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The French scientist Claude 
Bernard (1813–1878) is famous 

for his discoveries in physiology and 
for introducing rigorous experimental 
methods to medicine and biology. One 
of his major technical innovations 
was the use of chemicals in order to 
disrupt normal physiological function 
to test hypotheses. But less known is 
his conviction that the physiological 
functions of all living organisms rely 
on the same underlying principles. He 
hypothesized that similarly to animals, 
plants are also able to sense changes 
in their environment. He called this 
ability “sensitivity.” In order to test his 
ideas, he performed anesthesia on plants 
and the results of these experiments 
were presented in 1878 in “Leçonssur 
les phénomènes de la vie communs 
aux animaux et aux végétaux.”1 The 
phenomena described by Claude Bernard 
more than a century ago are not fully 
understood yet. Here, we present a short 
overview of anesthetic effects in animals 
and we discuss how anesthesia affects 
plant movements, seed germination, 
and photosynthesis. Surprisingly, 
these phenomena may have ecological 
relevance, since stressed plants generate 
anesthetics such as ethylene and ether. 
Finally, we discuss Claude Bernard’s 
interpretations and conclusions in the 
perspective of modern plant sciences.

Anesthesia of animals and humans 
using volatile anesthetics

Oliver Wendell Holmes coined the 
term anesthesia in 1846. Anesthesia 
can be defined as loss of responsiveness 
to environmental stimuli. In humans 

and animals, it includes total lack of 
awareness. The term anesthesia is derived 
from the Greek word anaisthēsia, which 
means insensibility or inability to perceive 
(aisthēsis perception, aisthanesthai to 
perceive).

It is well established that animals can 
be anesthetized by inhalation of ether or 
chloroform vapors or by injection of ether 
– or chloroform-saturated solutions. This 
property of ether has been used since the 
middle of the 19th century and some 
of its derivatives are still used today to 
anaesthetize humans, in particular to 
prevent pain during surgery treatments. 
Depending on the quantity of volatile 
anesthetics metabolized by the animal, 
different stages of anesthesia were 
observed. Claude Bernard identified 3 
stages.2 In order to better understand 
the mechanism of the action of ether, 
Claude Bernard studied its effects under 
increased exposure time. At the first 
stage, the central nervous system was 
affected, the animal did not perceive pain 
or cold anymore, and it fell unconscious, 
but all the vital functions were preserved. 
At the second stage, the somato-sensory 
system was affected, so that the nervous 
system was disabled of sensation and the 
respiratory movements stopped. Finally, 
in the third and most advanced stage of 
anesthesia, the ability of cells to react 
to stimuli, what Claude Bernard called 
“irritability,” was disrupted and the more 
reflexive actions such as heart beating 
and cilia movements were also stopped.

These experiments demonstrated that 
volatile anesthetics are not only acting on 
neurons but that they affect physiological 
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processes in all cells. Thus, according 
Claude Bernard, sensation is not limited 
to organisms with a nervous system, 
but is a general property of cells and 
organisms.1,2 Importantly, this general 
sensitivity of cells to anesthetics has 
recently been confirmed.3,4 Different cells 
have different susceptibilities to volatile 
anesthetics, the neurons being the most 
sensitive. Interestingly in this respect, 
there are several similarities between 
plant cells and neurons.5 To test the 
hypothesis that plants and animals have 
the same ability to sense stimuli, Claude 
Bernard was one of the first scientists to 
perform anesthesia on plants.1,2

Anesthesia of plants using volatile 
anesthetics

Claude Bernard was one of the first 
experimenters to characterize the effects 
of volatile anesthetics, such as ether 
and chloroform, on several processes 
in plants; including plant movements, 
seed germination, and photosynthesis.1,2 
In addition to germination and 
photosynthesis, the effects of anesthesia 
on respiration were also observed. The 
experimental methods used and the 
results obtained are presented in this 
section.

