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2.1 Introduction

The term plasticity was introduced in biology in the middle of the nineteenth cen-
tury, referring to the adaptability of an organism to changes in its environment
(Jones 2000). In the field of neuroscience, even though neuroscientists are very
much familiar and commonly used the noun “plasticity,” they do not share a com-
mon definition. The term plasticity is a source of misunderstanding because of its
unreliability. Indeed, plasticity does not have the same meaning depending on the
context it is used, for instance, plasticity of phenotypic expressions, synaptic plas-
ticity, morphological or functional plasticity, plasticity of sensorimotor coordina-
tion, behavioral plasticity, and postlesion plasticity. As questioned by Jacques
Paillard (1976), page 33: “Are the realities covered by this term sufficiently pre-
cise so that we can hope to see it to become a heuristic concept generator of new
hypotheses and new experiences, and thus a useful concept in neurobiology?”

It is not our intention to provide a long summary of the history of all concepts
covered by the generic name neuroplasticity. On the contrary, as neuromorpholo-
gists, the focus of the present chapter will be very much reduced to morphological
aspects of the plasticity, and many of our examples are taken from the cerebellum.
We know that the review is far from being complete. There are whole sections that
are not even mentioned such as developmental plasticity, critical periods, and phy-
logenetic aspects of the neural plasticity. Finally, the specific case of neural stem
cell and its potential interest in nervous system repair have been treated in other
chapters of this book or in numerous recent reviews (see, for instance, in Martino
et al. 2011; Saha et al. 2012).

2.2 Origin of the Term ‘‘Plasticity”

2.2.1 The Importance of Psychologists in the Development
of the Plasticity Concept

From his earliest origins, man has been interested in understanding the world around
him and the nature of his constant interactions with that world. Because man has
rapidly intuited that such interactions were possible, thanks to the interface that
represents the brain, the mystery of how the nervous system was built and how it
functions has passionately and simultaneously disturbed the human being. The aph-
orism “know thyself” has been the incentive that has driven scientists of all ages to
try to unravel the mysteries of brain function.

One of the most amazing abilities of the brain is the mental process that allows
us to learn and to keep in memory the learned tasks. During the second half of the
nineteenth century, with the earliest scientific studies on learning and memory, it
became obvious that during all his life the human being was able to learn and to
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remember and that the brain was the receptacle to accumulate new knowledge. The
brain should be therefore provided with some kind of mechanism capable of fixing
and preserving constant acquisitions. Due to the very poor knowledge of the brain
constitution, organization, and function, a number of speculations began to appear
trying to imagine how the brain was able to work. It is of interest to recall that the
more accurate and fertile imagination appeared among psychologists. At the middle
of the nineteenth century, Alexander Bain (1818-1903), an “associationist psychol-
ogist,” who tried to endorse psychology with experimental sensorimotor physiol-
ogy, published his textbook, entitled “The Senses and the Intellect” (1855) where he
started to expose his ideas on the possible mechanisms of memory. His devise was
“There is nothing I wish more than so to unite psychology and physiology.”
These ideas were completed in another book, “Mind and Body: The Theories of
Their Relation,” published 18 years later, where he explained in Chap. 5, devoted to
the intellect, that the mechanism of retention would pass through the growth of the
number of cell junctions between the nerve cells, establishing precise new neural
groupings. Using his own words, Bain wrote on page 91: “For every act of mem-
ory, every exercise of bodily aptitude, every habit, recollection, train of ideas,
there is a specific grouping, or co-ordination, of sensations and movements, by
virtue of specific growths in the cell junctions. For example, when I see a writ-
ten word and, as a result of my education, pronounce it orally, the power lies in
a series of definite groupings or connexions of nerve currents in the nerve and
centres of the eye, with currents in motor nerves proceeding to the chest, lar-
ynx and mouth; and these groupings or connexions are effected by definite
growths at certain proper or convenient cell crossings”.

What was the meaning of “cell junctions” or “cell crossing” in the central ner-
vous system when Bain wrote the abovementioned sentences? In his publications,
Bain provided descriptions of the organization of the nervous tissue based primarily
upon the histological studies of Lionel S. Beale (1828—-1906) who considered, like
many others of his contemporaries, that the nervous system was structurally
continuous.

Alexander Bain (1873, pp. 118-119) summarized Beale’s ideas published in
1862 and 1863, as following: “The manner of connexion of the nerve-fibres [...]
is conjectured and figured by Dr. Beale in a plan that facilitates our conception
of the physical growths underlying memory and acquisition [...] He observed,
[...] a series of hues passing across the body of the cell, and continuing into its
branches, or communicating with the nerves. He considers these lines as the
tracks of nervous action through the cell [...] He couples with, this appearance
the doctrine (maintained by him, although disputed by others) that the nerves
terminate in loops, and consequently form an unbroken nervous circuit. He
then suggests that the cell-crossing is the place where the inner bendings of a
great many independent circuits come into close neighbourhood, and affect
one another by a process of the nature of electrical induction. Any one of the
circuits being active, or excited, would impart excitement to all that came near
it in the same cell”.
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It is, therefore, evident that the knowledge on the organization of the central
nervous system gathered by Bain was inadequate. Although Beale published his
morphological work 8 years before Gerlach (1871), their conception of the organi-
zation of the CNS (central nervous system) was similar. Therefore, the description
of Beale was of the same nature than the wrong hypothesis later on enunciated by
Joseph von Gerlach (1820-1896), who with a flawed gold-impregnation method
decided that the fibers (axons and dendrites) emerging from different cells fused and
formed a large interlocking plexus or network that occupied the whole of the gray
matter (“reticular theory” or “reticularism’). Within this framework and knowing
that the nerve impulses were electrical in nature, it is not difficult to imagine what
the notion of Alexander Bain of a “cell junction”: the points of fibers intercrossing,
considered like the specific sites for cell-to-cell interactions. In any case, in agree-
ment with Stanley Finger (1994), Bain should be considered like one of the pioneers
in postulating that the malleability of the nervous system—in what is referring to
memory and learning—must go through structural changes in its circuits and, more
importantly, that nerve activity should be responsible for such changes. The ancient
metaphor that the brain was like a wax tablet, in which you could write or delete
messages, began to have its biological counterpart.

Almost simultaneously, another psychologist William B Carpenter (1813-1885)
in his book “Principles on Mental Physiology, with Their Applications to the
Training and Discipline of the Mind and the Study of Its Morbid Conditions” (1874)
used the term “plastic” on a quite similar sense, although no attempts to explain the
mechanisms were done. In the chapter related to Habits (Habit of Self-discipline),
Carpenter wrote page 289: “Whilst, then, every one admits the special strength
of those early impressions which are received when the Mind is most ‘plastic,’—
most fitted to receive and retain them, and to embody them (as it were) into its
own Constitution, [...] shaping that Mechanism, whose subsequent action
mainly determines our Intellectual and Moral character, and, consequently,
the whole course of our conscious lives”.

Somewhat more perspicacious was William James (1842-1910), who in his
book on “The Principles of Psychology” (Vol. 1, Chap. 4 devoted to Habit, 1890)
provided one of the earliest descriptions of the plastic nature of the nervous system
and the changes of its circuits associated with the foundation of habits. He wrote on
page 105: “The change of structure [...] may be invisible and molecular, as
when a bar of iron becomes magnetic or crystalline through the action of cer-
tain outward cause. [...] Plasticity, then, in the wide sense of the word, means
the possession of a structure weak enough to yield to an influence, but strong
enough not to yield all at once. [...] Organic matter, especially nervous tissue,
seems endowed with a very extraordinary degree of plasticity of this sort; so
that we may without hesitation lay down as our first proposition the following,
that the phenomena of habit in living beings are due to the plasticity of the
organic materials of which their bodies are composed”.

James, though aware of his ignorance on the real nature of the morphological
substrate providing plasticity to the brain, described the nerve impulses as respon-
sible for the induction of the plastic changes. However, the search of brain anatomy
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and cellular organization does not receive the required attention. Despite the
importance of his assumptions and interpretations, James succumbed to the main
weakness of those days’ psychology, when the CNS was simply regarded as a black
box and only the quality of incoming and outgoing messages was of interest and not
what might happen inside the box. Despite this weakness, he correctly understood
that nervous activity was responsible for the elaboration of new paths within the
CNS, as he put it on page 107: “If habits are due to the plasticity of materials to
outward agents, we can immediately see to what outward influences, if to any,
the brain-matter is plastic. [...] The only impressions that can be made upon
them are through the blood, on the one hand, and through the sensory nerve-
roots, on the other; and it is to the infinitely attenuated currents that pour in
through these latter channels that the hemispherical cortex shows itself to be so
peculiarly susceptible. The currents, once in, must find a way out. In getting
out they leave their traces in the paths which they take. The only thing they can
do, in short, is to deepen old paths or to make new ones; and the whole plastic-
ity of the brain sums itself up in two words when we call it an organ in which
currents pouring in from the sense-organs make with extreme facility paths
which do not easily disappear”.

Further in the book, when James developed his ideas about the concept of plas-
ticity (page 566), he wrote: “Let us then assume as the basis of all our subse-
quent reasoning this law: When two elementary brain-processes have been active
together or in immediate succession, one of them, on reoccurring, tends to propa-
gate its excitement into the other”.

Envisaging that the simultaneous activity might not only reinforce the interac-
tions between excited neurons but also create new interactive paths. Therefore, in
spite of his poor anatomical vision of the organization of the brain, James advanced
in his promulgated law a concept that, if it is interpreted by our current knowledge,
turns out to be prophetic since it foresees the one of the “Hebbian synapses” as
defined by Donald Hebb in 1949, almost 60 years later (see below). It is, therefore,
justified that in many papers dealing with the history of neuroplasticity, William
James is considered to be the first researcher in using the term plasticity from a
modern perspective (Berlucchi and Buchtel 2009).

