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Abstract. Three types of electrical excitation have beenlIntroduction

investigated in the marine diato@oscinodiscus waile-

sii. I: Depolarization-triggered, transient Ttonduc- . . ) ) .
tance,G(t), followed by a transient, voltage-gated K The behavior of marine diatoms is of global importance
conductanceG,, with an active stata and two inactive ~ as they accomplish >20% of the global Cassimilation
states; andi, in series &-i;-i,). Il: Similar G (t) as in (Werner, 1977). However, very little is known about the
Type-I but triggered by hyperpolarization; a subsequenfhysiology of these cells, especially the physiology of
increase ofG, in this type is indicated but not analyzed ion transport. Previous electrophysiological studies on

in detail. Ill: Hyperpolarization-induced transient of a the marine diatom&oscinodiscus radiatugGradmann
voltage-gated activity of an electrogenic punipd-i,), & Boyd, 1995) andC. wailesii (Boyd & Gradmann,
followed by G (t) as in Type-Il excitations. Type-lll  1999) have shown that these cells can change between

with pump gating is novel as suclGg(t) in all types different physiological states within minutes or even sec-
seems to reflect the mechanism of Igs&d C&*-  onds. These states comprise excitatory phenomena such
mediatedGg,(t) in the action potential iChara(Biskup  as transient hyperpolarizations and depolarizations. At-
et al.,, 1999). The nonlinear current-voltage-time rela-tempts to study these phenomena with patch-clamp tech-
tionships of Type-lI and Type-Ill excitations have beenniques have failed so far because of bad seal formation.
recorded under voltage-clamp using single saw-toothn addition, plant cells under patch-clamp conditions are
command voltages (voltage range: —200 to +50 mV frequently under physiological disorder.
typical slope: +1vVs ™). Fits of the corresponding models However, detailed electrical characteristics, i.e.,
to the experimental data provided numerical values ohonlinear current-voltage-time-¥-t) relationships, of
the model parameters. The statistical significance ofntact cells in specific physiological states can be re-
these solutions is investigated. We suggest that the origieorded in the range of a second by application of single
nal function of electrical excitability of biological mem- saw-tooth voltage-clamp protocols (Gradmann & Boyd,
branes is related to osmoregulation which has persiste@ig99). Records of this type and from traditional step-
through evolution in plants, whereas the familiar andprotocols have been used here to analyze the mecha-
osmotically neutral action potentials in animals havenisms of three types of excitation @. wailesii. In par-
evolved later towards the novel function of rapid trans-ticular, the records from single saw-tooth experiments
mission of information over long distances. 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
Permanent addressAbteilung Biophysik der Pflanze, Albrecht-von- l!s.ed fora detailed reaction kinetic a-naIySIS. of the level of
Haller-Institut fir Pflanzenwissenschaften, Universi@ottingen, Un- fitting the_rate constants of Markovian gating models to
tere Karsple 2, D-37073 Gtingen, Germany the experimental da’Fa' L . .

The results provide new insights in the general issue
*Correspondence toD. Gradmann of excitability in biological membranes.
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Materials and Methods On the other hand3, was not constant but seemed to depend on
a factorX (Gg = XGgmax 0 <X < 1), which appeared and disap-
Cells and electrophysiological setup have been described previously iReéared. For the description of the electrical excitatioiChrara, this
detail (Boyd & Gradmann, 1999). Briefly, cylindrical cells of the ma- gating factorX for the G, has recently been identified (Biskup, Grad-
rine diatom C. wailesii have been used because of their large sizeMann & Thiel, 1999). In these cells the gating factor is a certain
(radius about 10Q.m, altitude about 10Qm in rare cases up to 200 amount of C&" which can suddenly be released byVesensitive,
pm). Voltage-clamp experiments have been carried out using a voltag@hospholipase-C-mediated mechanism from Jrséhsitive internal
clamp-circuit (Dagan 200 TEV) and double-barreled microelectrodesstores into the cytoplasm, where it causes a transient increase of the
for voltage recording and for current injection. concentration of free CA before it disappears again into a global
Data acquisition and control of the voltage-clamp circuit was buffering system (Biskup et al., 1999). By analogy to these relation-
carried out via an AD/DA converter (Keithley System 500 KDAC). ships inChara, the kinetics of the transier@, is described here by a
Personal computers have been used to run custom-tailored software fof thresholdVy. WhenV crosses this threshol is released with the
AD/DA conversion and for data processing. The time courses of the'ate constank, and buffered away again with the rate constapthis
transmembrane voltag¥, (free running or under voltage-clamp con- Yields a time course
trol) and of the clamp current, were recorded on the computer. Si-

multaneously, the results have continuously been displayed with higr}((t) - (exp(—kgt) - exp—k 1)) @
temporal resolution on a digital oscilloscope, and recorded with low k —ky
temporal resolution on a strip chart recorder for immediate inspection
and for convenient scanning of the results. which, in turn, determineSc(t) = G max X(1).
Typical voltage-clamp experiments followed single saw-tooth The currents through the three electroenzymes are: The pump

command voltages, starting with a reference voltegéusually close ~ current,

to the free runningV), followed by a ramp fromV, to a minimum

voltageV, (usually =200 mV), a second ramp (ascending branch) from'p = PpaGp max (V ~ Ep), @
V; to a maximum voltag#/, (usually +50 mV), and a third ramp from
V, back toV,. The first and third ramps form the descending branch.
Immediately before and after the ramjpswas clamped at steady state
V, for 20 msec.

