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Abstract. Three types of electrical excitation have been
investigated in the marine diatomCoscinodiscus waile-
sii. I: Depolarization-triggered, transient Cl− conduc-
tance,GCl(t), followed by a transient, voltage-gated K+

conductance,GK, with an active statea and two inactive
statesi1 and i2 in series (a-i1-i2). II: Similar GCl(t) as in
Type-I but triggered by hyperpolarization; a subsequent
increase ofGK in this type is indicated but not analyzed
in detail. III: Hyperpolarization-induced transient of a
voltage-gated activity of an electrogenic pump (i2-a-i2),
followed by GCl(t) as in Type-II excitations. Type-III
with pump gating is novel as such.GCl(t) in all types
seems to reflect the mechanism of InsP−

3 and Ca2+-
mediatedGCl(t) in the action potential inChara (Biskup
et al., 1999). The nonlinear current-voltage-time rela-
tionships of Type-I and Type-III excitations have been
recorded under voltage-clamp using single saw-tooth
command voltages (voltage range: −200 to +50 mV,
typical slope: ±1Vs−1). Fits of the corresponding models
to the experimental data provided numerical values of
the model parameters. The statistical significance of
these solutions is investigated. We suggest that the origi-
nal function of electrical excitability of biological mem-
branes is related to osmoregulation which has persisted
through evolution in plants, whereas the familiar and
osmotically neutral action potentials in animals have
evolved later towards the novel function of rapid trans-
mission of information over long distances.
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Introduction

The behavior of marine diatoms is of global importance
as they accomplish >20% of the global CO2 assimilation
(Werner, 1977). However, very little is known about the
physiology of these cells, especially the physiology of
ion transport. Previous electrophysiological studies on
the marine diatomsCoscinodiscus radiatus(Gradmann
& Boyd, 1995) andC. wailesii (Boyd & Gradmann,
1999) have shown that these cells can change between
different physiological states within minutes or even sec-
onds. These states comprise excitatory phenomena such
as transient hyperpolarizations and depolarizations. At-
tempts to study these phenomena with patch-clamp tech-
niques have failed so far because of bad seal formation.
In addition, plant cells under patch-clamp conditions are
frequently under physiological disorder.

However, detailed electrical characteristics, i.e.,
nonlinear current-voltage-time (I-V-t) relationships, of
intact cells in specific physiological states can be re-
corded in the range of a second by application of single
saw-tooth voltage-clamp protocols (Gradmann & Boyd,
1999). Records of this type and from traditional step-
protocols have been used here to analyze the mecha-
nisms of three types of excitation inC. wailesii. In par-
ticular, the records from single saw-tooth experiments
have been analyzed. Such records allow some direct
evaluation. Simple rules for such evaluations have been
presented previously (Gradmann & Boyd 1999). Some
of these rules will briefly be introduced here again for
convenient application. Most important, however, these
records from single saw-tooth experiments have been
used for a detailed reaction kinetic analysis of the level of
fitting the rate constants of Markovian gating models to
the experimental data.

The results provide new insights in the general issue
of excitability in biological membranes.
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Materials and Methods

Cells and electrophysiological setup have been described previously in
detail (Boyd & Gradmann, 1999). Briefly, cylindrical cells of the ma-
rine diatomC. wailesii have been used because of their large size
(radius about 100mm, altitude about 100mm in rare cases up to 200
mm). Voltage-clamp experiments have been carried out using a voltage
clamp-circuit (Dagan 200 TEV) and double-barreled microelectrodes
for voltage recording and for current injection.

Data acquisition and control of the voltage-clamp circuit was
carried out via an AD/DA converter (Keithley System 500 KDAC).
Personal computers have been used to run custom-tailored software for
AD/DA conversion and for data processing. The time courses of the
transmembrane voltage,V (free running or under voltage-clamp con-
trol) and of the clamp current,I, were recorded on the computer. Si-
multaneously, the results have continuously been displayed with high
temporal resolution on a digital oscilloscope, and recorded with low
temporal resolution on a strip chart recorder for immediate inspection
and for convenient scanning of the results.

Typical voltage-clamp experiments followed single saw-tooth
command voltages, starting with a reference voltageV0 (usually close
to the free runningV), followed by a ramp fromV0 to a minimum
voltageV1 (usually −200 mV), a second ramp (ascending branch) from
V1 to a maximum voltageV2 (usually +50 mV), and a third ramp from
V2 back toV0. The first and third ramps form the descending branch.
Immediately before and after the ramps,V was clamped at steady state
V0 for 20 msec.

With respect to the recorded currents of some 100 nA, the usual
ramp slopeSr of 1 Vs−1 was slow enough to ignore the capacitive
currentIC 4 C ? Sr ≈ 2 nA in normal cells ofC. wailesiiwith a surface
area of about 0.2 mm2, and a standard specific membrane capacitance
of about 10 mF m−2.