2.2.2 The “Neuron Doctrine” and Its Corollary, the Synaptic
Contacts, Provided a Favorable Correlate to Explain
Neuroplastic Changes

The difficulty to envision a more anatomical solution to the problem raised by the
understanding of the learning and memory mechanisms began to be dispelled 2
years before the publication of James’ book, when Santiago Ramon y Cajal (1852-1934)
started the study of the organization of the cortex of the cerebellum with the Golgi
impregnation. In this study, practically completed in 3 years (Cajal 1988-1890),
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Cajal not only revealed the organization of the cerebellar circuits, but the study had
much more general implications. Indeed, the presence of basket cells, with their
peculiar pericellular baskets and “pinceaux formations” (brushlike), together with
the correct interpretation of the developmental history of the climbing fibers, and
their ultimate disposition coiling up along the main branches of the Purkinje cell
(PC) dendrite (see in Sotelo 2008), incited Cajal to conceive that the diffuse nerve
network supposed by Gerlach (1871) and later on (1873) by Golgi (1843-1926) did
not exist. On the contrary, axons—as it was the case for dendrites—ended freely.
A few years later, Cajal (1892) formulated his “neuron doctrine” stipulating that
between neuronal processes there was no continuity, only contiguity. Within this
framework, the CNS was composed of individual cells, like all the other tissues of
the body, communicating between them through specific contact zones (the nervous
articulations of Cajal), later on (1897) coined synapses by Sherrington (1857—-1952).
From now on, a new path was opened for a better comprehension of the mechanisms
involved in the malleability of the nervous tissue during the processes of learning
and memory and for a better definition of neuronal plasticity.

The newly opened path was rapidly taken by Eugenio Tanzi (1856-1934), one of
the earliest and enthusiastic defenders of the “neuronal doctrine” proposed by Cajal,
who in 1893 had the intuition that nerve current should find some resistance at the
passage from one neuron to the next, throughout their cell junctions. The stretching
of the arriving axon and/or the receiving dendrite, when the cell junctions are repeti-
tively stimulated, similarly to what happens when exercising muscle fibers (hyper-
trophy), might overpass this resistance. This distance reduction would be the plastic
change required for the phenomenon of learning through the facilitation of the pas-
sage of nerve impulses. In Tanzi’s words (1893), page 469: “If now we think that
the interposed distance between the terminal arborisation of one neuron and
the body of the next neuron constitute a resistance or [...] a kind of difficult
passage (‘mal passo’) that the nervous wave must overcome not without diffi-
culty, it is evident that the conductibility of the nervous system must stand in
an inverse relation of the interval between the two neurons. To the extent that
exercise has the tendency to shorten the distances, it increases the conductibil-
ity of the neurons that is their functional capacity” (taken from the English trans-
lation published in the paper by Berlucchi and Buchtel 2009).

Another important actor in the history of what from now on we can call “synaptic
plasticity” was Ernesto Lugaro (1870-1940), a clinical physician and psychiatrist.
Between 1898 and 1906, when he published his treatise on psychiatry (translated to
English in 1909), Lugaro expanded Tanzi’s hypothesis and coined the term “plastic
activity of neurons.” Thus, after summarizing Cajal’s anatomical ideas, he wrote
pages 94-95: “Let us now see if we can draw some deductions in psychology
from these data regarding the anatomy and general physiology of the nervous
system [...] One of the problems which psychology has always put to anatomy
is that of interpreting psychic evolution during development and adult life [...]
Anatomy gives us the general impression that organs are systems of unchange-
able and rigid structure. How then can psychic plasticity be reconciled with
this rigidity? The neurone doctrine is capable of giving us a satisfactory answer
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if we admit that between neurone and neurone there is some kind of constant
or temporary discontinuity, no matter whether the relationship is established
by contact or by means of plastic connections which undergo modifications
most readily.”

It is remarkable how Lugaro explained that the nervous system could be consid-
ered like a kind of “neoteny” (a process during which some developmental features
are preserved in adulthood). For him, adult life is simply a continuation of develop-
ment (“If then we consider that the psychic maturity acquired in adult life is
simply a continuation of development itself, the explanation will appear more
clear and convincing to us.”), and, therefore for the brain, aging would be only a
slowed down developmental processes. Finally, as clearly addressed by Berlucchi
and Buchtel (2009), Lugaro succeeded in making a bridge between Tanzi’s modifi-
ability of synapses and Cajal’s neurotropism, focusing again on the synapses as the
main location of the neuronal plasticity, pages 96-97: “Neurotropism [...] does
not exclude the possibility that in certain organisms the connections between
the various neurones are immutable [...] Probably this holds in the case of the
invertebrates. But where the structure of the nerve centres, although already
highly organised is still capable of further perfection—especially in the cere-
bral cortex—it is clear that chemotropic activities can still be the factor in
bringing about new anatomical relationships. Tanzi formerly explained the
consolidation of memories and automatic actions which become habitual, by
means of an ever expanding mechanism which tends to approximate and unite
in a progressively more intimate manner elements connected with each other
[...] This plastic activity of the neurones, which is just a continuation of what is
more accentuated in the embryo though in quite a different manner, is natu-
rally more active in infancy and youth than in adult life. And that explains the
particular plasticity of the young mind which education models so easily. To
the same cause can be attributed the fact that after destruction of some cortical
centres functional compensation—impossible in the adult—is possible in the
child [...] With the increase of years the plasticity of the neurones becomes
quiescent, but very slowly, and in fact we see how the aged may become inca-
pable of modifying their own convictions and of yielding to the suggestion of
new experiences.”

2.2.3 Cajal’s Writings on Neuroplasticity

In a review concerning the drawings of Cajal, Sotelo wrote about the pros and cons
of his inspiring role on the development of the neurosciences since 1888 (Sotelo
2003). Indeed, from his first review (Cajal 1892) about the histology of the nervous
centers, he always tried to link his structural discoveries with their possible func-
tional meaning. Although he was prophetic in many of his functional assumptions,
sometimes he changed opinion during his long life of work, and other of his assump-
tions turned out to be wrong (Sotelo 2003). One of these undecided topics is the one
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of neural plasticity. After his deep morphological analyses of the degeneration and
regeneration of the nerve fibers (Cajal 1913/1914), Cajal was stressed by the fact
that peripheral axons regenerate while central axons were only able of abortive
regeneration. This essential disparity results from differences in the cellular and
molecular environment, making the CNS a hostile milieu for axon growth. Moreover,
during his early years of research as a neuroembryologist, Cajal—together with
Wilhelm His (1886, 1889), Camillo Golgi (1873), and Alfred Kolliker (1896)—
reached the conclusion that differentiated neurons do not divide and only neuro-
blasts were able of mitotic activity. Since the latter are only present in developing
periods, the CNS of adult mammals had completely loss their capacity to generate
new neurons. These two important observations prompted Cajal (1928) to deduce
that: “In the adult centers the nerve paths are something fixed, ended and
immutable. Everything may die, nothing may be regenerated.” This sentence
has been taken by many authors as the irrefutable proof that Cajal was not a sup-
porter of neuroplasticity.

However, after the publications of Jones (1994), DeFelipe (2006), and many oth-
ers, the importance of Cajal’s contributions to the study of the plasticity of the ner-
vous system through his theoretical correlations between histological results and
mental processes became obvious. In his first review published in Spanish (Cajal
1892), he reported his new concept on brain organization, first introducing the pyra-
midal neurons as the responsible for psychic functions, page 38: “With some
restrictions, it can be affirmed that in the animal kingdom psychic functions
are bound to the presence of pyramidal cells (psychic cells) [...] The number of
elements of different category connected to one cell can be measured by the
extension and the degree of differentiation reached by its protoplasmic arbori-
zations [dendrites] [...] Therefore, it can be estimated as likely that the psychic
cell plays a wider and usefully activity when bigger are the number of its pro-
toplasmic, somatic and collateral expansions, and more copious, longer and
more branched are the collaterals coming out its cylinder—axis [axon].”

A few lines below, on page 39, he reported his ideas about the morphological
changes that should accompany the intellectual reasoning and the talent, resulting
from what he called “cerebral gymnastics”: “These facts are: the notable increase
in intellect observed among men dedicated to deep and continued mental exer-
cise; and the coexistence of a notable talent and even of a true genius with a
medium or smaller sized brain than those of normal weight and dimensions. In
the first case, [...] it can be supposed that cerebral gymnastics will lead to the
development of protoplasmic processes and nervous collaterals beyond that
normally observed, forcing the establishment of new and more extensive intra-
cortical connections. [...] In the second case, there is nothing to prevent us
from accepting that certain brains, either because they inherit prior adapta-
tions or through other causes, offer a notable development of all kind of col-
laterals in compensation for the smaller number of cells [...]".

Therefore, neurons can respond to functional activation like many other body
tissues, especially muscle tissue. While strength training exercises in gymnastics
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lead to muscle hypertrophy, mental exercise increases the intellect in parallel with
the increase in the number of cortical synaptic connections.

It is important to notice that at the bottom of the page, Cajal made reference to
Alexander Bain (he did not provide the complete reference), by saying: “If under-
stand is, as Bain says, to perceive similarities or differences between our ideas,
the depth and breadth of judgment will be much larger, the greater the number
of acquisitions or images will be used as material, and more extensive is the
system of relationships that among them consents to establish the cellular
substratum of the brain.” This sentence seems to sum up the ideas of Bain -
expressed with Cajal terms- that the retention mechanism passes through growth in
the number of cell junctions between nerve cells allowing the establishment of pre-
cise new neural groupings as previously discussed.