With respect to the recorded currents of some 100 nA, the usual®
ramp slopeS of 1 Vs was slow enough to ignore the capacitive
currentlc = C- S =2 nAin normal cells ofC. wailesiiwith a surface
area of about 0.2 mfnand a standard specific membrane capacitance,
of about 10 mF .

with the actual pump activitpe, (0 < pp, < 1) and a maximum (linear)
pump conductanceG, . the K™ current,

= Pra Ok (G = Cio €XP (U))/(1 = exp (1), ®

with the actual activityp, (0 < px, < 1) of the K conductance, a
maximum K" conductancey,® under reference conditions, i.e., aml
internal and external Kconcentrationsg,; andc,, respectively; and
finally the CI" current in the simple form

le) = GgV (C)]
THEORY

which impliesE, to be near 0 mV (Boyd & Gradmann, 1999).
Electroenzymes are proteins which catalyze the movement of the net  For the calculations of the changing activitips, and pe,, the
electrical charges through lipid membranes; their activity is frequentlycommon three-state gating mod#t2-3, has been used, with the four
sensitive to the transmembrane voltaye, The simplest equivalent rate constants (transition probabilitids), k,,, k,3 andks, which de-
circuit for a crude description of the electrical properties of the plas-pend on the actuaV in the form
malemma of plant cells consists of three major electroenzymes oper-
ating in parallel (Boyd & Gradmann, 1999): a predominant pathway for k; = k;® exp (d;u) (5)
K™ diffusion with the equilibrium voltag&y, an electrogenic pumgel
< E) which is required to explail < E,, and diffusion pathways for ~ again;k;°=k; atV = 0, and the correspondingsensitivity factors;.
CI™ (E¢, > E) which can account fov > E,. For the description of At a givenV, the steady-state occupancies of the three states are
the V-sensitive activity of an electroenzyme, the simplest mode),
consists of an active stateand an inactive statewith the transition ~ P1 = KaKea/den (6a)
probabilitiesk,, andk,; which depend o1V in the formk, = k& exp
(dipu) andky = k2exp@d,u), where the superscrigtmarks the tran-
sition probability at zerd/, d, andd,; are V-sensitivity coefficients,
andu = 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 gatin
schemesa-i, except for the Cl conductance for which a three-state
gating schemei;-a-i,, has been employed (e.g., Mummert & Grad-

P2 = kyKgo/den (6b)
ps = kykog/den (60)

with the denominatoden = kgk,, + k; ks, + ki ks Upon a change
th V, k; assume new values according to Eq. 5; and the three occupan-
cies change within a small time intervat by the amounts

mann, 1991, Gradmann, Blatt & Thiel, 1993, Gradmann & Hoffstadt, APy = (Kyapy + KoiPo)AL, (72)
1999). In the present work, the two-state gating schemes turned out to

be insufficient to describe the kinetics of thé Bonductance and of the Apy = (KaPq = (Kog + Kag)Pp + KaaPg)At, (7b)
pump activity. Therefore a general three-state gating schér2e3,

has been used, with = a, 2 =i, and3 = i, for the K" conductance  Ap; = (Kygp, — kgzo)At. (7c)

andl = i, 2 = aand3 = i, for the pump. Initially, the gating

scheme for the Clconductance was alsb= i,,2 = aand3 = i, as These relationships allow an iterative calculation of the time course of
in the previous studies. For the present study, howeWwinsensitive the total currentl{ = I, + I« + I) in response to any time course of
CI” conductancei,, turned out to be sufficient. commandV underV clamp.
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A e, tations, 3 cells showed Type-Il, and Type-lll has been
observed in 5 cells. Here, typical examples are pre-
total \ sented.
500 nA .,
L TYPE-lI: DEPOLARIZATION-TRIGGERED INCREASE OF G,
___________ FOLLOWED BY INCREASE OFGy
(; 50 The characteristics of this type are illustrated in Fig. 1.