Plant movements
The leaves of Mimosa pudica present a 

long petiole supporting 1 or 2 close pairs 
of pinnae in their extremity, each pinna 
supporting about 20 leaflets. It is well 
known that in response to touch, electrical 
excitation or heat, the leaves of M. pudica 
exhibit rapid movements. The petiole and 
the pinnae fold down, and the leaflets 
fold inward, their up-sides getting close 
to each other. This movement involves 
specific organs, the pulvini, swelling at the 
bases of the petiole, pinnae, and leaflets. 
The stimulation of a leaf triggers a local 
modification of electrical potential, which 
starts a chain of reactions that lead to a 
modification of the turgor in the cells of 
the pulvini and, consequently, to changes 
in cell shape and volume (reviewed in refs. 
6 and 7). Depending on the stimulus, the 
stimuli can propagate to additional leaves. 
In addition, the leaves fold and unfold 
according to circadian cycle irrespectively 
of light status.

The experiment performed by Claude 
Bernard was simple. M. pudica plants 

were placed under a glass cloche together 
with a sponge dipped in ether under 
diffused light. Claude Bernard noticed 
that direct light increased the efficiency 
of anesthesia and could even kill the 
plants. Anesthetized plants temporarily 
lost their abilities to move in response 
to touch but they had demonstrated 
full recovery when the anesthetic agent 
was removed. Interestingly, Paul Bert, 
a student of Claude Bernard, remarked 
that even when the plant’s sensitivity 
was disrupted, the circadian movements 
of leaves was not affected.8 These 
observations indicated that anesthesia 
might affect plant ability to sense an 
external stimulus, but not its ability to 
move.

Seed germination
The germination of the water cress, 

Lepidium sativum, is known to be very 
fast and to take place when seeds are 
placed in 25–30 °C and high humidity 
for 2–3 d, which makes them an ideal 
model for research. Claude Bernard 
followed the effects of ether vapor on the 
germination of water cress seeds.1 While 
seeds readily germinated in a control tube 
2–3 d from the onset of the experiment, 
germination was interrupted in a tube 
containing ether. This interruption was 
reversible; if ether was removed after 4–5 
d, germination restarted after 1 d. This 
experiment was repeated with identical 
results in cabbage, turnip, f lax, and 
barley.

Photosynthesis
Finally, Claude Bernard studied 

the effect of volatile anesthetics 
on photosynthesis.1 Aquatic plants 
Potamogeton and Spirogyra were placed in 
closed containers, containing water and 
carbon dioxide which was placed under 
direct light at 25–30 °C. In addition, a 
sponge dipped in distillated water and 
another one in ether-saturated water were 
placed into the control container and the 
test container, respectively. Then, the gas 
emitted by the preparation was collected 
and analyzed. The gas collected from the 
control container was rich in oxygen. In 
contrast, the gas from the ether container 
was rich in CO2 and no oxygen was 
detected.1 This finding showed that ether 
effectively inhibited photosynthesis, but 
without interrupting respiration processes.

Older and recent studies on 
sensitivity of plants to anesthetics

Claude Bernard was not the first one 
reporting on the sensitivity of plants to 
anesthetics. In 1847, Clemens had already 
reported that leaves of Mimosa and 
stamens of Berberis lost their sensitivities 
if exposed to vapors of ether. Similar 
studies with ether and chloroform, with 
the same outcome, were performed and 
published by Marcet in 1848, LeClerc in 
1853, Pfeffer in 1873, Charles Darwin 
in 1875, Elfving in 1886, Haberlandt in 
1890, and Francis Darwin in 1905.9-18 
Recent studies on Mimosa and Dionea, 
as well as on maize roots, confirm 
these early findings,19-25 suggesting that 
animals and plants have similar sensory-
motoric basis, which is sensitive to the 
same anesthetics,26-28 as proposed by 
Claude Bernard, Charles Darwin, and 
Jagadish Chandra Bose more than 100 
years ago.

