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Brain plasticity and mental processes:

Cajal again
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Abstract | The year 2006 marks the 100th anniversary of the first Nobel Prize for
Physiology or Medicine for studies in the field of the Neurosciences jointly awarded
to Camillo Golgi and Santiago Ramoén y Cajal for their key contributions to the
study of the nervous system. This award represented the beginning of the modern
era of neuroscience. Using the Golgi method, Cajal made fundamental, but often
unappreciated, contributions to the study of the relationship between brain
plasticity and mental processes. Here, | focus on some of these early experiments
and how they continue to influence studies of brain plasticity.

Cajal’s studies into the microanatomy,
functional organization, development,
degeneration and regeneration of the
nervous system had a profound impact on
the researchers of his era. Indeed, his experi-
ments provided the roots of what are today
some of the most exciting areas of discovery
regarding the organization and function of
the brain'. For example, it was Cajal who
produced the first detailed descriptions of the
morphology and of the intrinsic connections
in most regions of the CNS, who discovered
and named the axonal growth cone (‘cono de
crecimiento’) and who devised the hypothesis
of chemotaxis or chemotactism, later to be
called neurotropism**. Moreover, it was
Cajal who first proposed the law of ‘dynamic
polarization of nerve cells, suggesting that the

Box 1| The Neuron Doctrine and Cajal

The Neuron Doctrine represents the
fundamental organizational and functional
principle of the nervous system, in which it is
stated that the neuron is the anatomical,
physiological, genetic and metabolic unit of the
nervous system*®. The observations Cajal made
with the Golgi method were so decisive that
they represented the main core of the review
published in 1891 by Wilhelm von Waldeyer-
Hartz (1836-1921), where the term ‘neuron’ was
introduced to denote the nerve cells®.

flow of current in neurons passes from the
axon terminals of the presynaptic cell to the
dendrites of the postsynaptic cell, and from
here towards its cell body and out through
its axon*. However, despite the recognition
Cajal received for these findings, he is little
known for his fundamental observations and
theories on brain plasticity and mental proc-
esses. In fact, although the roots of the term
‘plasticity’ in reference to the structure of the
nervous system currently remain unclear®”,
Cajal was clearly an important figure in the
propagation and popularization of its use.
The application of the term plasticity has
been traced back to Minea® (1909), Lugaro’
(1906) and Demoor’ (1896). However,
Demoor did not claim the novel use of this
word and so it is probable that it had been
applied previously’. As we will see, Cajal had
indeed used the term plasticity in the trans-
actions of the International Medical Congress
held in Rome in 1894 (REF. 10). In this publi-
cation, Cajal applied the words ‘dynamism,
‘force of internal differentiation, ‘adaptations
[of the neurons] to the conditions of the
environment’ and ‘plasticity, among others,
to describe the potential of the brain to adapt
to the environment. Cajal had been invited to
deliver a plenary lecture at this congress and
although he could not attend, it is likely that
the term plasticity became popular after he
used the word at this time.

Some of the early experiments and
reflections on the relationship between brain
plasticity and mental processes, and those
regarding the influence of the environment
on brain development and function have an
amazingly modern flavour. However, these
early attempts to define the foundations
of these concepts are little known within
the scientific community. One of the most
important contributions of Cajal in this
field was to try to explain these facts from a
structural viewpoint based on the Neuron
Doctrine (BOX 1), thereby giving rise to new
ideas about plasticity.

Here, I focus on two main topics: first,
how Cajal's own work, along with that of
other researchers of that era, led to cortical
circuits being considered as plastic, wherein
connections are capable of changing in
response to neuronal activity; and second,
how some of these early ideas and experi-
ments have been dealt with more recently
using modern techniques.