PanelA shows the total current response of an excitable
cell under single saw-tootif-clamp conditions > 60 sec
after the last excitation. PanBlshows the response of
the same cell upon the same clamp conditions, but 6 sec
after the last excitationd). 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 current4). The backgroundR)
comprises all electrical processes that do not participate
in the excitation mechanism. The dots in Fi@. display

the experimental data of the current differences between
the recordingsA and B. The line in Fig. L is the re-
sult of fitting a model to the experimental data. As ex-

C FitA-B plained in the Theory section, the excitation model
excitation consists of a Cl conductanceGe; = Gg) maX, With a
v constaniGg, max (10 nS) and a transient appearanceof
which starts in excitable cells at a depolarization beyond
0 Vimv l a threshold voltageVy. The assume@, ,a, Of 10 NS

200 - ' (')' ' 50 actually reflects the product of a tri@&; ,,.xand anX,,,
= 1. The time cours&(t) is determined by the two rate
Fig. 1. I-V-t relationship of Type-I excitation iC. wailesii; single  constantk, for release and, for buffering seeEq. 1).
saw-toothV-clamp recordings, stakt: ~80 mV; ramp speed: +¥s™; The qualitative reason for using this model for the
arrows indicate temporal direction of recordingy) Recording in ex- ; ; - ;
citable state 60 sec after last excitatioB) Background recording in behaVIO-r- Of-Ga I-nStead pf a thr-ee Sta-te gating scheme of
the familiari,-a-i, type, is the discontinuous onset of the

recovery state 6 sec after last excitatid¥); ((C) Current differences . N s
between recording\ and B, displaying isolated-V-t relationship of Ge during the depolarization. This ‘kink’ has already

Type-| excitation; dots recorded, line fitted withtriggeredG, tran-  D€€N pointed out previously (Gradmann & Boyd, 1999).
sient /¢ trigger point) andv-gatedG, with three-state¥-2-3 gating It is, however, not excluded here thag, in C. wailesii
model @ = a, 2 =iy, 3 = i,); parameters listed in Table 1, start is V-gated as in the plasmalemma of other plant cells.
configuration for fit: 1111 in Table 1. It is only for the sake of simplicity of the model that this
feature has not been considered here. The coincidence

A computer program has been developed for these model calcub€tween fit and measured data does not call for further
lations under single saw-tooth clamp protocols, including automaticrefinement of theG.; model.
fitting of selected model parameters for best agreement between simu- It should be noted that, in the present recordings, it
lated and measured data. During the fitting rout_ine, the selected r;awas only coincidental that the thresholg for the sud-
Lariet&r?)—(ar_e ;gg)ré%esazy;ej:?J'Sg‘;r:;":l”;'qz;zﬁ';g(;’:'ttnslﬁt";jgl';y/;"den onset of5¢, during the continuous change of thie

: from —200 to +50 mV, is almost exactly at the restivig

cycles of adjusting all parameters are repeated wntiloes not fall ~ .
anymore; then, the increment is divided by 2, and the procedure i4~ -80 mV), which has been taken as the referevice

repeated until the increment falls below the stop criterion, e.g., 0.1 ofholding V, ;) before and after th¥ ramps. The aver-

0.01%. Compared to familiar gradient algorithms (e.g., Simplex), thisageVy from 7 cells was -78 £ 17 mVsp).

routine is slower but finds better solutions in ambiguous multiparam- The behavior oGK is well described with the serial

eter fits. The software is written in Turbo-Pascal and is available on(1-2-3) three-state gating modaHl—iz. Simple outward

request. rectifying gating of thea-i type does not satisfy the mea-
sured data, especially because of a peculiarity on the

Results and Discussion right hand side of Fig. @, at the beginning of the de-
scendingV branch. Here the current still rises in an ac-
Three types of electrical excitation (Type-I, -Il, and -lll) celerated mode, causing an inflection point in the total

are reported here. In 52 cells, 8 exhibited Type-I exci-rise towards the peak current. This observation can be
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Table 1. Stability of fittedk values with respect to configuration of start values in fits of gating scheme
1-2-3for Gx: 1 =4a, 2 =1i,, 3 =i, for data in Fig. T

Parameter GatedGy G, transient

Ref.
ng k(2)1 k(2)3 kgz kr kb Ostart 0-stop
1 10 50 0.05 10 10

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 2.8 115 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 14 11.6 51 0.023 10.4 10.1 493 10.2
1112 1.7 55 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 11 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

kin s ¢ in nA; code for configuration of start parameters: factors of standard configuration, e.g., 2112
meansk(, = 2, k3, = 10,k3; = 50, andk}, = 0.1 sec’; in 111121 and 11112, start parameterskof
andk, have also been doubled, respectively; fixed parameggrss 10 mSm™ (c;: 0.4 M, Cy,: 0.01

M), dip = 1,dy; = =1,dy3 = —=1.5,d3;, = 2.5,G¢ max = 10 NS,V = —80 mV; start increment: +19,

stop increment: +0.1%.

