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Although plants are generally immobile and lack the most obvious brain activ-
ities of animals and humans, they are not only able to show all the attributes
of intelligent behaviour but they are also equipped with neuronal molecules,
especially synaptotagmins and glutamate/glycine-gated glutamate receptors.
Recent advances in plant cell biology allowed identification of plant synapses
transporting the plant-specific neurotransmitter-like molecule, auxin. This
suggests that synaptic communication is not limited to animals and humans
but seems to be widespread throughout plant tissues. Root apices seated at
the anterior pole of the plant body show many features which allow us to
propose that they, especially their transition zones, act in some way as brain-
like command centres. The opposite posterior pole harbours sexual organs
and is specialized for plant reproduction. Last but not least, we propose that
vascular tissues represent highways for plant nervous activity allowing rapid
exchange of information between the growing points of above-ground organs
and the brain-like zones in the root apices.

Key words: actin, action potentials, auxin, intelligence, neurotransmitter,
root, synapse.

Introduction

There is a long history of studies on plant in-
telligence starting with ARISTOTLE in about 280
BC, who was convinced that plants have a soul
and feelings, and culminating with Charles DAR-
WIN’S (1880) statement, in his influential book
‘The Power of Movement in Plants’, that the root
apex acts like a diffuse brain, resembling brains

of lower animals. On page 573, Charles DARWIN,
assisted by his son, FRANCIS, wrote about the
root apex with its “. . . brain being seated within
the anterior end of the body, receiving impressions
from the sense-organs, and directing the several
movements” (DARWIN, 1880). Although studies on
plant ‘neurobiology’ continue up to the present
day (BOSE, 1926; SIMONS, 1992; ROSHCHINA,
2001), they have been pushed to the extreme pe-
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riphery of plant biology, as though they were con-
sidered scientifically incorrect and embracing some
type of parapsychology. Here, we wish to show that
this view is incorrect and we, for the first time,
discuss critically the new data on ‘nervous plant
biology’ obtained both from electrophysiology as
well as from cell and molecular biology. Our con-
clusion is that there is highly specialized group of
cells in the root apex, which has almost all the
attributes of a brain-like tissue.

Historically, plants and animals were consid-
ered to be organized on contrasting principles due
to the immobility of plants. But the history of
cell doctrine, elaborated preferentially by means
of observations upon plant material and later fully
confirmed for animals (HARRIS, 1999), is a nice
example of how originally contrasting ideas have
finally converged together. Our present concept,
that brain-like attributes are a defining feature of a
highly specialised zone of the root apex, is another
step in showing that plants and animals, despite
obvious superficial differences, are much closer to
each other as would ever have been considered.
The discovery of these features of nervous-like ac-
tivities in plants also closes the gap noticed in
an attempt to harmonise the number of biological
sub-systems necessary for the processing matter,
energy and information in both plants and animals
(BARLOW, 1999).

Plant intelligence: information acquisition,
learning and memory for adaptation and
more

Currently, there is a general agreement that higher
plants are not only able to receive diverse signals
from the environment but that they also possess
mechanisms for rapid signal transmission. More-
over, plants can effectively process information ob-
tained from their surroundings and show learn-
ing behaviour which involves goal-seeking, error-
assessment, and memory mechanisms (THELLIER
et al., 1982; KNIGHT et al., 1998; GOH et al.,
2003; TREWAVAS, 2002, 2003). Plants can commu-
nicate this information with neighbouring plants
(DICKE & BRUIN, 2001; BRUIN & DICKE, 2001).
Intriguingly, herbivory of above-ground organs in-
duces emission of chemical volatile-based signals
from roots and this information is then received
by roots of neighbouring plants (DICKE & DI-
JKMAN, 2001). There are also other examples of
underground information transfer between plants
(CHAMBERLAIN et al., 2001). Plant intelligence
is closely linked with phenotypic plasticity, allow-
ing effective adaptive behaviour in the face of an

ever changing environment (GOH et al., 2003). In-
telligent plant behaviour is obviously designed to
maximize fitness in the given environment (TRE-
WAVAS, 2003). These learning-memory processes
are closely associated with rhythmic diurnal and
ultradian oscillations of ion fluxes which are sen-
sitive towards environmental factors and stresses
(AMZALLAG, 1997; SHABALA, 2003; SHABALA &
NEWMAN, 1997a, 1998). However, plant bodies
can, and do, reach extreme sizes: sequoia trees,
for example, are surely the largest of land organ-
isms. This size necessitates rapid means of long-
distance communication in order to harmonize ac-
tivities of under-ground roots and above-ground
shoots without undue delay.