THEORY

Electroenzymes are proteins which catalyze the movement of the net
electrical charges through lipid membranes; their activity is frequently
sensitive to the transmembrane voltage,V. The simplest equivalent
circuit for a crude description of the electrical properties of the plas-
malemma of plant cells consists of three major electroenzymes oper-
ating in parallel (Boyd & Gradmann, 1999): a predominant pathway for
K+ diffusion with the equilibrium voltageEK, an electrogenic pump (EP

! EK) which is required to explainV < EK, and diffusion pathways for
Cl− (ECl @ EK) which can account forV > EK. For the description of
the V-sensitive activity of an electroenzyme, the simplest model,a-i,
consists of an active statea and an inactive statei with the transition
probabilitieskia andkai which depend onV in the formkia 4 k0

ia exp
(diau) andkai 4 k0

aiexp(daiu), where the superscript0 marks the tran-
sition probability at zeroV, dia and dai are V-sensitivity coefficients,
andu 4 VF/(RT) is the normalized membrane voltage. In a different
context, theV-sensitivity of all electroenzymes in the plasmalemma of
plant cells has been crudely approached by such two-state gating
schemes,a-i, except for the Cl− conductance for which a three-state
gating scheme,i1-a-i2, has been employed (e.g., Mummert & Grad-
mann, 1991, Gradmann, Blatt & Thiel, 1993, Gradmann & Hoffstadt,
1999). In the present work, the two-state gating schemes turned out to
be insufficient to describe the kinetics of the K+ conductance and of the
pump activity. Therefore a general three-state gating scheme,1-2-3,
has been used, with1 4 a, 2 = i1 and3 4 i2 for the K+ conductance
and 1 4 i1, 2 4 a and 3 4 i2 for the pump. Initially, the gating
scheme for the Cl− conductance was also1 4 i1, 2 4 a and3 4 i2 as
in the previous studies. For the present study, however, aV-insensitive
Cl− conductance,GCl, turned out to be sufficient.

On the other hand,GCl was not constant but seemed to depend on
a factorX (GCl 4 XGCl,max; 0 < X < 1), which appeared and disap-
peared. For the description of the electrical excitation inChara, this
gating factorX for theGCl has recently been identified (Biskup, Grad-
mann & Thiel, 1999). In these cells the gating factor is a certain
amount of Ca2+ which can suddenly be released by aV-sensitive,
phospholipase-C-mediated mechanism from InsP3-sensitive internal
stores into the cytoplasm, where it causes a transient increase of the
concentration of free Ca2+ before it disappears again into a global
buffering system (Biskup et al., 1999). By analogy to these relation-
ships inChara, the kinetics of the transientGCl is described here by a
V thresholdVX. WhenV crosses this threshold,X is released with the
rate constantkr and buffered away again with the rate constantkb; this
yields a time course

X~t! =
kr

kr − kb
(exp~−kbt! − exp~−krt!! (1)

which, in turn, determinesGCl(t) 4 GCl,max X(t).
The currents through the three electroenzymes are: The pump

current,

IP 4 pPaGP,max (V − EP), (2)

with the actual pump activitypPa (0 < pPa < 1) and a maximum (linear)
pump conductance,GP,max; the K+ current,

IK 4 pKa g0
K (cKi − cKo exp (−u))/(1 − exp (−u)), (3)

with the actual activitypKa (0 < pKa < 1) of the K+ conductance, a
maximum K+ conductancegK

0 under reference conditions, i.e., at 1M

internal and external K+ concentrations,cKi andcKo respectively; and
finally the Cl− current in the simple form

ICl 4 GClV (4)

which impliesECl to be near 0 mV (Boyd & Gradmann, 1999).
For the calculations of the changing activitiespKa and pPa, the

common three-state gating model,1-2-3,has been used, with the four
rate constants (transition probabilities)k12, k21, k23 andk32 which de-
pend on the actualV in the form

kij = kij
0 exp (diju) (5)

again;kij
0 = kij atV 4 0, and the correspondingV-sensitivity factorsdij .

At a givenV, the steady-state occupancies of the three states are

p1 = k32k21/den, (6a)

p2 = k12k32/den, (6b)

p3 = k12k23/den (6c)

with the denominatorden4 k32k21 + k12k32 + k12k23. Upon a change
in V, kij assume new values according to Eq. 5; and the three occupan-
cies change within a small time intervalDt by the amounts

Dp1 = ~−k12p1 + k21p2!Dt, (7a)

Dp2 = ~k12p1 − ~k21 + k23!p2 + k32p3!Dt, (7b)

Dp3 = ~k23p2 − k32p2!Dt. (7c)

These relationships allow an iterative calculation of the time course of
the total current (It 4 IP + IK + ICl) in response to any time course of
commandV underV clamp.
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A computer program has been developed for these model calcu-
lations under single saw-tooth clamp protocols, including automatic
fitting of selected model parameters for best agreement between simu-
lated and measured data. During the fitting routine, the selected pa-
rameters are changed by a small increment, starting with ±1 or ±0.1%;
s 4 (∑(X − Xi)

2)0.5 has been used as a measure of the fit quality;
cycles of adjusting all parameters are repeated untils does not fall
anymore; then, the increment is divided by 2, and the procedure is
repeated until the increment falls below the stop criterion, e.g., 0.1 or
0.01%. Compared to familiar gradient algorithms (e.g., Simplex), this
routine is slower but finds better solutions in ambiguous multiparam-
eter fits. The software is written in Turbo-Pascal and is available on
request.

Results and Discussion

Three types of electrical excitation (Type-I, -II, and -III)
are reported here. In 52 cells, 8 exhibited Type-I exci-

tations, 3 cells showed Type-II, and Type-III has been
observed in 5 cells. Here, typical examples are pre-
sented.

