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ABSTRACT

Acetylcholine (ACh) is a chemical transmitter serving to prop-
agate an electrical perturbation across the synaptic junctions of
animals. ACh and AChE have previously been demonstrated to
occur in plants. In this work, we detected AChE at the interface
between stele and cortex of the mesocotyl of Zea mays by
measuring hydrolysis of acetylthiocholine and by liberation of
labeled acetate from [1-14C]ACh. AChE activity was also detected
in a crude membrane fraction. The hydrolytic activity is inhibited
by neostigmine. Hydrolysis of ACh was also measured after
injection of [1-14C]ACh into kemels of Zea mays and the radio-
activity transported into the mesocotyl cortex. A gravity stimulus
was then given by placing the plants in a horizontal position.
Significantiy more radioactivity was found in the lower cortex of
horizontally placed seedlings. A working hypothesis is presented
for the involvement of ACh and AChE in the tropic response of Z.
mays seedlings.

The sequence of events in the response of a plant seedling
to an environmental stimulus, such as light or gravity, is: (a)
membrane depolarization that occurs in as short a time as 8
s following the stimulus (6, 16, 24, 26, 27); (b) an asymmetric
distribution of IAA occurring in <3 min (4, 5); (c) an asym-
metric distribution ofendogenous calcium in 5 to 10 min (13,
25); followed, (d) within an 1 h or less by asymmetric distri-
bution of 42K, 32P (13), and [14C]glucose (21). We wish to
determine how membrane depolarization can lead to asym-
metric distribution of a chemical in a plant stem. For a dark-
grown seedling grown in water, all solutes, salts, sugars, and
hormones included, originate in the seed and move from seed
to shoot through the vascular stele (9). Thus, to obtain asym-
metric distribution of a substance in the cortical tissues, a
selective release of solute from stele to cortex must occur.
Bandurski et al. (2, 3) postulated a selective release of solutes
from stele to cortex by gating of solute movement out of the
stele and into the cortex. We rephrase the question of how
membrane depolarization causes a chemical asymmetry
to how is gating of solute movement from stele to cortex
accomplished?
A possibly analogous mechanism may occur in the animal

neural axon, where a voltage change induces ligand release.

' Supported by grant DCB 8805148 from the Cellular Biochemistry
program of the National Science Foundation to Robert S. Bandurski.
20n leave from Faculty of Bioindustry, Tokyo University of

Agriculture, Hokkaido, Japan.

The ligand, in turn, causes a flow of ions such as Ca2", K+,
and Na+. The ACh3-receptor-esterase system serves to bridge
the 15- to 100-nm cleft between the afferent (pre) and efferent
(post) synaptic junction ofthe neural system. Plants, although
lacking a nervous system, may require a mechanism for
transmission ofan electrical stimulus from cell to cell through
a cleft in the plasmodesmatal junction. The ACh-receptor-
esterase system could function to chemically transmit a stim-
ulus across the plasmodesmatal junctions between plant cells
and so propagate membrane depolarization. To function in
this manner, the system would require the presence ofAChE
at the plasmodesmatal cell-cell interface.
Both ACh and AChE have been demonstrated to be widely

distributed in plants (10-12, 14, 18, 22, 28).
The objective of this research was to determine whether

AChE could function as a regulator of the plasmodesmatal
junction between stele and cortex, activating gates to open on
one side of the stem and close on the other. To test this
possibility, we searched for, and found, AChE at the interface
between stele and cortex. This finding, together with the
earlier works of Fluck and Jaffe (12) concerning the localiza-
tion of AChE in the area between the cell wall and cell
membrane, makes the AChE system a candidate for a regu-
lator of stele to cortex transport. We assayed AChE by means
oftwo substrates and determined the sensitivity ofthe activity
to known inhibitors of AChE. Finally, we discuss how this
enzyme could function in the gravity response of Zea mays.