Plant telecommunication: action potentials
in long-distance plant communication

There are numerous examples of action potentials
in plants and, currently, it is accepted that ac-
tion potentials occur in all plants, not only in
those plants such as insectivores which show ex-
citable and rapid movements (PICKARD, 1973;
SIMONS, 1981; GOLDSWORTHY, 1983; DAVIES,
1987). In fact, it is worth recalling that the
very first report (in 1873) of an action poten-
tial was made on plants; it came from John
BURDON-SANDERSON who discovered this bio-
electrical phenomenon in leaf traps of Dionea
(BURDON-SANDERSON, 1873). The plant action
potential is a negative potential wave with char-
acteristic shape, amplitude, and length. It shows
all the characteristics known from animal neuronal
action potentials, such as stable propagation ve-
locity, propagation without decrement, all-or-none
character of responses, and excitation showing pe-
riodicity (DZIUBINSKA et al., 1983; ZAWADZKI,
1980; ZAWADZKI et al., 1991). Ultra fast plant ac-
tion potentials can reach the spead characteristic
for action potentials in animal nerves (VOLKOV et
al., 2000; LABADY et al., 2002; SHVETSOVA et al.,
2002). In addition, and similar to those of animal
neuronal cells, plant action potentials are closely
associated with calcium transients (BEILBY, 1984;
WARD et al., 1995). Furthermore, transmitted
electrical signals were reported to induce calmod-
ulin gene expression (VIAN et al., 1996). Plant
action potentials can be induced by wounding as
well as by several environmental stimuli: for exam-
ple, mechanical stress, temperature, light, grav-
ity, and even in response to the plant hormone,
auxin (DAVIES & SHUSTER, 1981; RHODES et al.,
1996; PICKARD, 1984; DAVIES, 1987; WILDON et
al., 1992; SHIMMEN, 2001a). Moreover, action po-
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tentials induce morphogenetic responses similar
to those of plant hormone auxin (FRACHISSE et
al., 1985; GOLDSWORTHY & RATHORE, 1985). In-
terestingly in this respect, several data discussed
in more detail below suggest that auxin acts as
a neurotransmitter-like (BALUŠKA et al., 2003a)
and morphogen-like (BHALERAO & BENNETT,
2003) ancient signal molecule of plants.

Classical examples of plant telecommunica-
tion are those elicited by wounding and pathogen
attack. For instance, the wounding of tomato and
grapevine plants results in systemic electrical sig-
nal transduction (RHODES et al., 1996; MANCUSO,
1999). Another spectacular example of telecom-
munication in plants is the rapid development of
systemic acquired resistance (SAR) after pathogen
attack (ALVAREZ et al., 1998; PETERSEN et al.,
2000). A local ‘immunizing’ infection in one part
of the plant rapidly produces a non-specific re-
sistance to the pathogen throughout the plant
body. In addition, plant cells monitor and sense
several physical parameters of the environment,
such as light and gravity, rapidly transmitting
this information radially to adjacent cells or along
the apical-basal axis of the plant organ in ques-
tion (TANADA et al., 1980; BEHRENS et al., 1985;
COLLINGS et al., 1992; FROMM & ESCHRICH,
1993; BISCHOFF et al., 1997; WEISENSEEL &
MEYER, 1997; SCHÜTZ & FURUYA, 2001).

Plant telecommunication is based on rapid
propagation of electrical signals (MANCUSO, 1999;
SHIMMEN et al., 2001a,b) which are often followed
with rapid changes of gene expression (WILDON
et al., 1992; STANKOVIC & DAVIES, 1996; VIAN
et al., 1996). This suggests that electrical sig-
nals can induce genetic reprogramming. More-
over, action potentials can induce release of the
stress plant hormone, ethylene (DZIUBINSKA et
al., 2003) and an ancient gaseous signal, nitric ox-
ide (S. MANCUSO, S. MUGNAI, D. VOLKMANN &
F. BALUŠKA, unpublished data) in distant non-
stimulated plant parts. Thus, rapid action poten-
tials are well-known phenomena, but as yet there
is no cell biological explanation for this form of
plant telecommunication.

Plant synapses: the case of plant root apices

Although action potentials are well accepted in
diverse plant species and organs, it was for-
merly almost impossible to link these bioelectri-
cal telecommunication phenomena to nervous-like
plant activities as plants were considered to lack
synapses, neurons, and brains. However, all this
seems about to change dramatically in the face

of our discovery that cross-walls of the transi-
tion zone in root apex, and possibly all cross-
walls to some extent, have properties (BALUŠKA et
al., 2003a,b,c) which fulfill the recently updated,
broader definition of synapses (DUSTIN & COL-
MAN, 2002). Basically, recent advances in cellular
immunology have revealed that signalling interac-
tions between T-cells and antigen-presenting the
target cells in animal immune system culminate
in the formation of actin-based immunological
synapses which, in many respects, resemble neu-
ronal synapses (DUSTIN & COOPER, 2000; DAS
et al., 2002; DUSTIN & COLMAN, 2002; FULLER
et al., 2003; HUPPA et al., 2003). Because of this,
these authors updated the definition of synapses.
In the new definition, synapses are characterized
as actin-based asymmetric adhesion domains spe-
cialised for rapid cell-to-cell communication which
is accomplished by vesicle trafficking (DUSTIN &
COLMAN, 2002). Our detailed analysis of plant
cross-walls, especially in the transition zone of the
root apex, reveals that these walls can also be
considered as actin-based synapses (BALUŠKA et
al., 2000, 2001, 2003a,b,c, 2004; BARLOW et al.,
2004; WOJTASZEK et al., 2004). Interestingly, be-
sides actin, these plant synapses accumulate large
amounts of plant-specific unconventional myosin
of class VIII (BALUŠKA et al., 2000, 2003c, 2004),
a molecule apparently involved in plant endocyto-
sis (BALUŠKA et al., 2004).