Indeed, 2 years later, at the occasion of his invitation by the Royal Society of
London as speaker for the Croonian Lecture, Cajal (1894) delivered in French a new
version of his ideas on the action of “cerebral gymnastics” on mental processes. He
wrote pages 466—467: “Cerebral gymnastics are not able of improving the brain
organization by increasing the number of cells, because, it is known, that the
nerve cells have lost after the embryonic period the property of proliferation;
but [...] mental exercise leads to a higher development of the protoplasmic
extensions [dendrites] and of nervous [axonal] collaterals in the regions of the
brain in use. In this way, associations already established among certain groups
of cells would be significantly strengthen by means of the multiplication of the
small terminal branchlets of the protoplasmic appendages and nervous collat-
erals; but, in addition, totally new intercellular connections could be estab-
lished thanks to the neoformation of [axonal] collaterals and protoplasmic
expansions [dendrites]”.

Cajal started by considering that even though his ideas were not original, the
main difference now is that “cell junctions” take their real value, since they concern
the morphological contacts (later named the synapses) between neurons. Therefore,
after exposing his theoretical considerations, he finished: “This anatomical-
physiological hypothesis is not original in principle, because there are many
physiologists and psychologists who have searched for the somatic characteris-
tic of intelligence into the richness of cellular associations, but it has something
new, it is based on positive facts on the brain structure and not on mere assump-
tions about the organization and the relationships of the nervous corpuscles.”

In 1895, Cajal published in Spanish an interesting article entitled “Some conjec-
tures about the anatomical mechanism of ideation, association and attention,” which
attempted to provide a mechanistic model of the phenomenon of consciousness, by
explaining how the brain could pass from one stage of rest to another of activity. In
this paper, Cajal first discussed the propositions of Hermann Rabl-Riickhard (1839—
1905) who, in his publication on the study of a crustacean cerebral ganglion (1890),
launched the hypothesis of amoeboid movements of neuronal processes (see
Bawden 1900; DeFelipe 2006). This proposition was extended by Mathias Duval
(1844-1907) to the nervous system of all living animals (1895). Accordingly, for
Duval the amoeboid movement of neuronal processes would be able to cause their
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retraction, with the separation of cell contacts, or conversely, their moving toward
each other to restore the contacts. These movements could explain the inactive state
induced by sleep, anesthetics, etc. (contact separation), while their approach, allow-
ing the restoration of contacts, would be responsible for the states of brain activity
(consciousness). In the last part of the paper, Cajal developed his adaptation of the
Mathias Duval hypothesis. Based upon his failure, despite repetitive experiments, to
establish direct correlations between the way of animal’s sacrifice (chloroform,
curare poisoning, bleeding) with the anatomy of neuronal processes, Cajal was
forced to give up with this hypothesis. However, his observation on the cerebral
cortex prompted him to adapt the hypothesis of amoeboid movements, from neuro-
nal to astrocytic processes. He said: “In contrast, our studies of the cerebral cor-
tex have led us to suspect that, during mental work the morphology some glia
cells varies. In the grey matter of the brain, neuroglial cells are sometimes
shrunken, provided with short and stout appendages, some other times exhibit
long, abundant expansions studded with infinite secondary and tertiary
branchlets (cells of penniform expansions of Retzius). Between the retracted
and relaxed states all transitions can be seen”.

During mental activity, the amoeboid movements of neuroglial processes would
be enough to allow the withdrawal of thin astrocytic processes between axon termi-
nals and postsynaptic elements, thereby restoring contacts that were disconnected
during the mental rest. Opposite, the inactivity would raise the movement of thin
astrocytic lamellae that would pull apart the pre- and postsynaptic elements, discon-
necting this way inactive neuronal circuits. It is obvious that, even though a similar
kind of plasticity linked with the withdrawal of astrocytic covering of supraoptic
hypothalamic neurons has been reported (it takes place during the control and coor-
dination of oxytocin and vasopressin release during special conditions such as lacta-
tion and dehydration; see in Hatton 1997), the mechanism conceived by Cajal has
not been validated.

2.2.4 Synapses and Plasticity

After a period of decline between 1915 and 1940, during which the hypothesis of
the synaptic location of learning was questioned (see Berlucchi and Buchtel 2009),
it made a strong comeback in 1948 and 1949 with the publications from the neuro-
physiologist Jerzy Konorski and the psychologist Donald O. Hebb. In his important
monograph, “Conditioned Reflexes and Neuron Organization,” published in 1948,
Konorski discussed the mechanisms underlying the behavioral changes induced by
conditional reflexes. He foresaw that these mechanisms should be quite similar to
those of the spinal reflexes, which are based upon the reorganization of synaptic
connections. Donald O. Hebb (1949) in his book “The Organization of Behavior:
A Neuropsychological Theory” proposed that the synaptic activity between two
neurons strengthens when the neurons display simultaneous activity. Hebb reported
his postulate as follows (Chap. 4, page 50): “When an axon of cell A is near
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enough to excite a cell B and repeatedly and persistently takes part in firing it,
some growth process or metabolic change takes place in one or both cells such
that A’s efficiency, as one of the cells firing B, is increased.” It is noteworthy to
compare the similitude of this sentence of Hebb with the one of William James on
page 566 of his book, written 59 years earlier (cited above).

The morphological correlate in this connectionist theory of learning is based
upon the above-discussed principle developed by Tanzi, Lugaro, and Cajal of
growth of synaptic connections (Berlucchi and Buchtel 2009), in Hebb’s words
(Chap. 4, page 50): “When one cell repeatedly assists in firing another, the axon
of the first cell develops synaptic knobs (or enlarges them if they already exist)
in contact with the soma of the second cell (Soma refers to dendrites and body,
or all of the cell except its axon).”

Advances in physiology and morphology achieved in the second half of the
twentieth century have focused the synapse as the seat of learning and memory. The
discovery in 1973 by Tim Bliss and Terje Lgmo of the long-term potentiation (LTP)
of synaptic transmission in hippocampal neurons produced in response to a burst of
high-frequency stimuli (tetanic stimulation), activating the perforant pathway to
dentate granule cells in the dentate gyrus, the major synaptic pathways in the hip-
pocampus, provided a direct proof that a gain in strength and effectiveness in syn-
aptic transmission can result from a sustained high activity as that produced by
experience. Furthermore, the fact that the hyperpolarization of a neuron is sufficient
to prevent its LTP (Lin and Glanzman 1994) showed the validity of the Hebb’s prin-
ciple. Synaptic plasticity can be considered today as a major mechanism for mem-
ory formation.

2.3 Morphological Neuronal Plasticity: Remodeling of
Synaptic Contacts and Anatomical Changes in Dendrites
and Axonal Initial Segments (AIS) in Adult Non-lesioned
Animals

As it is beyond the scope of this review, we will not discuss the integration of new
neurons in adult circuits, although neurogenesis that occurs at least in rodent hip-
pocampus and olfactory bulb is a beautiful example of morphological neuronal
plasticity (see reviews in Deng et al. 2010 and Lepousez et al. 2013, respectively).

2.3.1 Dystrophic Axon Terminals and Dendritic Growth Cones

For years the morphologists have been exploring the CNS trying to find some clues
supportive of the connectionist theory of learning. If the neuronal circuits would be
in continuous remodeling, it should be possible to observe these morphological
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changes at the synaptic level. The advent of electron microscopy paved the path
toward the observation of a possible synaptic remodeling that should result from
some kind of degenerative process for the removal of disused presynaptic axon
terminals, followed by the formation of newly formed synaptic contacts (synapse
formation/elimination and remodeling of axons and dendrites). Sotelo and Palay
(1971), in their electron microscope study of the synaptology of the lateral vestibu-
lar neurons of apparently normal rats, reported the occurrence of enlarged nerve
endings containing a variety of unusual structures already noticed years before in
humans (infantile neuroaxonal dystrophy or Seitelberger’s disease; Sandbank et al.
1970), as well as in experimental animals (Tellez and Terry 1968), and considered
to be the consequence of pathological processes. The alterations seen mostly involve
membranous organelles, almost exclusively appearing in axon terminals and preter-
minal fibers. Similar dystrophic axons have been also reported in the dorsal column
nuclei (Hashimoto and Palay 1965), lateral vestibular nucleus of the cat (Mugnaini
et al. 1967), hypothalamus (Dellman and Rodriguez 1970), superior cervical gan-
glion (Ceccarelli et al. 1971), deep cerebellar nuclei (Angaut and Sotelo 1973), and
autonomic nerve endings (Townes-Anderson and Raviola 1978). It is important to
underline that some of these dystrophic axons were in continuity through a thin
neck with a small axon terminal of normal appearance, as if the small extension was
originated from the large abnormal terminal by a budding of process (Fig. 25 of
Sotelo and Palay 1971). Sotelo and Palay proposed that the dystrophic axons were
degenerating, whereas the budding off would represent the regenerative
counterpart.