Ameboidism of neuronal processes

The early ideas on brain plasticity are
tightly bound to the early concepts about
how neurons communicate with each
other. Prior to the studies by Golgi and
Cajal, little was known about the micro-
anatomy and functioning of the nervous
system. This ignorance was mainly due

to the fact that there were no histological
techniques available to visualize an entire
neuron (cell body, dendrites and axon),
and the course and trajectory of the axons
and their terminal axonal arborizations
could not be traced. Therefore, it was

not possible to address the vital issue of
neuronal connectivity. In 1873, Golgi dis-
covered the ‘reazione nera’ (black reaction)
that labelled neurons and neuroglial cells,
enabling them to be fully visualized in his-
tological preparations''. Through analysing
these preparations Golgi concluded that
whereas dendrites end freely, the axons and
their collaterals anastomose. Therefore,

he suggested that the nervous system
consisted of a ‘rete nervosa diffusa’ (diffuse
nervous network). However, in his first
article using the Golgi method, Cajal made
the crucial observation for the Neuron
Doctrine that all processes of the nerve
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cells end freely and do not anastomose;
rather, they communicate by contact and
not by continuity"2.

These new ideas about the connections
between neurons led to new theories on the
relationship between neuronal circuits and
brain function. A heated debate broke out in
the 1890s as to whether neurons maintain
a fixed structure throughout the lifetime of
the individual. Did their complex processes
and connections with other neurons all
remain immutable, or are neurons dynamic
elements capable of continuously alter-
ing their connections? Among the most
important pioneering studies that set out
to resolve this issue were those carried out
by Wiedersheim and Rabl-Riickhard in
1890. Wiedersheim'® observed that part
of the cerebral ganglion (pars mobilis) of
Leptodora hyaline, a transparent crustacean,
constantly changed its volume and appear-
ance throughout the life of the animal. He
proposed that this was in part due to the fact
that certain nerve cells were not immobile,
but that they changed their shape by under-
going ameboid-like movements (FIC. 1).
Rabl-Riickhard™ proposed the hypothesis
of ‘ameboidism and the mechanics of the
psychic processes, based on the idea that the
morphological variability of neurons could
be explained by their continuous ameboid
movement. He proposed that because
neuronal processes could be considered as
elements of association between neurons,
the ameboid movements would reflect

changes in their connections. In this way,
changes that occur during certain psychic
processes, such as those induced by hypno-
tism, might be explained by changes in the
connections maintained by neurons due

to their capacity to undergo ameboid
movement.

Nevertheless, the general idea at the time
was that the neuronal circuits were rigid and
stable, and therefore the hypothesis of Rabl-
Riickhard passed mostly unnoticed until
the studies of Lépine® and, in particular,
those of Duval'®. On the basis of mainly the
suggestions of Wiedersheim" that neurons
were capable of ameboid movement, these
authors developed the original hypothesis
put forward by Rabl-Riickhard" in 1890.
Lépine' proposed that the inactivity
induced by anaesthesia, hysterical paralysis,
as well as several varieties of sleepwalking
or natural sleep, could be mechanically
explained by a failure or the retraction of the
nerve processes. By contrast, during activity
there would be a re-establishment of the
contacts by éréthisme’ (increase in stimula-
tion/irritation at that point) of the neuronal
processes. A similar theory to that of Lépine
was put forward by Duval' in 1895, when
he proposed that the distance between the
neuronal processes that came into contact
could vary depending on the circumstances.
As such, imagination, memory and the asso-
ciation of ideas could be facilitated by certain
agents like tea or coffee, which might stimu-
late the ameboidism of freely terminating

Figure 1| Motility in vivo of nerve cells. Drawings made by Wiedersheim®? in 1890 to illustrate the
motility in vivo of nerve cells in the cerebral ganglion (pars mobilis) of the transparent crustacean
Leptodora hyaline. The drawings in panels a—d were made at time intervals of (as indicated): 12 min
between a and b; 8 min between b and ¢; and 15 min between c and d. Only the nerve cells with their
most prominent processes are drawn. Wiedersheim proposed that the nerve cells were not static, but
rather that they change shape through ameboid movements. This kind of observation formed the basis
of the hypothesis later developed from the studies of Cajal and others that dynamic changes in neuro-
nal circuits could occur by means of the retraction and elongation of the processes of neurons or glial
cells. G opt, optic ganglion; Mob, pars mobilis ; Schlo, oesophageal commissure; Vac, vacuole showing

succesive contractions.

nerve arborizations, allowing them to come
closer and thereby facilitating the passage of
the nervous current.