Stressed plants synthesize anesthetics 
ether and ethylene

It is very interesting but almost 
never discussed in the literature that 
stressed plants produce not only plant-
specific anesthetics ethylene, which is 
classified as plant hormone,29-32 but also 
ether. Ethylene was used as powerful 
anesthetic in surgery33 and plant cells 
synthesize ether under pathogen attack 
or wounding.34-37 Intriguingly, ethylene 
is produced in stressed plants29,30 and 
is also abundantly synthesized during, 
and necessary for, fruit maturation.31,32 
Ethylene effects on plant roots are 
similar to those induced by halothane38 
and anesthetized plants also showed 
reduced chilling injuries.39 Moreover, 
anesthetics modulate seed germination40 
whereas only fully ripe fruits, obviously 
fully “anesthetized” with ethylene, are 
tasty and edible, whereas non-ripen 
fruits are usually less tasty and are often 
containing various toxic substances. 
Interestingly, fruit is the only plant organ 
evolved by f lowering plants, without any 
breeding and human interventions, to be 
consumed by animals and humans in its 
living state.

Outlook
For Claude Bernard, the volatile 

anesthetics distinguished living 
organisms from “dead” organized matter. 
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He expressed this as: “What is alive must 
sense and can be anesthetized, the rest is 
dead.” In effect, the volatile anesthetics 
affect the ability of cells to react in 
response to a stimulus. Neurons are very 
sensitive in this respect. Due to their 
specialization for integration of sensory 
information and high fidelity perception 
of the environment, neurons are the 
most sensitive to anesthesia. Similarly, 
plant cells are all excitable, and some of 
them are even specialized in perception, 
transmission, and integration of sensory 
information.20-28 The knowledge 
accumulated during the last century 
shows that sensitivity to anesthetics is 
general phenomenon holding the key to 
the unity of life.1,41,42

However, as all cells have these 
sensory abilities, it is expected that they 
are all also susceptible to anesthesia, 
regardless of kingdom. In 1878, the ideas 
of Claude Bernard were new. According 
to him, the anesthetics distinguish the 
processes of organization and destruction 
since it affects, e.g., germination but not 
respiration, which is considered a chemical 
degradation. The influence of Linné’s 
classification of species was still very 
strong, and the separation between plants 

and animal was very strict: the animal 
life was conceived to be based on senses 
and movements, but not that of plants. 
In this early period, Claude Bernard’s 
pioneering experiments were the first to 
indicate that sessile plants have similar 
sensory systems as mobile animals. Since 
then, accumulated observations of plant 
ability to integrate complex stimuli have 
been well established.27

The effects of anesthetics are 
preeminent in excitable cells such as 
neurons, where the block of sodium and 
potassium channels dramatically affects 
their coherent oscillatory activity.43,44 In 
plants, excitable cells are very abundant 
and sensitive, especially in the root apex, 
where a specific region, the transition 
or oscillatory zone, has been identified 
as a sort of “command center” showing 
intense21 and coordinated oscillatory 
activities.21,28 In animals, anesthetic-
induced modification of ion channel 
activities was reported for the ligand-
activated NMDA45 and GABA channels.46 
Interestingly, plants also possess 
NMDA-like channels, usually referred 
to as glutamate-like receptors (GLRs),47 
whereas the GABA receptor remains 
elusive, having no conclusive role as of 

yet. Our recent results reveal that GLRs 
are highly expressed in the transition zone 
of the root, where they control endocytic 
vesicle recycling together with plant 
synaptotagmins (Matthias Weiland, Siao 
Wei, Stefano Mancuso, Frantisek Baluska, 
unpublished data). Based on the premise 
of a common mechanism of anesthetics 
in both plant and animal cells, a realistic 
scenario for its operation might involve 
similar modifications of endocytic vesicle 
recycling and ion channel activities.