Together with this axonic remodeling, Sotelo and Palay (1968) also reported the
presence of large dendritic varicosities at the tip of some dendritic branches, which
received synaptic inputs from nearby axon terminals. These dendritic profiles were
crowded by a very large population of mitochondria and by glycogen particles,
together with customary organelles. These profiles, more abundant in the dorsal
than in the ventral regions of the nucleus, are not the attribute of the lateral vestibu-
lar nucleus and have been encountered in other regions such as the cerebellar nuclei
(Sotelo and Angaut 1973), superior cervical ganglion (Ceccarelli et al. 1971), and
autonomic nerve endings (Townes-Anderson and Raviola 1978). Their location,
connection with the parent dendrite, and, mainly, correlation with Golgi-impregnated
preparations (Sotelo and Angaut 1973) have allowed to conclude that these profiles
might represent at least the distal segment of dendrites, if not their actual tips, and
were considered as growth cones of a growing or regenerating nerve cell dendrite.
The hypothetical occurrence of axon terminals in different stages in a cycle of
degeneration and regeneration of nerve endings in the normal animal, together with
the possibility of dendritic growth, was taken as indirect proof of a continuous
remodeling of synaptic connections. This way, axons and dendrites might engage in
such a process, reflecting the continued experience of the animal, making and dis-
carding interneuronal connections by the activity of both pre- and postsynaptic ele-
ments. Although this hypothetical interpretation was tempting to investigators
interested in finding a morphological substrate for the process of learning, these



2 Structural Plasticity in Adult Nervous System: An Historic Perspective 17

static results were insufficient to provide a morphological base to the connectionist
hypothesis of learning and were forced to oblivion.

2.3.2 LTP and Dendritic Spines

One of the essential paradoxes to be handled by the brain is to preserve the right
balance between two seemingly contradictory conditions: the stability of the already
established neuronal circuits, required for preserving behaviors and long-term
memory, and the constant structural changes needed for the synaptic plasticity
underlying learning. Therefore, the morphological changes in normal learning con-
ditions should be limited but should occur. The most broadly studied synaptic
changes occur in excitatory axospinous synapses and are mainly characterized by
the addition or removal of a small fraction of their postsynaptic dendritic spines,
causing minor quantitative changes.

Cajal (1888), in his first study of the cerebellar cortex impregnated by the Golgi
method, reported the existence of spines, as peculiar tiny excrescences emerging
along the distal compartment of Purkinje cell dendrites. After long and tedious dis-
cussions to determine if the spines were only the result of artifactual precipitation of
silver over the neuronal surface or belonged to true protrusions designed to increase
the receptive surface area of the dendritic tree, its reality was firmly established by
Cajal (1896) when he was able to replicate their appearance with a vital dye—the
methylene blue method—in cerebral cortical neurons. George Gray (1959), 63
years later, corroborated the existence of dendritic spines during his electron micro-
scope study of the rat visual cortex. Gray added two important attributes to spines:
they almost systematically establish asymmetric synaptic contacts (a morphological
marker of excitatory synapses) and have a specific organelle—the spine apparatus—
of unknown function.

From the discovery of LTP (see above), neuroscientists have tried to correlate the
long-term potentiated synapses with their presumptive morphological counterparts.
Since the targets for the axons of the perforant path originated in the entorhinal
cortex are the spines of the granule cell dendrites of the dentate gyrus, these den-
dritic spines have been for the last 37 years the matter of numberless quantifications.
The analysis of several parameters tempted to provide a solid structural support to
the observed functional modifications. So, changes in the preexisting synapses con-
cerning either the length and width of the spines or of their active zones, the shape
and size of postsynaptic differentiations, or changes in the number of synapses in
potentiated compared to non-potentiated hippocampi were addressed mostly with
electron microscopy (Van Harreveld and Fifkova 1975; Fifkova and Van Harreveld
1977; Fifkova and Anderson 1981; Geinisman et al. 1989; Desmond and Levy
1990; Trommald et al. 1996; Harris et al. 2003; for a more detailed bibliography see
in Bailey and Kandel 1993). After laborious quantifications, despite the solidity of
some of the positive results, their inconsistency did not permit any definitive conclu-
sion that LTP, prolonged for minutes and even hours, was able to provoke
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reproducible structural alterations of axospinous synapses on dentate granule cells.
The problem was solved later on with the advancement of new imaging techniques
(see below).

2.3.3 Recent Progress in Live Cell Imaging Has Finally
Demonstrated the Occurrence of Synaptic Remodeling:
Formation and Pruning of Spines

The progresses in physical sciences and informatics have generated new tools for
the study of the organization of the brain and the ability to examine the dynamic
aspects of the neuron. For instance, the development of computer-assisted image
analysis has promoted new kinds of quantitative studies, such as three-dimensional
morphology of Golgi-impregnated neurons with their dendritic and axonic fields or
3-D reconstruction of neuronal compartments from electron micrographs. The
development of confocal laser scanning microscopy (CLSM) has provided an
enhanced resolution, compared to classical fluorescence microscopy, and has
allowed the 3-D reconstruction of thick sections. Advances in laser technology
during the last 10 years have permitted the development of a new type of CLSM
that, keeping all the advantages of the confocal microscopy (ability to penetrate
scattering tissues), have added the advantage of greatly reducing phototoxicity and
photobleaching. This is the two-photon laser scanning microscopy (TPLSM), where
fluorescence excitation above or below the plane of study is practically nonexistent.
Thus, it can be used to study thick brain slices in organotypic culture or even neuro-
nal compartments located several hundreds of micrometers deep in the living brain.
These recent improvements have opened a new epoch of neuromorphology, because
the observations in living tissues or animals have added the dimension of time to
this discipline. In fact, under favorable conditions, it is possible, after repeated
examinations, to analyze the morphology of a neuron, its dendritic and axonal
fields, as well as its dendritic spines over prolonged periods, allowing the detection
of presumptive morphological changes.

Engert and Bonhoeffer (1999), by using local superfusion technique together
with two-photon imaging, were pioneers to directly observe in living hippocampal
slices that the induction of LTP in synapses of CA1 region was able to initiate neo-
spinogenesis, whereas in non-stimulated regions of the same dendrite or, more
interesting, in slices where long-term potentiation was blocked, spinogenesis did
not occur. A similar high dynamic of dendritic spines was corroborated by numer-
ous investigators (see, for instance, Leuner and Shors 2004; Kasai et al. 2010 for a
review). These first data, reporting intense spine remodeling in hippocampal and
cortical neurons, were later on reevaluated because they were obtained from young,
still somewhat immature, neurons, and it is likely that spine lifetimes vary greatly.
Therefore, even though neosynaptogenesis and synaptic pruning take place through-
out the life span, after the critical period, when the brains are reaching maturity,
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spine dynamics slow down and become stable. This stability has been confirmed in
many studies and with different experimental paradigms (Grutzendler et al. 2002,
see in Bhatt et al. 2009). Moreover, age difference was quantified by Zuo et al.
(2005), who working on spines on the apical dendrites of layer 5 pyramidal neurons
of the barrel, motor, and frontal cortices reported in observations conducted over 2
weeks that while in 1-month-old mice 13-20 % of spines are eliminated and 5-8 %
formed, in 4-6-month-old adult mice, the remodeling was much lesser since in 2
weeks only 3-5 % of the spines were eliminated and 5-8 % formed. The results
were more impressive if the observation period is prolonged over 18 months, only
26 % of spines were eliminated and 19 % formed in the adult barrel cortex, testify-
ing for the stability of spines in adult brains.

Finally, to close this section on dendritic spines, we believe that it is worthy to
mention the recent paper by Lai et al. (2012). These authors have investigated, by
transcranial two-photon microscopy, the structural modifications of neuronal cir-
cuits in the mouse frontal association cortex by analyzing changes in dendritic
spines of layer-V pyramidal neurons during fear learning and extinction. These
authors arrived to an important conclusion: fear conditioning, extinction, and recon-
ditioning lead to opposing changes at the level of individual synapses because
reconditioning after conditioning and extinction eliminates those newly formed
spines stabilized by extinction. Therefore, stabilization appears as an essential key
required for memory storage, and the persistence of new spines can be considered
as engrams in learning.

2.3.4 Changes in Dendritic Spines Are Correlated with
Changes in Presynaptic Axon Terminals. Examples
Jrom the Hippocampus

In a recently published paper by the group of Michael Frostcher (Zhao et al. 2012),
structural changes of mossy fibers and their postsynaptic counterpart have been
associated with chemically induced LTP in slice cultures, taken from newborn
mouse hippocampi and kept for 14 days in vitro. Ten minutes before fixation, the
cultures were treated with tetraethylammonium (TEA), a blocker of potassium
channels, to induce LTP. The interest of this work is that in order to avoid all pos-
sible artifacts consecutive to the chemical fixation of the biological material, the
authors have used high-pressure freezing physical fixation. In wild-type mouse hip-
pocampi, the length of the membrane of the mossy fiber boutons was increased and
associated with an increase in the number of active zones and of postsynaptic spines.

Pico Caroni and collaborators (Galimberti et al. 2006) analyzed the synaptic
remodeling between granule cell axons and the dendritic spines of pyramidal cells
in the hippocampal CA3 region. In control adult mice, each granule cell axon estab-
lished 10-15 complex synaptic arrangements—the mossy fiber varicosities—that
are changeable throughout life. More importantly, the quasi constant remodeling of
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these complex synapses was greatly enhanced just by keeping the mice in an
enriched environment. Comparable results were obtained in organotypic cultures of
the hippocampus, where it was possible to demonstrate that the generation and
maintenance of the plastic changes required spiking activity in the slices and trans-
mitter release from mGIuR2-sensitive receptors, because blocking this release with
an mGluR?2 agonist reversed the structural plastic changes. Functionally speaking,
the plasticity changes by increasing the size of active zones in presynaptic mem-
brane that allows for a stronger excitatory response in the postsynaptic neurons,
which could lead to an increased complexity of the mossy fiber circuits, the pre-
sumptive substrate for increased hippocampal learning. More recently, Pico Caroni
and collaborators (Ruediger et al. 2011) were able to show in adult mice after one
trial and incremental learning that mossy fibers in the hippocampus and cerebellum
present long-lasting and reversible increases in the numbers of filopodial synapses
onto fast-spiking interneurons that trigger feed-forward inhibition. From different
types of experiments, the authors showed a causal relationship between the morpho-
logical data (increase in number of synapses) and the precision of learning and
memory. Thus, they proposed that feed-forward inhibition growth at hippocampal
mossy fibers fitted with the precision of hippocampus-dependent memories. The
special interest of this last paper is that, although the majority of the work related to
the structural plasticity of axospinous synapses has been focused on glutamatergic
excitatory transmission, Ruediger et al. (2011) have shed light on the important role
that local inhibitory circuits have in the acquisition of learning and memory.