TYPE-I: DEPOLARIZATION-TRIGGERED INCREASE OFGCl,
FOLLOWED BY INCREASE OFGK

The characteristics of this type are illustrated in Fig. 1.
PanelA shows the total current response of an excitable
cell under single saw-toothV-clamp conditions > 60 sec
after the last excitation. PanelB shows the response of
the same cell upon the same clamp conditions, but 6 sec
after the last excitation (A). Under these conditions the
cell is in a nonexcitable, recovery state, and provides the
background currents for isolation of the excitation cur-
rents (C) from the total current (A). The background (B)
comprises all electrical processes that do not participate
in the excitation mechanism. The dots in Fig. 1C display
the experimental data of the current differences between
the recordingsA and B. The line in Fig. 1C is the re-
sult of fitting a model to the experimental data. As ex-
plained in the Theory section, the excitation model
consists of a Cl− conductance,GCl 4 GCl,maxX, with a
constantGCl,max (10 nS) and a transient appearance ofX
which starts in excitable cells at a depolarization beyond
a threshold voltage,VX. The assumedGCl,max of 10 nS
actually reflects the product of a trueGCl,maxand anXmax

# 1. The time courseX(t) is determined by the two rate
constantskr for release andkb for buffering (seeEq. 1).

The qualitative reason for using this model for the
behavior ofGCl instead of a three-state gating scheme of
the familiari1-a-i2 type, is the discontinuous onset of the
GCl during the depolarization. This ‘kink’ has already
been pointed out previously (Gradmann & Boyd, 1999).
It is, however, not excluded here thatGCl in C. wailesii
is V-gated as in the plasmalemma of other plant cells.
It is only for the sake of simplicity of the model that this
feature has not been considered here. The coincidence
between fit and measured data does not call for further
refinement of theGCl model.

It should be noted that, in the present recordings, it
was only coincidental that the thresholdVX for the sud-
den onset ofGCl during the continuous change of theV
from −200 to +50 mV, is almost exactly at the restingV
(≈ −80 mV), which has been taken as the referenceV
(holdingV, V0) before and after theV ramps. The aver-
ageVX from 7 cells was −78 ± 17 mV (SD).

The behavior ofGK is well described with the serial
(1-2-3) three-state gating modela-i1-i2. Simple outward
rectifying gating of thea-i type does not satisfy the mea-
sured data, especially because of a peculiarity on the
right hand side of Fig. 1C, at the beginning of the de-
scendingV branch. Here the current still rises in an ac-
celerated mode, causing an inflection point in the total
rise towards the peak current. This observation can be

Fig. 1. I-V-t relationship of Type-I excitation inC. wailesii; single
saw-toothV-clamp recordings, startV: −80 mV; ramp speed: ±1Vs−1;
arrows indicate temporal direction of recording; (A) Recording in ex-
citable state 60 sec after last excitation; (B) Background recording in
recovery state 6 sec after last excitation (A); (C) Current differences
between recordingA and B, displaying isolatedI-V-t relationship of
Type-I excitation; dots recorded, line fitted withV-triggeredGCl tran-
sient (VX: trigger point) andV-gatedGK with three-state (1-2-3) gating
model (1 4 a, 2 = i1, 3 = i2); parameters listed in Table 1, start
configuration for fit: 1111 in Table 1.
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described by assuming two steps ofV-gating with dif-
ferent sign and amount of the gating chargesd12-d21 and
d23-d32. Different temporal behavior of the two steps is
of course intrinsic due to Eqs. 5 and 7 and a matter of the
k0 values. Preliminary fits (trial and error with numerous
combinations of start parameters, start increment 0.1%,
stop increment <0.01%) of theGK behavior by a constant
GK,maxand ten free parameters (fourk0s, fourds, kr and
kb) resulted in good (9 <s < 10) but ambiguous solutions
which converged to the followingd values:d12 ≈ 0.8,d21

≈ −1.0,d23 ≈ −1.5, andd21 ≈ 2.5. To reduce ambiguities,
roundedd values (d12 4 1, d21 4 −1, d23 4 −1.5, and
d21 4 2.5, yielding gating charges ofd12 − d21 4 2, and
d23 − d32 4 −4) have been used as fixed parameters in
systematic fits to determine the fourk0s, kr andkb.

In principle, from ideal, noise-free data as in Fig.
1C, the fit algorithm is able to determine the fourk0s, kr
and kb when the other parameters (VX, GP,max, cKi, and
thed values) are fixed. However, the real data are noisy
and introduce ambiguities to the solutions. To assign
specific confidence intervals to each of the determined

parameters, systematic fits (start increment 1%, stop in-
crement 0.1%) with various start parameters have been
carried out to describe the data in Fig. 1C.

Beginning with an empirical set of start parameters
1111 in Table 1, the sixteen combinations of initial and/
or doubled start parameters have been tested for the ef-
fect on the fit quality. The results in Table 1 show that
the quality (measured bys) of the start configuration
does not necessarily correlate with the quality at the end
of the fit procedure. For instance, configuration 1121
starts with a relatively smallsstart (151 pA) compared
with configuration 1212 (sstart 4 1718 pA) but ends
with a greatersstop (10.26 pA) compared withsstop 4
10.18 pA of 2121. Under these circumstances the pa-
rameter values of the best fit are not necessarily the
closest ones to the true values, despite the fact that the
real reaction system can be expected to be more complex
than the apparent minimum reaction scheme investi-
gated. Nevertheless, the data in Table 1 provide a real-
istic scope of the relationships.

Fifteen out of the sixteen start configurations pre-

Table 1. Stability of fittedk values with respect to configuration of start values in fits of gating scheme
1-2-3 for GK: 1 = a, 2 = i1, 3 = i2; for data in Fig. 1C

Parameter
Ref.

