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THE NEURON DOCTRINE

In the beginning of the 20" century the groundbreaking work
of Ramon y Cajal firmly established the neuron doctrine, ac-
cording to which neurons are the basic structural and func-
tional units of the nervous system (1,2). Von Weldeyer coined
the term “neuron” in 1891 (3), but the huge leap forward in
neuroscience was due to Cajal’s meticulous microscopic ob-
servations of brain sections stained with an improved version
of Golgi’s la reazione nera (black reaction). The latter im-
provement of Golgi’s technique made it possible to visualize
the arborizations of single neurons that were “colored brown-
ish black even to their finest branchlets, standing out with
unsurpassable clarity upon a transparent yellow background.
All was sharp as a sketch with Chinese ink” (4). The high
quality of both the visualization of individual nerve cells and
the work performed on studying the anatomy of the central
nervous system lead Ramon y Cajal to the conclusion that ax-
ons output the nervous impulses to the dendrites or the soma
of other target neurons. The name “dendrite” was coined by
His in 1889 (5) and “axon” by von Kélliker in 1896 (6), but
it was Ramon y Cajal who developed and provided extensive

anatomical evidence for the idea that neurons are dynami-
cally polarized and within each neuron the transmission of
information is from the dendrites towards the axon (2). Based
upon numerous observations, Ramon y Cajal concluded that
neurons are indeed individual cells, which should transmit
information between each other at the places of contact and
that neuronal somata do not only have trophic function but
also participate in the conduction of the neuronal impulses.
Further, he argued that the exclusion of substantial continu-
ity between cell and cell leaves open the hypothesis that the
nervous impulse is transmitted by contact, as in the articula-
tions of electrical conductors, or by a kind of induction, as
with induction coils (4). The 1906 Nobel Prize in Physiol-
ogy or Medicine was awarded jointly to Ramon y Cajal and
Camillo Golgi for the development of the silver nitrate im-
pregnation technique (2,7). Surprisingly, Golgi still believ-
ing that the nervous system was a reticulum, or a connected
meshwork, rather than a system made up of discrete cells,
delivered his acceptance speech as a sustained attack on the
neuron doctrine (7).
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One of the reasons for Golgi’s disbelief in the neuron doc-

trine was due to the fact that there was no direct evidence
of interneuronal discontinuous articulations or “synapses”,
a term introduced in 1897 by Charles Sherrington (8). The
“synapse” (Fig. 1) was identified only with the advent of the
electron microscope when “synaptic vesicles” were observed
for the first time by George E. Palade and others (9,10). In
1956, Palay conjectured that the synaptic vesicles might con-
tain chemical neurotransmitters such as acetylcholine, the
release of which is responsible for the transmission of the
nervous impulse to the postsynaptic neuron (11).

At the same time, Sir John Eccles and other electrophysi-
ologists were successfully unraveling the mysteries of neu-
rotransmitter action at the postsynaptic site (13,14). Thus
Cajal’s idea of synaptic transmission as analogous to the
electromagnetic processes occurring in “induction coils” has
been shown to be wrong and replaced by chemical release

and chemical interaction with postsynaptic receptors. The
importance of these new findings was soon officially recog-
nized. Eccles received the 1963 Nobel Prize in Physiology or
Medicine for his research concerning the ionic mechanisms
involved in excitation and inhibition in the peripheral and
central portions of the nerve cell membrane (15), and Palade,
together with Albert Claude and Christian de Duve, received
the 1974 Nobel Prize in Physiology or Medicine for their dis-
coveries concerning the structural and functional organiza-
tion of the cell (16).

The neuron doctrine seemed to be victorious at last —
the neurons are individual cells communicating at special-
ized intercellular junctions called “synapses” via release of
chemical substances collectively known as “neurotransmit-
ters” through exocytosis of synaptic vesicles. Since the re-
lease of neurotransmitter occurred only in discrete portions
called “quanta”, it was not hard to further conjecture that a

Figure 1. Neurotransmitter vesicles in a synapse of rat cerebral cortex. One of the vesicles is docked to the presynaptic mem-

brane apparently in a “primed” state ready to release its contents upon Ca’" triggering. The synaptic cleft and the postsynaptic

space are filled with electron dense material, which indicates the abundant presence of cell adhesion molecules and postsynaptic

density scaffold proteins. Image kindly provided by Holger Jastrow (12).
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single “quantum” corresponds to the neurotransmitter con-
tent within one synaptic vesicle. The discovery of the quantal
mechanism of neurotransmitter release lead to another Nobel
Prize in Physiology or Medicine, which was awarded to Katz
in 1970 (17).

After such a wide recognition of the neuron doctrine it is
surprising that there could be anything unsettling with it. Sev-
eral problems, however, arose from the philosophical queries
into the nature of human mind (consciousness). We all are
well aware of the fact that a healthy human subject feels as a
single mind united in its experience. When we watch a movie
for example we hear the sound, see the images and even feel
the thrill in our body, all of which happens at once with the
different experiences bound into a synchronous union. There
are no separate minds: one that sees, one that hears or one
that feels the somatosensory inputs. Instead there is only one
single mind that sees, hears and feels. In philosophy, neuro-
sciences and anesthesiology this became to be known as the
cognitive binding problem (18). If the brain is composed of
separate individual entities called neurons, what is the “glue”
that binds the conscious experience together?

