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 ConCePt PaPer ConCePt PaPer

Plant neurobiology, as a new field of plant sciences, has clearly 
shown that following the pioneering discoveries about bioelec-
tricity made by Darwin, Galvani, Burdon Sanderson or Pfeffer 
at the end of the 18th century and then by Bose at the begin-
ning of the 20th century,1 a floating period, aggravated by the 
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taking as a basis of discussion Kalanchoe’s spontaneous 
and evoked extracellular activities recorded at the whole 
plant level, we put the challenging questions: do these low-
voltage variations, together with endocellular events, reflect 
integrative properties and complex behavior in plants? 
Does it reflect common perceptive systems in animal and 
plant species? Is the ability of plants to treat short-term 
variations and information transfer without nervous system 
relevant? Is a protoneural construction of the world by lower 
organisms possible? More generally, the aim of this paper 
is to reevaluate the probably underestimated role of plant 
surface potentials in the plant relation life, carefully comparing 
the biogenesis of both animal and plant organisms in the 
era of plant neurobiology. Knowing that surface potentials 
participate at least to morphogenesis, cell to cell coupling, 
long distance transmission and transduction of stimuli, some 
hypothesis are given indicating that plants have to be studied 
as environmental biosensors and non linear dynamic systems 
able to detect transitional states between perception and 
response to stimuli. this study is conducted in the frame of 
the “plasticity paradigm,” which gives a theoretical model of 
evolutionary processes and suggests some hypothesis about 
the nature of complexity, information and behavior.
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receptor

Backster’s syndrome of the 1970s,2 had heavy consequences on 
plant electrophysiological research, particularly at the extracel-
lular level.3,4 Actually, if the mechanistic analogies between the 
neuronal action potentials and the electromotive pulvinar activi-
ties of Mimosa Pudica detected by Bose were clarified by Ricca 
and other numerous authors succeeding him, the ex-CIA agent 
Backster’s pseudoscientific use of a lie detector to record some 
“hyper-reactivity to stress” in plants, induced a sustainable con-
fusion. Indeed, following this publication, plant electrophysi-
ologists neglected during a long time coherent data concerning 
surface potentials or extracellular recordings made at the level 
of polarized groups of plant cells or tissues, being focused on 
the understanding of the genesis of endocellular events until 
patch-clamp technologies applied to plants demonstrated that 
the repertory of ionic channels of plant membranes was quite 
similar to that of animal cells.5-8 Another reason explaining this 
indifference about low voltage spontaneous activities or evoked 
responses to stimuli recorded at the level of different plant organs 
was that the functional role of these bioelectrical signals in the 
plant relation life was unclear. Our work, initiated at the end of 
the 1970s and published in 1992, showed in this context that 
extracellular spontaneous surface potential variations (ESV) or 
electrophytographic activities (EPG), as well as evoked bursts of 
spikes recorded at the level of leave or roots occur widely in plant 
tissues.9 These basic microvolted activities—at that time called 
“surface potentials”—were correlated with classical intracellular 
action potentials (APs) and proposed to represent resulting mac-
roscopic currents locally sustained by plant receptor-channels 
acting through the different membrane compartments and glob-
ally expressed as EPG derivations of synchronized “protoneural 
networks” diffusing information at the whole plant level.

As other few contemporaneous studies devoted to the same 
approach in the seventies,10-12 particularly those of Pickard (1972, 
1973) who classified these recordings as spontaneous activity and 
putative APs reflecting endocellular activities, the physiological 
role of these potentials was attributed to a possible control of 
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absolute refractory period from 20 to 60 times 
longer than in neurons.16 The rapid motric-
ity of Mimosa pudica was then demonstrated 
by Sibaoka and Stoeckel as due to parenchy-
matous excitable cells where propagated APs 
precede cell deturgescence and the motor phe-
nomenon itself.17-19 Furthermore, Hedrich’s et 
al. later patch-clamp studies of ionic channels 
of plasmic or vacuolar membranes from higher 
or ordinary plant cells showed calcium voltage-
dependent channels or gap junctions similar to 
epithelial cells or central mammalian neurons 
studies and more specific mechanisms involving 
electrogenic pumps using ATP or mechanosens-
tive channels that could act for Mimosa pudica 
motor cells.20-22

Many more recent data about bioelectrical 
or information-processing data, long-distance 
communication, phenoplasticity, morphogen-
esis, learning, self-recognition or complex adap-
tive behaviors are reviewed in the paper. They 
show that, in addition to classical intracellu-
lar activities, low voltage potential variations 
recorded at the level of group of polarized cells 
or tissues could participate to the fine regula-
tion of the major physiological functions of 
plants and ask the question of a centralized (or 
multi-centralized) integration of these activi-
ties at the whole plant level? In spite of this 
knowledge, plant scientists stood back until the 
plant neurobiology revolution emerged at the 
first symposium dedicated to this paradigm at 
Firenze in 2005,23 following Trewavas revisited 
definition of plant prototypical “intelligence.”24 
Our aim is here: (1) to exemplify, through our 
earlier study of low “surface electrical currents” 
(or field potentials) recorded in Kalanchoe’s tis-
sues, the proximity and/or the convergence of 
both plant and animal integrated bio-systems 
conducting to common protoneural dynamic 
behaviors; (2) to revalue these researches and 
the advances which they could engender in 
the light of the new plant neurobiology field, a 
transdisciplinary one.