GatedGK GCl transient

k0
12

1
k0

21

10
k0

23

50
k0

32

0.05
kr

10
kb

10
sstart sstop

Start confg.
Fitted
1111 1.4 7.7 52 0.033 9.3 8.1 288 10.1
2111 2.6 7.4 54 0.036 9.6 9.3 263 10.1
1211 1.7 11.3 50 0.023 7.1 9.0 767 11.0
2211 2.8 11.5 50 0.024 8.9 10.5 725 10.1
1121 1.4 8.4 53 0.030 10.2 10.0 151 10.2
2121 2.2 8.1 55 0.033 10.4 10.1 130 10.2
1221 1.4 12.2 49 0.021 10.2 10.0 532 10.3
2221 1.4 11.6 51 0.023 10.4 10.1 493 10.2
1112 1.7 5.5 55 0.048 7.4 9.0 812 10.9
2112 3.0 5.5 56 0.051 8.5 9.2 764 10.4
1212 1.6 9.1 52 0.028 7.5 9.0 1719 10.8
2212 2.5 9.4 52 0.029 7.9 9.1 1637 10.6
1122 1.3 6.7 54 0.038 10.0 10.0 545 10.3
2122 2.3 6.0 56 0.045 10.4 10.2 502 10.3
1222 1.1 10.2 50 0.024 7.3 9.0 1274 10.9
2222 2.1 7.6 53 0.035 8.0 9.0 1198 10.5

111121 1.4 7.5 52 0.034 11.6 9.0 289 10.0
111112 1.4 8.7 53 0.029 10.2 10.1 290 10.3

means 1.9 8.6 53 0.033 8.9 8.5 736 10.4
(1111 to 2222)
SD/% 31 25 4 3 14 7 67 3

k in s−1; s in nA; code for configuration of start parameters: factors of standard configuration, e.g., 2112
meansk0

12 4 2, k0
21 4 10, k0

23 4 50, andk0
12 4 0.1 sec−1; in 111121 and 11112, start parameters ofkr

andkb have also been doubled, respectively; fixed parameters:g0
K 4 10 mSM−1 (cKi: 0.4 M, cKo: 0.01

M), d12 4 1, d21 4 −1, d23 4 −1.5,d32 4 2.5,GCl,max4 10 nS,VX 4 −80 mV; start increment: ±1%,
stop increment: ±0.1%.
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sented lead to fits of very similar, high quality (10.15 <
s < 10.30) but dissimilar numerical solutions, showing
maximum scatter (≈36%) ink12

0 and minimum scatter in
k23

0 (≈1%).
The stability of the solution can also be character-

ized by the sensitivity of the quality (here measured by
s) with respect to changes of individual parameters. The
results from free and fixed parameters are listed in Table
2. The larger sensitivity ofs to GK (4.1) compared to
GCl (0.3) simply corresponds to the ratio of these con-
ductances which is qualitatively reflected by the large
outward currents mainly carried by K+ and the small
inward currents exclusively carried by Cl−. The high
sensitivity of s to all d values corresponds to their ex-
ponential effect on thek values (Eq. 5).

As for thek values themselves (represented by thek0

values), the transitions between the two inactive statesi1
and i2 reflected byk23 andk32 have more impact on the
shape of theI-V-t relationships thank12 and k21 which
reflect the direct transitions between active,a, and inac-
tive, i1.

A trial using the mean solution in Table 1 as the start
configuration for a further improvement (with a start
increment of 0.1% and a stop increment 0.01%, all pa-
rameters free), failed:sstart was significantly increased
(26 nA), andsstop did not fall below 9.5 nA.

Figure 2 shows the fits of differences curves (dI-V-t)
of six experiments from the same cell investigated in Fig.
1. The fits of the excitation loops in the right hand parts
of the tracings may have suffered a little bit by slight
systematic tilts (change of a linear conductance) in these
original data, e.g., clockwise in tracingA, virtually ab-
sent inE (4 Fig. 1C), and counterclockwise inF. Nev-
ertheless, the fits coincide well with the data. The sets of
fitted parameters (same start configuration) for all six
recordings are listed in Table 3.

It is pointed out that the smallest amplitude of Fig.
2C was obtained only 27 sec (recovery time,tr) after the
last excitation (Fig. 2B); also the maximum amplitude
(Fig. 2D) correlates with the maximumtr of 70 sec in this
series of recordings; after a standard recovery time of 60
sec, the current responses have been very similar. Due to
intrinsic characteristics of the model, the values of the
fitted parameters for each tracing (Table 3) do not cor-
relate in a one-to-one mode with individual observable
parameters such as the maximum, or its location, which

are determined by several, or even all parameters; cor-
respondingly the degree of recovery is not reflected by
an individual parameter. One might have expected that
the recovery time is the time of regeneration ofX (inter-
nal, InsP3-sensitive Ca2+ stores according to Biskup et
al., 1999) which might be reflected by changes of the
apparent value ofkr, because this apparentkr may be the
productXkr

0 with a variableX and a fundamentalkr
0 4

const. However, such a correlation betweentr and kr

cannot be identified in these data of Fig. 2 and Table 3.
In Fig. 2 the amplitudes of the (outward) K+ currents

exceed the amplitudes of the (inward) Cl− currents. This
asymmetry is due to the experimental conditions. Under
conditions of free running voltage, however, the sum of
all currents is zero. This means in our case (where only
two ion species are involved and capacitive currents can
be ignored) that under free running voltage,ICl 4 −IK at
any time.