described by assuming two steps\éfjating with dif-  parameters, systematic fits (start increment 1%, stop in-
ferent sign and amount of the gating chardesd,;, and  crement 0.1%) with various start parameters have been
d,4-ds,. Different temporal behavior of the two steps is carried out to describe the data in Figc.1
of course intrinsic due to Eqgs. 5 and 7 and a matter of the  Beginning with an empirical set of start parameters
K values. Preliminary fits (trial and error with numerous 1111 in Table 1, the sixteen combinations of initial and/
combinations of start parameters, start increment 0.1%gr doubled start parameters have been tested for the ef-
stop increment <0.01%) of th&, behavior by a constant fect on the fit quality. The results in Table 1 show that
Gk maxand ten free parameters (fokfls, fourds, k. and  the quality (measured by) of the start configuration
k) resulted in good (9 & < 10) but ambiguous solutions does not necessarily correlate with the quality at the end
which converged to the followind valuesd,,=0.8,d,;  of the fit procedure. For instance, configuration 1121
=-1.0,d,5=-1.5, andd,; = 2.5. To reduce ambiguities, starts with a relatively smalr (151 pA) compared
roundedd values ¢, = 1,d,; = -1,d,5 = -1.5, and  with configuration 1212 €, = 1718 pA) but ends
d,; = 2.5, yielding gating charges af,—d,; = 2, and  with a greatefo,, (10.26 pA) compared witlrg,,, =
d,; — d3, = —4) have been used as fixed parameters inl0.18 pA of 2121. Under these circumstances the pa-
systematic fits to determine the foldts, k andk,, rameter values of the best fit are not necessarily the
In principle, from ideal, noise-free data as in Fig. closest ones to the true values, despite the fact that the
1C, the fit algorithm is able to determine the fokfls, k real reaction system can be expected to be more complex
andk, when the other parameters,{ Gp .4 C«;, and  than the apparent minimum reaction scheme investi-
thed values) are fixed. However, the real data are noisygated. Nevertheless, the data in Table 1 provide a real-
and introduce ambiguities to the solutions. To assigristic scope of the relationships.
specific confidence intervals to each of the determined  Fifteen out of the sixteen start configurations pre-
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Table 2. Differential sensitivity of S of fit quality on changes of individual parameters of model for
Type-| excitations

GatedGy G, transient

Par. o k3> dio kS, (% (S (o7 k3
S 40 15 35 1.1 25 6.

2 d32 GCI kr kd
5 38 6 49 3 08 25

Reference parameters fitted with start configuration 1111 (s. Table 2); S: arithmetic mean of increase in
o (%o) upon a +1% change of particular parameter value.

sented lead to fits of very similar, high quality (10.15 < are determined by several, or even all parameters; cor-
o < 10.30) but dissimilar numerical solutions, showing respondingly the degree of recovery is not reflected by
maximum scatters36%) ink,,° and minimum scatter in an individual parameter. One might have expected that
Koo (=1%). the recovery time is the time of regenerationofinter-

The stability of the solution can also be character-nal, InsR-sensitive C&" stores according to Biskup et
ized by the sensitivity of the quality (here measured byal., 1999) which might be reflected by changes of the
o) with respect to changes of individual parameters. Theapparent value df,, because this appareiktmay be the
results from free and fixed parameters are listed in TablgroductXk° with a variableX and a fundamenta,® =
2. The larger sensitivity of to G (4.1) compared to const. However, such a correlation betwaerand k,

G¢ (0.3) simply corresponds to the ratio of these con-cannot be identified in these data of Fig. 2 and Table 3.
ductances which is qualitatively reflected by the large In Fig. 2 the amplitudes of the (outward) Kurrents
outward currents mainly carried by*Kand the small exceed the amplitudes of the (inward) €lrrents. This
inward currents exclusively carried by CIThe high asymmetry is due to the experimental conditions. Under
sensitivity of o to all d values corresponds to their ex- conditions of free running voltage, however, the sum of
ponential effect on th& values (Eg. 5). all currents is zero. This means in our case (where only

As for thek values themselves (represented bykhe two ion species are involved and capacitive currents can
values), the transitions between the two inactive stigtes be ignored) that under free running voltagig, = -l at
andi, reflected byk,5 andks, have more impact on the any time.
shape of thd-V-t relationships thark,, and k,; which
reflect the direct transitions between actiseand inac-
tive, i,. TYPE-Il: HYPERPOLARIZATION-TRIGGERED INCREASE

A trial using the mean solution in Table 1 as the startoF Gci
configuration for a further improvement (with a start
increment of 0.1% and a stop increment 0.01%, all pafigure 3 compiles the events during a recording which
rameters free), faileds, was significantly increased lasted almost 5,000 sec. During this time the cell was
(26 nA), andog,, did not fall below 9.5 nA. hyperpolarized 35 times from the free-runninvgbe-