Cajal was convinced that cortical archi-
tecture was not a fixed structure and that
dynamic histological changes were related
to mental processes. However, he did not
rule out the possibility that these changes
could in part be due to physical-chemi-
cal mechanisms'” (for original text and
translations, see Supplementary information
S1 (box)). Cajal could not accept Duval’s
hypothesis because, irrespective of the cause
of the death of an experimental animal
(chloroform, haemorrhage or poisoning, and
so on), he never observed a notable change
in the separation between the neuronal
processes. However, Cajal observed that
within the same brain, certain neuroglial
cells of the cerebral cortex displayed short
and thick prolongations (retracted state),
whereas other neuroglial cells maintained
numerous, long and branched prolongations
(resting state). Moreover, he also observed
many transitory forms that fell between
these two extremes. This made Cajal think
that the morphology of the neuroglial cells
changed during mental exercise and led
him to put forward his theory of neuroglial
ameboidism'” (Supplementary information
S2 (box)). As such, what represented the
retraction of neuronal prolongations during
mental resting to Duval was an extension
of neuroglial processes in the eyes of Cajal.
Indeed, the hypothesis of Cajal is in line
with modern studies of various brain areas
showing that glial processes might be
involved in the formation and plasticity of
synaptic connections'®". For example, it has
been suggested that sex steroids influence
synaptic connectivity in the hypothalamic
arcuate nucleus by regulating astrocytes.
Indeed, there are transient gender differ-
ences in the density of dendritic spines and
axosomatic synapses that are correlated
with the gender-related differences in the
stellation of astrocytes and the amount of
the neuronal membrane surface covered by
astroglial cell processes (FIG. 2)'%.

Cajal and cerebral gymnastics

After four years of intensive research into
the structure of the nervous system since
starting to use the Golgi method in 1887
(he published more than 30 articles dur-
ing these 4 years), Cajal felt prepared to
write his first review of the organization
of the nervous system®. In this review,
Cajal presented his cerebral gymnastics
hypothesis as a mechanism by which the
connections between neurons could be
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...the foundations of our
present day thoughts regarding
spines originate in the times of
Cajal....

multiplied, thereby augmenting the capac-
ity of the brain. Cajal developed this idea
on the basis of the increase in complexity
of the processes of pyramidal neurons he
observed (or ‘psychic cells; according to
Cajal) throughout ontogenic and evolution-
ary development. So, there appeared to

be a relationship between “the functional
dignity of the cells and their set of collater-
als” Cajal formulated this hypothesis to
explain the great intellectual capacity of
certain individuals and how an individual
with a small brain could become a genius
(Supplementary information S3 (box)).

A similar hypothesis was proposed
by Tanzi*' in 1893 on the basis of the
reinforcement of existing connections
(that is, without increasing the number
of contacts) to improve the efficiency of
neuronal circuits. Tanzi was a supporter
of the Neuron Doctrine and he therefore
thought that the physical separation between
the points of contact between neurons
presented an obstacle (‘malpasso’ as Tanzi
called the interneuronal space®) for the pas-
sage of impulses. To explain the processes
of learning and the acquisition of motor
skills through practice, Tanzi proposed that
the frequent passage of impulses through a
neuronal connection would induce a hyper-
nutrition and hypertrophy of this pathway,
and that this would result in growth of the
neuronal processes as occurs in muscle. This
lengthening would mean that the distance
between cells would be reduced, increasing
the functional capacity of nerve cells in the
hypertrophic pathway.

In 1894, Cajal continued to develop his
hypothesis of cerebral gymnastics, present-
ing his ideas in the Croonian Lecture of the
Royal Society*>*, and particularly in the
summary published in the transactions of
the International Medical Congress held in
Rome in 1894. This summary represents
Cajal’s first publication dealing mostly
with theoretical issues about the relation-
ship of mental activity and morphological
changes. It was also published in the journal
La Veterinaria Espafiola', and later Cajal
himself published this article privately* with
additional commentaries as footnotes. In
these last two publications, Cajal referred to
plasticity in several paragraphs: “Such plas-
ticity of the cellular processes probably

varies at different ages: greater in the young
man, diminished in the adult and almost
completely disappeared in the aged”
(Supplementary information S4 (box)).