TYPE-II: HYPERPOLARIZATION-TRIGGERED INCREASE

OF GCl

Figure 3 compiles the events during a recording which
lasted almost 5,000 sec. During this time the cell was
hyperpolarized 35 times from the free-runningV be-
tween −50 and −70 mV to a fixed clampV of −80 mV.
Starting from an arbitrary time zero, initial times ofV-
clamp episodes are marked in seconds in Fig. 3. No
correlation could be detected between the free-runningV
and the characteristic time course of the current upon the
hyperpolarization step. In about 50% of the events, the
response was negligible (<20 nA, e.g., at 154, 1030,
3946, and 4051 sec), or minute (about 30 to 50 nA, e.g.,
at 322, 394, 756, 1698, and 1882 sec). In another 25%
(e.g., at times 881, 3610, 4526 and 4843 sec), small
transient current peaks of up to 300 nA occurred after
about 5 sec and relaxed with a time constant of about 10
sec. The remaining 25% of the events consisted of large
transients of inward currents with peaks of 0.5 to 1.5mA
at 10 to 20 sec after theV step and a duration (time
between the two passages of passing half the amplitude)
of 20 to 60 sec. In many of these recordings (e.g., at
times 197, 494, 2239, 3053, and 3341), the abrupt onset
of the inward current did not occur immediately upon the
V step but with a delay of about a second of the ‘minute’

Table 2. Differential sensitivity of S of fit quality on changes of individual parameters of model for
Type-I excitations

GatedGK GCl transient

Par. g0
K k0

12 d12 k0
21 d21 k0

23 d23 k0
32 d32 GCl kr kd

S 40 1.5 35 1.1 25 6.5 38 6 490 3 0.8 2.5

Reference parameters fitted with start configuration 1111 (s. Table 2); S: arithmetic mean of increase in
s (‰) upon a ±1% change of particular parameter value.
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type of response. These large current transients com-
prise another type (Type-II) of electrical excitation. It is
obviously triggered by hyperpolarization and consists of
a transient Cl− conductance which is initiated again by a
sudden event about 1 sec after the hyperpolarizingV-
step. Because of the current sign, these currents at −80
mV have to be carried by Cl− and cannot be due to an
increasedGK (EK ≈ −90 mV) or a pump activity (EP !
EK). In principle, Ca2+ and Na+ are possible candidates
as well (ECa and ENa @ −80 mV) because hyperpolar-
ization-inducedGCa has already been reported from
other plant cells (Grabov et al., 1998). However, such
dramatic uptake would be a severe load for the homeo-

stasis of low cytoplasmic [Na+] and even more for [Ca2+]
(e.g., the event at 3053 sec reflects >0.1M cellular va-
lences underV-clamp — not at free runningV, of
course). Moreover, the abrupt onset of the transient is
characteristic of transient increases ofGCl in C. wailesii,
as quantitatively demonstrated for the Type-I excitations
above and for the Type-III excitations below. The lag of
about 1 sec time between the triggeringV-step and the
onset of theGCl transient, may reflect the InsP−

3 and
Ca2+-mediated signal transduction between aV-stimulus
and GCl as described for the action potential inChara
(Biskup et al., 1999).

When the clamp current at the 4306 sec experiment
was recognized as the dramatic type, the clamp-circuit
was turned off and the course of the free-runningV in
this excited state of the cell has been recorded. The re-
sult is shown in the inset (lower right corner) of Fig. 3.
In this tracing, the shoulder during the repolarization
may indicate the onset of an increase inGK, driving V
towardsEK. In this case, Type-II excitations are very
similar to Type-I excitations analyzed above, with the
only major difference that theGCl transient is triggered
by depolarization in Type-I and by hyperpolarization in
type II. Hyperpolarization-induced excitations have al-
ready been reported to occur inChara(Ohkawa & Kishi-
moto, 1975).

Type-III: Hyperpolarization-induced Increase of Pump
Activity andGCl

Transient hyperpolarizations toV ! EK have been re-
ported (Gradmann & Boyd, 1995, Boyd & Gradmann,
1999) to occur inCoscinodiscusspontaneously. Two of

Fig. 2. Series ofI-V-t relationships of Type-I
excitation from one cell ofC. wailesii;
measurement and fits as in Fig. 1C (4 2E), model
parameters for fits in Table 1;tr: time recovery
from last excitation.

Table 3. Model parameters for Type-I excitations from six (A to F)
consecutive events recorded from one cell, values determined from fits
of differences as in Fig. 1C

Start GatedGK GCl transient

k0
12

1
k0

21

10
k0

23

50
k0

32

0.05
kr

10
kb

10
sstart sstop

Fig. 2
A 11.6 3.5 29 0.046 3 11 410 10
B 31.2 2.9 26 0.044 6 15 446 7
C 0.8 3.7 19 0.008 7 33 534 6
D 1.6 7.5 45 0.033 6 9 281 14
E 1.4 7.7 52 0.033 9 9 288 10
F 1.1 7.7 56 0.027 13 8 347 17

k in sec−1; s in nA; gating scheme1-2-3 for GK: 1 = a, 2 = i1, 3 = i2;
fixed parameters:g0