Figure 2 shows the fits of differences curvegyY-f)  tween —50 and =70 mV to a fixed clampof —-80 mV.
of six experiments from the same cell investigated in Fig.Starting from an arbitrary time zero, initial times ot
1. The fits of the excitation loops in the right hand partsclamp episodes are marked in seconds in Fig. 3. No
of the tracings may have suffered a little bit by slight correlation could be detected between the free-runxing
systematic tilts (change of a linear conductance) in thesand the characteristic time course of the current upon the
original data, e.g., clockwise in tracindy, virtually ab-  hyperpolarization step. In about 50% of the events, the
sent inE (= Fig. 1C), and counterclockwise iR. Nev-  response was negligible (<20 nA, e.g., at 154, 1030,
ertheless, the fits coincide well with the data. The sets 08946, and 4051 sec), or minute (about 30 to 50 nA, e.g.,
fitted parameters (same start configuration) for all sixat 322, 394, 756, 1698, and 1882 sec). In another 25%
recordings are listed in Table 3. (e.g., at times 881, 3610, 4526 and 4843 sec), small

It is pointed out that the smallest amplitude of Fig. transient current peaks of up to 300 nA occurred after
2C was obtained only 27 sec (recovery timé,after the  about 5 sec and relaxed with a time constant of about 10
last excitation (Fig. B); also the maximum amplitude sec. The remaining 25% of the events consisted of large
(Fig. 2D) correlates with the maximutpof 70 sec in this  transients of inward currents with peaks of 0.5 to 1%
series of recordings; after a standard recovery time of 6@t 10 to 20 sec after th¥ step and a duration (time
sec, the current responses have been very similar. Due toetween the two passages of passing half the amplitude)
intrinsic characteristics of the model, the values of theof 20 to 60 sec. In many of these recordings (e.g., at
fitted parameters for each tracing (Table 3) do not cortimes 197, 494, 2239, 3053, and 3341), the abrupt onset
relate in a one-to-one mode with individual observableof the inward current did not occur immediately upon the
parameters such as the maximum, or its location, which/ step but with a delay of about a second of the ‘minute’
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500
A 1l nA D tl's
57 70
200 200
B E
60 60
200 ' 0 50 200
F
C 60 Fig._ 2._Series ofl-V-t relationships 9f Type-I
27 excitation from one cell oCC. wailesii;
VimV B/xg VimV measurement and fits as in FigC1= 2E), model
—— e S — parameters for fits in Table 1,: time recovery
-200 0 50 -200 from last excitation.

Table 3. Model parameters for Type-| excitations from s {0 F) stasis of low cytoplasmic [[\@and even more for [C%]
consecutive events recorded from one cell, values determined from fit%e_g_ the event at 3053 sec reflects >0.Tellular va-
of differences as in Fig.Q lences undei-clamp — not at free running/, of

Stat  Gated, G, transient course). Moreover, the abrupt onset of the transient is
characteristic of transient increases®f, in C. wailesii,
K, K K Kk, k. Ko oaanr  Osop QS quantitatively demonstrated for the Type-I excitations
1 10 50 005 10 10 above and for the Type-Ill excitations below. The lag of

about 1 sec time between the triggeriestep and the

Fig. 2 onset of theGg, transient, may reflect the InPand

g éig 3‘3 gg g‘gji z ﬁ jig 1(7) Ca*-mediated signal transduction betweeW-atimulus

c 08 37 19 0008 7 33 53 6 andGg as described for the action potential @hara

D 16 75 45 0033 6 9 281 14 (Biskupetal, 1999).

E 14 7.7 52 0033 9 9 288 10 When the clamp current at the 4306 sec experiment
F 11 77 56 0.027 13 8 347 17 was recognized as the dramatic type, the clamp-circuit

was turned off and the course of the free-runnihgn
fixed parametersgl. — 10 mSu-2 (ou: 0.4m G 0.014), dho = 1 this excited state of the cell has been recorded. The re-
e ld e B 25V 80V G —0ns. Sultis shown in the inset (lower right corner) of Fig. 3.
21 1 Y23 1 Y32 1 VX 1 ~MClmax 1 . H - . .
start increment: +1%, stop increment: +0.1%. ’ In this tracing, the shoulder during the repolarization
may indicate the onset of an increaseGp, driving V
towardsE,. In this case, Type-ll excitations are very
rTEimilar to Type-l excitations analyzed above, with the
prise another type (Type-Il) of electrical excitation. Itis gnbé majlor'd|ff.erer'1ce that theg' graﬂgent ISI tr|.ggefred.
obviously triggered by hyperpolarization and consists oft y depolarization in Ty_pe-l_ and by hyperpolarization in
a transient Cl conductance which is initiated again by a ype Il. Hyperpolarization-induced excitations h_av_e al-
sudden event about 1 sec after the hyperpolariaing ready been reported to occur@nara(Ohkawa & Kishi-
step. Because of the current sign, these currents at —ggeto, 1975).
mV have to be carried by Cland cannot be due to an
increaseds, (Ex = —90 mV) or a pump activityEp < Type-Ill: Hyperpolarization-induced Increase of Pump
Ex). In principle, C&" and N4 are possible candidates Activity and G,
as well E-, and E,, > —80 mV) because hyperpolar-
ization-inducedG¢, has already been reported from Transient hyperpolarizations %6 < E, have been re-
other plant cells (Grabov et al., 1998). However, suchported (Gradmann & Boyd, 1995, Boyd & Gradmann,
dramatic uptake would be a severe load for the homeo1999) to occur inCoscinodiscuspontaneously. Two of

kin sec?; ¢ in nA; gating schemé-2-3for G.:1=a,2=1i,, 3 =iy,

type of response. These large current transients co
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0~— 1231 3053 3610
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3706