Experimental Results on Kalanchoe’s Spontaneous 
and Evoked Extracellular Potential Variations

The data we are taking as a basis of discussion are electrophysi-
ological measurements showing that different patterns of low 
voltage spontaneous and evoked activity occur widely in ordi-
nary plants like Kalanchoë daigremontiana and tubiflora.25 These 
patterns have essentially been divided into three typical classes: 
fluctuant mono- or polymorph activity, relative electrical silence 
periods and spike potentials (Figs. 1 and 2). All these basic spon-
taneous activities were recorded in the low microvolt range (10 to 

release of chemical agents or linked to pinocytosis or extrusion 
of vesicles.13,14 Other hypotheses to support these microvolted 
extracellular activities were the facilitation of long distance trans-
mission signals or local osmotic regulation.15 Moreover, if the 
similar behavior of plant and animal kingdoms was sensed in 
all these studies, the clear stake was during this period to prove 
that APs and excitability were of wide occurrence and linked to 
co-ordination in higher as ordinary plants. Indeed, the neuroïd 
conduction was then extensively explored at the cellular level, 
first showing neighboring properties compared with Hodgkin 
and Huxley equations for nerve fibers (1952) i.e., conduction 
speeds reaching those of type A nervous fibers (10−2 m.s−1), but 

Figure 1. Spontaneous and evoked extracellular responses in Kalanchoë daigremontiana. 
this figure shows spontaneous microvolted potential variations constituted by FPa activity 
and some isolated spikes recorded in the stem of Kalanchoë daigremontiana plantlets (A, 
platinum wires), followed by evoked trains of putative aPs. Indeed, burst of spikes were in-
duced by a paired mechanical stimulus consisting of local application of distilled water and 
3 small pricks made by glass micropipettes (10 μm diameter at the head) at the same loca-
tion and during the same time (wounding stimuli). as shown by the traces (B–E), once the 
stimulation applied (36 sec after), we observed the supervening of some isolated putative 
aPs initiating a burst of spikes during 1.50 min broken by reS periods (G, 8–36 sec). after 
6.50 min of reS period, a big spike initiated a burst of very short time-rise aPs (< 10 msec) 
followed at the end of the scope trace by a slower solitary spike (0.5 sec). except this one, 
spikes were +/−, 300 μV-3 mV, 350 msec and the total duration of the discharge was 21 min. 
Kalanchoë tissue remains excitable in that case, showing no fatigue and a good recovery of 
basic FPa activity (H).
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Desbiez has clearly shown the link between the transmission of 
a traumatic signal (small pricks) via cell depolarization and the 
induction of correlation between cotyledonary buds of Bidens 
pilosus (morphogenetic efficacy).30

Furthermore, recent progress permits now, as for animal 
cells, to clone plant ionic channels or recombinant subunits of 
these channels and to express them in vitro injection of cDNA, 
mRNAs and recombinant receptor subunits in Xenopus oocytes.31 
A lot of other mechanisms involving electrically excitable plant 
cells are described throughout the text. Contrarily to intracellu-
lar currents, only some basic electrical phenomena are described 
concerning low-voltage or “microscopic” currents in the litera-
ture. It is nevertheless the case for surface local electrostatic fields 
surrounding calcium activated potassium channels which can 
influence ion permeation characteristics of the channel protein32 
or endogenous fields and cellular dipoles during tip growth of 
root hairs or pollen tubes.33,34 These positive tip potentials are 

300 μV) and were expressed as slow waves of low frequency (< 
5 Hz) broken by solitary or small bursts of spike potentials (200 
μV to 1 mV) and relative electrical silence or RES periods last-
ing from 5 sec to some hours, probably linked to metabolism or 
nyctemeral cycles (Fig. 1A and H).