If the cross-walls represent plant synapses,
then there is also the need for some cell type
to serve like a classical neuron. In animal brains,
the immobility of neuronal cell bodies necessitates
production of numerous elongated processes, ax-
ons, which seek out partner cells and thereby or-
ganise neuronal synapses in the brain. Plant cells
are basically tubular in shape and they typically
contact each other at their end-poles, also known
as cross-walls (plant synapses), to form lengthy
cell files which compose the basic units of plant
tissues (BALUŠKA et al., 2003b). Obviously, plant
cells equipped with rigid walls (WOJTASZEK et
al., 2004), which guarantee their elongated tubu-
lar shapes (BALUŠKA et al., 2003b), do not need
to extend long processes like axons in order to find
the partner cells. This characteristic feature of cell-
to-cell interactions within plant tissues might be
the reason why plants do not possess any of the
classical microtubule-associated proteins (MAPs)
characteristic of axon-extending neurons (LLOYD
& HUSSEY et al., 2001; HUSSEY et al., 2002;
MEAGHER & FECHHEIMER, 2003).

A further similarity with neuronal and im-
munological synapses (DUSTIN & COOPER, 2000;
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DUSTIN & COLMAN, 2002; DAS et al., 2002;
FULLER et al., 2003) is that plant synapses per-
form cycles of regulated exocytosis/endocytosis.
These are driven by actin polymerization (GELD-
NER et al., 2001, 2003; GREBE et al., 2003;
BOONSICHIRAI et al., 2003). Importantly, plant
synapses, similarly like neuronal and immuno-
logical synapses, are highly enriched with actin
(BALUŠKA et al., 1997, 2000) and intact actin
cytoskeleton is important for polar auxin trans-
port (MUDAY, 2000; MUDAY & MURPHY, 2002).
This feature might also be related to the signalling
across plant synapses because the actin cytoskele-
ton has been proposed to act as an electronic in-
tegration device specialized for noise-to-signal en-
hancement and allowing the amplification of co-
herent signals together with a reduction of random
noise (GARTZKE & LANGE, 2002).

Auxin is plant neurotransmitter-like sig-
nalling molecule

If plant cells are interconnected via synaptic con-
tacts specialised for transfer of electrical signals,
then the immediate question concerns the na-
ture of the necessary neurotransmitters? Surpris-
ingly, plants contain many neuronal neurotrans-
mitters (ROSHCHINA, 2001; for extensive discus-
sion see below) although their roles in plant
cell-to-cell communication remains so far unex-
plored. In addition to these classical neurotrans-
mitters present in plant cells, the plant hor-
mone, auxin, resembles these neurotransmitter
molecules in many respects (BALUŠKA et al.,
2003a). For instance, extracellular auxin elicits
a range of electrical responses in plants (CLE-
LAND, 1977; BATES & GOLDSMITH, 1983; VORO-
BIEV & MANUSADZIANAS, 1983; PICKARD, 1984;
GOLDSWORTHY & RATHORE, 1985; BÖTTGER
& HILGENDORF, 1988; MILLER & GOW 1989;
GOLDSWORTHY & MINA, 1991; MINA & GOLDS-
WORTHY, 1991; ZIMMERMANN et al., 1994). More-
over, auxin modulates the activities of diverse ion
channels (BÖTTGER & HILGENDORF, 1988; ZIM-
MERMANN et al., 1994; THOMINE et al., 1997;
BECKER & HEDRICH, 2002) which are essential
for the propagation of electric signals (WARD
et al., 1995) and in maintenance of other prop-
erties of the plasma membrane (e.g. ZBELL &
WALTER-BACK, 1988). Auxin also elicits oscilla-
tions of cytosolic free calcium and of pH (FELLE,
1998) and the electrical response of the plasma
membrane to external auxin suggests a direct in-
volvement of the plasma membrane H+-ATPase
(FELLE et al., 1991). In fact, auxin activates

the plasma membrane H+-ATPase (KINOSHITA &
SHIMAZAKI, 1999) and induces calcium transients
which are similar to those induced by gravistimu-
lation while, conversely, auxin transport inhibitors
such as NPA and TIBA interfere with gravi-
induced calcium responses (PLIETH& TREWAVAS,
2002). Importantly, auxin transport is sensitively
modulated via gravity (FRIML et al., 2002a; OT-
TENSCHLÄGER et al., 2003) as well as as several
other environmental factors (SCHRADER et al.,
2003). In accordance with the neurotransmitter-
like transport and action of auxin, its transport is
sensitive towards actin drugs (MUDAY, 2000; MU-
DAY & MURPHY, 2002) but not towards drugs af-
fecting microtubules (HASENSTEIN et al., 1999).