3763

1466 3845

154 — 3946

197 4051

4195

4306

3295 ~—

1698 3341
1882 ~
322~ 2239 4526

394~ ——
494 3504

3538 4714

<< < —=< | [{]<

2662 ~——-
2803

665
1 0

756 ——

881 E
-40

vV S
1030 ——

1102 ~—

500 nA
@
o

_—
60s

Fig. 3. Series of current responses ©f wailesiito V-clamp steps from free-running (=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-rivhajromn clamp-off in experiment 4306
when current maximum undéf-clamp has been reached.

these events are replotted from (Boyd & Gradmanngtransient outward current has developed which can be
1999) in Fig. 4. From part of these recordings, simulta-assigned to an electrogenic pump already demonstrated
neous resistance measurements have already suggestedeside inC. wailesii(Gradmann & Boyd, 1995, Boyd
that these transient hyperpolarizations are accompanie®l Gradmann, 1999). Figure[® shows the important
by a transient increase of a passive ion conductancéatures in more detail. Intersections of sueWt loops
(Boyd & Gradmann, 1999)I-V-t recordings are not identify the equilibriumV of the ion transporter which
available from these events. However, thé-t record-  changes its activity — if the background transporters are
ings shown in Fig. B—C do allow a detailed analysis of time-invariant (Gradmann & Boyd, 1999). This inter-
an electrophysiological state which is considered to besection appears at about —170 mV in Fig.’5Burther-
equivalent to these transient hyperpolarizations in Fig. 4more, at the negative turning point of the saw-tooth com-
only in a subthreshold degree of expression. The twanand V (here —200 mV), the amount of the arriving
tracings in Fig. B andB have been recorded about one current is greater than of the leaving current. This rela-
minute apart from the same cell. The differenDgbe-  tionship indicates that the activity of the observed ion
tween these tracings shows that within this minute aransporter is decreasing at this point (Gradmann &
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-404 y/mv in order to eliminate minor events (probably change in
K™ outward rectifier) at more positivé from the present

. f_,/\\ - analysis of the events at negative voltages; i.e., the ap-
Ex-+7 V 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
100s Fig. 5B and C comprise a (negligible) increase of the
-200{ Spontaneous Type-II Excitations activity of the pump again, disappearance of a linear leak
conductance, = 1 pS, (illustrated in Fig. k), and a
Fig. 4. Time course of free-runniny of spontaneous Type-lll exci- transient CI conductanceG¢(t) which is illustrated to-
tation in C. wailesii: transient hyperpolarizations ¥ < E,; two con- gether with the leak compensation in Figz.5G, has
secutive events from one recording replotted from Boyd and Gradmanihyaen determined directly and used as a fixed parameter
(1999). in the consecutive fits. As in Type-| excitations above,
Gg((t) in Type-lll excitations have initially been fitted by

q hi hat th ity of th . alinear three-staté-gating schemel(-2-3). These trials
Boyd, 1999). This means that the activity of the pump 'Stailed again because of the abrupt onset of the increase in

first stimulated by the hyperpolarization and then inhib-G . So the transient appearance of a factdras been
. . . C .
|t?dthby an exctelssn;\ta! oft';]he samke sign. tSo }he ddecf{easeassumed again which is triggered Yypassing a thresh-
Omall?arcclijrr'reg ?o?ceer € p?]in\llsanoro(;r(l:}’)]/eﬁueb? 2 old Vy, this time in the course of hyperpolarization.
leo due tlc\)”agdecrea‘géEoplz ;ﬁe activitpp(occu P gf With a few trialsVy, = —180 mV could be determined

y Pansy directly again from the data and be used as a fixed pa-

statea in gating scheme of pump). A )
. . rameter for the following fits. The time course Gf(t)
If this transient pump current would cause the small — Gy maX(t) Was fitted with @ fixedGe may (= 10 NS)

positive humps in Fig. &~Cto cross thev-axis (either ;
by more pump activity or by less background conduc-and Eq. 1. Again, the appare@, mqxreflects the pro_d-
uct of a realGg . and anX,, = 1. The current dif-

tance, or both), the free-runningcould be expected to b Fiacsand Id ibed with
perform spontaneous, transient hyperpolarization such §rences etween Fig(zand A are well described wit

in Fig. 4 ixed values oy, Gg| na, andGy, plus the fitted values
.4 o
For a reaction kinetic description of these relation-©f K, k- andk; (seeTable 4). o _
ships, the linear three-state gating scheme-Q has It should be mentioned that the transient increase in
been applied to the pump with=i,, 2 = a, 3 = i,. G¢, proposed here cannot be replaced by a corresponding