K 4 10 mSM−1 (cKi: 0.4 M, cKo: 0.01M), d12 4 1,
d21 4 −1, d23 4 −1.5, d32 4 2.5, VX 4 −80 mV, GCl,max 4 10 nS;
start increment: ±1%, stop increment: ±0.1%.
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these events are replotted from (Boyd & Gradmann,
1999) in Fig. 4. From part of these recordings, simulta-
neous resistance measurements have already suggested
that these transient hyperpolarizations are accompanied
by a transient increase of a passive ion conductance
(Boyd & Gradmann, 1999).I-V-t recordings are not
available from these events. However, theI-V-t record-
ings shown in Fig. 5A–Cdo allow a detailed analysis of
an electrophysiological state which is considered to be
equivalent to these transient hyperpolarizations in Fig. 4,
only in a subthreshold degree of expression. The two
tracings in Fig. 5A andB have been recorded about one
minute apart from the same cell. The difference,D, be-
tween these tracings shows that within this minute a

transient outward current has developed which can be
assigned to an electrogenic pump already demonstrated
to reside inC. wailesii (Gradmann & Boyd, 1995, Boyd
& Gradmann, 1999). Figure 5D8 shows the important
features in more detail. Intersections of suchI-V-t loops
identify the equilibriumV of the ion transporter which
changes its activity — if the background transporters are
time-invariant (Gradmann & Boyd, 1999). This inter-
section appears at about −170 mV in Fig. 5D8. Further-
more, at the negative turning point of the saw-tooth com-
mand V (here −200 mV), the amount of the arriving
current is greater than of the leaving current. This rela-
tionship indicates that the activity of the observed ion
transporter is decreasing at this point (Gradmann &

Fig. 3. Series of current responses ofC. wailesii to V-clamp steps from free-runningV (−50 to −70 mV) to−80 mV; numbers in seconds mark
temporal distance from arbitrary zero time; inset lower right corner: excitatory time course of free-runningV upon clamp-off in experiment 4306
when current maximum underV-clamp has been reached.
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Boyd, 1999). This means that the activity of the pump is
first stimulated by the hyperpolarization and then inhib-
ited by an excessiveV of the same sign. So the decrease
of the currentIP after the peak is not only due to a
smaller driving force (V-EP) whenV approachesEP but
also due to a decrease of the activity (occupancypPa of
statea in gating scheme of pump).

If this transient pump current would cause the small
positive humps in Fig. 5A–C to cross theV-axis (either
by more pump activity or by less background conduc-
tance, or both), the free-runningV could be expected to
perform spontaneous, transient hyperpolarization such as
in Fig. 4.

For a reaction kinetic description of these relation-
ships, the linear three-state gating scheme (1-2-3) has
been applied to the pump with1 = i1, 2 4 a, 3 4 i2.
A minimum of two inactive states (i1 and i2) is required
because negativeV causes first an increase in activity
(transition fromi1 to a) and latera decrease (transition
from a to i2). The four fundamental rate constantskij

0

and the correspondingV-sensitivity coefficientsdij (Eq.
5) have initially been estimated by trial and error. In
ambiguous cases, smaller amounts ofd have been pre-
ferred. For the sake of simplicity, thed values have been
changed in steps of 0.5, maintaining integer gating
chargesd12-d21 andd23-d32. With these conditions, rea-
sonable approaches could only be obtained withd12 4
−1, d21 4 1, d23 4 −0.5, d32 4 0.5. From these ap-
proaches which converged to a similar smalls (and toEP

of about −165 mV consistently, of course) an arbitrary
one has been chosen again as a reference set of start
parameters (s. Table 4). In analogy to the fits of Type-I
excitations above, the fourk0 values could be fitted pre-
cisely from noise-free data when the other parameters
(EP, GP,max, and thed values) are fixed. However, am-
biguities of the solutions are introduced by the scatter of
the data. A good result is shown in Fig. 5D andD8 (lines
coincide well with data); the corresponding model pa-
rameters are listed in Table 5. For the fits in Fig. 5D–G,
only current differences atV # −80 mV have been used

in order to eliminate minor events (probably change in
K+ outward rectifier) at more positiveV from the present
analysis of the events at negative voltages; i.e., the ap-
parent discrepancies between fit and measurement at the
positive end of theV-axis are not reflected by the nu-
merical statistics.

The changes during the minute between recording
Fig. 5B and C comprise a (negligible) increase of the
activity of the pump again, disappearance of a linear leak
conductance,GL ≈ 1 mS, (illustrated in Fig. 5E), and a
transient Cl− conductance,GCl(t) which is illustrated to-
gether with the leak compensation in Fig. 5F. GL has
been determined directly and used as a fixed parameter
in the consecutive fits. As in Type-I excitations above,
GCl(t) in Type-III excitations have initially been fitted by
a linear three-stateV-gating scheme (1-2-3). These trials
failed again because of the abrupt onset of the increase in
GCl. So the transient appearance of a factorX has been
assumed again which is triggered byV passing a thresh-
old VX, this time in the course of hyperpolarization.
With a few trialsVX 4 −180 mV could be determined
directly again from the data and be used as a fixed pa-
rameter for the following fits. The time course ofGCl(t)
4 GCl,maxX(t) was fitted with a fixedGCl,max (410 nS)
and Eq. 1. Again, the apparentGCl,maxreflects the prod-
uct of a realGCl,max and anXmax # 1. The current dif-
ferences between Fig. 5C and 5A are well described with
fixed values ofVX, GCl,max, andGL, plus the fitted values
of k0, kr andkb (seeTable 4).

It should be mentioned that the transient increase in
GCl proposed here cannot be replaced by a corresponding
increase inGK, because the current tracing of the ascend-
ing V ramp would have crossed the current tracing of the
descending ramp inEK ≈ −90 mV.