Moreover, typical patterns of evoked spike potentials (isolated 
or in burst) have been obtained in the microvolt range following 
exogenous mechanical or chemical stimuli, some of them being 
well correlated with transmembrane potentials using simultane-
ous two scale recordings (not shown). The fast spikes recorded 
after a mechanical stimulation (local deposition of a drop of dis-
tilled water, 50 μl) may have rise times of less than 50 msec and 
duration from 100 to 500 msec. They often constitute trains of 
APs including fatigue phenomena resembling those at vertebrate 
peripheral nerves or not, depending of the stimulus (Fig. 1A, 
b-g). Similar trains of fast rise putative APs during 9–12 min, 
including irregular bursting and RES periods were also recorded 
in Kalanchoë tubiflora (not shown). Chemical stimulation (use 
of the activator of H+ excretion pump FC) induced also bursts 
of APs, with a total duration of about 30 min that were inter-
rupted by application of the protonophore FCCP at the same site 
(Fig. 2). Like FCCP, lowering temperature or the use of metabo-
lism inhibitors such as DNP abolished excitation, but they show 
partial or total recovery, which was not the case for FCCP, pos-
sibly due to the capacity of the tissue to more easily recover from 
a block of ATP (not shown). The complex nature of these micro-
volted potentials and their coherent responses to metabolism 
agents suggest that H+ electrogenic pumps, and at least K+ and 
Ca2+ receptor channels are involved in such responses. However, 
their precise role has to be clearly investigated in the light of 
recent works in plants’ bioelectricity, particularly at local electric 
fields and network activities recorded at the level of tissues.

What could be the Precise Role of Extracellular 
Activities Recorded in Polarized Groups of Plant 

Cells or Tissues?

To answer this question, it is necessary to do first a brief step 
backward concerning macroscopic or endocellular currents 
involved in the activation of a variety of receptor channels of 
the plant cell membrane. Indeed, well known anionic (voltage-
dependent chloride channels) or cationic (potassium or calcium-
activated potassium channels) channels participate in all basic 
physiological functions of plants such as volume or pressure regu-
lation (stretch activated ion-channels), signal transduction and 
growth or hormonal driven stomatal closing.26-28 Transduction of 
particular stimuli is always associated with the functional expres-
sion of these channels. For instance, we know that the pea epi-
cotyl friction through the soil induces an AP linked to ethylene 
production whereas polar regeneration transduces an electrical 
stimulus in Acetabularia.29 For Dionea muscipula, a well-known 
carnivorous plant, the rapid closure of the trap was clearly associ-
ated with the previous emission of an AP. In that case, the con-
duction speed reach 200 mm/sec−1 and the rise time of the AP 
is 0.1 sec. In Berberis vulgaris, a mechanical stimulus induces 
a movement of the bunting, preceded for 1 to 2 sec by an AP. 

Figure 2. Chemical activation of Kalanchoë Daigremontiana stem 
tissues. (A) recording of spontaneous spikelets 5 min before FC 
activation. FC activation responses occurred 7 min after the local FC 
deposition (3.7 μM, n = 4) between both recording electrodes as trains 
of −/+ spikes in which the rising phase is 1/3 of the descending one 
(B1 and B2). this corresponds to classical hyperpolarizations observed 
in mammalian cells linked to calcium dependent K+ conductance. aP 
duration ranged from 300–500 msec for the fastest, and up to 2 sec for 
the slowest, with maximal amplitudes of 3 mV, and separation intervals 
from 2–16 sec. return to the baseline ranged from 0.25–2.5 sec depend-
ing on the duration of the repolarizing phase. the total duration of this 
burst was 27 min and it was immediately interrupted by application of 
FCCP 50 μM at the same site (C1, n = 2). However, no restoration was 
seen, even after 2 h recording, which was not the case for other meta-
bolic inhibitors like 2–4-DnP (100 μM) or low temperature (0°C) that 
show partial or total recovery, possibly due to the capacity of the tissue 
to more easily recover from a block of atP (not shown). Concerning the 
Material and Methods (electrophysiological set-up, soil culture condi-
tions, temperature and humidity %, stimulating procedure, elimination 
of interference signals by Faraday cage, correlated methods, use of 
several kind of electrodes including ag-agCl probes, controls made 
with salt bridges during several hours etc...), please refer to Debono and 
Bouteau (1992) referenced in 9.
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molecular-dynamics designs affect probably the bioelectrical 
derivatives recorded at the level of multicellular organs. A first 
step to better understand the role of the ESVs that we have 
recorded at Kalanchoë leaves and stems will so be not to con-
sider the integrative mechanisms themselves, but their functional 
effectiveness. In the case of propagated APs, it is easy to corre-
late them to precise motor or sensitive functions. For microvolted 
ESVs, they could underlie growth, gravity or transcellular com-
munication and act as electrosensors, however, to my knowledge, 
no clear link are established in term of function relatively to the 
whole plant relation life, due to scattered and uncoordinated 
researches. Our hypothesis is that they could reflect, as for ani-
mal cells, a macroscopic derivation of electrogenic tissue activities 
(like EKG, EMG or EEGs represent the algebraic summation of 
a great population of cardiac, muscular or neuronal cells) and the 
ability of plants to react acutely and sometimes rapidly to micro-
environmental changes. Indeed, our findings, suggest that ESVs 
are concomitant of several intracellular activities of plants that 
could be synchronized and propagated at one or several organic 
loci. Furthermore, they may have precise roles as for detecting 
small energies and contribute, by their own electrochemical prop-
erties, or synchronous electrical networks, to control growth, per-
ception of stimuli and integrated bio-signals permitting better 
developmental adaptations. We will see further in the discussion 
that recent technologies permitting to monitor spontaneous and 
evoked activities at several levels of a same plant tissue were able 
to confirm our hypothesis and could boost the study of ESVs to 
there stayed in the shadow.