Electrical stimulation of growth and polar-
ity of plant cells requires the presence of exoge-
nous auxin (GOLDSWORTHY & RATHORE, 1985).
Importantly in this respect, auxin exerts many
of its actions on plant cells from the outside
(DIEKMANN et al., 1995; TIAN et al., 1995; STEF-
FENS et al., 2001) and this involves its presump-
tive receptor, auxin-binding protein 1 (ABP1),
the localization of which is still unclear (RÜCK
et al., 1993; DIEKMANN et al., 1995; BAULY et
al., 2000; STEFFENS et al., 2001; NAPIER et al.,
2002). Importantly, ABP1 is evidently essential
for assembly and correct maintenance of plant
synapses because mutation of ABP1 in Arabidop-
sis thaliana and antisense suppression of ABP1
in tobacco BY-2 cells, both results in aberrant
cross-wall (plant synapse) formation and irreg-
ular cell files (CHEN et al., 2001). These fea-
tures confer neurotransmitter-like features upon
auxin and its transport system (BALUŠKA et al.,
2003a, BARLOW et al., 2004). Recent research
suggests that polar transport of auxin is ac-
complished via vesicular secretion linked to en-
docytotic and recycling processes (BALUŠKA et
al., 2003a). This would imply that besides its
hormone- and morphogen-like properties (JONES,
1998; FRIML, 2003; BHALERAO & BENNETT,
2003), auxin also shows neurotransmitter-like be-
havior resembling the neurotransmitter glutamate
from neuronal synapses (BALUŠKA et al., 2003a).

Strong support for the neurotransmitter-like
action of auxin comes from experimental stud-
ies on polar transport of auxin in pine cam-
bium (WODZICKI, 1993; WODZICKI &WODZICKI,
1981; WODZICKI et al., 1979, 1999). These authors
showed that external application of auxin on the
apical part of cambium segments induces wave-
like pattern of efflux of auxin from basal parts of
these segments. Intriguingly, the rate of this auxin-
induced signal propagation is several times quicker
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than auxin transport itself and it can be propa-
gated also against the main direction of the polar
transport of auxin. The essential importance of
auxin for plant life, related to its neural-like na-
ture besides its hormone and morphogen proper-
ties, is evidenced also from data revealing the very
ancient nature of this rather small but extremely
powerful signalling molecule (COOKE et al., 2002,
2003; POLI et al., 2003).

Root apices act as plant command centres

As already mentioned in the Introduction, Charles
DARWIN was the first to propose that a diffuse
plant brain is localized within root apices at the
anterior pole of the plant body (DARWIN, 1880).
Our preliminary data are fully in agreement with
this, at that time purely speculative, notion. In-
tuitively, there are several good reasons why, dur-
ing evolution, plants placed their brain-like tissues
into root apices buried deeply underground. First
of all, the soil environment is much more stable
when compared with the air environment with re-
spect to both temperature and humidity, and it is
protected from atmospheric ozone as well as solar
UV radiation. Next, roots are protected also from
the many destructive animals that feed on plants.
Last but not least, the stem-pole of the plant body
(its posterior end) bears organs of sexual repro-
duction whereas the opposite root-pole (the an-
terior end) is then logically the site of brain-like
activities. Importantly, root apices are composed
of three distinct zones, the interplay of which al-
lows their effective exploration of soil (BALUŠKA
et al., 1994, 2001) in search of both nutrients and
soil water. Interestingly in this respect, one sin-
gle mutation in TOPLESS locus transforms shoot
apices into root apices in developing Arabidopsis
embryos (LONG et al., 2002).

Root cell elongation is much more rapid than
the elongation of shoot cells, and this property
does not allow any cell division in the region of
rapid elongation. In contrast, cell cycling and cell
elongation occur concomitantly in shoot apices.
The clear separation of division and elongation re-
gions in root apices allowed us to identify a unique
zone, the so-called transition zone, interpolated
between the two more obvious regions (BALUŠKA
et al., 1994, 2001). Cells of this transition zone
show a unique cytoarchitecture, with centralised
nuclei surrounded by perinuclear microtubules ra-
diating towards the cell periphery (BALUŠKA et
al., 2001). This configuration, we suppose, is op-
timally suited both for the perception of signals
and for their transmission towards the nuclei. As

these cells are not occupied with the demanding
tasks of either cell division or rapid cell elongation,
they can focus all their resources upon perception
and processing of environmental signals and de-
velopmental cues. Interestingly, root apices act as
sites for perception of the low-temperature stim-
ulus (GOULAS et al., 2003) as well as of drought
(BLAKE & FERRELL, 1977), and transmit this in-
formation to aerial plant parts and shoot apices.
Root apices serve also for plant-to-plant commu-
nication via emitting and receiving of volatiles in-
duced by the herbivore attack of above-ground or-
gans (CHAMBERLAIN et al., 2001; DICKE & DIJK-
MAN, 2001).