In his article in La Veterinaria Espaiiola®,
Cajal again explained his theory about cer-
ebral gymnastics, clearly stating that the pos-
sibility of increasing neuronal connections
was a plastic mechanism in response to a
continued stimulus (Supplementary informa-
tion S5 (box)). This hypothesis was founded
on Cajal’s deep commitment to the Neuron
Doctrine (Supplementary information S6
(box)). In the extended edition of this article,
Cajal finally added his ideas regarding the
great importance that the environment has
on brain development and function®’. This
hypothesis had a distinctly modern flavour
(Supplementary information S7 (box)), and
several decades later it was duly verified that
exposing experimental animals to enriched
environments augments the branching of
dendrites and density of dendritic spines in
the cerebral cortex?® . Some of Cajal’s ideas
regarding the influence of the environment,
such as the influence of education in mental
activities, had certainly been proposed by
a number of physicians, teachers and phi-
losophers long before. Nevertheless, Cajal’s
contribution was most important in trying to
explain these facts from a structural point of
view based on the Neuron Doctrine.

Motility of dendritic spines

Dendritic spines were first described and
named ‘espinas’ by Cajal in 1888 when he was
studying Purkinje cells of the avian cerebel-
lum stained by the Golgi method'?. Two years
later, he also described the presence of spines
on pyramidal neurons in the cerebral cortex
of mammals, suggesting that these structures
were points of contact with axon terminals
and therefore fundamental elements for

the connections of these neurons®?*.
However, others were sceptical (including
Golgi himself) and considered the spines as
artefacts produced by the Golgi method®.
Furthermore, Cajal observed the presence of
dendritic protrusions other than spines in the
immature nervous system, describing these
as “irregular projections that rarely ended as
bulbs”. Moreover, he was almost certain that
these were transient structures that arose
during development and that developed
before the ‘Endfiissen’ of Held (‘end feet,
axon terminal expansions) had formed™®.
These protrusions were later to be called
filopodia®'. However, after these early studies,
few articles focused their attention on spines.
Interest was renewed in these structures fol-
lowing the demonstration of the postsynaptic
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Figure 2 | An axon terminal in proximity to a
neuronal soma in the hypothalamic arcuate
nucleus. Cajal put forward the neuroglial ame-
boidism theory as an explanation of certain
mental processes. He suggested that during the
state of relaxation, glial processes extend and
penetrate between the presynaptic axon termi-
nals and the postsynaptic neurons, thereby dis-
connecting them. During periods of activity, glial
processes would shrink, enabling the axon termi-
nals and the postsynaptic elements to reconnect
(FIG. 5 ¢,d). This electron micrograph is in line with
Cajal’s theory. It shows the high magnification of
a synaptic terminal (T) in proximity to a neuronal
soma (N) in the arcuate nucleus of an ovariect-
omized rat, 24 h after the administration of
oestradiol. The profile of the synaptic terminal is
surrounded by glia and a multiple layer of glial
processes (arrow) is interposed between the
synaptic terminal and the neuronal soma. Scale
bar, 0.5 um. Modified, with permission, from
REF. 18 © (1994) Elsevier Science.