Common Signaling and Transducing Pathways Used 
by Biological Systems: Evolutionary Processes  

and Non Linear Dynamics

All these data taken together clearly show that electrical activity is 
a general property of excitable cells, and is not restricted to nerve 
structures. Moreover, if it is an evidence to assert that neurons 
used electricity long after plants, the fact of considering any kind 
of tropisms or sensory transduction including recent discoveries 
about proprioceptive sensing,42 phenotype plasticity, fast motor 
reactivity, cell memory, morphogenesis, self/non-self recogni-
tion, high sensitivity to environmental changes, stress-induced 
responses, plant-plant and insect-plant interactions, cognitive 
abilities and behaviors,43 lead us irreparably to ask the ques-
tion of a convergence of expression before or juxtaposed to the 
divergence of evolution both animal and plant kingdoms? This 
hypothesis is supported by two main discoveries: (1) the exis-
tence of four trunks of plant complex organisms showing nuclear 
structures and a weak branch separation from animal species;44 
(2) the existence in plants of a lot of gene receptor superfami-
lies with a strong structural analogy to animal receptor proteins 
(endogenous synthesized neuroactive molecules like glutamate, 
glycine or GABA typically found in the CNS of animal and 
human brains), but also hormones, calcium binding proteins and 
synaptotagmins, both arguments going for Chiu et al. (1999) in 
the direction of a primitive signaling mechanism existing before 
the divergence of plants and animals.45

partially attributed to localized calcium influx mediated by elec-
trophoretic or cytoskeletal mechanisms.35 Calcium waves are 
also implicated in cytoplasmic movements, induction of stoma-
tal closing by hormonal mediation36 and identified morphogens 
which include biophysical, electrical, mechanical or gravitational 
forces.37 Such ionic mechanisms coupled with voltage gradients 
participate to morphogenesis, cell to cell coupling and transcel-
lular fields.

As a consequence, surface charge density factors, calcium 
waves and cell-to-cell communication could be both directly 
or indirectly related to the extracellular microvolted potential 
variations or surface electrical currents that we have recorded 
at the level of polarized groups of cells or tissues. These cellular 
events, possibly using mainly calcium as intracellular as cytoplas-
mic messenger and local field potentials, are suitable to produce 
small surface currents carried by ion fluxes (hydrogen, calcium, 
potassium…), flowing across the different cell membranes, using 
enzymes and being amplified at the level of plant organs, are able 
to play key roles for the regulation of plant development and 
reactivity to stimuli. However, their precise functional role in all 
these processes remains unclear and has not really been studied 
until today. Whatever their location (to be studied and probably 
situated at specialized tissues: see farther), they may contribute, 
as macroscopic current responses, to control and/or facilitate 
transduction of many stimuli. For instance, they could be impli-
cated in regulating the direction of growth of rhizoid structures, 
as shown by the pioneering work of Lund (1947) on bioelectric 
fields and growth, or be involved in the generation of variation 
potentials during perception of low electric fields such as those 
linked to hydraulic or atmospheric pressure. Indeed, Goldworthy 
realized long-term measurements around individual tobacco cells 
growing in culture with vibrating probes showing the presence of 
micro-currents (as low as 0.1 μA/cm2) which are able to change 
their own current patterns in order to be in line with external 
applied currents (an order of magnitude bigger than the inner 
currents).38

These results suggest that plant cells may act as electrosensors 
when thunderstorms are arriving (the magnitude of the currents 
are compatible) with the relay of calcium acting as well as cellular 
messenger, voltage-gating ion and growth factor. When a large 
amount of cells are polarized, intercellular communication is 
enhanced and cooperation is effective at the tissue level to increase 
growth rates of shoots or to respond to exogenous stimuli. More 
precisely, plasma membrane polarity activates many intracellular 
sorting events (transport of proteins and lipids) probably involv-
ing specialized compartments at the intersection of the apical and 
basolateral endocytic pathways.39 Up to date reviews concerning 
plasma and dipole membrane surface potentials or densities and 
ion-plant or toxin interactions or plant cell wall electrical poten-
tials were recently done by Wang or Kinraide.40,41 They show the 
complexity of electrostatic interactions and structural constraints 
linked to protein transport or ion uptake and their impact on the 
generation of surface, transmembrane and dipole potentials.

