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OPINION

The contribution of

Santiago Ramoén y Cajal to
functional neuroscience

Rodolfo R. Llinas

Santiago Ramoén y Cajal — arguably the
most accomplished anatomist in the history
of neuroscience — became recognized as
such not only because of his incredible
anatomical skills and his indefatigable
working habits, but also because of his
uncanny sense of the functional implications
of his work, a sense that made him a true
genius in the field of biology.

Everyone who has had the pleasure of reading
Ramon y Cajal’s work knows that his splendid
neuroanatomical studies were always pre-
sented in a functional context. Indeed, beyond
the shape of neurons, their synaptic connec-
tivity and the network they weave, three
themes run through all his writings.

The first theme was his realization that
understanding brain function must be more

PERSPECTIVES

&) Online links

DATABASES

The following terms in this article are linked online to:
OMIM:http://www.ncbi.nlm.nih.gov/Omim/

Kallmann syndrome

FURTHER INFORMATION

Encyclopedia of Life Sciences: http:www.els.net/
Ramon y Cajal, Santiago

MIT Encyclopedia of Cognitive Sciences:
http:cognet.mit.edu/MITECS/

Cajal, Santiago Ramén y | Golgi, Camillo

Access to this interactive links box is free online.

than a piecemeal endeavour. To him, such
understanding came about only with refer-
ence to ‘the big picture’ Ramon y Cajal used
schematic drawings as working hypotheses
and, regardless of how primitive such
hypotheses were, he considered such a
depiction to be better than no attempt at all.
This attitude has clear merit in the sense
that science, from a positivist point of view,
must generate possible conjectures that
are unambiguous enough so that they can
be falsifiable on empirical or theoretical
groundst.

Second, he believed that the presence of
strictly organized neuronal circuits is a funda-
mental characteristic of all brains. Ramény
Cajal was the first to understand that the
common denominator for all brains was
the presence of neurons, and that all brains are
cellular societies, the common goal of which
is to orchestrate the behavioural interaction of
the organism with the external milieu.

Figure 1 | The organization of the central visual
pathways. a | The visual system of a lower
vertebrate. The lateral location of the eyes in the
head is such that the visual field overlap is small. The
image must be continuous over the left/right axis of
the animal in spite of the inversion generated by the
optical properties of the eye. This inversion of the
image is corrected, Cajal noted, by the total crossing
of the optic nerve (O) and its orderly termination on
the optic tectum (C). Both sensory (G and S) and
motor (M and R) pathways from each side — red
and blue — are also crossed such that all sensory
inputs may be congruous in the generation of a
global sensory image used for the activation of the
motor system of each side. b | The visual system in
humans. The frontal location of the eyes results in a
large overlap of the visual image in both eyes. In this
case, the crossing of the optic nerve occurs only for
the nasal half of each retina (c) whereas the temporal
half projects directly to the same side (d). The
thalamocortical organization is such that
corresponding points in each retina must terminate
near each other at the visual cortex (Rv). This internal
congruence in visual space is essential for the
exquisite eye—hand coordination that is found in
humans. g, neurons of the lateral geniculate nucleus.
Modified, with permission, from the Instituto de
Neurobiologia “Ramén y Cajal”, Madrid, Spain.
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Figure 2 | The directionality of the ‘nervous current’. Cajal named the organized direction of neuronal
current flow from the dendrites to axon “Dynamic Polarization”. As controversy arose concerning the
‘somatopetal’ as opposed to the ‘axopetal’ direction of such flow, he illustrated several cases in which the
axon arose from a dendrite. a | A neuron from an avian optic lobe. b | A neuron from a rodent cerebellum. In
both cases, Cajal correctly inferred that in order for the incoming nervous impulse to proceed to the next
neuron it had to be conducted towards the axon (c in part a, and d in part b). So, some dendrites and the
soma itself would have to conduct activity in a retrograde direction. Arrows indicate the direction of current
flow. Reproduced, with permission, from the Instituto de Neurobiologia “Ramén y Cajal”, Madrid, Spain.

Last, as a corollary to the previous two
themes, Ramén y Cajal considered that brain
function must be understood in the context
of the evolutionary and ethological niche in
which it has developed and survived?. Today,
we all agree that a true understanding of bio-
logical systems comes from direct experi-
mental inquiry, which is often aided by the
building of models as heuristic tools.

The trend towards the integration of
specific data into a global framework is par-
ticularly evident in Ramon y Cajal’s opus
magnum, Textura del Sistema Nervioso del
Hombre y de los Vertebrados?®. In this work, he
begins his discussion with a view of the gen-
eral organization of the brain from a phyloge-
netic perspective. Each chapter is followed by a
description of the corresponding structures in
lower vertebrates and of a possible functional
organization.