nature of spines, which was enabled by the
advent of electron microscopy in the 1950s
(REF. 32). Indeed, they are now accepted as
major targets of excitatory connections in
the cerebral cortex®. Moreover, the studies
on visual deprivation and mental retardation
carried out in the 1960s and 1970s (REFS
34-37) also generated considerable interest
in dendritic spines. The studies on visual
deprivation indicated that the formation and
maintenance of spines depends on synaptic
activity, and that they can be modulated by
sensory experience. By contrast, the studies
on mental retardation identified changes in
the morphology and density of spines, sug-
gesting that they might alter synaptic inputs
to pyramidal neurons. More recent studies
have confirmed and extended these early
observations, showing that the dendritic
spines on pyramidal neurons are highly
plastic structures (FIG. 3) that appear to be
key elements in learning and memory**-*!.
In fact, the study of dendritic spines currently
constitutes one of the most exciting areas of
research in neuroscience. However, we shall
see that the foundations of our present day
thoughts regarding spines originate in the
times of Cajal and the hypothesis of
ameboidism of the neuronal processes.
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Figure 3 | Changes in dendritic spines in cultured hippocampal neurons after conditioning
stimulation. The production of new dendritic spines after synaptic stimulation is in accordance
with Cajal’s hypothesis of cerebral gymnastics, which suggests the possibility of increasing
neuronal connections as a plastic mechanism in response to a continued stimulus. Recorded
nearly 100 years after Cajal outlined this process in his publications (FIG. 5 ef), this image under-
scores how Cajal’s early work continues to affect today’s research. a | A confocal microscopic
three-dimensional reconstruction of a neuron that was transfected with red fluorescent protein
to allow visualization of its morphology. b,c | The frame shown in panel a is enlarged to show a
dendrite and green puncta of green fluorescent protein-tagged glutamate receptor 1 (GluR1-
GFP) before (b) and 2 h after (c) the culture was exposed to a 10 min conditioning stimulation.
Arrows in panel ¢ point to two new dendritic spines that contain GluR1 puncta. Reproduced, with
permission, from REF. 29 © (2005) Macmillan Publishers Ltd.

The hypothesis of neuronal ameboid-
ism that explained certain mental
processes motivated several authors to
study the plasticity of cortical neurons.
The most relevant experimental studies
were carried out by Demoor*? and
Stefanowska*’. Demoor performed three
types of experiment on dogs to analyse
how light deprivation, sedatives (mor-
phine, chloral hydrate and chloroform)
and prolonged electrical stimulation
affected the cerebral cortex. Demoor
found that there were no changes in Golgi
impregnated cortical neuronal processes
in dogs when one eye remained covered
for 6 hours. However, cortical neuronal
processes were temporarily transformed
into moniliform filaments (produced by
the appearance of varicosities or ‘pearls’)
in animals treated with morphine, chloral
hydrate or chloroform, or after electrical
stimulation. As a consequence, processes
retracted, considerably reducing the
number of contacts, which in turn would
reduce “the association of the individual
cellular activities”. Demoor proposed that
the plastic changes induced in the cerebral
cortex by these manipulations might
explain the physiology of sleep, as well as
the inactivity that follows excess activity of
a group of neurons.

Early studies on the motility of spines.
The phenomenon of neuronal plasticity
proposed by Demoor was examined by
Stefanowska* in the cerebral cortex of the
guinea pig and in mice, based on Cajal’s
research into the importance of dendritic
spines in the establishment of neuronal
connections. Stefanowska investigated
the effects of several factors (such as
electrical stimulation and treatment with
sulphuric ether), and she observed that in
certain circumstances, dendrites entered

a moniliform state. In other words, some
dendrites displayed a varicose or pearly
morphology. She focused on the ‘piriform
appendages, the name used by her to refer
to the dendritic spines discovered by Cajal,
and proposed that they could temporarily
change both their shape and number. In the
normal brain, she observed that whereas
some dendrites adopted a moniliform
morphology (FIC. 4b-d), others were covered
by spines (FIC. 4a). As a result, she proposed
that the same changes as those visualized
during experimental manipulation would
occur during sleep. In addition, she pointed
out that the retraction of the spines was not
related to the appearance of the varicosities
(FIG. 4b—d) and that these modifications did
not affect the cerebral cortex uniformly.

In volume 1 of Textura del Sistema
Nervioso del Hombre y de los Vertebrados*,
Cajal attempted to explain the significance
of the studies performed by Demoor and
Stefanowska (Supplementary information
S8 (box)). According to Cajal, new experi-
ments would be necessary to confirm the
hypothesis and to verify that these changes
were not due to alterations produced by the
experimental manipulation. In addition,
Cajal also thought it was fundamental to rule
out technical artefacts, a conclusion shared
by other authors at that time*. Cajal com-
mented that, independent of the cause of
death of the animal, the delays in fixing the
tissue could explain the varicose nature of
the neurons and the transformation or com-
plete disappearance of the spines. According
to Cajal, these artefacts occurred in the
centre of the relatively large blocks of tissue
owing to the slow penetration of the fixative
or of the reagents used to stain the neurons.
However, when the blocks were relatively
small, the spines could be visualized in all