If we come back now to extracellular spontaneous or evoked 
activities recorded at the level of plant tissues, these three 
kinds of membrane cell-surface potentials integrating complex 
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role in intercommunication of cells, with boundary interactions 
between them (as for glia-neurones interactions) and protec-
tion of the distal meristem cells from organogenesis. They are 
assimilated here to metabolic working units co-coordinating 
morphogenetic fields, or able to regulate essential developmental 
functions following Davies that has also shown that action and 
variation potentials induce proteinase inhibitor gene expression 
in tomato plants.52

In other cases, proton pumps regulate light-induced oscilla-
tions of membrane potentials.53 Specialized structures such as thy-
lacoïd inside plant chloroplasts constitute light-stimulated single 
electric units containing more than 2 × 108 chlorophyll molecules 
in an area of more than 400 μ2.54 Endogenous large electric fields 
have also been described to accompany many polarized tip-grow-
ing cells such as algal rhizoids or root hairs55 or traversing grow-
ing pollen tubes,56 whereas many studies show that exogenous 60 
Hz electric fields are able to act upon the cells through an altera-
tion of transmembrane potentials.57 Electrical, but also hormonal 
and hydraulic signals are known to modulate gene expression 
through transcription and translation via calcium-dependent 
cytoskeleton-protein-channels.58 Beyond voltage-dependent ionic 
currents from excitable cells (cytosolic calcium waves are simi-
lar to those of animal cells), many examples of electrocoupling 
of transporters involving nonlinear oscillations of dynamic sys-
tems and providing long-term osmotic regulation are available 
like in the guard cells of the plasmalemma of certain plants.59 
Gradmann presented in that way different models simulating the 
oscillations linked to enzymes and ionic channels affecting the 
membrane voltage of plants.60

At the whole plant level, many sensitive systems are also clas-
sically described, from which that of Dioanea muscipula (“moon 
trap”) and Brionnea that are excellent examples of fast motor 
activity and strong and fast thigmoreactivity to touch, respec-
tively. Bauer et al. equally show that common basic mechanisms 
like cell calcium oscillations were probably developed before the 
divergence of plant and animal cells.61 More generally, the evo-
lutionary conservation of common developmental features or 
gene structure for members of superfamilies of proteins present 
in animals and plants are well documented.62 For instance, com-
mon mechanism of developmental light-dependent phenomena 
exists in mammalian and plant systems. Pleiotropic protein like 
the key repressor COP1 regulating the photomorphogenic devel-
opment interrelations are for instance used by plant species like 
Arabidopsis as well as by humans.63 This family of transcription 
factors regulating the nuclear and subcellular localization of pro-
teins is a highly conserved regulatory system.

Ubiquitous Proteins, Globin- and Actin-Encoding 
Gene Families

It is the same case for other family of transcription factors com-
mon in vertebrates and invertebrates or the control of cell-surface 
proteins, particularly the downregulation of plasma membrane 
proteins like channels or transporters by ubiquitins.64 As a matter 
of fact, markers like ubiquitous proteins or hormones have a com-
mon pathway before being expressed in many species including 

Our results are comforted by these discoveries suggesting that 
the non-nervous system of plants was a prototypic phase (a proto-
neural one) nonlinearly conducting to the fast synaptic transmis-
sion of neurons. However, the question remains to understand 
how living systems apparently lacking highly centralized struc-
tures have developed such bioelectrical profiles correlated with 
complex behaviors in plants? We think that global exchange or 
integrative centers (ICs) constituted by clusters synchronizing 
both basic ESVs and field potentials (as well as intercellular and 
then plant-to-plant or insect-plant activities) could be present at 
the whole plant level. Indeed, although no integrative center is 
now unmistakably identified, several structures such as cytoskel-
etal membrane proteins and calcium voltage dependent channels 
at the cellular level, and richly interconnected zones like roots’ 
phloem, xylem or apical meristem constituting rich symplasmic 
fields or sensori-motor structures (like pulvini, traps, stomata or 
growth cone) are likely to contribute to the integrative properties 
of plants. Baluška et al.46 identified more specifically root api-
ces as a possible “brain like” command center having ramifica-
tions (transition zones), plant synapses transporting auxin and 
a rich vascular tissue network permitting high rate transmission 
of information. Moreover, plant synapses were shown to use 
actin-based domains for cell-to-cell communication presenting 
analogies with the immunological concept of self demonstrated 
in animal neurons.47 These end-poles of root cells transporting 
hormonal transmitter, supporting long-distance communication 
and acting like brain synapses are therefore serious candidates to 
centralization. An open question would however be to know if it 
excludes several interactive loci of information? All these discov-
eries should so be studied within the framework of living system 
plasticity and a transdisciplinary approach of nonlinear dynamic 
systems like ICs in evolutionary processes. The main observation 
is that such sensitivity and complexity in “simpler organisms” 
can only open new research fields about the nature of percep-
tion, access to experience, and downstream, that of cognitive and 
conscious processes.48