A minimum of two inactive states (andi,) is required @ncrease irGy, because the current tracing of thg ascend-
because negative’ causes first an increase in activity gV ramp would have crossed the current tracing of the
(transition fromi, to a) and latera decrease (transition descending ramp i, = =90 mV. _

from a to i,). The four fundamental rate constakg®  Finally, panelG in Fig. 5 shows the fit of the total
and the Corresponding_sensitivity Coefﬁcientgjij (Eq difference between the recordm@sandA. This fit does

5) have initially been estimated by trial and error. In nNot exactly represent the sum of panBlsand F but a
ambiguous cases, smaller amountsidiave been pre- slightly different fit of all six free parametersy,, k3,
ferred. For the sake of simplicity, thievalues have been K33, K3, k, andky) to the total changes between panel
changed in steps of 0.5, maintaining integer gatingandC, including a slight increase of the pump activity
charged, ,-d,; andd,z-d;,. With these conditions, rea- betweenB and C which has been ignored in the first
sonable approaches could only be obtained with = place. The numerical results are listed in Table 5.
-1,d,; = 1,d,; = -0.5,d3, = 0.5. From these ap- The use of the mean parameters as start parameters
proaches which converged to a similar sneafnd toE, ~ for further improvement of the fits was successful here,
of about —-165 mV consistently, of course) an arbitraryin contrast to the vain attempts discussed above for
one has been chosen again as a reference set of stdigpe-l analyses. As listed in Table 5 und€r4)’, these
parameters (s. Table 4). In analogy to the fits of Type-Imeans correspond already to an improwveg,,; (15.0
excitations above, the folf values could be fitted pre- nA), ando g, went down to 7.44 nA when all parameters
cisely from noise-free data when the other parametersvere free. The corresponding line is shown in FiG.5
(Ep: Gp max and thed values) are fixed. However, am- This fit needed about 3 hr computing time. Therefore,
biguities of the solutions are introduced by the scatter okystematic attempts to investigate the statistical signifi-
the data. A good resultis shown in Figo&andD’ (lines  cance of the results have been omitted. After all, the
coincide well with data); the corresponding model pa-numerical results did not deviate extraordinarily from the
rameters are listed in Table 5. For the fits in Fi-85,  coarse but systematic fits in Table 4.

only current differences & = —-80 mV have been used The numbers in Table 4 indicate that some param-
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Fig. 5. I-V-t relationship of Type-lll excitation ilC. wailesii; single saw-toott/-clamp recordings, staxt: —-80 mV; ramp speed: ¥ sec’; arrows
indicate temporal direction of recordingd)(original recording with conspicuous loop in negativeange (control recording before appearance of
this loop not available from this cell)Bj equivalent recording a& but=1 min later, characteristic loop more express&};équivalent recording
asB but=1 min later; one out of three equivalent recordings taken within 1 min (Gradmann and Boyd, I896).Kits to current differences at
V = -80 mV; D) current difference8-A, showing temporal outward current in the descendwvigamp from + to —) branch; dots: experimental
data, line fitted withV-gatedG; with three-state{-2-3) gating model { = i,, 2 = a, 3 = i,) and; parameters listed in Table 5, start configuration
for Fit: 1111 in Table 3’ better resolution oD showing intersection at about =170 mV with flat, ascendiiggmp from - to +) branch, and
decreasing activity at the negative turning point, i.e., amount of current before the turning point larger thaB)afmrafent tilt of linear ascending
branches betwee@ andB indicates (loss of) leak conductand®, (= — 1 pS); (F) current difference€-B, showing superposition oB, and
V-triggeredGg, transient Y, trigger point); dots: experimental data, line fitted Wit plus G¢((t) = G maxX(t) according to Eq. 1; parameters
in Table 5. G) current differences between recordi@@ndA, displaying isolated and totélV-t relationship of Type-Ill excitation; dots recorded,
line fitted with V-triggeredGg, transient Vy: trigger point) andv-gatedGg; parameters listed in Table 4, start configuration for fit: 1111 in Table 5.

eters show little variation (e.gk52) and some more (e.g., that this variability is not the same for each parameter;
k3,). This issue has been investigated again systemate.g., k35 reliably converged to 0.24 se€lg whereaskd,
cally for Type-IIl excitations. The data in Table 4 show tended to diverge arbitrarily. This issue is confirmed by
that various parameter configurations, as obtained witlTable 6 which shows how much the fit quality decreases
different sets of start parameters, result in fits of the samevhen the individual parameters deviate by 1% from the
high quality €D of o only about 0.1%) which cannot be fitted optimum. Again k3, (and ds, consistently) have
distinguished by visual inspection. Table 4 shows alscalmost no effect on the fit quality. On the other hand,
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Table 4. Stability of fittedk values with respect to configuration of start values in fits of gating scheme
1-2-3for pump activity in Type-Ill excitationl =i,, 2 = a, 3 = i,; for data in Fig. Z-A