Finally, panelG in Fig. 5 shows the fit of the total
difference between the recordingsC andA. This fit does
not exactly represent the sum of panelsD and F but a
slightly different fit of all six free parameters (k0

12, k0
20,

k0
23, k0

32, kr andkb) to the total changes between panelA
and C, including a slight increase of the pump activity
betweenB and C which has been ignored in the first
place. The numerical results are listed in Table 5.

The use of the mean parameters as start parameters
for further improvement of the fits was successful here,
in contrast to the vain attempts discussed above for
Type-I analyses. As listed in Table 5 under (C-A)8, these
means correspond already to an improvedsstart (15.0
nA), andsstopwent down to 7.44 nA when all parameters
were free. The corresponding line is shown in Fig. 5G.
This fit needed about 3 hr computing time. Therefore,
systematic attempts to investigate the statistical signifi-
cance of the results have been omitted. After all, the
numerical results did not deviate extraordinarily from the
coarse but systematic fits in Table 4.

The numbers in Table 4 indicate that some param-

Fig. 4. Time course of free-runningV of spontaneous Type-III exci-
tation inC. wailesii: transient hyperpolarizations toV ! EK; two con-
secutive events from one recording replotted from Boyd and Gradmann
(1999).
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eters show little variation (e.g.,k0
23) and some more (e.g.,

k0
32). This issue has been investigated again systemati-

cally for Type-III excitations. The data in Table 4 show
that various parameter configurations, as obtained with
different sets of start parameters, result in fits of the same
high quality (SD of s only about 0.1%) which cannot be
distinguished by visual inspection. Table 4 shows also

that this variability is not the same for each parameter;
e.g., k0

23 reliably converged to 0.24 sec−1, whereask0
23

tended to diverge arbitrarily. This issue is confirmed by
Table 6 which shows how much the fit quality decreases
when the individual parameters deviate by 1% from the
fitted optimum. Again,k0

32 (and d32 consistently) have
almost no effect on the fit quality. On the other hand,

Fig. 5. I-V-t relationship of Type-III excitation inC. wailesii;single saw-toothV-clamp recordings, startV: −80 mV; ramp speed: ±V sec−1; arrows
indicate temporal direction of recording; (A) original recording with conspicuous loop in negativeV range (control recording before appearance of
this loop not available from this cell); (B) equivalent recording asA but ≈1 min later, characteristic loop more expressed; (C) equivalent recording
asB but ≈1 min later; one out of three equivalent recordings taken within 1 min (Gradmann and Boyd, 1999). (D–G) Fits to current differences at
V # −80 mV; (D) current differencesB-A, showing temporal outward current in the descending (V ramp from + to −) branch; dots: experimental
data, line fitted withV-gatedGP with three-state (1-2-3) gating model (1 = i1, 2 = a, 3 = i2) and; parameters listed in Table 5, start configuration
for Fit: 1111 in Table 5.D8 better resolution ofD showing intersection at about −170 mV with flat, ascending (V ramp from − to +) branch, and
decreasing activity at the negative turning point, i.e., amount of current before the turning point larger than after; (E) apparent tilt of linear ascending
branches betweenC and B indicates (loss of) leak conductance (GL 4 − 1 mS); (F) current differencesC-B, showing superposition ofGL and
V-triggeredGCl transient (VX: trigger point); dots: experimental data, line fitted withGL plusGCl(t) 4 GCl,maxX(t) according to Eq. 1; parameters
in Table 5. (G) current differences between recordingC andA, displaying isolated and totalI-V-t relationship of Type-III excitation; dots recorded,
line fitted with V-triggeredGCl transient (VX: trigger point) andV-gatedGP; parameters listed in Table 4, start configuration for fit: 1111 in Table 5.
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Table 5. Model parameters for series of Type-III excitations from one cell, determined from fits of
differences in Fig. 5

Start Gated pump GCl transient

k0
12

0.3
k0

21

10 000
k0

23

0.3
k0

32

0.3
kr

3.0
kb

1.0
sstart sstop

Fig. 5 fit
B-A 0.30 9 280 0.23 0.21 — — 14.7 12.44
C-B — — — — 2.87 1.01 11.9 10.76
C-A 0.35 9 840 0.24 0.39 2.97 0.88 17.7 15.44
(C-A)8 0.303 15 880 0.204 1.262 3.622 0.843 15.40 7.44

Fits to current differences atV # −80 mV; k in sec−1; s in nA; gating scheme1-2-3 for pump: 1 = i1,
2 = a, 3 = i 2; fixed parameters:EP 4 −165 mV,GP,max4 10 mS, d12 4 −1, d21 4 1, d23 4 −0.5,d32

4 0.5,VX 4 −180 mV,GCl,max4 10 nS,GL 4 −1 mS; start increment: ±1%, stop increment: ±0.1%;
(C-A)8: all parameters free: fixed parameters and mean fitted parameters from Table 4 used as start
parameters, start increment 0.1%; stop increment 0.01%, additional fitted parameters:EP 4 −171.3 mV,
GP,max4 11.36mS, d12 4 −1.086,d21 4 −1.054,d23 4 −0.534,d32 4 0.345,GCl,max4 8.12 nS,VX

4 −187.8 mV,GL 4 −689 nS.