Light- or Mechanical-Induced Signals  
and Morphogenesis

Now, it is not surprising that excitable plant cells can exhibit the 
same complex bioelectrical profiles as animals, knowing the uni-
versal use of electric fields and the role of complexity during evo-
lution. Indeed, if the complexity process is undeniable, symbiotic 
and co-evolutionary motors in the lower part of the phylogenetic 
scale could accompany it. An interesting example of symbiosis of 
ligand and voltage-gated anion channels in plant and animal cells 
was reported by Hedrich and Jeromin (1992) where the anion 
channels are directly affected by growth hormones like auxin.49 
Concerning morphogenetic expression, calmodulin gene expres-
sion is involved after wounding stimuli of Bidens pilosa (with 
slow-waves electrical responses as long-distance transmitters for 
wound signals) whereas mRNA is only locally accumulated.50 
Morphogenetic signals of the shoots of apical meristems cells 
are interconnected by plasmodesmata form symplasmic paths.51 
The symplasmic paths of the tunica are subdivided and play a 
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MAP kinases such as ERK or P38 are also involved in rot cells 
or targeted to clathrin-coated vesicles.82 Recent works also show 
that actin, myosin VIII and ABP1 could act as central organizers 
of auxin-secreting plant synapses.83

Plant Neuroactive Ligands and G-Protein Coupled 
Receptors

Although these citations are not exhaustive, they reveal the high 
level of intra- and intercellular communication in plants, previ-
ously demonstrated by Wildon et al. (1992) concerning electri-
cal signaling and systemic proteinase inhibitor induction in the 
wounded plant.84 Two other major binding proteins families 
are represented in plants: the G-protein family and the calcium 
binding proteins. For the first one, a cDNA from Arabidopsis 
thaliana was recently cloned and characterized showing new 
putative G-protein-coupled receptors with translated sequences 
showing significant homology to several animal receptors like 
the calcitonin or serotonin family and the rhodopsin G-protein 
receptors.85 Heteromeric GTP binding proteins composed of α, β 
and γ subunits are also involved in signal transduction pathways 
in both animal and plant systems. In plants, they are implicated 
in ion channel regulation, light signaling, hormone and patho-
gen responses are identified. Only one class of plant G α genes 
has been identified today plus a novel AtXLG1 binding protein.86 
A higher plant 7TM receptor (GCR1) is involved in cytokinin 
signal transduction, suggesting that 7Tm are ancient and predate 
the divergence of plants and animals. The second superfamily 
now clearly identified in both kingdoms concerns the calcium 
binding proteins and the calcium-dependent metabolic regula-
tion of biological systems. Indeed Ca2+ ions have multiple func-
tions as a second messenger or as signaling proteins.87 They are 
well described in eukaryotes and in prokaryotes, indicating a 
conserved calmodulin gene. Plant calmodulin binds differs from 
vertebrate ones. So, the whole family of calcium binding proteins 
may have arisen from a common genetic ancestry.88 Moreover, 
calmodulin binding to GAD, which is required for the regulation 
of glutamate and GABA metabolism, is present and necessary to 
the normal development of plants.89

Recent discoveries thus confirm that except specific mecha-
nosensitive or plant anionic channels, ionotropic glutamate 
receptors known in rapid synaptic transmission in animal 
brains exist in plants and are probably involved in light-signal 
transduction in some species. It may be that signaling between 
cells by EAA in animal brains evolved from a primitive signal-
ing mechanism that preceded the divergence between animals 
and plants.90 The structure of these putative glutamate receptor-
genes or GLRs is very near. In Arabidopsis, newly isolated GLRs 
show extensive sequence identity with the same two ligand-bind 
domains GlnH1-H2 and the 4TM domains M1- M4, especially 
M3 (the most highly conserved domain). So they have probably 
co-evolved before the divergence between animals and plants. 
Their degree of similarity is linked to the kainate-AMPA subtype 
rather than the NMDA subtype. It indicates that the divergence 
of animal iGluRs and plant GLR genes predated the divergence 
of glutamate receptor-genes. It is now possible that they produce 

animals and plants. For instance, GF14-3-3 brain protein homo-
logs are present in Arabidopsis thaliana, where a high degree of 
protein sequence is apparent in the various Arabidopsis isoforms. 
The overall structures of plant forms are quite conserved com-
pared with the mammalian forms whereas gene phylogenies indi-
cate a different evolutionary course from that of mammalians 
and a probable common ancestral sequence,65,66 Roth et al. hav-
ing previously shown that myoglobin or hemoglobins present in 
higher plants as in protozoa or in insects.67 Indeed, the globin 
gene family exists in virtually all kingdoms from bacteria to man 
and a concerted mode of evolution of both animal and plant glo-
bin receptor genes is possible.68,69 A pre-existing ancient struc-
tural gene has probably conducted to the evolution of not only 
coding regions, but different regulated functions of hemoglobins 
(leghemoglobin genes present alignment of sequences very simi-
lar to animal receptors).