In accordance with the view that root apices
harbour plant brain-like tissue, it is well known
that polar auxin transport is accomplished along
very complex pathways in root apices, with the
root cap acting as some kind of redistribution cen-
tre (SABATINI et al., 1999; FRIML et al., 2002a,b).
In fact, auxin transport drives root apex pattern-
ing (FRIML et al., 2002b; JIANG & FELDMAN,
2003; BHALERAO & BENNETT, 2003; BARLOW et
al., 2004). In accordance with these features, root
apices are equipped with high numbers of actin-
enriched and auxin-transporting plant synapses
(BARLOW et al., 2004). Moreover, an auxin maxi-
mum (SABATINI et al., 1999; JIANG & FELDMAN,
2003) is localised at the quiescent centre and root
cap statocytes.

Importantly, this auxin maximum responds
rapidly to gravistimulation (RASHOTTE et al.,
2001;OTTENSCHLÄGER et al., 2003; BOONSIRICHAI
et al., 2003) and to exposures of extracellular
auxin (OTTENSCHLÄGER et al., 2003). In this
latter regard, even minimal levels of external
auxin applied to roots elicit inhibition of growth
while much higher auxin levels typically stimulate
growth in above-ground plant tissues. External
auxin induces also dramatic redistribution of corti-
cal microtubules (BLANCAFLOR & HASENSTEIN,
1995; BALUŠKA et al., 1996b). Similar dramatic
responses of microtubules were also reported from
root apices exposed to glutamate, and glutamate-
receptors were shown to be critical for this re-
sponse (SIVAGURU et al., 2003). Intriguingly, neu-
rotoxic cation aluminium (DELEERS et al., 1986;
TROMBLEY, 1998) treatment mimics glutamate
treatment (SIVAGURU et al., 2003) and aluminium
is also known to inhibit the basipetal transport
of auxin (KOLLMEIER et al., 2000). Glutamate-
gated calcium fluxes are rather prominent in root
apices whereas calcium fluxes show only small re-
sponses to external glutamate in leaves and cotyle-
dons (DENNISON & SPALDING, 2000). Even more
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importantly, the distal part of the transition zone
is the most aluminium-sensitive zone of the whole
plant (SIVAGURU et al., 1998, 1999; KOLLMEIER
et al., 2000) and it is also known to be the root
region most sensitive towards exogenous auxin
and calcium (ISHIKAWA & EVANS, 1992, 1993;
BALUŠKA et al., 1996a,b). Interestingly, cells in
the distal part of the transition zone respond to
aluminium exposure by inhibition of respiration
and by depletion of ATP, as well as by produc-
tion of reactive oxygen species (YAMAMOTO et al.,
2002, 2003; BOSCOLO et al., 2003).

The high auxin-sensitivity of root apices is in
agreement with the large number of active plant
synapses in root apices, especially in the tran-
sition zone which acts as a brain-like tissue. In
fact, the transition zone turns out to be criti-
cal sensory zone receiving of and responding to
a large number of external signals and develop-
mental cues (BALUŠKA et al., 1994, 2001). The
zonation of growing root apices (BALUŠKA et
al., 1994, 2001) allows synchronization of cellu-
lar activities and electrical responses. Just like
brain, it represents the largest sink for oxygen
and also shows rhythmic oscillations in the up-
take of oxygen, potassium, and calcium (STEFANO
MANCUSO, ALINA SCHICK, DIETER VOLKMANN
& FRANTIŠEK BALUŠKA, unpublished data). Such
behaviour of anatomically grouped root cells re-
semble the synchronous and oscillatory patterning
of anatomically grouped neurons that drive the
sensorimotor networks in brains (ENGEL et al.,
2001; HARRIS et al., 2003). If some of these os-
cillatory physiological features are coupled to cell
growth control, then they could be related to nuta-
tional movements of roots (BARLOW et al., 1994;
SHABALA & NEWMAN, 1997b).

Importantly, our preliminary work reveals
that rhythmic oscillations of the oxygen uptake
into the transition zone of maize root apex re-
sponds extremely rapidly (within few seconds) to
gravistimulation, as well as to wounding and other
stress treatments applied selectively to the shoot
apex of young maize seedlings (S. MANCUSO, A.
SCHICK, D. VOLKMANN & F. BALUŠKA, unpub-
lished data). Intriguingly, single root cell measure-
ments within the transition zone show that in-
creased oxygen uptake is registered almost imme-
diately, with a lag-phase of 2–3 seconds, following
the arrival of an action potentials elicited by local
stimulation of the shoot apex. This situation is al-
most identical to that recorded for single neurons
in animal brain (THOMPSON et al., 2003). How-
ever, the big question remains unaswered. What
cellular processes drive this rapid transmission of

signals between shoot and root apices, inducing
almost instantaneous response of cells within the
transition zone of the root apex? Do plants have
nervous tissues that could be specialised for this
task?