Photosynthesis is regulated by opening 
or closing stomata.48 Potassium channels 
are important not only for stomata 
movements but also play a role in plant 
organ movements.43 Hence, it can be 
proposed that volatile anesthetics might 
act on potassium channels. Proven correct, 
such activity could explain why anesthesia 
disrupts photosynthesis and seed 
development but not respiration. More 
investigations of these rather neglected 
phenomena in plants are expected to reveal 
new fundamental biological processes 
relevant for both plants and animals.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were 
disclosed.

 References
1. Bernard C. Leçonssur les phénomènes de la vie 

communs aux animauxet aux végétaux. Lectures on 
Phenomena of Life Common to Animals and Plants. 
Paris, Ballliere, and Son, 1878

2. Bernard C. La sciences experimentale. 1878:218-36
3. Eckenhoff RG. Why can all of biology be 

anesthetized? Anesth Analg 2008; 107:859-61; 
PMID:18713895; http://dx.doi.org/10.1213/
ane.0b013e31817ee7ee

4. Sonner JM. A hypothesis on the origin and evolution 
of the response to inhaled anesthetics. Anesth Analg 
2008; 107:849-54; PMID:18713893; http://dx.doi.
org/10.1213/ane.0b013e31817ee684

5. Baluška F. Recent surprising similarities between 
plant cells and neurons. Plant Signal Behav 
2010; 5:87-9; PMID:20150757; http://dx.doi.
org/10.4161/psb.5.2.11237

6. Coté GG. Signal transduction in leaf movement. 
Plant Physiol 1995; 109:729-34; PMID:12228627

7. Moran N. Osmoregulation of leaf motor cells. FEBS 
Lett 2007; 581:2337-47; PMID:17434488; http://
dx.doi.org/10.1016/j.febslet.2007.04.002

8. Bernard C. Ethérisation appliquée aux végétaux et aux 
animaux. Comptes rend séanc Soc Biolsesfil 1876; 
6:263-4

9. Clemens WF. Sur l’éthérisation des plantes douées 
de mouvements spontanés visible. Soc Vaudoise Sci 
Natur Bull 1847; 2:257-9

10. Clemens WF. Sur l’éthérisation des plantes. Soc 
Vaudoise Sci Natur Bull 1848; 2:289-95

11. Clemens WF. Untersuchungen über die Wirkung 
des Äthers und Chloroforms auf Menschen, Thiere 
und Pf lanzen. Heller, Bern, 1850.

12. Marcet A. Note surl’action du chloroforme sur 
la sensitive (Mimosa pudica). Arch Sci Phys Nat 
Geneve 1848; 9:205-9

13. Le Clerc F. Recherches physiologiques et 
anatomiques surl’appareil nerveux des végétaux. 
Compt Rend Acad Paris 1853; 37:526-8

14. Pfeffer W. Über Fortpf lanzung des Reizes bei 
Mimosa pudica. Jahr Wiss Bot 1873; 9:308-26

15. Elfving F. Über die Einwirkung von Äther und 
Chloroform auf die Pf lanzen. Öfverf Finsk Veten 
Soc Förh 1886; 28:36-53

16. Haberlandt G. Das Reizleitende Gewebesystem der 
Sinnpflanze. Wilhelm Engelmann, Leipzig, 1890.

17. Darwin Ch. Insectivorous plants. John Murray, 
London, 1875.

18. Darwin F. Observations on stomata. Roy Soc Lond 
Phil Trans B 1898; 190:531-621; http://dx.doi.
org/10.1098/rstb.1898.0009

19. Milne A, Beamish T. Inhalational and local 
anesthetics reduce tactile and thermal responses 
in mimosa pudica. Can J Anaesth 1999; 46:287-
9; PMID:10210057; http://dx.doi.org/10.1007/
BF03012612

20. Fromm J, Lautner S. Electrical signals and their 
physiological significance in plants. Plant Cell 
Environ 2007; 30:249-57; PMID:17263772; http://
dx.doi.org/10.1111/j.1365-3040.2006.01614.x