One of the most provocative theories that addresses how
the mind could be “glued” together came from Eccles and
Beck in 1992 (19,20). The authors proposed a dualistic mod-
el using quantum theory in physics. The cerebral cortex is
composed of cerebral columns of vertically interconnected
neurons called “dendrons” and with each cerebral column
was postulated an associated mental unit called a “psychon”.
The role of each psychon was to control the synaptic vesi-
cle release within the synapses of the associated dendron
through a quantum processes called “tunneling”. At the time
relatively little was known about the molecules involved in
neurotransmitter release, and it was erroneously postulated
that the synaptic vesicle fusion required the tunneling of
electrons between the lipid membrane of the synaptic vesicle
and the presynaptic plasma membrane (19).

THE SNARE PROTEINS

With the flourishing of molecular biology in 1990’s the focus
was gradually shifted towards the molecular masters control-
ling the synaptic vesicle exocytosis, the so-called SNARE
proteins [an acronym derived from Soluble NSF (N-ethyl-
maleimide Sensitive Fusion protein) Attachment Protein
Receptor] and the Beck-Eccles hypothesis remained in the
“backwaters” of neuroscience.

In general terms, SNAREs comprise distinct families of
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conserved membrane-associated proteins, which facilitate
membrane fusion in eukaryotes. SNAREs present on the ves-
icle (or donor) compartment are known as v-SNAREs, while
those on target (or acceptor) compartment are known as t-
SNAREs. The SNARE proteins are divided into three major
families: the syntaxin, SNAP-25 and VAMP/synaptobrevin
families (21). In the synapse, VAMP/synaptobrevin pro-
teins are present in the synaptic vesicles, while syntaxin and
SNAP-25 reside in the presynaptic membrane (Fig. 2). The
zipping of 4 a-helices: one contributed by synaptobrevin,
one by syntaxin and two by SNAP-25, creates a compressive
force, which drives the fusion between the synaptic vesicle
and the presynaptic plasma membrane (22). The interacting
amino acid residues that zip the core SNARE complex can be
grouped into layers. Each layer has 4 amino acid residues -
one residue per each of the 4 a-helices forming the bundle. In
the center of the core complex is the “zero ionic layer” com-
posed of one arginine (R) and three glutamine (Q) residues,
and it is flanked by leucine zippering. The arginine is contrib-
uted by the v-SNARE synaptobrevin, while glutamines are
contributed by the t-SNAREs syntaxin and SNAP-25. This
lead to alternative (modern) classification of the SNARE pro-
teins into R-SNARESs or Q-SNAREs proteins, which contrib-
ute respectively an arginine (R) or a glutamine (Q) residue in
the formation of the zero ionic layer in the assembled core
SNARE complex (23).

In cells that undergo constitutive exocytosis, the SNARE
proteins alone are sufficient to drive the vesicle fusion with
the plasma membrane. In neurons, however, the excitation-
secretion coupling is achieved by SNARE master proteins
such as synaptotagmin (24-26). Synaptotagmin is a Ca*" sen-
sor that triggers exocytosis only if there is a presynaptic ac-
tion potential, ensuring the transmission of the nervous signal
towards the postsynaptic neuron or muscle cell. Furthermore,
the different synaptotagmin isoforms might promote differ-
ent modes of neurotransmitter release. The traditional view
of this event is that given the opening of the fusion pore, the
pore is dilated (Fig. 3) and the synaptic vesicle merges with
the plasma membrane at the active zone. However, it is pos-
sible for the fusion pore to be transiently stabilized in order
to release the neurotransmitter and then to rapidly terminate,
the so-called “kiss-and-run” mode (27). The rise in presyn-
aptic Ca?" concentration could be observed with fluorescent
dye methods using photo-sensitive Ca?" binding compounds,
while the neuro-secretion can be monitored either by an in-
crease in membrane capacitance entailing a fusion of vesicles
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Figure 3. Opening and di-
lation of the fusion pore
is driven by full zipping of
the SNARE proteins. In the
“kiss-and-run” mode of
exocytosis the fusion pore
closes before the synaptic
vesicle is fused with the pre-
synaptic membrane. Which
factors could control such
transient zipping and un-
zipping of SNARE 4-a-helix
bundle is one of the impor-
tant topics in the ongoing

search.
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with the plasma membrane or microscopically with the use
of various fluorescent dyes loaded into the synaptic vesicles
(28). Molecular studies have revealed that synaptotagmin I
is predominantly associated with the complete synaptic vesi-
cle fusion, while synaptotagmin IV predominantly leads to
“kiss-and-run” exocytosis (29). The latter secretion from
small and medium-diameter vesicles and vesicle arrays with-
out complete membrane fusion, is also known as “porocy-
tosis” (30). A detailed review of the porosome structure and
dynamics as revealed by atomic force microscopy is given
by Jena in this volume (31). In his state-of-the-art exposition,
Jena argues that complete vesicle fusion is a “terribly waste-
ful” process, which makes little biological sense. Indeed the
cell might achieve better control of neurotransmitter release
if it adjusts the “porosome” dynamics according to its needs,
allowing for “single synaptic vesicles to fuse transiently and
successively without loss of identity” (31).