2.3.5 Changes in Dendritic Tree Morphology

The group directed by Dale Purves was a pioneer in the analysis of dendritic trees
in in vivo specimens. Indeed, with Robert Hardley and James Voyvodic (Purves
et al. 1986), they described the methodology to visualize, over intervals from 1 day
to up to 3 months, the same neuron in repetitive experiments. These early studies
were performed with peripheral neurons, those of the superior cervical ganglion of
young adult mice, by injection of nontoxic vital fluorescent dyes and laser scanning
confocal microscopy. The obtained results corroborated the working hypothesis, the
occurrence of extensive remodeling in dendritic trees, the postsynaptic elements in
the sympathetic ganglion. The important changes consisted in growth of some of
the branches, with retraction or even disappearance of others, and the de novo for-
mation of still other dendrites. These results provided the idea for a relatively exten-
sive dendritic remodeling in adult sympathetic neurons that does not correspond to
the actual concept we have of the neuronal stability. Here again, the age of the ani-
mals could be responsible of the early results.

A few years later, Dale Purves started another important study directed to deter-
mine whether central neurons, in this case those involved in the formation of olfac-
tory bulb glomeruli, were continuously changing both during development and in
adulthood. For that purpose, newborn, juvenile, and adult mice were analyzed over
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intervals of several hours to several weeks (LaMantia et al. 1992). The results
emphasize that while in newborn and juvenile mice the development is not finished,
and new glomeruli are added progressively, in adult mice there is no longer addition
of new glomeruli, and the neuronal population involved in glomerular formation
remains stable, as it was the case for dendritic spines (see above). In conclusion,
despite the impressive stability of dendritic processes and spines in adult brains,
there is a slow pace remodeling throughout the whole life of the animals.

2.3.6 Changes in Length and Position of the AIS

The last neuronal region to be characterized with the electron microscope was the
axon initial segment (AIS). It was only identified in 1968 (Palay et al. 1968), as a
specialized and important region, which emerges from the axon hillock and sepa-
rates the axonal from the somato-dendritc compartment, acting as selective tight
molecular filter for the axoplasmic transport (Song et al. 2009). AIS is therefore the
command region for axonal identity and responsible for neuronal polarization. It
has been morphologically identified by the occurrence of three specific ultrastruc-
tural features: (a) fascicles of microtubules, (b) sparsely distributed clusters of ribo-
somes, and (c) a dense layer of finely granular material undercoating the plasma
membrane. A similar undercoating occurs beneath the plasma membrane of myelin-
ated axons at the nodes of Ranvier (Andres 1965, Fig. 5). This anatomical region is
where the action potentials are initiated (Coombs et al. 1957) and is assumed to
possess a membrane provided with a high density of voltage-gated sodium (Na 1)
channels (Kole et al. 2008).

During the last 6 years, it has been established that the AISs, with their strategic
location and important functions, are not static in structure but also subjected to
plasticity. These studies started with the electrophysiological analysis of the audi-
tory brainstem neurons in the newly hatched chicken (between P2 and P5) (Kuba
et al. 2006). In a recent review, Hiroshi Kuba (2012) summarized his work explain-
ing that in the nucleus magnocellularis (involved in a relay of timing information)
the length of the AIS changes in relationship with sound frequency (increases with
decreasing frequencies) to accommodate frequency-specific variations in synaptic
inputs. In the nucleus laminaris (involved in integrating time from sounds received
from both ears for their localization) the length and the location of the AISs vary
depending on sound frequency; they are shorter and more remote for higher fre-
quency. Juan Burrone and Matthew Grubb have corroborated and expanded the
study of AIS plasticity (Grubb and Burrone 2010). They used dissociated cultures
of hippocampal neurons taken from E18 rat fetuses. By increasing the levels of
activity, these investigators were able to change the precise location of the AISs of
the stimulated excitatory neurons. When the neurons, for example, were kept
in vitro for 10-14 days in high extracellular potassium concentration (15 mM) to
chronically depolarize them or in neurons transfected with the light-activated cation
channel channelrhodopsin-2 and photostimulated, in these situations the molecular
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components of the AIS shifted up to 17 pm away from the neuronal perikaryon.
These effects were reversible, and when the excitatory neurons were replaced in a
3.5 mM potassium medium, the AIS is relocated at its original place. Therefore,
long-term changes in electrical activity can cause important changes in AIS loca-
tion. Due to the essential role of AIS in the firing rate of the neurons and the correla-
tion between its location and the thresholds for action potential spiking, shifting
positions of the AIS appear as a mechanism for homeostatic plasticity for cell
autonomous modulation of neuronal excitability (Grubb and Burrone 2010; Kuba
et al. 2010).

2.3.7 The Influence of the Environment as a Motor Controlling
the Number and the Plasticity of Synapses

One of the postulated principles of a plastic brain is that as a result of its constant
exchanges with the exterior world, it should be constantly malleable by external
causes. The principal causes encountered during animal life will be either changes in
its physical environment or responses to injuries of its CNS. A fortuitous discovery
of Mark Rosenzweig and collaborators was to observe modifications of brain cir-
cuitry through experience due to changes in the environment encountered by caged
rats. As reported by Rosenzweig in a recent (2007) historical review, it was during
the late 1950s and beginning of the 1960s that in collaboration with a neurochemist
(Edwards Bennett) using acetylcholinesterase (AChE) activity as a parameter consid-
ered to be stable that they showed this value was partially dependent on the animal’s
experience. The experienced animals as a consequence of their enriched environment
were those kept in company with at least 10-12 other rats, in large cages provided
with 5-6 objects to play, explore, and climb upon (e.g., wheels, ladders, and small
mazes that were changed in location or replaced by new ones two to three times a
week); they were considered rats raised in enriched environment. Control animals
were raised in standard laboratory conditions, and the third group consisted of par-
tially sensory-deprived rats either raised in isolation or maintained in groups up to
three, in small empty cages. In rats kept in enriched environment, an augmentation in
AChE activity was correlated with accrual depth and weight of the cerebral cortex,
together with a decrease, per examined field, of neurons, glia, and capillaries sugges-
tive of increased dendritic branching (Bennett et al. 1964; Diamond et al. 1964).
Therefore, social interactions together with increased exercise were able to boost
learning and memory in the subjected rats, as demonstrated with the behavioral tests
used, and paralleled the augmentation of chemical and morphological parameters of
the cerebral cortices of the experienced rats. More interesting, the behavioral, ana-
tomical, and chemical changes do not only occur at weaning but also in adult full-
grown rats after periods as long as 30 days in the enriched environment.

From the viewpoint of our chapter on structural plasticity, the work of William
Greenough and his collaborators is also of great interest. While Marian Diamond
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was measuring parameters linked to the size of the cortex and its cellular elements,
such as cortical thickness, diameter of neurons and of their nuclei, number of glial
cells, and capillaries, as we referred to above, William Greenough and collaborators
were more interested in parameters linked with synaptic connections such as den-
dritic dimensions and branching and dendritic spines, not only in the visual cortex
where the encountered differences between control and experienced animals were
the largest (Greenough and Volkmar 1973) but also in the hippocampus and entorhi-
nal cortex (Fiala et al. 1978), basal ganglia (Comery et al. 1995, 1996), and cerebel-
lar cortex (Greenough et al. 1986). The dendritic fields of the neurons of rats kept in
enriched environments exceed by 20 % the size of those in control animals
(Greenough and Volkmar 1973; Volkmar and Greenough 1972). Working on the
adult rat visual cortex kept in the enriched environment (Juraska et al. 1980), they
were able to show on Golgi-Cox-stained neurons that the size increase of the den-
dritic trees of the experienced rats was selective for layer IV stellate cells. In these
neurons there was an increase in the number of first-order stem dendrites as well as
in the fifth-order distal branches. Structural changes were, therefore, obtained as a
result of life for 12 weeks in the enriched environment, but the change was not gen-
eral but targeted to specific neurons. A few years later, the quantification was
extended to the density of synaptic boutons (Turner and Greenough 1985) and the
size of some synaptic components in layer IV, mainly the length of the synaptic
complexes (Sirevaag and Greenough 1985). Greenough’s group has also shown that
the resulting plasticity occurring from exposure to the enriched environment is not
age dependent, since it can occur even in aging rats, with a similar increase in syn-
apse number and dendritic branching (Greenough et al. 1986).

In addition, the work of Greenough has also corroborated and expanded on the
results of the Rosenzweig team concerning the fact that not only neurons are able to
change due to experience, since the enriched environment is also able to affect prac-
tically all classes of nonneuronal elements present in the CNS, and result in angio-
genesis, increased myelination, and astrocytic hypertrophy with ensheathment of
synapses (see in Markham and Greenough 2004).

The interactions between the environment and brain plasticity are very complex
and far to be solved. Recently, the group of Gerd Kempermann demonstrated that
factors unfolding or emerging during development contribute to individual differ-
ences in structural brain plasticity and behavior (Freund et al. 2013). They conclude
their article by writing the ways in which living our lives makes us who we are.