Vascular bundles as assemblies of plant
nerves?

The plant vascular system is composed of long
continuous strands of highly elongated cells which
interconnect all roots and shoots of a given plant
body (BERLETH & MATTSSON, 2000; BERLETH
et al., 2000). Similarly like neurons are supported
by glial cells, xylem and phloem elements of plant
vascular bundles are supported by neighbour-
ing parenchymatic cells. Traditionally, this sys-
tem is thought to secure the long-distance trans-
port of solutes and assimilates, as well as to pro-
vide the above-ground part of the plant body
with mechanical support (ESAU, 1954). Recent
data, however, reveal that plant homologues of
ionotropic glutamate receptors are expressed pref-
erentially in vascular tissues (KIM et al., 2001;
TURANO et al., 2002). Moreover, vascular tissues
are enriched also with auxin (SAUGY & PILET,
1985) as well as actin and actin-binding proteins
(PARTHASARATHY et al., 1985; BALUŠKA et al.,
1997; KLAHRE & CHUA, 1999; MUN et al., 2002).
In support of nerve-like roles of vascular bundles,
neurotransmitters like acetycholine and serotonin
activate ion pumps in cells of xylem parenchyma
(ZHOLKEWICH et al., 2003). Interestingly in this
respect, vascular tissues were reported to conduct
light directly to root apices and induce photomor-
phogenic responses within them (SUN et al., 2003)

A very attractive possibility is that, besides
the above mentioned more apparent tasks, the
cell files of vascular bundles act as highly effec-
tive channels for plant telecommunication, and
so serve in the capacity of plant nerves. Intrigu-
ingly, development of veins and vascular bun-
dles is primarily controlled via the plant hor-
mone auxin (BERLETH et al., 2000; BERLETH &
MATTSSON, 2000; SACHS, 2000, 2003; BERLETH
& SACHS 2001; DENGLER, 2001) which emerges
as plant neurotransmitter (BALUŠKA et al., 2003a;
see also above). Polar transport of auxin is es-
sential for both the formation of new vascular
strands as well as for their continuity throughout
plant organs, auxin itself inducing vascular devel-
opment, and auxin also being transported along
the vascular strands. The central role of polar
auxin transport in plant polarity extends also to-
wards neural long-distance communication based
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upon the neurotransmitter-like properties of auxin
(BALUŠKA et al., 2003a,b; BARLOW et al., 2004).
Importantly, vascular bundles active in transport
terminate in the brain-like transition zone where
phloem accomplishes unloading of shoot-derived
assimilates (OPARKA & SANTA CRUZ, 2000) and
of neurotransmitter-like auxin (SWARUP et al.,
2001). This feature surely makes neuron-like cells
of the transition zone well-supplied with both
auxin and the nutrition necessary for their energy-
demanding brain-like activities.

Diffuse nervous system in plants?

Plants clearly lack any centralised control site and
resemble colonies of social insects, like ants. Their
development is proposed to be driven more by a
collective specification than by central planning
(SACHS, 2003). Similarly, as in social insect net-
works (FEWELL, 2003) and also in neuronal net-
works of the central nervous system (LAUGHLIN
& SEJNOWSKI, 2003), plants build complex pat-
terns of organs via large-scale phenomena driven
by a limited set of processes based on nonlinear
dynamics (SACHS, 2003; FEWELL, 2003; LAUGH-
LIN & SEJNOWSKI, 2003). In his influential book,
CHARLES DARWIN proposed that root apices,
seated at the anterior pole of the plant body, rep-
resent plant brains which in turn resemble the
diffuse brains of lower animals (DARWIN, 1880).
Moreover, root and shoot apices are considered
generally to represent so-called “dominant cen-
tres” of plants which sense environmental sig-
nals and developmental cues, and which communi-
cate together via long-distance signalling pathways
(POLEVOI, 2001). Indeed, a recent breakthrough
article revealed that the diffuse nerve net of hemi-
chordates is anatomically patterned despite lack-
ing a centralised system (LOWE et al., 2003). In
this respect, the diffuse nerve net of lower ani-
mals resembles the patterned venation of leaves
and other organs of higher plants (SACHS, 2000,
2003). Obviously, the diffuse but patterned nerve
net of hemichordates later became centralised dur-
ing the evolution of the chordate lineage (LOWE et
al., 2003; HOLLAND, 2003). Sessile plants, continu-
ously exposed to actions of ever changing environ-
mental factors and constant gravity, have retained
the rather diffuse nervous system which fits bet-
ter to their sessile life-style and which allows the
flexible development driven by a collective specifi-
cation.