MATERIALS AND METHODS

Plant Material

Kernels of maize (Zea mays L. cv Stowell's Silver Queen
sweet corn, W.A. Burpee Co., Clinton, IA) were soaked for
24 h in running water and germinated in rolled moist paper
towels for 4 d in a dark room at 25°C. For extraction ofAChE
from membranes, 3-d-old corn seedlings were used.

Organ Harvesting

For harvesting of the cortex and stele, the upper portion of
4-d-old shoots was severed at a point 4 mm below the coleop-
tilar node, and that portion was discarded. The mesocotyl
was then nicked, but not cut through, at a point about 14
mm above the junction between shoot and root. The cortex
was then slid off the stele, and the 10 mm of cortex and stele

'Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase;
SH, sulfhydryl.
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closest to the tip was harvested (23). For the gravistimulus
experiment, the 10 mm of 30 cortices were separated into
upper and lower halves. The harvested organs were dropped
into beakers in an ice bath. Ten to 30 plants were used for
most experiments, and about 50 g of shoots was used for
extraction ofAChE from cell membranes.

Assay of AChE Activity by SH Appearance

This assay was based on the colorimetric SH reagent, 5,5'-
dithiobis-2-nitrobenzoic acid, as used by Asashi et al. (1) and
Ellman et al. (8). Harvested cortex and stele were incubated
for 0, 15, 30, and 60 min in a vial containing 500 ,uL of
sodium phosphate buffer (pH 7.5) and 500 AL ofacetylthioch-
oline chloride (10 mm in buffer) as substrate. After incubation,
200 ,uL of solution was transferred to a vial, and 950 fsL of
phosphate buffer and 50 ,uM 5,5'-dithiobis(2-nitrobenzoic
acid) were added. The resultant yellow color was read at
A412nm after 1 min using a molar extinction coefficient of
13,600 and an identical tube without organs as a control.

Determination of Radioactivity Derived from
[1-14C]ACh by Enzymic Hydrolysis

This assay for enzyme activity was based on the separation
on a DEAE-Sephadex (acetate) column of the negatively
charged labeled acetic acid from the starting substrate [1-'4C]
ACh chloride using the general procedure of Leznicki and
Bandurski (19). The reaction mixture included 10 mm of
each of 20 steles, 1 mL of phosphate buffer (pH 7.3), 1 gL of
9000 dpm [1_-4CJACh in 50% 2-propanol (specific activity,
55.5 mCi mmol-') and with or without neostigmine as an

inhibitor of AChE. Incubation was for 0.5, 2, 4 and 6 h at
room temperature. To stop the reaction, 3 mL of 2-propanol
was added to the reaction mixture. Next, the organs were

ground with liquid N2, and the mixture was centrifuged for 5
min at 1300g. The supernatant fluid was chromatographed
on DEAE-Sephadex (acetate). The column was washed with
10 mL of 50% ethanol, and the radioactive acetate was eluted
with 5 mL of 5% acetic acid in 50% ethanol. The radioactive
solution (1 mL) was counted. Neostigmine bromide (25 and
50 ,M) was used as an inhibitor ofAChE following the method
of Fluck and Jaffe (1 1). A reaction mixture without steles was
used for a control.

Extraction of AChE from Cell Membranes of Shoot
Organs

Fifty grams of 3-d-old seedlings were made turgid by incu-
bation for 1 h in 150 mL of ice-cold 0.01 M phosphate buffer.
The tissues were then homogenized in a Waring blender with
25 g of glass beads (66-160 Am). The homogenate was filtered
through two layers of cheesecloth, and the filtrate was filtered
through Miracloth. The residue, containing cell walls together
with adhering membranes, was suspended in 0.1% SDS for 1

h for dissociation of membrane from cell wall. Enzyme de-
naturation may have occurred, but SDS was believed to be
helpful in dissociating membranes from the cell wall. The
supernatant suspension was used for determination of AChE
activity by the methods described above. Neostigmine bro-
mide (35 gM) was again used as an inhibitor of AChE.