His drive towards finding a functional
explanation of his anatomical findings is
clearly evident at other levels. A good example
is his diagram comparing the organization of
the general connectivity of the visual system in

lower vertebrates (F1G. 1a) with that of humans
(FIG. 1b). He explains, quite beautifully, the need
for a commissural crossing of retinotectal
fibres in life forms that do not have a high
degree of overlap in their visual fields, owing
to the fact that their eyes are laterally placed.
He reasoned that, if a congruent and homo-
morphic internal image of the visual world is
to be formed in the brain, then it must correct
the image inversion that results from the opti-
cal properties of the retina. This correction
requires the fibres from the two eyes to cross at
the midline and to be distributed in such a
way that the nasal retina projects to the lateral
extremes of each tectum, whereas the tempo-
ral projections abut each other at the inner
edges of the tectum (that is, next to each other
in visual space).

This diagram also explains why the con-
nectivity from the visual centres to the spinal
cord must be crossed (FIG. 1b). Each eye
observes the environment that corresponds to
the ipsilateral side but, given the crossed visual
representation, the motor fibre must cross
over to activate the correct limb. Likewise,

tactile representation of the limb must cross to
be congruent with visual space. In this way, we
can begin to understand how the brain forms
a spatially contiguous cognitive whole. This
arrangement is contrasted with that of the
partial crossing of retinothalamic fibres at
the optic chiasm (FIG. 1b) in species such as
humans. In this case, our visual space overlaps;
the nasal and temporal halves of each eye must
therefore project to the same side with only
the nasal components crossing the midline.

An even more daring step was taken by
Ramon y Cajal when he proposed that the
organization of the central nervous system
(CNS) was constrained by three well-defined
‘laws’ of optimization®. First, space optimiza-
tion (‘el ahorro del espacio’) — packing com-
pactness. Second, matter optimization (‘el
ahorro del material’) — each element must be
of the right size. And third, time optimization
(‘el ahorro del tiempo’) — conduction time
must be optimal. In our technically oriented
world, the importance of optimization is so
much second nature that little else needs to be
said, other than the fact that many aspects of
neuronal and circuit morphology clearly
derive from these evolutionary advantageous
biological traits.

But perhaps the most significant insight
into single cell function was Ramén y Cajal’s
realization that the conduction of the ‘ner-
vous current’ — the element that ultimately
forges functional dynamics — had a direc-
tion: from the terminals of the presynaptic
neuron to the dendritic tree, towards
the somata and out through the axons of the
postsynaptic neurons. Moreover, he under-
stood that in neurons where the axon arose
from a dendrite, such as in the case of the
avian optic lobe (FIG. 2a), the currents had to
be conducted somatopetally from the den-
drite, through the soma, and up the opposite
dendrite onto the axon, in an axofugal direc-
tion. Implicit here is Ramon y Cajal’s early
realization® that the nervous system was made
of individual separate elements, as reviewed
by Sotelo in the accompanying paper®. This
directionality of neuronal conduction, which
he named the ‘dynamic polarization of nerve
cells’, was proposed and defended on the
basis of pure deductive reasoning. This idea
emerged from his studies of the organization
of circuits such as the cerebellar cortex” (F1G. 2b),
the olfactory pathways from the olfactory
epithelium through the olfactory bulb and
onto the pyriform cortex, the retinal input
through the thalamus into the visual cortex,
and the organization of reflexes in the spinal
cord, to name a few. And he came to these
conclusions without the benefit of our pre-
sent understanding of cable properties or ion
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channels. This insight drove him to depict
the direction of nervous currents in neu-
ronal networks, with arrows in his drawings
(FIG. 2a,b). The implication of his vision was
that he could tell the functional organization
of circuits by looking at the anatomical
arrangements of the constituting network —
it was a bold step indeed.

In a similar functional vein, he further
proposed that this dynamic polarization was
the basis of the fundamentally unidirectional
nature of neuronal circuit organization, from
the sensory to the motor domains. Indeed,
Charles Bell had shown, in 1811, that the ven-
tral spinal roots had an exclusively motor func-
tion?, whereas Francois Magendie, in 1822,
provided proof of the exclusively sensory
nature of the dorsal roots and the unidirec-
tionality of dorsal to ventral root conduction
(REFS 9,10; and see Fulton’s discussion in REF. 11).
Ramon y Cajal stopped short of proposing
that the unidirectionality of network conduc-
tion was a fundamental property that was
derived from the one-way conduction of
synapses. This crucial step was not finally
taken until Hagiwara and Tasaki!?> made
simultaneous recordings from the presynaptic
and postsynaptic fibres at the squid giant
synapse and showed that postsynaptic spikes
did not activate the adjoining presynaptic