Photosynthetic proteins of plants have also their homologs in 
bacteria whereas the equivalent heat shock proteins of eukaryotes 
and prokaryotes are intensively studied today. At the ontogenetic 
level, signaling is used like in animals for plant embryogenesis 
where positional information has a major role for sporofitic cycle 
and embryonic axis.70 Many homeoboxes are present in plant 
genomes and have crucial roles in development.71 The different 
families have diverged prior to the separation of the branches 
leading to animals, plants and fungi.72 In the same manner, 
defense signaling pathways are developed at plant level where 
apoptotic cells and conserved disease resistance genes are pres-
ent and may be related to functions in animals.73,74 For instance, 
PR5K receptor kinases are antifungal pathogenesis-related 
proteins,75 whereas several common signaling and transducing 
mechanisms using specific proteins or enzymes (like for instance 
regulating cell division in the plant meristem) common to plant 
and animal cell communication are described with some speci-
ficities.76,77 In the same manner, nuclear receptor gene superfami-
lies encoding putative receptors and unknown plant or animal 
ligands have a complex evolutionary history.78 They present, as 
for the chloroplast-expressed glutamine synthetase (ncpGS), 
configurations in which gene duplication, swapping between 
domains important for transcription, DNA or hormone binding 
are usually found.79

The actin-encoding gene family is also present in plants, being 
differentially expressed. At least two ancient classes of genes that 
diverged early in land plant evolution and may have separated 
vegetative from reproductive actins and six subclasses are identi-
fied, showing a distinct pattern of tissue specific expression. They 
seem to have evolved independently.80 More recent data about 
cytoskeleton-membrane interactions or actin and endocytosis 
show that homologs to mammalian proteins of the clathrincoat, 
those performing basic functions in CCV budding (AP180, 
epsin), scission (dynamin), uncoating events (auxilin, Hsc70, 
synaptojanin) and that may act as linkers to the actin cytoskel-
eton or as key regulators in actin assembly (Arp2), are present 
in Arabidopsis.81 They are clearly operational, rather as ortholog 
than homolog proteins compared with mammalian showing high 
degree of similarity not only in the vesicle fusion but also in the 
clathrin and network machineries between plants and animals. 
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more investigated in the future to obtain a complete bioelectrical 
profile of plants.

We propose to investigate this hypothesis using three research 
targets: (1) the study of master regulator of genes expression 
promoting developing plants like PKL in Arabidopsis playing 
an analogous role in animal C. elegans,102 and more generally 
genetic factors common to both plants and animals; (2) that of 
signal transduction concerning oscillations of electrical poten-
tials along leafs or parenchyma/xylem interfaces, electromo-
tive properties of excitable cells or electrical memory like that 
found in Venus flytrap;103 and (3) the extensive use of Multi-
Electrode Array (MEA), Xenopus oocyte functional expression 
or new imagery technologies to study surface potentials. Indeed, 
recent technologies like MEA applied to non-nerve electrogenic 
tissues like plants clearly confirm our earlier discovery show-
ing the existence of spontaneous activity, excitable traveling 
waves and synchronous bioelectrical network activities at maize 
root apex. More precisely, using 60-channels MEA, Masi et al. 
demonstrate for the first time the propagation of synchronous 
extracellular population spike activities, determining the whole 
spatiotemporal dynamic profile of these low-voltage propagated 
signals (10–20 μV peak to peak) and their possible generation at 
the level of root apex cells.104

Plant Neuroplasticity

Extending these studies to several plant species compared with 
invertebrate lower animals and mammals seems to be a promis-
ing way to explore the spatiotemporal dynamics of ESVs. It could 
also permit to understand the physiological role of these extra-
cellular spontaneous activities constituting dynamic synchro-
nized networks in plants. More generally, all these bioelectrical 
activities have to be studied as nonlinear dynamic systems able to 
detect transitional states and acquisition of crucial environmen-
tal information for plant’s survival. This constitutes an undeni-
able level of integration without nervous system and reflects the 
dynamic protoneural abilities of plants and lower animals to react 
with adequacy to stress or environmental changes using sensing 
effectors to translate information into function. It is possible to 
extrapolate this kind of reasoning following algorithmic informa-
tion theories where positive relationships between complexity and 
the amount of information are established.105 These relationships 
involve the emergence of new properties, of time-related irrevers-
ible changes, of stock and recall of information and probably of 
precognitive or cognitive behaviors, what is seriously discussed in 
several recent studies.106-108 The recent confirmations of Wallace’s 
earlier experiments (1930) about the inhibitory effects of vola-
tile anesthetics on Mimosa pudica or Dionea muscipula’s motoric 
activities109,110 ask questions in this area and could have, as many 
new fields opened by researches in plant neurobiology, good ‘side 
effects’, permitting to better understand the mechanism of action 
of these drugs at the level of the CNS of vertebrates as well as of 
the cognitive scale of biological systems itself.