Figure 4 | Morphological variations in den-
drites and dendritic spines. Drawings made
by Stefanowska® in 1897 to illustrate dendritic
spines in the cerebral cortex of the guinea pig
stained using the Golgi method. a | Dendrite
from the molecular layer (layer I). b | Varicose
dendrite with only a few spines. ¢ | Main apical
shaft in the varicose state with some spines.
d | Dendrite with its superior varicose portion
completely devoid of spines, whereas the lower
part is normal and covered with spines. On the
basis of the studies of Cajal, which supported
the idea that dendritic spines are key elements
in establishing neuronal connections,
Stefanowska suggested that the temporary
changes she observed in the number of spines
could be interpreted as dynamic changes in the
connections between neurons®.
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Box 2 | Principles of neuronal development and Cajal’s hypothesis of mental exercise

Cajal thought that to understand how mental processing and

complex activities can be improved, one must accept not only the
possibility of reinforcing pre-established connections, but also the
establishment of new connections through progressive branching and
growth of the dendritic and axonal arborizations. Similarly, alterations in
thought might be explained by the establishment of aberrant

e This growth and movement of the processes continues after birth, a large
difference existing between the newborn and the adult man in terms of
the length and wealth of secondary and tertiary neuronal branches.

e It is also likely that such development would be improved in certain
[nervous] centres subject to exercise or use and in contrast, it would be

connections. These ideas were based on his observations and on the

principles of neuronal development. Therefore, in volume 2 of Textura del
Sistema Nervioso del Hombre y de los Vertebrados*, Cajal presented the
following main arguments in support of his hypothesis regarding mental

exercise:

e During embryonic development, dendrites and [axon] arbors
progressively extend and branch, entering into contact with ever more

neurons.

e The definitive adjustment of these relationships are only verified after
some trials, since before the processes reach their destiny and establish
stable articulations, numerous secondary branches disappear, these
being a kind of test association whose existence is proof of the great

initial mobility of the cellular arborizations.

* In some cases, [neuronal] processes go astray forming abnormal

connections.

regions of the cerebral cortex, irrespective
of whether the animals were sacrificed by
haemorrhage or by chloroform.

Cajal was not against the idea that neuro-
nal processes moved, but he was fully aware
of the technical limitations in studying this
phenomenon. In volume 2 of Textura*, he
again explained his histological hypothesis
of mental work, based on his publications in
1894 (REFS 10,24). He put forward seven argu-
ments in support of his hypothesis to explain
how the improvement of mental functions
and connections could be achieved by
mental ‘exercise, how it is possible to acquire
complex abilities such as a those of a virtuoso

in a different way.

suspended and diminished in non-cultivated cerebral spheres.

e Experiments of sectioned nerves prove that peripheral axons, both
sensory and motor, are capable of growing and branching, restoring
their connections with the skin and muscles, but somehow organized

e In neuronal pathology there are infinite examples of functional
restoration after severe lesions of differentiated cortical centres

(recovery of language articulation in motor aphasia etc.). This return to
normality after nerve fibres have been disorganized can only be

understood by admitting that in the brain, as occurs in the sectioned
peripheral nerves, the healthy proximal portion of the axon is capable
of growing and emitting new collaterals, which re-establish
articulations with the disconnected neurons when they pass through

the diseased regions. When the latter neurons have been destroyed, the

newly formed branches may encounter other nerve cells to which they

would give a new functional character.

pianist, and how alterations can arise in the
association of ideas (BOX 2). Of particular
relevance to the motility of the neuronal
prolongations are the arguments concerning:
the progressive extension and branching of
dendrites and axonal arborizations during
embryonic growth; the disappearance of
many secondary branches before processes
reach their destination and establish stable
connections; continued neuronal growth
and movement after birth; and the proposal
that development would be improved when
neurons were subjected to sustained activity.
Indeed, his conclusions were not opposed

to Duval’s hypothesis, but the methods

available did not permit him to verify it
(Supplementary information S9 (box)).
FIGURE 5 shows how Cajal explained
activity-dependent changes in cortical con-
nections by referring to dendritic spines
according to the proposals of Demoor and
Stefanowska (FIC. 5a,b), Cajal’s hypothesis of
neuroglial ameboidism (FIC. 5 c,d) and Cajal’s
hypothesis of cerebral gymnastics (FIC. 5e.f).