fibre, whereas the opposite effect was easily
observed. A final understanding of this fun-
damental concept required the acceptance of
chemical synaptic transmission and the
demonstration of the ultrastructural asym-
metry between the presynaptic and post-
synaptic terminals®. Today, we know that some
feedback modulation does exist and that a
certain degree of presynaptic self-modulation
is present, but even the most recalcitrant
scientists among us know that neuronal
networks cannot really run backwards.
Concerning the functional organization of
neuronal networks, given their divergent
nature Ramén y Cajal proposed that the
anatomical organization favoured what he
termed ‘avalanche conduction’, in which a
small, well-defined stimulus could result in the
activation of a large number of neurons. He
considered this to be important in light of our
ability to detect even the smallest of sensory
stimuli, which would require the initial signal
to be amplified to attain cognitive threshold.
The idea of inhibition as a neuronal prop-
erty was missing in Raman y Cajal’s descrip-
tion of network function. But he was aware
that inhibition existed and referred to it in his
writings®. Indeed, he was aware of the crossed
inhibitory reflex in the spinal cord and the fact
that cortical input to the spinal cord was,
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under certain conditions, accompanied by the
inhibition of segmental reflexes. Not being
aware of inhibition as a specialized neuronal
function, he proposed that such inhibition
was a form of saturation that would occur
with very large incoming messages®. Our pre-
sent understanding of inhibition had to await
the demonstration of chemical synaptic
transmission by John Eccles (ReF. 14).

One of the most exciting aspects of Ramén
y Cajal’s thinking emerged from his study of
comparative neuroscience. He marvelled at
the issue of network size versus functional
complexity. In comparing the nervous system
of a large vertebrate with that of invertebrates
such as the squid or small insects, Ramén y
Cajal was amazed that all three can solve
equally complex problems such as eating,
swimming, flying, fighting and reproducing,
despite the extraordinary differences in brain
size. Indeed, he compared the differences
between large and small nervous systems to
the contrast between large clocks such as Big
Ben and wristwatches®. Although the differ-
ences in size are enormous, both timepieces
tell the time with similar accuracy.

Concerning the retina (FiG. 3), Ramén y
Cajal wrote that “...the complexity of the
insect retina is stupendous, indeed dis-
concerting, and with no precedent in other

Figure 3 | Physical dimensions of the neuronal circuits of a mammal, a cephalopod and an insect. In a the organization and size of the mammalian visual
system comprising the retina (1-9), optic nerve (NO) and the central nervous system (L) is more than one order of magnitude larger than that of a cephalopod
(Sepia) in b. The cephalopod system is more than one order of magnitude larger than that of a housefly in c. However, all three do a good job imaging and
detecting movement, given the requirements of each animal. Reproduced, with permission, from the Instituto de Neurobiologia “Ramén y Cajal”, Madrid, Spain.

NATURE REVIEWS | NEUROSCIENCE

© 2003 Nature Publishing Group

VOLUME 4 | JANUARY 2003 | 79



PERSPECTIVES

animals ... indeed, the retina of vertebrates
seems by contrast gross and deplorably sim-
ple...” (REF. 15, pages 389-390). We now
know that this is not really the case, as the
complexity of the vertebrate retina easily
rivals that of any other in the phylogenetic
scale. But if we compare the neuronal size
and complexity of, say, the early stages of
the visual system in mammals (FIG. 3a),
cephalopods (FIG. 3b) and insects (FIG. 3¢) it is
clear that the most amazing miniaturization
of network architecture is found in insects.
Consider, for example, that the thinnest neu-
rites in the CNS of insects might be as thin as
50 nm (REeF. 16); that is, of the same order of
magnitude as a synaptic vesicle. The biophys-
ical problems that are introduced by such a
degree of size optimization are worth serious
consideration. Issues such as the input resis-
tance of a neuronal process with an internal
diameter of 35 nm, or the integrative proper-
ties of dendrites in neurons where the gating
of a single ion channel could drive trans-
membrane voltages to amplitudes that rival
action potentials, are not every day fare. If we
consider insects such as the tiny Costa Rican
wasp Dicopomorpha echmepterygis, which
has a total body length of 135 um and a head
diameter of 40 um, we can only wonder at
the degree of miniaturization that is ulti-
mately achievable by biological neuronal
networks.

To many of us, Ramon y Cajal personifies,
above all, the belief that we actually can under-
stand the nervous system, which represents,
more than anything else, the very nature of
what we are. The image that comes to mind
relates to the account by Wilder Penfield of his
visit to the old master shortly before his death,
which appears as an appreciation of Ramény
Cajal in the English translation of his scientific
testament Neuron Theory or Reticular
Theory?*". Penfield describes him, relegated to
his bed, drawing a pyramidal dendritic spine,
nervously placing his quill into ink and, before
guiding it to the paper, shaking yet another
drop on to the large ink stain on the wall to the
right side of his bed. Yet another drawing of
his beloved brain studies, the stated reason for
his own existence.
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