21. Masi E, Ciszak M, Stefano G, Renna L, Azzarello 
E, Pandolfi C, Mugnai S, Baluška F, Arecchi 
FT, Mancuso S. Spatiotemporal dynamics of 
the electrical network activity in the root apex. 
Proc Natl Acad Sci U S A 2009; 106:4048-53; 
PMID:19234119; http://dx.doi.org/10.1073/
pnas.0804640106

22. Pavlovič A, Mancuso S. Electrical signaling and 
photosynthesis: can they co-exist together? Plant 
Signal Behav 2011; 6:840-2; PMID:21558815; 
http://dx.doi.org/10.4161/psb.6.6.15170

23. De Luccia TP. Mimosa pudica, Dionaea muscipula 
and anesthetics. Plant Signal Behav 2012; 7:1163-
7; PMID:22899087; http://dx.doi.org/10.4161/
psb.21000

24. Volkov AG, Vilfranc CL, Murphy VA, Mitchell CM, 
Volkova MI, O’Neal L, Markin VS. Electrotonic 
and action potentials in the Venus f lytrap. J Plant 
Physiol 2013; 170:838-46; PMID:23422156; 
http://dx.doi.org/10.1016/j.jplph.2013.01.009

25. Volkov AG, O’Neal L, Volkova MI, Markin VS. 
Morphing structures and signal transduction in 
Mimosa pudica L. induced by localized thermal 
stress. J Plant Physiol 2013; 170:1317-27; 
PMID:23747058; http://dx.doi.org/10.1016/j.
jplph.2013.05.003

26. Baluska F, Mancuso S, Volkmann D, Barlow PW. 
The ‘root-brain’ hypothesis of Charles and Francis 
Darwin: Revival after more than 125 years. Plant 
Signal Behav 2009; 4:1121-7; PMID:20514226; 
http://dx.doi.org/10.4161/psb.4.12.10574

27. Brenner ED, Stahlberg R, Mancuso S, Vivanco J, 
Baluška F, Van Volkenburgh E. Plant neurobiology: 
an integrated view of plant signaling. Trends Plant 
Sci 2006; 11:413-9; PMID:16843034; http://
dx.doi.org/10.1016/j.tplants.2006.06.009

28. Baluška F, Mancuso S. Root apex transition zone 
as oscillatory zone. Front Plant Sci 2013; 4:354; 
PMID:24106493; http://dx.doi.org/10.3389/
fpls.2013.00354



e27886-4 Plant signaling & Behavior volume 9 

29. Morgan PW, Drew MC. Ethylene and plant 
responses to stress. Physiol Plant 1997; 100:620-
30; http://dx.doi.org/10.1111/j.1399-3054.1997.
tb03068.x

30. Solano R, Ecker JR. Ethylene gas: perception, 
signaling and response. Curr Opin Plant Biol 
1998; 1:393-8; PMID:10066624; http://dx.doi.
org/10.1016/S1369-5266(98)80262-8

31. Burg SP, Burg EA. Role of ethylene in fruit ripening. 
Plant Physiol 1962; 37:179-89; PMID:16655629; 
http://dx.doi.org/10.1104/pp.37.2.179

32. Osorio S, Scossa F, Fernie AR. Molecular regulation 
of fruit ripening. Front Plant Sci 2013; 4:198; 
PMID:23785378; http://dx.doi.org/10.3389/
fpls.2013.00198

33. Campagna JA, Miller KW, Forman SA. Mechanisms 
of actions of inhaled anesthetics. N Engl J Med 
2003; 348:2110-24; PMID:12761368; http://
dx.doi.org/10.1056/NEJMra021261