Although the molecular function of the SNARE proteins
fully deserves being called “extraordinary”, it is not the
only intriguing thing about SNAREs. Amazingly, the only
known gene mutation that could produce resistance to vola-
tile anesthesia is located in the syntaxin gene (32,33), and
it is known that volatile anesthetics can bind in the hydro-
phobic core of the SNARE 4-a-helix bundle. Production of
a truncated form of syntaxin could interfere with the binding
of volatile anesthetics to the core SNARE complex, and this
might explain the origin of the resistance to anesthesia. Since
general anesthesia with clinical concentrations of volatile
anesthetics inhibits neurotransmitter release (34) and selec-
tively erases consciousness (but not all cortical responses,
for example, evoked potentials can be recorded from visual
cortex of anesthetized animal), there may appear to be some
deep connection between the neuro-cognitive functional
mechanism of SNARESs and that of the human mind.

The idea that the synaptic release of neurotransmitter is
finely regulated by the presynaptic protein machinery is not
new, and is a central theme of the Beck-Eccles hypothesis
that was discussed earlier (19,20). Regardless of the mode
through which the exocytosis proceeds: full fusion or “kiss-
and-run”, it is well known that the probability of neurotrans-
mitter release from a synaptic button upon the action poten-
tial is quite low, and for the central nervous synapse it might
be in the range of 0.15 to 0.30. This means that if an axon
has 1000 terminals, on average only 300 of them will release
the neurotransmitter and evoke postsynaptic responses per
single action potential. The chance (or randomness) in in-
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terneuronal communication thus seems to be overwhelming.
For example, there are 5x10%% possible combinations for
which 300 synapses out of 1000 are releasing neurotransmit-
ters. Although most neuroscientists appeal to putative error
correction codes in order to explain why the huge number of
synaptic failures do not lead to havoc in the function of the
neuronal networks, for those who are more philosophically
oriented the existence of such randomness (indeterminism) is
an opportunity to argue for the existence of human free will
(19). If our mind is able to control the timing of exocytosis
and the amount of various neurotransmitters in different re-
gions of the brain, then we are simply not automata, and our
conscious choices might have a real impact on brain dynam-
ics. Although Beck and Eccles were off the track with their
proposal of quantum tunneling of electrons between lipid
membranes, for a modern molecular neuroscientist it is con-
ceivable that the idea might work if it is properly adapted for
SNARE proteins or other SNARE master proteins. Here we
mention the role of two classes of molecules forming a cell
adhesion system inside the synapse, B-neurexin (presynap-
tic) and neuroligin (postsynaptic) possessing a characteristic
property that their interaction serves as a bidirectional trigger
for synaptic formation. B-neurexin interacts presynaptically
with CASK, a mutidomain scaffolding protein responsible
for organizing presynaptic space, and with the aid of certain
other proteins transmit signals into the actin cytoskeleton.
B-neurexin also interacts with the synaptic vesicle protein
synaptotagmin-1 and so influences the synaptic vesicle dock-
ing and the subsequent neurotransmitter release (35). Postsy-
naptically, neuroligin transmits information to postsynaptic
density proteins such as PSD-95; however it may send also
signals towards the presynaptic space through its interaction
with B-neurexin. Alterations in the genetic encoding of neu-
rexins and neuroligins have been implicated in the onset of
several cognitive disorders (such as autism spectrum disor-
ders) that may originate from subtle alterations in synaptic
configurations as opposed to a wholesale demise in neural
circuitry (36). As of now the full potential of their biomo-
lecular properties has yet to be realized.

SNARE FOR THOUGHT

In this brief historical survey we have been reflecting upon
three fundamental problems in contemporary cognitive neu-
roscience (and philosophy of mind) all of which require us
to consider the function of SNARE proteins. First, neurons
are anatomically segregated units, which however produce
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a single united experience (mind). In order to solve this dis-
crepancy one must find a satisfying theory, which explains
how the SNARE proteins control the release of neurotrans-
mitters and interneuronal communication in such a manner
that could ensure the cognitive binding. Secondly, one of
the main effects of volatile anesthetics is to block the prop-
er SNARE function and, conversely, the only known gene
mutation, which leads to resistance to volatile anesthesia is
found in the syntaxin gene. Thus consciousness, anesthesia
(lack of consciousness) and SNARE function appear to be
tightly connected, although at present we lack any satisfac-
tory understanding. Last but not least, the large probability of
synaptic failure found in central nervous synapses provides
theorists with an opportunity to consider various options for
subneuronal control of SNARE function in which the human
mind could have a free will beyond the clockwork-like per-
formance of a mechanical automaton. Our intention is not to
provide ultimate answers to the various questions that have
been raised, but to promote the reader’s interest and show
that even very specialized topics in molecular neuroscience
could be brought to life if considered from the perspective of
potential contribution to the theory of mind.
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