Table 4. Stability of fittedk values with respect to configuration of start values in fits of gating scheme
1-2-3 for pump activity in Type-III excitation:1 = i1, 2 = a, 3 = i2; for data in Fig. 2C-A

Parameter
Reference

Gated pump GCl transient

k0
12

0.3
k0

21

10000
k0

23

0.3
k0

32

0.3
kr

3
kb

1
sstart sstop

Start confg.
Fitted
1111 0.35 9840 0.24 0.4 2.97 0.88 18 15.44
2111 0.45 13082 0.23 0.4 2.98 0.88 25 15.42
1211 0.45 12909 0.24 0.5 2.98 0.88 27 15.41
2211 0.50 14783 0.23 0.4 2.98 0.86 18 15.43
1121 0.34 9362 0.24 0.8 2.97 0.87 27 15.43
2121 0.35 9950 0.24 0.8 2.97 0.87 31 15.42
1221 0.38 10900 0.24 0.8 2.98 0.87 34 15.40
2221 0.39 11119 0.24 0.8 2.98 0.87 27 15.40
1112 0.35 9754 0.24 0.8 2.97 0.87 18 15.42
2112 0.46 13213 0.24 0.8 2.98 0.87 25 15.40
1212 0.44 12623 0.24 0.9 2.97 0.86 27 15.39
2212 0.51 15137 0.23 0.8 2.97 0.84 18 15.42
1122 0.34 9444 0.24 1.5 2.96 0.86 27 15.40
2122 0.37 10506 0.24 1.5 2.96 0.86 31 15.38
1222 0.39 11036 0.24 1.4 2.98 0.87 34 15.38
2222 0.40 11499 0.24 1.5 2.97 0.85 27 15.37

111121 0.36 10000 0.24 0.3 2.98 0.89 76 15.44
111112 0.27 10367 0.24 0.2 2.98 0.89 38 15.44

Means 0.40 11566 0.238 0.9 2.97 0.87 27 15.41
(1111 to 2222)

SD/% 13 16 2 45 0.2 1.2 21 0.1

k in sec−1; s in nA; code for configuration of start parameters: factors of standard configuration, e.g.,
2112 meansk0

12 4 0.6,k0
21 4 10,000,k0

23 4 0.3,k0
12 4 0.6 sec−1; in 111121 and 11112, start parameters

of kr andkb have also been doubled, respectively; fixed parameters:EP 4 −165 mV,GP,max4 10 mS,
d12 4 −1, d21 4 1, d23 4 −0.5,d32 4 0.5,GCl,max4 10 nS,VX 4 −180 mV,kr 4 10 sec−1, kb 4 10
sec−1, GL 4 1 mS; start increment: ±1%, stop increment: ±0.1%.
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variations of the parametersVX, EP, GCl andGL for in-
stance, have large effects on the fit quality. For this rea-
son, these parameters could be approximated beforehand
and be used later as fixed parameters.

COMPARATIVE ASPECTS

According to the current dogma, the role of Na+ channels
in the animal action potential is replaced by Cl− channels
in the action potential of plant membranes because many
excitable plant cells lack Na+ in their external medium
and voltage-gated Na+ channels are virtually absent in
plants (Sanders & Slayman 1989). In evolutionary
terms, however, the other way around appears to be more
likely, because electrical excitation in the common an-
cestors of plants and animals was probably more of the
Cl− type (and involved in osmoregulation) than of the
osmotically neutral type of action potentials in animals
(Gradmann & Mummert, 1979). However, this appeal-
ing analogy of Cl− channels and Na+ channels does not
stand a rigorous examination. The current evidence from
green algae (e.g., Thiel, Homann & Gradmann, 1993,
Biskup et al., 1999) and diatoms (this study) indi-
cates that theV-inducedGCl transients in plant excita-
tion are not primarily due toV-gating of Cl− channels
but are mediated by aV-triggered messenger (Ca2+).
InterestinglyGCl has been demonstrated to contribute to
the excitation of olfactory sensory neurons of vertebrates
(Reuter et al., 1998), and this Cl− conductance has re-
cently been reported to be gated not byV directly but by
the V-triggered messenger Ca2+ (Sato & Suzuki 2000).
This corresponds closely to the role ofGCl in the plant
action potentials of the fresh-water cells ofChara
(Biskup et al., 1999) and of the marine cells ofCoscino-
discus(this study), assuming that Ca2+ is here the mes-
senger as well.

CONCLUSIONS

(i) Single saw-tooth clamp is a powerful method
to record nonlinearI-V-t relationships in a
short time.

(ii) The data from these recordings are, in prin-
ciple, suited to determine the parameters of

Markovian models for voltage-gated conduc-
tances.

(iii) At least three distinct types of electrical exci-
tation occur in the marine diatomC. wailesii.

(iv) All three types employ a transientGCl, medi-
ated by aV-triggered messenger.

(v) V-gated pump activity plays the key role in a
novel, hyperpolarization-type of excitation.

(vi) It is too early to speculate about specific physi-
ological functions to the distinct types of ex-
citation. Nevertheless, we note that Type-I
and Type-II excitations comprise a net loss of
salt and water (osmotically), and consequently
result in an overall increase of the density of
the cell (towards the density of dry proteins
and silica). These mechanisms may play a role
in regulation of the buoyancy in marine dia-
toms.

(vii) The variety of distinct types of electrical ex-
citations presented here widens the scope of
excitability of biomembranes from familiar ac-
tion potentials (best known in animals) to a
more general issue in membrane biology:

(viii) We suggest that the original function of elec-
trical excitability of biological membranes is
related to osmoregulation which has persisted
through evolution in plants, whereas the famil-
iar and osmotically neutral action potentials in
animals have evolved later towards the novel
function of rapid transmission of information
over long distances.

We thank Drs. Ulrike Homann and Gerhard Thiel for critical reading of
the manuscript. Research of C.M.B. has been supported by grants from
the Natural Sciences—Engineering Research Council of Canada.
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