Gravistimulus Experiment

The gravistimulus was given by moving plants from a

vertical to a horizontal position under a phototropically in-
active green light (130 Erg [cm2]-' s-'). [1-'4C]ACh (27,000
dpm; 3 gL) was injected into each of 30 corn kernels. The
kernels were next pinned to a moistened paper-covered Styr-
ofoam sheet and incubated with the shoots in a vertical
position for 2 h. Next, the Styrofoam sheet was rotated so as

to move the shoots to a horizontal position for a 90-min
gravistimulus. After the gravistimulus, 1 cm of cortices were

sectioned into upper and lower halves and harvested. The
enzyme assay using radiolabeled ACh was used as described
above.

RESULTS

AChE activity on the surface of the dissected cortex and
stele of seedlings is illustrated by the data in Table I. AChE
activity in the cortex increased as a sigmoidal function of
time. The maximum increase of AChE activity of 47 pmol
SH mL-1 of tissue was observed at 15 and 30 min incubation
time. AChE activity in the stele also increased as a function
of incubation time. A maximum increase ofAChE activity of
38 pmol SH mL-' of organ extract occurred between 0 and
15 min following the stimulus.
The results of a subsequent study using labeled ACh as

substrate and neostigmine as an inhibitor of the activity in
steles is shown in Figure 1. The radioactivity derived from
hydrolysis of [1-_4C]ACh was about 2000 dpm h-' in stele
tissues. The hydrolysis was inhibited 80 to 90% by 25 and 50
,uM neostigmine bromide. Table II demonstrates AChE activ-
ity in cell membranes prepared from shoot tissues. The reac-

tion was a nearly linear function of time, and the activity was
inhibited 77 to 82% by 35 ,M neostigmine bromide.
The distribution of hydrolytic activity in cortex and stele

after a gravistimulus is shown in Table III. The radioactivity
derived from hydrolysis of [1-_4C]ACh was found in both
cortex and stele but was distributed asymmetrically in the
cortex with 58% of the activity found on the lower side and
42% on the upper side after gravistimulus.

Table 1. AChE Activity in Cortex and Stele of Z. mays Seedlings as
Measured by SH Appearance following Hydrolysis of
Acetylthiocholine

Mean of three experiments ± SE. Ten-millimeter pieces of 10
corticies or 20 steles of 4-d-old etiolated seedlings were used for
each experiment. Control, Reaction mixture including buffer but lack-
ing tissue.

Incubation Time (min)
Treatment

0 15 30 60

pmol SH-ml-1 of tissue extract

Cortex 70±4 97±10 149±2 154±3
Control 72 ± 5.5 79 ± 1 84 ± 1.5 101 ± 1
Stele 75±2 116±6 143±2 155±4
Control 75 ± 3 78 ± 1 82 ± 1 97 ± 1
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Figure 1. The radioactivity derived from [1-'4C]ACh by enzymic
hydrolysis and effect of specific inhibitor of AChE on AChE activity in
the steles of Z. mays. 0, With steles; *, control (without stele); A,
steles in 25 AM neostigminebromide; *, steles in 50 Mm neostigmine
bromide. Each point is the mean of three experiments (vertical bars,
± SE).

DISCUSSION

ACh is a well-studied chemical transmitter in the synaptic
junction causing opening ofcation-selective channels in nerve
synapses of animals (7, 15, 17,4 20). ACh has been detected in
a number ofhigher plants (10, 14, 18, 22, 28). Fluck and Jaffe
(11) demonstrated AChE in 23 species from the following five
families: Characeae, Cruciferae, Graminae, Leguminosae,
and Solanaceae. They also demonstrated that the hydrolytic
activity was inhibited by neostigmine, a recognized inhibitor
of AChE.
The present data are insufficient to conclude that ACh and

AChE are, or are not, involved in the tropic response of
plants. Nonetheless, the occurrence of ACh and AChE in
plants together with its localization at the cell wall-membrane
interface (12) is suggestive of some function. In the present
work, we demonstrated that AChE activity occurs at the

Table II. AChE Activity Measured by SH Appearance from
Acetylthiocholine Hydrolysis in Cell Membranes Extracted from
Shoots of Young Z. mays Seedlings

Mean for three experiments ± SE. The cell membrane was ex-
tracted from 50 g of whole shoots of 3-d-old Z. mays seedlings.
Control, Reaction mixture including buffer lacking membrane prepa-
ration. Inhibitor is 35 Mm neostigmine.