2.4 Morphological Neuronal Plasticity Consecutive
to Neuronal Lesions

We have just reviewed the evidence that despite the apparent stability of the brain
circuits, the adult brain is characterized by constant synaptic remodeling, often
accompanied with slight modifications in the size and branching of dendritic trees
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and of the somatic volume. Now, we want to discuss another kind of structural
plasticity, the one taking place as a consequence of lesions that provoke the partial
deafferentation of postsynaptic neurons.

It has been known for many centuries that persons suffering from cranial trauma
or cerebrovascular problems, although they never recuperate their normal behavior,
are capable of progressive improvement during the first months following the
instauration of the neurological deficits. Since, contrary to what happens in the
peripheral nerves that are able to regenerate, in the CNS, axonal regeneration is
abortive (Cajal 1913, 1928), therefore, there must be other types of reparative pro-
cesses responsible for the observed improvement. One of these possible mecha-
nisms is likely the disposition showed by injured axons to grow locally, so-called
axonal sprouting. Not only lesioned axons, if their neurons of origin do not degener-
ate (retrograde degeneration), are able to sprout, as reported already from the begin-
ning of the twentieth century by Bielschowsky, Nageotte, and Marinesco (see
Stahnisch 2003), but also intact nearby axons.

An excellent description of the after stroke improvement was provided by Alf
Brodal (Professor of Anatomy at the Medical Faculty in Oslo) of his self observa-
tions after a left-sided hemiparesis without hemianopsia resulting from an embolic
lesion of the posterior part of the right internal capsule (Brodal 1973). Alf Brodal
finished his description saying: “It seems that some of the recovery after a brain
lesion may be explained by reinnervation from remaining fibres of synaptic
sites which have been denuded as a consequence of the interruption and degen-
eration of afferent fibres.” It is this process, first reported by Geoffrey Raisman
(1969), that was named “terminal sprouting or terminal plasticity” (Sotelo 1975).

2.4.1 Terminal Sprouting

Work carried out with silver impregnation methods showed that the destruction of a
source of afferent fibers to a central nucleus causes a compensatory sprouting of the
remaining afferents synapsing on the partially denervated neurons (Liu and
Chambers 1958). This compensatory process might occur either from collateral
sprouting of remote fibers or from a terminal sprouting of nearby fibers. Geoffrey
Raisman (1969) was able to settle this dilemma owing to the anatomical arrange-
ment of the afferent fibers entering the septal nuclei. Indeed, these nuclei receive
their afferents fibers from two main external sources, the medial forebrain bundle
(MFB) and the fimbria. Ultrastructural studies using anterograde degeneration after
specific lesions in either of these two kinds of afferent axons revealed that fibers
from the MFB established synaptic connections on both dendrites and perikarya,
whereas synapses from fimbrial axons were restricted to dendrites. The important
observation was that several weeks after destroying one of these afferent fibers, the
remaining afferents go beyond their normal boundaries and occupied postlesionally
released postsynaptic differentiations (PSDs). Thus, the transection of the MFB
induced the formation of axosomatic synapses by fimbrial axons that, according
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Raisman (1969), had moved from their locations by forming short terminal sprouts
that ended by occupying the PSDs vacated after the MFB lesion. These neoformed
terminals degenerated after a later destruction of the fimbria, corroborating their
initial origin.

A prerequisite for this type of short-length axonal sprouting is that denervated
postsynaptic membranes must withhold part of their molecular machinery (recep-
tors and associated transmembrane and cytoplasmic molecules) when they are
released from their presynaptic partners so that they would be able to attract intact
synaptic boutons from their surroundings. Morphological evidence in favor of the
possibility that some PSDs can retain their anatomical structure despite having lost
their presynaptic elements was provided by the observation of free PSDs in somatic
and dendritic membranes of partially deafferented neurons. Indeed, a frequent
observation among electron microscopists trying to identify the origin of axon ter-
minals by anterograde degeneration was the permanence of some normal-looking
PSDs after the lesion, for instance, in the avian optic tectum after sectioning of the
contralateral optic nerve (Gray and Hamlyn 1962) or after cutting the presynaptic
fibers in the frog sympathetic ganglion (Hunt and Nelson 1965), where even the
more complex PSDs provided with a subsynaptic bar can persist for over 12 days,
strongly suggesting that these structures are not intimately related to the functional
integrity of the axon terminals (Sotelo 1968). Examples of persistence of postle-
sional vacated PSDs in the CNS are numerous, such as the prepyriform cortex
(Westrum 1969), the inferior colliculus (Lund 1969), the olfactory bulb (Pinching
1969), or the dorsal column nuclei, where normal-looking, vacated PSDs lasted for
at least 6 months (Rustioni and Sotelo 1974).

The attraction exerted by the vacated PSDs and the consequent reinnervation
cause the loss of one of the essential qualities of synaptic connections, their speci-
ficity, and, therefore, we termed the newly formed synapses “heterologous.” The
problem with the presumptive loss of specificity was analyzed in two different cen-
tral nuclei: the anterior ventral cochlear and the dorsal column nuclei, particularly
in the nucleus gracilis (Gentschev and Sotelo 1973; Rustioni and Sotelo 1974). In
the auditory nucleus, the primary sensory fibers ended as large axon terminals con-
taining rounded vesicles, establishing asymmetrical synapses that correspond to
excitatory terminals of the cochlear nerve. The intact axon terminals were smaller,
contained flattened vesicles, and established symmetrical synapses in close proxim-
ity to the larger primary sensory terminals. The smaller terminals belonged to other
systems of fibers (higher auditory centers, mainly the superior olivary complex with
inhibitory action) that moved by a sliding process to reinnervate the vacated PSDs.
It can be therefore suggested that this type of synaptic adjustment, with loss of the
specificity of the nervous organization, could aggravate the unbalanced state of the
primary deafferented neuron. In fact, the loss of excitatory inputs seems to generate
an increase in inhibitory inputs on the anterior ventral cochlear neurons. As far as
the morphological data can be interpreted, the persistence of free PSDs could there-
fore be harmful to the function of the neuron, if the newly formed synaptic contacts
are functional. The situation is quite similar in the nucleus gracilis, although in this
system the large primary sensory axon terminals systematically, and not only
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occasionally, receive serial synapses from the smaller boutons forming complex
synaptic arrangements similar to those encountered in the glomeruli of the substan-
tia gelatinosa of the spinal cord, where the axon terminals of the primary sensory
fiber are postsynaptic to the surrounding flattened vesicle containing boutons. The
transection of the dorsal roots induced the degeneration of the large primary sensory
terminals and the sliding of their presynaptic boutons until their reoccupation of the
vacated PSDs. The initial stage of the “reoccupation” of vacated PSDs is character-
ized by a partial apposition of the bouton-shaped terminal to the free postsynaptic
sites; in some instances, the broken presynaptic membrane or a thin layer of astro-
cytic cytoplasm can be interposed between the deafferented zone and the invading
terminal. Finally, the invading terminal develops a new presynaptic vesicular grid
facing the deafferented PSD. This last stage is more easily identifiable when the two
presynaptic terminals share the vacated PSD, both of them establishing active zones
on either half of the PSD.

The fact that only a small fraction of the vacated PSDs persist and succeed in
being reinnervated lets us assume the occurrence of a protective mechanism to
avoid the harmful effect that, as discussed above, could provoke the formation of the
heterologous synapses by unbalancing the required equilibrium between excitatory
and inhibitory inputs. Gentschev and Sotelo (1973) reported that in the anterior
ventral cochlear nucleus, the sequestration of vacated PSDs could be part of this
protective mechanism. In fact, the most common fate of the vacated PSDs is their
disappearance by engulfment into the postsynaptic cytoplasm by way of formation
of small bags which contain some remnants of presynaptic organelles and which
invaginate the surface of the postsynaptic element. From days 5 to 9 these pre- and
postsynaptic remnants enter into the postsynaptic cytoplasm by a large pinocytosis,
where the remnants of the synaptic complexes become totally engulfed in the neural
cytoplasm until their disappearance probably by lysis through the lysosomal sys-
tem. In the nucleus gracilis a similar mechanism to get rid of vacated PSDs was also
disclosed (Rustioni and Sotelo 1974). This last result indicates that membrane
sequestration is not specific of the deafferented anterior ventral cochlear nucleus
and may be considered as a protective mechanism that exists in other nuclei to regu-
late the rate of axonal remodeling by terminal sprouting.