Modern studies on the motility of spines.
After these studies, interest in the motility
of spines gradually faded due to the lack of
appropriate methods until they were
practically forgotten. Indeed, it was not until

a Activity b Inactivity C Activity

Bouton

Figure 5| Cajal’s dendritic-spine-based explanation of certain
activity-dependent changes in cortical connections. These drawings
summarize early ideas on the motility of dendritic spines and the ame-
boidism of neuroglial processes as explanations of changes in mental activ-
ity, and how cerebral gymnastics increases connections between neurons.
a,b| The motility of dendritic spines proposed by Stefanowska*® in 1897, as
interpreted by Cajal*. a| The state of activity corresponds to the swelling
and elongation of the spines that are in contact with axon terminals (green).
b| The resting state corresponds to the loss of contact between the spines

e Before sustained f After sustained

activity activity

E-E

and the axon terminals, and the retraction of spines. ¢,d | Cajal’s hypothesis
of neuroglial ameboidism"’. ¢ | During mental activity, the processes of
neuroglial cells would shrink (neuroglial cell in the retracted state, yellow),
enabling the dendritic spines to contact the axonal terminals. d | During
the state of mental rest the neuroglial processes would extend (neuroglial
cells in the resting state, orange) and penetrate between the axon termi-
nals and spines, causing the spines to disconnect. e,f| Cajal hypothesis?®
about cerebral gymnastics as a mechanism by which the connections
between neurons could be multiplied (red).

d Inactivity

Cerebral
gymnastics

—_—
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P3 P11 P18

Figure 6 | Developmental regulation of the
motility of dendritic spines and filopodia.
These time-lapse sequences depict dendrites at
various ages throughout postnatal development.
It is clear that both filopodia and spines show
significant motility and that this motility dimin-
ishes with age. This confirms the ideas of certain
authors of the time who proposed that dendritic
spines were dynamic structures (FIG. 5 a,b).
However, Cajal thought that although this might
indeed be the case, no experiments demon-
strated this convincingly. Nevertheless, this mod-
ern picture is in accordance with the idea of Cajal
that the plasticity of neuronal processes “proba-
bly varies at different ages: greater in the young
man, diminished in the adult and almost com-
pletely disappeared in the aged” (Supplementary
information S4 (box)). The images are of pyrami-
dal neurons in layer V of the mouse visual cortex
and show a maximum projection of a stack con-
sisting of 6-10 slices that are 1.4 um apart. Time
stamps are in minutes. In the first postnatal week
(P3), dendrites are covered by thin protrusions
that appear and disappear quickly, with lifetimes
in the order of minutes. In the second postnatal
week (P11), dendritic filopodia are replaced by
shorter, more stable protrusions with bulbous
swellings at the tips. These protrusions exhibit
significant motility at the bulbous ‘heads’
(spinules) but have longer lifetimes (minutes to
hours) than filopodia. In the third postnatal week
(P18), dendrites are covered mostly with mature
lollipop-shaped protrusions known as mushroom
spines with minimal protrusive motility or turn-
over (with a lifetime of hours or days). Scale bar,
3 um. Reproduced, with permission, from REF. 62
© (2004) Mente y Cerebro.

several decades later that there was renewed
interest in the study of spine motility when

it was discovered that the fibrillar contractile
protein actin is present in dendritic spines.
This suggested that the spines might be motile
both during development (the formation and
stabilization of the spines) and in response to
synaptic stimulation in the adult***’. Matus
and colleagues™ used video recordings from
hippocampal neurons expressing actin tagged
with green fluorescent protein (GFP-actin),
and in this way they observed the motility

of spines in living neurons. Because of the
advent of more sophisticated imaging tech-
niques, such as two-photon microscopy, it has
become possible to examine the motility of
spines in greater detail in dissociated cultures
or as part of circuits in brain slices, or even

in vivo in the whole animal (for reviews, see
REFS 38,39,51-53). As a result, another inter-
esting aspect of spine motility was highlighted
both in brain slices™** as well as in the intact
brain®**"*% — specifically, the significant
decrease in the motility of spines during
postnatal development (FIC. 6).