Incubation Time (min)
Treatment

0 5 10 15 20

pmol SH-g-' fresh wt of tissue

Control 122 ± 2 126 ± 2 129 ± 2 134 ± 2 139 ± 3
Membrane 136 ± 4 144 ± 3 159 ± 1 169 ± 3 183 ± 4

extract
Inhibitor 127±3 130±2 136±3 142±3 147±2.5

Table Ill. Radioactivity Derived from Enzymatic Hydrolysis of
[1-14C]ACh at the Surface of the Cortex and Stele of Z. mays
Seedlings after Gravistimulus

Radioactivity8 Ratio of
Radioactivity

dpm.30 haff corticies %

Upper cortex 2143 ± 11 42 ± 0.5
Lower cortex 2907 ± 44b 58 ± 0.5

dpm.30 steles-'
Stele 1340 ± 95

a Mean for three experiments ± SE. The 4-d-old etiolated seedlings
were held vertically for 2 h after injection of [1-'4C]ACh into the
kemels and placed horizontally for 90 min for gravestimulus.
Then, the 30 corticies were separated into upper and lower halves
and harvested.

b t= 16.8 for 4 degrees of freedom. P < 0.001.

interface between stele and cortex. AChE activity was meas-
ured both by SH appearance following the hydrolysis of
acetylthiocholine and by the appearance ofradioactive acetate
following the hydrolysis of [1-'4C)ACh. These results indicate
that the hydrolytic ability occurs at the interface between stele
and cortex and that this activity is inhibited 80 to 90% by
neostigmine bromide. We conclude that AChE activity is
present at the stele cortex interface and could, therefore, play
a role in the regulation of transport between stele and cortex.

Additionally, the AChE activity could be demonstrated in
crude membrane preparations from whole tissue, and this
activity was also inhibited by neostigmine bromide. Thus,
AChE activity can be demonstrated both at the stele-cortex
interface and in membranes prepared from whole tissue.

In a further attempt to test for a possible role of AChE in
transport regulation following a stimulus, radioactive ACh
was injected into kernels of corn while the seedling was held
in a vertical position. A gravity stimulus was then given, and
the distribution of radioactive acetate derived by hydrolysis
ofacetate-labeled ACh was determined. The radioactivity was
found to be asymmetrically distributed with 58% of the label

Figure 2. Diagram of a working hypothesis for a role of the ACh
system at the interface between stele and cortex of Z. mays seed-
lings. The sequence of events would be exactly as is known for the
propagation of an electrical system across the neural cleft of an
animal neural synapse. Histochemical localization of AChE should
determine whether the enzyme is intra- or intercellular.
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found in the cortex of the lower half of a horizontally placed
stem and 42% in the upper cortical tissues. Because AChE
cannot move, an altered transport of ACh or altered AChE
activity must have occurred.
An expanded working hypothesis, providing a more de-

tailed mechanism for the voltage-gating theory, would be as
follows: ACh occurs at the interface between stele and cortex
in Z. mays seedlings. Environmental stimuli cause a bioelec-
tric change, i.e. an action potential at the terminus ofthe stele
cell. The stele cell on the inside of the endodermal wall would
act like a presynaptic cell and release Ca2". The released Ca2"
would trigger release of ACh from vesicles near the terminus
of the presynaptic cell. The released ACh would diffuse to the
junction between stele and cortex on the outside of the
endodermis, the postsynaptic cell, and there bind to an ACh
receptor. The propagated action potential would open dam-
per-like gates in the plasmodesmatal channel. Finally, the
ACh would be released from its binding site and hydrolyzed
to choline plus acetate and the system thus brought back to
ground state. We have summarized our working hypothesis
in Figure 2.
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