2.4.2 Collateral Sprouting from Axotomized and Non-
axotomized Axons: Examples After Spinal Cord Injury

In the context of reparative research after traumatic injury, neuroscientists have
been impregnated by the idea that axons do not regenerate within the mammalian
adult CNS whereas they can in the PNS (Cajal 1928). Thus, until the beginning of
this century, most studies dedicated to promote functional recovery after traumatic
injury have been focused on how to promote axon regeneration in the adult mam-
malian CNS (Thuret et al. 2006). It is largely understood that neurons fail to



2 Structural Plasticity in Adult Nervous System: An Historic Perspective 27

regenerate their axons in the CNS for two reasons: (1) the lack of growth-permissive
molecules and/or the presence of growth-inhibitory molecules in the environment of
the severed neurons and (2) their inability to reactivate the genetic programs for
axon growth (Dusart et al. 2005; Yiu and He 2006; Moore and Goldberg 2011).
Thus, in the last decades, there has been a major effort to enhance spinal cord axonal
regeneration through a variety of techniques including neutralization of neurite
inhibition, administration of neurotrophic factors, and transplantation of a variety of
cell types (see for reviews Filbin 2003; Rhodes and Fawcett 2004; Schwab 2004;
Silver and Miller 2004; Thuret et al. 2006; Yiu and He 2006). Very surprisingly in
many of these experiments, despite an effect on functional recovery, the number of
axons that have been observed to regenerate is always low (between 1 % and 10 %
when estimated) whatever the experimental approach (sciatic nerve, Aguayo 1985;
ensheathing cells, Li et al. 1997; Nogo neutralization Schnell and Schwab 1993; and
combination of treatments, Lu et al. 2004). Thus, functional recovery occurs in the
presence of a very low number of regenerating axons. For instance, the group of
Geoffrey Raisman has estimated that the presence of 1 % of the corticospinal axons
beyond the lesion site is sufficient to produce significant functional recovery (Li
et al. 1997). One difficulty to interpret these apparently controversial experimental
results obtained after spinal cord injury is to determine the anatomical and func-
tional bases of the recorded recovery. Indeed, important processes other than axon
regeneration occur after spinal cord injury, either spontaneously or as a reaction to
the applied treatment. For example, around the lesion site, demyelination of ascend-
ing and descending uninjured fibers has been observed, and over long periods after
the lesion, spontaneous remyelination of these non-axotomized fibers by oligoden-
drocyte progenitors or by Schwann cells that invade the lesion area can contribute
to the functional recovery by restoring conduction (Totoiu and Keirstead 2005).
Important components of functional recovery in the absence of regeneration of
lesioned axons are the reorganization of circuits that have been spared by the lesion
and the formation of new circuits through collateral sprouting of lesioned and non-
lesioned axons (for review see Raineteau and Schwab 2001). The group of Martin
Schwab has described the spontaneous formation of new circuits through collateral-
ization of severed axons after spinal cord injury (Bareyre et al. 2004). Indeed, after
incomplete spinal cord injury in rats, transected hindlimb corticospinal axons form
collaterals into the cervical gray matter that contact short and long propriospinal
axons. After 12 weeks, the contacts with the short propriospinal axons are no longer
detected, whereas the ones with the long propriospinal axons that bridge the lesion
site are maintained (Bareyre et al. 2004). Furthermore, treatment after rodent or
primate spinal cord injury with Nogo-A neutralizing antibody (Nogo being one of
the major myelin axon growth inhibitors present in the CNS) promoted not only
axon regeneration of damaged fibers but also sprouting from intact fibers (Liebscher
et al. 2005; Freund et al. 2006; Maier et al. 2009). Indeed, when a unilateral section
of the corticospinal tract (CST) was performed at the level of the brainstem, axons
grew from the contralateral non-lesioned CST and innervated the denervated side of
the spinal cord in rats treated with a Nogo-A neutralizing antibody (Thallmair et al.
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1998). Treatment after different types of injury with the bacterial enzyme chondroi-
tinase ABC (ChABC) digesting the glycosaminoglycan chains on chondroitin sulfate
proteoglycans (another major class of inhibitory molecules in the adult CNS)
restores plasticity in adult CNS (Galtrey and Fawcett 2007; Carulli et al. 2010).
Furthermore, chondroitinase ABC promotes compensatory sprouting of the intact
corticospinal tract and recovery of forelimb function following unilateral pyrami-
dotomy in adult mice (Starkey et al. 2012). Last, it has been recently described that
the combination treatment caused a further increased of both axon regeneration and
formation of collaterals from unsectioned axons (Zhao et al. 2013).

Although further works are necessary to unravel the importance of collateral
formation in behavior recovery, it is an import point to consider when therapeutic
treatments are proposed for spinal cord injury recovery.

2.5 Repair of Adult Central Nervous System
by the Way of Cell Transplantations

2.5.1 Introduction

Despite the presence of neural stem cells in the CNS, from analysis of numerous
genetic, traumatic, vascular, or experimental lesions, it is a certainty that a complete
spontaneous restoration of the destroyed neurons and circuits along with disappear-
ance of all neurological symptoms is not possible. For this reason, neuroscientists
have been trying for over a century to bypass this limit by cell therapy, transplanting
neurons—at the early times of transplantation—and stem cells during the last 20
years (immortalized cell lines, Renfranz et al. 1991, Snyder et al. 1992; adult neural
stem cells, Arvidsson et al. 2002; and embryonic stem cells, McDonald et al. 1999,
Bjorklund et al. 2002) to substitute for the missing neurons and palliate the caused
impairments.

In the earliest experimental trials (Thompson 1890; Saltykow 1905; Del Conte
1907), the donor material was taken from postnatal animals, and a few days after the
operations, all transplanted neurons had died, leaving only the nonneuronal support-
ing structures. Ranson (1909, 1914) reported the first successful transplantation of
the dorsal root ganglia to the brain, even if the ganglia were taken from rats of at
least 1 month of age. In his temporal longitudinal studies, Ranson showed that
among the surviving cells the form of the spinal ganglion cell is not stable and fixed
but is capable of undergoing marked alteration in a short space of time, similarly to
what Nageotte (1906) described for pathological conditions of the human dorsal
root ganglion cells in “tabes dorsalis” or in experimental animals after transplanta-
tion into the rabbit ear parenchyma (Nageotte 1907) in which the unipolar ganglion
cells are transformed into multipolar irritated cells.
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2.5.2 Transplantation of Embryonic Nervous
Tissue into the Adult Brain

The real history of neural cell transplantation into the adult mammalian brain with a
therapeutic aim started last century, at the middle of the 1970s (Stenevi et al. 1976;
Bjorklund et al. 1976). The pioneering work of Gopal Das (Das and Altman 1971)
and the work of Anders Bjorklund and Ulf Stenevi (1976, 1979) have defined the
main conditions for the survival of transplanted cells (mainly the age of the donor
cells that must be taken at the end of the proliferative period of the neuronal popula-
tion to replace). Even though the results obtained with this approach (the grafting of
embryonic solid pieces or isolated cell suspensions into the lesioned adult brain)
have not been as successful as expected, for our purpose of the study of structural
plasticity, they have been extremely useful. Indeed, this tool has allowed us to
appraise the impact that embryonic neural cells can exert on mature neurons and vice
versa. In normal conditions this confrontation of young neurons in a mature tissue
only happens for the few neurons originating from the neural stem cells in the sub-
ventricular zone and the hippocampus. The main question to be solved was as fol-
lows: are embryonic neurons able to properly interact with adult neurons leading to
their normal development and subsequent integration into the deficient adult neural
circuits? But before addressing this question, let us make a short digression to dis-
cuss the normal way central neural circuits are organized in the mammalian brain.

2.5.2.1 Global Versus Point-to-Point Systems

Two organizational levels characterize the neuronal arrangement in the central ner-
vous system. The vast majority of the central circuits, those involved in the transfer
of specific patterned information such as sensory and motor systems, are organized
following a plan of precise cell-to-cell connections that we define as “point-to-
point” systems (Sotelo and Alvarado-Mallart 1986) and are based on the absolute
specificity of synaptic contacts established between the constitutive neurons.
Superimposed on this kind of basic circuits, there are some others considered to be
modulatory or regulatory systems (concerning the peptidergic and particularly the
monoaminergic system: noradrenergic, dopaminergic, serotonergic, and choliner-
gic) and that we coined “global systems” owing to their diffuse projection through-
out the CNS (Sotelo and Alvarado-Mallart 1986). In addition, these “global systems”
establish few morphologically detectable synaptic connections. For instance, in the
serotonergic system of the cerebellar cortex, less than 9 % of its varicosities were
involved in the establishment of “synaptic complexes”—the morphological corre-
late of the chemically transmitting synapses—and were considered as non-junctional
terminals (Beaudet and Sotelo 1981) releasing their neurotransmitter in a paracrine
fashion, as described for other regions of the CNS (Mobley and Greengard 1985).
The neurotransmitter diffused through the extracellular space over large distances,
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acting on those neurons equipped with adequate receptors and located within its
precise diffusional volume. Our “point-to-point” and “global” systems were
renamed a few months later: “wiring transmission” and “volume transmission,”
respectively (Agnati et al. 1986).

The interest of this distinction is that the grafted neurons in “global systems” exert
their functional effects by paracrine release involving diffuse secretion of deficient
neurochemicals in appropriate terminal areas within the host brain, without the
necessity of the formation of specific synaptic connections between grafted and host
neurons. By contrast, functional recovery following transplantation in “point-to-
point” systems requires a much more precise morphological reconstruction involv-
ing precise regulation of the migration and the formation not only of afferent but
mainly of efferent synaptic connections of grafted neurons, in such a way that the
transplanted cells replace the missing cells. It is probably by this anatomical differ-
ence that transplantation has been much more broadly used in “global” than in
“point-to-point” systems because the aims to fill are less constrictive in the former
than in the latter. For instance, in animal models of Parkinson disease, grafting exper-
iments have been over 10 times more numerous than in those of cerebellar ataxias.

The first indication that grafts can exert some positive effects in the improvement
of the neurological symptoms originated in neurotoxic, traumatic, or genetic animal
models of neurodegenerative diseases was obtained in experiments conducted in
1979 by Bjorklund and Stenevi. In these experiments, the “global system” consti-
tuted by the nigrostriatal pathway of adult rats was destroyed by the neurotoxin
60HDA injected stereotaxically. This lesion reproduced symptoms corresponding
to the clinical signs of the Parkinson disease. Bjorklund and Stenevi (1979) were
able to show that grafts of DA-producing neural tissue (mesencephalic substantia
nigra anlage) taken from rat fetuses, implanted into the striatum, could reduce some
of the deficits caused by the 60HDA intraparenchymal injection. For us, it is not
casual that the history of modern neural cell transplantation started with the cell
substitution in a “global system” because, as stated before, the possibility of func-
tional replacement does not require a rebuilding of a mirror image of the destroyed
neural circuit.