Cortical plasticity and trauma

Coming back to Cajal’s idea that neuronal
processes are more stable in the adult than
in the developing brain (Supplementary
information $4 (box)), it is amazing that he
was able to interpret the static microscopic
images of his preparations as still frames

of a dynamic process. In terms of cortical
plasticity, a good example of this ability is
demonstrated by the metamorphosis of the
pyramidal cell axon when a lesion is made in
the grey matter of the cerebral cortex (FIC. 7).
Cajal made an oblique section through layer
VIin the cat cerebral cortex in such a way
that the descending axons of the pyramidal
cells were cut below the origin of the axonal
collaterals. Although the distal portions
degenerated, the proximal portions from
which the local axonal collaterals arise
survived. These results were of considerable
value to Cajal, because these projecting neu-
rons were transformed into short axon cells
(arciform pyramidal cells), thereby establish-
ing a new circuit that might partially explain
functional recovery after trauma. However,
he concluded that in the spinal cord,
cerebellum and cerebral cortex the regenera-
tive phenomena were mostly temporary
reactions, “aborted restorative processes”>.
Nevertheless, Cajal was optimistic that more
long-term regeneration could be achieved,
based on the results of experiments carried
out by his disciple Francisco Tello*. These
experiments involved transplanting pieces of
the distal stump of sciatic nerves that were

... through Cajal’s own work
and his astute interpretation
of the studies of others, the
architecture of the cerebral
cortex began to be considered
as plastic....

undergoing degeneration (which, according
to Cajal, “are especially rich in neurotropic
substances”) into the wounded cerebral
cortex. At the end of his career, Cajal wrote®:
“Curious and significant is an experiment
carried out by Tello. When a piece of the dis-
tal stump of a sectioned nerve is introduced
in a cerebral wound of a rabbit ... a regenera-
tive capacity appears in the apathetic [axons]
of the white substance. This demonstrates
that the impotence of the central [axons]

to restore the peripheral stump is neither
fatal nor irremediable” In spite of the many

Figure 7| Cortical plasticity and trauma. This
is a drawing made by Cajal to illustrate the
current flow in a mutilated pyramidal cell (A)
furnished with hypertrophic recurrent collaterals
after a lesion is made in the grey matter.
According to Cajal, the transformation of these
projecting neurons into short axon cells (arci-
form pyramidal cells) would establish a new
circuit that might partially explain functional
recovery after trauma. He shows how sensory
inputs from afferent fibres, on reaching the soma
and dendritic shaft of the arciform pyramidal
cell, propagate to the neighbouring undamaged
neurons (C) and then descend towards the spinal
cord (pyramidal tract). Reproduced, with permis-
sion, from REF. 2 © (1914) Herederos de Santiago
Ramoény Cajal.
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studies performed and the advances made
in this aspect of the neurosciences since the
time of Cajal, the problem of regeneration in
the CNS and the ambiguity exposed by Cajal
remains essentially the same, once again
highlighting the modern flavour of

his research’.

Conclusions

The Nobel prize was awarded to Cajal
mainly in recognition of his detailed micro-
anatomical studies of almost the entire
CNS, and for having developed and applied
the Neuron Doctrine to the functional
organization of the brain. However, another
important contribution of Cajal, little
known within the scientific community, is
his application of the Neuron Doctrine to
explain the relationship between brain plas-
ticity and mental processes from a structural
point of view, and his theories regarding
the influence of the environment on brain
development and function. So, through
Cajal’'s own work and his astute interpreta-
tion of the studies of others, the architecture
of the cerebral cortex began to be consid-
ered as plastic, connections in this structure
being susceptible to change either in
response to normal neuronal activity or to
injury. Indeed, Cajal proposed mechanisms
and theories of plasticity that represented
the starting point for some of our modern
ideas about this fascinating subject.
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