Parameter Gated pump G, transient
Reference

ng kgl kgS ng kf kb O'start O-St()p

0.3 10000 0.3 0.3 3 1
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 15 2.96 0.86 27 15.40
2122 0.37 10506 0.24 15 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 15 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?; o in nA; code for configuration of start parameters: factors of standard configuration, e.g.,
2112 mean&?, = 0.6,k3; = 10,000k3; = 0.3,k}, = 0.6 sec’; in 111121 and 11112, start parameters
of k. andk, have also been doubled, respectively; fixed paramelgrs: —165 mV,Gp ., = 10 pS,

Oip = —1,dp; = 1,03 = =0.5,d3, = 0.5,G¢; max = 10 NS,V = —180 mV,k, = 10 sec?, k, = 10

sec?, G, = 1 pS; start increment: 1%, stop increment: +0.1%.

Table 5. Model parameters for series of Type-Ill excitations from one cell, determined from fits of
differences in Fig. 5

Start Gated pump G, transient

k(l)z kgl kg?, ng kr kb Ostart Gstop

0.3 10 000 0.3 0.3 3.0 1.0
Fig. 5 fit
B-A 0.30 9280 0.23 0.21 — — 14.7 12.44
C-B — — — — 2.87 1.01 11.9 10.76
C-A 0.35 9840 0.24 0.39 2.97 0.88 17.7 15.44
(C-A) 0.303 15880 0.204 1.262 3.622 0.843 15.40 7.44

Fits to current differences at = -80 mV; k in sec?; o in nA; gating schemd.-2-3for pump: 1 = i,

2 =a, 3 =iy, fixed parametersE, = -165 mV,Gp ;0= 10uS,d;, = -1,d,; = 1,dy3 = -0.5,d3,

= 0.5,Vx = 180 mV,G¢| nax = 10 nS,G. = -1 uS; start increment: 1%, stop increment: +0.1%;
(C-A)': 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 parafgters:171.3 mV,

Gp max = 11.36uS,d,, = —-1.086,d,, = —1.054,d,5 = —-0.534,d3, = 0.345,G¢| nax = 8.12 NS Vy

= -187.8 mV,G_ = -689 nS.
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Table 6. Differential sensitivity of S of fit quality on changes of individual parameters, P, of model for
Type-lIl excitations; reference parameters fitted with start configuration 1111 (s. Table 4)

Gated pump G, transient Leak
P Er Gp K& dip k3 dy k33 dyy k3 dp Vx Go kK G,
S 30 07 02 5 2 3 02 2 — — 60 7 3 02 4

S: arithmetic mean of increase in(in %o) upon a +1% change of particular parameter value; —: <0.1.

variations of the parameteks,, Ep, G and G, for in- Markovian models for voltage-gated conduc-
stance, have large effects on the fit quality. For this rea- tances.
son, these parameters could be approximated beforehand (iii) At least three distinct types of electrical exci-

and be used later as fixed parameters.

tation occur in the marine diatoi@. wailesii.

(iv) All three types employ a transiel@c;, medi-
ated by aV-triggered messenger.
COMPARATIVE ASPECTS (v) V-gated pump activity plays the key role in a
novel, hyperpolarization-type of excitation.
According to the current dogma, the role of Nehannels (vi) Itistoo early to speculate about specific physi-

in the animal action potential is replaced by Channels

in the action potential of plant membranes because many

excitable plant cells lack Nain their external medium
and voltage-gated Nachannels are virtually absent in
plants (Sanders & Slayman 1989). In evolutionary
terms, however, the other way around appears to be mo

likely, because electrical excitation in the common an-
cestors of plants and animals was probably more of the

CI™ 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 CI channels and Nachannels 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 the&/-inducedGg, transients in plant excita-
tion are not primarily due to/-gating of CI' channels
but are mediated by &-triggered messenger (€2.
InterestinglyG¢, has been demonstrated to contribute to

the excitation of olfactory sensory neurons of vertebrates

(Reuter et al., 1998), and this Ctonductance has re-
cently been reported to be gated not\bdirectly but by
the V-triggered messenger €a(Sato & Suzuki 2000).
This corresponds closely to the role G, in the plant
action potentials of the fresh-water cells Ghara
(Biskup et al., 1999) and of the marine cells@scino-
discus(this study), assuming that €ais here the mes-
senger as well.

ological functions to the distinct types of ex-

citation. Nevertheless, we note that Type-I

and Type-Il 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.
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