34. Fammartino A, Cardinale F, Göbel C, Mène-
Saffrané L, Fournier J, Feussner I, Esquerré-Tugayé 
MT. Characterization of a divinyl ether biosynthetic 
pathway specifically associated with pathogenesis 
in tobacco. Plant Physiol 2007; 143:378-88; 
PMID:17085514; http://dx.doi.org/10.1104/
pp.106.087304

35. Fammartino A, Verdaguer B, Fournier J, Tamietti 
G, Carbonne F, Esquerré-Tugayé MT, Cardinale 
F. Coordinated transcriptional regulation of the 
divinyl ether biosynthetic genes in tobacco by signal 
molecules related to defense. Plant Physiol Biochem 
2010; 48:225-31; PMID:20137961; http://dx.doi.
org/10.1016/j.plaphy.2010.01.012

36. Eschen-Lippold L, Rothe G, Stumpe M, Göbel C, 
Feussner I, Rosahl S. Reduction of divinyl ether-
containing polyunsaturated fatty acids in transgenic 
potato plants. Phytochemistry 2007; 68:797-801; 
PMID:17258245; http://dx.doi.org/10.1016/j.
phytochem.2006.12.010

37. Howe GA, Schilmiller AL. Oxylipin metabolism 
in response to stress. Curr Opin Plant Biol 
2002; 5:230-6; PMID:11960741; http://dx.doi.
org/10.1016/S1369-5266(02)00250-9

38. Powell JN, Grant CJ, Robinson SM, Radford SG. 
A comparison with halothane of the hormonal and 
anaesthetic properties of ethylene in plants. Br J 
Anaesth 1973; 45:682-90; PMID:4730160; http://
dx.doi.org/10.1093/bja/45.7.682

39. Saltveit ME. Effect of high-pressure gas atmospheres 
and anaesthetics on chilling injury of plants. J Exp 
Bot 1993; 44:1361-8; http://dx.doi.org/10.1093/
jxb/44.8.1361

40. Taylorson RB, Hendricks SB. Overcoming dormancy 
in seeds with ethanol and other anesthetics. Planta 
1979; 145:507-10; PMID:24317868; http://dx.doi.
org/10.1007/BF00380106

41. Bose JC. Researches on Irritability of Plants. 
London: Longmans, Green and Co., 1913.

42. Shepherd VA. From semi-conductors to the rhythms 
of sensitive plants: the research of J.C. Bose. Cell 
Mol Biol (Noisy-le-grand) 2005; 51:607-19; 
PMID:16359611

43. Patel AJ, Honoré E, Lesage F, Fink M, Romey G, 
Lazdunski M. Inhalational anesthetics activate 
two-pore-domain background K+ channels. Nat 
Neurosci 1999; 2:422-6; PMID:10321245; http://
dx.doi.org/10.1038/8084

44. Arhem P, Klement G, Nilsson J. Mechanisms 
of anesthesia: towards integrating network, 
cellular, and molecular level modeling. 
Neuropsychopharmacology 2003; 28(Suppl 1):S40-
7; PMID:12827143; http://dx.doi.org/10.1038/
sj.npp.1300142

45. Flohr H. Sensations and brain processes. Behav 
Brain Res 1995; 71:157-61; PMID:8747183; http://
dx.doi.org/10.1016/0166-4328(95)00033-X

46. Mihic SJ, Ye Q, Wick MJ, Koltchine VV, Krasowski 
MD, Finn SE, Mascia MP, Valenzuela CF, Hanson 
KK, Greenblatt EP, et al. Sites of alcohol and 
volatile anaesthetic action on GABA(A) and glycine 
receptors. Nature 1997; 389:385-9; PMID:9311780; 
http://dx.doi.org/10.1038/38738

47. Davenport R. Glutamate receptors in plants. Ann 
Bot 2002; 90:549-57; PMID:12466095; http://
dx.doi.org/10.1093/aob/mcf228

48. Jones HG. Stomatal control of photosynthesis and 
transpiration. J Exp Bot 1997; 49:387-98