Nervous molecules in plants

Many neurologically active compounds are nat-
ural plant products, of which some of the most
notorious examples are nicotine, cocaine, caffeine,
marijuana, morphine, and cannabis. This list is
however much more longer (ROSHCHINA, 2001)
and still growing. Besides the 20 or so genes for
ionotropic glutamate receptors (GluRs) in Ara-
bidopsis (LAM et al., 1998; CHIU et al., 1999;
TURANO et al., 2001; DAVENPORT, 2002), plants
express several of their agonists (MONAGHAN et
al., 1989; ROSS et al., 1989; COPANI et al., 1991;
BETTLER & MULLE, 1995; BRENNER et al., 2000,
2003). Recently, N-arachidonylethanolamine
(NAE) anandamide, a neuroactive lipid media-
tor, which is the ligand of neuronal cannabinoid
receptors, have been both isolated from plants
and shown to regulate diverse plant processes in
plants via the same class of cannabinoid receptors
(CHAPMAN, 2000; BLANCAFLOR et al., 2003; TRI-
PATHY et al., 2003).

In addition to these classical neuronal ag-
onists, plants apparently synthesize and use for
synaptic-like cell-to-cell communication diverse
classical neurotransmitters such as glutamate,
glycine, histamine, acetylcholine, dopamine, γ-
aminobutyric acid (GABA), and ATP. While glu-
tamate and glycine were shown to gate Ca+-
permeable channels in plants (DENNISON & SPAL-
DING, 2000; DUBOS et al., 2003), glutamate was
also reported to rapidly depolarize the plasma
membrane in a process mediated by glutamate re-
ceptors (SIVAGURU et al., 2003). Overexpression of
AtGluR2 gene impaired calcium utilization and en-
hanced sensitivity of Arabidopsis seedlings against
stress (KIM et al., 2001). In addition, the puta-
tive glutamate receptor, AtGluR1.1, functions as
a regulator of carbon and nitrogen metabolism
(KANG & TURANO, 2003). Extracellular ATP,
which acts as a neurotransmitter in brains (SILIN-
SKY & REDMAN, 1996; VIZI et al., 2000; KHAKH,
2001; DEMIDCHIK et al., 2003), is reported to
cause depolarisation of the plasma membrane po-
tential of growing root hairs (LEW & DEARNA-
LEY, 2000), to increase cytoplasmic calcium in
root cells, as well as to exert many signalling func-
tions to coordinate responses of plant cells to en-
vironmental stimuli (DEMIDCHIK et al., 2003). In-
trigungly, extracellular ATP also inhibits polar
transport of auxin and impairs root gravitropism
(TANG et al., 2003).

Two other relatively well studied classical
neurotransmitters in plants, which both have
some well-documented roles in plant signalling
and stress response, are acetylcholine and GABA.
Acetylcholine mediates phytochrome-based sig-
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nalling (JAFFE, 1970; BOSSEN et al., 1991) and
also promotes cell swelling (TRETYN et al., 1990a,
b) as well as cell elongation (EVANS, 1972). In-
terestingly, acetylcholine is especially abundant
at the stele-cortex interface of maize mesocotyls
(MOMONOKI, 1992) and activates ion pumps in
cells of xylem parenchyma of maize root apices
(ZHOLKEWICH et al., 2003). Much more is known
on the roles of GABA: apparently, it mediates
adaptation of plants to diverse stresses includ-
ing hypoxia, cold, water stress, mechanical stress,
and pathogen attack (STREETER & THOMPSON,
1972; WALLACE et al., 1984; RHODES et al., 1986;
MENEGUS et al., 1989; ROBERTS et al., 1992;
RAMPUTH & BOWN, 1996; SHELP et al., 1995,
1999; REGGIANI & LAORETI, 2000). For example,
a 10- to 25-fold increase of GABA was recorded
within 1 to 4 minutes of mechanical stimulation
(RAMPUTH & BOWN, 1996). GABA also regulates
growth of plant cells (EVANS, 1972; KATHIRE-
SAN et al., 1998), and exogenous GABA induces
up to a 14-fold increase of ethylene biosynthesis
(KATHIRESAN et al., 1997). Synthesis of GABA
is stimulated by the lowering of cytoplasmic pH
(CARROLL et al., 1994; CRAWFORD et al., 1994)
which, interestingly, also regulates the gravisensi-
tivity and gravitropism of root apices (SCOTT &
ALLEN, 1999; FASANO et al., 2001; BOONSICHI-
RAI et al., 2003) as well as root water transport
under anoxia (TOURNAIRE-ROUX et al., 2003;
HOLBROOK & ZWIENIECKI, 2003). Interestingly,
anaerobic induction of GABA accumulation is
mediated via signalling pathways involving het-
erotromeric proteins and phospholipase C (REG-
GIANI & LAORETI, 2000).