More generally, considering biosensors like plants as bottom-
up “plastic interfaces” accumulating informational states—the 
role of extracellular spontaneous potential variations having to 

GluR agonists in order to regulate their endogenous ionotropic 
GluRs, and that selective pressure then led to high level produc-
tion for defense against herbivores. They may also regulate a vari-
ety of as yet unknown cell-to cell signaling systems. The fact that 
iGluRs appear to exist in plants and animals, but not in unicel-
lular organisms, suggests that cell-to cell signaling in multicel-
lular organisms may also predate the divergence of both species 
subtypes.91,92 Since these discoveries, an accumulation of data has 
shown the neurotransmitter-like actions or receptor homolog in 
plants recently summarized by Roshina (2001).93 Among them, 
specific glutamate agonists, but also GABA mediated transmis-
sion implicated in the directional growth of pollen tubes,94 and 
Acetylcholine95 found at maize plants as acetylcholinesterase or 
F-actin enriched cross-walls in root apices of Arabidopsis, so-
called “plant synapses.”96

Finally, we cannot conclude this presentation of common sig-
naling and transducing pathways in plants and animals without 
quoting the great phenotypic and epigenetic plasticity of plants 
recently confirmed for plant communities (variation in the abi-
otic environment, in the presence or identity of neighbors and in 
herbivory) by Callaway et al.97 showing competitive to facilitative 
interactions promoting coexistence and community diversity, or 
by Schmitz et al. (2011) concerning epimutations of Arabidopsis 
thaliana studied upon 30 generations and showing probable bet-
ter advantages than selection during evolution.98

Extracellular Potential Variations as Protoneural 
Models to Translate Informational Processes  

into Function

All these works showing common mechanisms of action of 
animal and plant organs, together with the evidence of very 
wide-spread long distance electrical signaling in plants strongly 
comfort our earlier experimental data on Kalanchoe’s ESVs, also 
shown by some authors in cucurbits.99,100 These data suggested 
common bioelectrical profiles of animals and plants, including 
long-distance signal transmission, but also evoked the question 
of a putative primary integration of information, an IC one, 
whose role could be to coordinate basic activities and reactiv-
ity at the whole plant level. As shown in the text, several loci 
are now evoked, and particularly the root apex. Related spon-
taneous or evoked ESV recordings constituted by extracellular 
potential or “surface potential” variations could indeed represent 
the summation of transient changes in plasma membrane poten-
tial differences carried by ion fluxes flowing across channel pro-
teins, but also be carried by transfer of information linked to the 
perception of spontaneous magnetic or electric fields (like those 
used in the fusion and orientation process of membrane cells 
and vesicles and then by whole plants),101 hydraulic conductivity, 
cell-to-cell interactions, water and salt exchanges or hormonal 
transfers. Our results have also shown that low voltage sponta-
neous activity or evoked responses to mechanical and chemi-
cal stimuli could be affected by metabolic agents (Fig. 2). They 
were therefore assumed to represent the mathematical algebraic 
derivative of synchronized intracellular activities recorded at tis-
sue level and that could propagate. Their relevance should be 
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concerned in our context). This indicates an irreversible bind-
ing, contrarily to elastic processes, well-illustrated by synaptic 
plasticity at the brain level, and a dynamic behavior, particu-
larly relevant at complex co-evolving or co-implicated living 
systems. That fits well with the consideration of plant inte-
grated bio-systems having high capacities to percept and inter-
act “intelligibly” with their congeners or specific animal species. 
It also constitutes a new transdisciplinary challenge in living 
organism’s plasticity where plants may act as pre-cognitive or 
cognitive entities.112 Since the symposium on plant neurobiol-
ogy held in Florence in 2005, such a transdisciplinary field is 
clearly open, progressively changing our point of view concern-
ing biological complexity, extended levels of cognition and evo-
lutionary processes. We can therefore hope that plants will be 
recognized in a close future as self-organized biosensors having 
high capacities to perceive, to communicate and to interact with 
their environment and the ecosystem.
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be precisely elucidated—could seriously help. Indeed, the epis-
temic concept of plasticity develops a theoretical model showing 
plasticity as an inherent property of the matter that is observed 
at all the levels of organization, describing at the same time 
a system’s property and its own dynamics.111 This property is 
considered as not purely systemic or emergent but as a founding 
one. Plasticity is formally distinguished from passive elastic-
ity or flexibility, having the unique ability to induce active and 
irreversible binding processes, particularly at the level of living 
systems. This specificity implies reciprocity between ascend-
ing and downward networks like brains and a high cohesion of 
interacting co-evolutionary systems, the expression of which is 
finally a co-signified world. Synaptic plasticity illustrates thus 
typically at the brain-mind interface directly linking biological 
matter to mental processes. This describes a “complex of plastic-
ity” (from complexiõ) that could be described at different scales, 
like that of the matter-form (morphogenesis), the space-time 
interface (ST curvature) or the subject-object (human plastic-
ity, intersubjectivity). Metaplasticity explores the genesis of all 
these natural binding processes obeying to a transverse logic 
where plasticity plays the part of a catalytic element conducting 
irreducible expressions or dimensions to a trans-formation.

To summarize, we can consider three main levels of plastic-
ity, the first being the plasticity of the matter, the second the 
plastic code of life and the third the plasticity of mind (not 
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