2.5.2.2 Transplantation in Murine Cerebellar Mutants as a Model
of Grafting in “Point-to-Point’” Systems

The relative simplicity and perfect geometrical arrangement of the cerebellar cor-
tex, with few neuronal populations and inputs from various cell groups making
synaptic connections at the precise site of the dendritic tree of the PCs—the unique
output from the cortex—offer an excellent model to test the capacity of embryonic
PCs to interact with the neural elements of the impaired adult circuit of the mutant
cerebellum, to replace the missing PCs of the host. The model system we chose was
the replacement of missing PCs in the cerebellum of the Purkinje cell degeneration
(pcd) mutant strain of mice (Mullen et al. 1976). Nnal, a gene encoding a putative
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nuclear protein containing a zinc carboxypeptidase domain, is the mutated gene in
the pcd mouse (Fernandez-Gonzalez et al. 2002). In this mutant, the PC degenera-
tion takes place after weaning, when most of the developmental process of the cer-
ebellar cortex and the corticonuclear connection are finished (Sotelo 2004). At 2
months, less than 1 % of the normal PC population remains, and by 4 months almost
all have degenerated, remaining an average of 107 PCs in the whole cerebellum,
mainly located in the nodulus (Wassef et al. 1986).

Sotelo and Alvarado-Mallart (1986) first described how grafted PCs migrate into
the molecular layer of the host cerebellum replacing the missing neurons of the pcd
mutant. Following the time course of the development of the embryonic day 12
(E12) cerebellar primordium into the postnatal day 60 (P60) cerebellum, it was pos-
sible to show the stages followed by the grafted PCs to be integrated in the cortical
circuitry of the adult host cerebellum 4 days after transplantation (Sotelo and
Alvarado-Mallart 1987). It was evident that the grafted PCs begin migrating to their
proper domain into the host cerebellum, and even though they do not become
aligned in a row as in the control cerebellum, they reach their proper environment
dispersed within the host molecular layer. This migration reaches its maximal rate
2-3 days later, and the arrest of the migration takes place in 7 days, indicating that
the attractive influences which manage the migration are present even in the adult
cerebellum, but the migratory potential of the immature cells weakens in a precise
developmental stage either during normal development or after grafting, as if pro-
vided with an internal clock. Once in the molecular layer, grafted PCs develop den-
dritic trees appropriately oriented, perpendicular to the parallel fibers of the host
cerebellar cortex, and receive with precision the different inputs not only from cer-
ebellar interneurons (parallel fibers, basket cell axons, and stellate cell axons) but
also from extracerebellar climbing fibers with which they establish normal synaptic
connections at the appropriated location of the dendrites.

The above-summarized results clearly show that neurons and axons of the host
brain retain their capacity for synaptogenesis into adulthood and, similarly, that
embryonic grafted neurons are able to pursue their inner tempo for migration and
differentiation. In addition, the embryonic grafted PCs by interacting with the adult
host neural cells (namely, Bergmann fibers, cerebellar interneurons, relay granule
cells, and inferior olivary neurons) have the capacity to become synaptic partners
for adult axon terminals. The newly formed synapses are functional as early as 10
days after grafting, when excitatory as well as inhibitory responses were already
elicited in these cells by electrical stimulation of the host subcortical white matter
(Gardette et al. 1990). Therefore, while the synaptogenesis with excitatory axons
occurs in synchrony with that happening during normal development, the one with
inhibitory axons occurs much faster. Despite this accelerated synaptogenesis PCs,
like in normal development, pass through a phase of multiple innervation by climb-
ing fibers (Crepel et al. 1976), transient phase that takes place also with an advanced
time course, since by 15 days after grafting (equivalent to P8 aged PCs) it is already
finished. These results clearly emphasize that the embryonic and adult neurons con-
fronted in the transplantation experiments are provided with an extraordinary plas-
tic capacity allowing the proper integration of grafted PCs in the deficient circuit of
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the pcd cerebellar cortex. With this great potentiality for plasticity, the obvious
question is to determine if the cerebellar grafts can improve the motor ataxia in the
pcd mice. The answer is that one essential prerequisite remained to be fulfilled
before a functional and behavioral improvement could be expected. Indeed, although
the deficient circuitry of the cerebellar cortex has been repaired with the synaptic
integration of the grafted PCs, the cortico/nuclear projection remains constantly
deficient, and only in a few occasions we have been able to disclose a few PC termi-
nals synapsing upon deep cerebellar nuclear neurons.

Nevertheless, the obtained results concerning the integration of the grafted PCs
in the cortical circuit are very interesting for our purposes of morphological neural
plasticity. Indeed, they reveal a new kind of neural plasticity, the one required for
the possible interactions among neural cells of similar phenotypes but of complete
different ages, such as young postmitotic with adult neurons. The timing and the
nature of the cellular interactions involved in the migration of grafted PCs into the
host cerebellum should be similar to those that take place during normal ontogeny,
suggesting that, in both cases, the developmental program is regulated autono-
mously by the participating cells, independent of external factors, as regulated by an
internal clock (Sotelo and Alvarado-Mallart 1987; Sotelo et al. 1994). Although
little is known about the molecular identity of the signals involved, it is clear that
they are developmentally regulated and transiently expressed during ontogenesis,
but what about mutually interacting molecular signals when embryonic neurons are
grafted into adult brain? This raises the question as to whether the grafted embry-
onic PCs induce adult host cells, in particular the Bergmann glia, to transiently
reexpress the molecular signals needed for their migration and synaptic integration
into the host (Sotelo and Alvarado-Mallart 1987) or whether isochronic embryonic
astrocytes, bearing the appropriate factors because of their age, also migrate from
the graft and acquire the Bergmann fiber phenotype, providing this way substrate
for migration of immature PCs. Transplant experiments carried out with donor
embryonic cerebellum taken from a transgenic mouse line, which shows an ectopic
expression of the hybrid Krox-20/lacZ gene in Bergmann fibers, allowed us to
determine that the Bergmann fibers subserving radial migratory pathways to grafted
PCs do not originate from the graft and, therefore, that they belong to the host
(Sotelo et al. 1994). Moreover, in the developing cerebella the embryonic Bergmann
fibers, the migratory substratum to immature PCs, like all other radial glia, express
nestin an intermediate filament (Lendahl et al. 1990). This expression is transient,
and once all the migratory processes are completed in the molecular layer (PCs,
granule cells, and inhibitory interneurons), the expression of nestin is lost. Using a
monoclonal antibody against nestin, we were able to reveal that only those Bergmann
fibers within the cortical areas containing either the grafts or, particularly, grafted
PCs migrating into the molecular layer reexpressed nestin.

The observed spatiotemporal correlation between grafted PC radial migration
and nestin expression in the host molecular layer validates that these grafted embry-
onic neurons induce nestin expression in adult glial fibers. The molecular identities
of the signals involved in such kind of interaction remain to be determined.
Therefore, despite the actual absence of molecular mechanisms, it was possible to
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establish that grafted embryonic neural cells can interact with adult neural cells
through a new and interesting plastic mechanism that regulates gene expression in
neural cells of the adult host recapitulating transient phenotypes associated with
specific stages of normal development. This new type of morphological plasticity
was named “adaptive rejuvenation.” The occurring changes transiently generate a
microenvironment permitting radial migration of the PCs, a necessary pre-
requirement for their synaptic integration and the restoration of normal circuitry in
the cerebellar cortex of pcd mice.

Transplantation of cerebral cortical embryonic cells into lesioned rodent cortex,
initiated by Michel Roger and Afsaneh Gaillard (1998), has provided interesting
results. Indeed, as published by Gaillart et al. (2007), when embryonic neocortex
taken from transgenic mice overexpressing a green fluorescent protein was grafted
into damaged murine adult motor cortex, grafted neurons were able to send axonal
projections to specific target nuclei in the motor thalamus and even very long pro-
jections to the spinal cord. These important and unexpected results suggest that
neural cell transplantation might promote the reconstruction of damaged circuits
after adult brain injury. In addition, Pierre Vanderhaegen, Afsaneh Gaillard and
collaborators have more recently shown that embryonic stem cells and induced
pluripotent stem cells (iPSCs), cultured without added morphogens, can by them-
selves replace cortical neurons (Gaspard et al. 2008; Espuni-Camacho et al. 2013).
These experiments open a new aspect of the requirements of transplanted precursor
cells for the integration and repair of adult brain circuits.

2.6 Concluding Remarks

In conclusion, the data reported in this review, although only represent a low per-
centage of the very numerous interesting papers published on this topic, are aimed
to emphasize how the important concept of structural neuronal plasticity has accom-
panied neuroscientists from the middle of the nineteenth century, even before the
appearance of the “neuron doctrine,” considered as the milestone marking the
beginning of modern neuroscience. The concept built up by the pioneer workers
cited in this review implies that the nervous system is in a continuous remodeling
process, by destroying and building up neuronal connections that allow us to con-
sider the brain as a “neotenic” organ. Despite the enormous interest of the asked
questions, and the major breakthroughs obtained in recent years as a result of the
refinement of cellular imaging and transgenic methods, many of these old questions
reviewed here still remain unanswered. For example, what is the real meaning of the
maintenance of postsynaptic differentiations occurring only in a portion of the deaf-
ferented synapses? Are they indicative of the presence of neurotransmitter receptors
or only of their scaffolding proteins? What are the possible deleterious effects of
heterologous reafferentation by terminal axonal sprouting? How to get the matching
of the new neurotransmitter, frequently GABA, and the former receptor that in most
of the examples of eliminated synapses was a glutamate receptor? Hopefully with
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the arrival of new technologies, new vocations for the structural study of the nervous
system will continue to emerge among young researchers, and these young research-
ers become interested in pursuing the evolution of these concepts and the resolution
of old problems.
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