Nevertheless, it might well be that GABA
simply participates in stress-induced metabolism
without having any role in cell-to-cell signalling.
But a recent breakthrough study revealed that
GABA helps tip-growing pollen tubes to navigate
towards ovules deeply buried within female tis-
sues (PALANIVELU et al., 2003). Obviously, GABA
is acting as a signalling molecule able to provide
direction for tip-growth of cells and to transmit
stress information from cell-to-cell within plant
tissues, the latter leading to an adaptation process
in plants (BOUCHÉ et al., 2003). Because GABA
also mediates the navigation of migrating neurob-
lasts and neurons (BARKER et al., 1998; BEHAR
et al., 2001), and because axon growth resembles
tip-growing plant cells (PALANIVELU & PREUSS,
2000), it is very attractive to propose that GABA
acts not only as a universal neurotransmitter but
also functions in plant cell-to-cell communication.
In support of this attractive notion is the finding

that plants cells can secrete GABA (CHUNG et
al., 1992) and this might stimulate adjacent cells
to secrete GABA too, as it was shown for auxin
in wood cambium (WODZICKI, 1993; WODZICKI
et al., 1979, 1999). Given the great number of re-
ports on physiological responses of plant cells to
external GABA, one is tempted to suggest that
GABA acts as neurotransmitter-like molecule in
plants. However, well-designed experimental stud-
ies are needed to confirm this attractive scenario.

As a big surprise, the Arabidopsis genome
project has revealed that plants also have the po-
tentiality to synthesise other nervous molecules,
such as synaptotagmins and copines (CRAXTON,
2001; TOMSIG & CREUTZ, 2002). These molecules
are essential for the calcium-mediated regulation
of secretion in neurons (NAKAYAMA et al., 1999;
YOSHIHARA et al., 2002). However, regulated ex-
ocytosis is typical for cell-to-cell communication
throughout multicellular eukaryotes. Therefore, it
should not be a surprise that these proteins are
absent in unicellular yeast which perform only
constitutive exocytosis (CRAXTON, 2001; TOMSIG
& CREUTZ, 2002). Another class of calcium- and
phospholipid-binding proteins regulating secretion
and present in both animals and plants – but
missing from yeast – are the annexins (DELMER
& POTIKHA, 1997; DONNELLY & MOSS, 1997;
BRAUN et al., 1998; GERKE & MOSS, 2002). An-
nexins are present in multicellular but not unicel-
lular fungal organisms (BRAUN et al., 1998). Anal-
ysis of the genome of the moss, Physcomitrella
patens, show the presence of synaptotagmins (DI-
DIER SCHAEFER, personal communication), sug-
gesting an important role for these calcium sen-
sors in the regulation of secretion in lower plants
too. As yet, there are no functional data avail-
able on plant synaptotagmins, but recent studies
on plant copines have revealed that expression of
their genes is regulated in response to pathogen
attack and abiotic stimuli (JAMBUNATHAN &MC-
NELLIS, 2003). Moreover, copine mutants of Ara-
bidopsis show low temperature-dependent seedling
dwarfism (HUA et al. 2003) as well as increased re-
sistance to the pathogen attack (JAMBUNATHAN
et al., 2001).

Outlook

This overview of data that concern the ner-
vous aspects of higher plants makes it clear
that, although plants are generally immobile and
lack the most obvious brain activities of ani-
mals and humans, they not only are able to
show many attributes of intelligent behaviour
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but they also are equipped with several critical
molecules, especially with synaptotagmins (CRAX-
TON, 2001) and glutamate-/glycine-gated gluta-
mate receptors (DAVENPORT, 2002; DUBOS et al.,
2003; SIVAGURU et al., 2003), that could support
synapse-like cell-to-cell communication in plants.
Indeed, the recent advances in plant cell biology
allowed identification of plant synapses (BALUŠKA
et al., 2003b,c; BARLOW et al. 2004), leading to a
breakthrough in nervous plant biology. It is in-
creasingly obvious that synaptic communication
is not limited to brains of animals and humans
but that it is widespread throughout plant tissues
also. Moreover, root apices show many features
which allow us to propose that they, especially
their transition zones, act in some way as plant
brains. On the other hand, stelar tissue is spe-
cialised not simply for the transport of solutes and
assimilates but also brings about the transport
of neurotransmitter-like and morphogen-like auxin
(BALUŠKA et al., 2003a; BHALERAO & BENNETT,
2003). Moreover, the vascular bundles support the
transmission of action potentials suggesting that
they act act as a highway for plant nervous activ-
ity. It is obvious that stelar tissues are enriched
with actin and nervous molecules like glutamate
receptors as well as acetylcholine. However, more
needs to be learned about plant neurotransmitter-
like molecules and their receptors. . For future
studies, it will be critical to learn also more con-
cerning plant synapses and the nerve-like char-
acter of vascular tissue. Cell and molecular biol-
ogy should reveal the molecules which drive as-
sembly and maintenance of plant synapses, while
electrophysiology should be at the forefront of at-
tempts to reveal the impact of signalling networks
on synaptic cell-to-cell communication in plants.
Current methodological advances in plant cell bi-
ology give excellent perspectives to all these ef-
forts. Obviously, the most exciting times are ly-
ing ahead which should revolutionise plant science.
They will also lead to a more sensitive apprecia-
tion of the plant kingdom, as well as emphasising
the common features that bind together the com-
munity of living things.
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