 wm) no cellular
resolution

++

Whole-brain approach

+—

Seconds

+

Through functional
correlation
Anesthesia or
immobilization limits
types of tasks®

++

Easy

++
Easy

(& 100 wm) no cellular
resolution

++

Whole-brain approach

Minutes to hours

++

Direct monitoring of
projecting neurons

+

Brain can also be studied
after specific behavioral
task?

+

Easy but requires
re-injection of Mn?*

+

Possible at two weeks
intervals’

Single cells or small

numbers

++

milliseconds

+

Through functional
correlation

+/—

Recording on freely behaving
subjects possible but difficult

+—

Possible but technically
challenging

++

Possible

Features fMRI ME-MRI Electrophysiology IEG

Spatial resolution + + ++ ++
Discrete neuronal Discrete neuronal Individual cells Cellular resolution
populations populations

+/—

Whole-brain approach
feasible but time
consuming®

Minutes to hours

Only via pre-injection
of tracer

+

Brain studied after
specific behavioral task

Impossible®

Impossible

ALimitations of MRI techniques relate to spatial and temporal resolution (first 4 rows of the table) and the need for anesthesia or immobilization during imaging with the
potentially associated stress (row 5). The most prominent advantages concern the possibility of repeated measures that enable longitudinal studies of the same individuals
and the analysis of brain responses to multiple stimuli (rows 6 and 7).

Importantly, the expression of specific IEG is not ubiquitous. For example Zenk (also called egr-1in mammals) is not expressed in field L2 or HVC of songbirds, which limits its
use for studying auditory processing.

°This limitation can be circumvented by using awake subjects habituated to the imaging protocols (e.g. studies on rat maternal behavior [41,42]) or studying neural processes that
remain active under anesthesia such as auditory processing in songbirds [34], even if some aspects are affected (e.g. modification of attentional or motivational processes [43]).
9Some DME-MRI protocols permit assessment of brain activation in awake behaving animals through the quantification of Mn?* uptake in a target between the injection and
the imaging session. Mn?* is injected, behavior is expressed or sensory experience endured by awake subjects for 8-24 hours and then imaging is performed [44].
°Double fluorescence in situ hybridization potentially enables visualization of neuronal populations that reacted to two different stimuli at different times before sacrifice in the
same animal through the analysis of differential cell localization (nuclear versus cytoplasmic) of the RNA signals induced by the stimuli [45]. This procedure does not,
however, represent repeated measures in the strictest sense and remains technically challenging and less versatile than fMRI.

fMultiple ME-MRI experiments can be carried out on the same subjects provided a minimum of two weeks is allowed between them so that the Mn?* has disappeared from the
brain before the second injection.

Table 2. Examples of the application of available MRI techniques for the study of various neuronal functions and circuits in very
small animals such as mice and songbirds?®

MRI method Animal condition Neuronal circuit or function Mice Songbirds
BOLD fMRI Healthy brain Auditory [24-27,29,32,36]
Visual [46]
Somatosensory [47]
Olfactory [48,49]
Cognitive function [36]
Pathologic or transgenic brain Entire brain [50]
Somatosensory [51]
ME-MRI Healthy brain Auditory [39,562]
Song control system [8-10,13,53,54]
Olfactory [55,56]
Neuroplasticity [39] [9,10,53]
Hypothalamus (571
Pathologic or transgenic brain Olfactory [58,59]
Visual [60]
(more available)
DTI Healthy brain Entire brain, white matter [61,62] [17]
(more available)
Neuroplasticity [18]
Pathologic or transgenic brain Entire brain, white matter [63]
Corpus callosum [64]
Nigrostriatal [65]
Entire brain [66]
(more available)

2The table focuses on studies published after year 2000 and presents representative recent examples for all topics that were investigated by these techniques. For some topics,
a large number of articles are available and this is then indicated in the table. Note that most studies on neuroplasticity and the only study on cognition were performed in
birds. This is why we focused the present review on these animal models.
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promote a new generation of studies on neuroplasticity and
cognition in small animals such as rodents. Cognitive stu-
dies are still missing in rodents (Table 2) but recent exper-
iments have exploited the potential of ME-MRI to study, for
example, experience-driven plasticity in the mice auditory
midbrain [39] and axonal sprouting in a rat model of epi-
lepsy [40]. These techniques open new windows on brain
activity and structure that will now permit, in conjunction
with more traditional approaches, further analyses of
multiple questions in neurosciences in general. Because
the same imaging approaches can be used in humans and
in animals that can be submitted to invasive manipulations

(e.g.

lesions, implantation and tract-tracing), MRI

represents a unique tool that should promote translational
research by enabling parallel analyses of physiological and
pathological processes in the human and animal brain.
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