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SUMMARY 

I. The aim of the work was to investigate the effect of telnperature on the 
resting membrane potential and resistance of Nilella transluce~as and to determine 
whether such an effect could be interpreted in terms of changes in the passive ionic 
permeability of the membrane. 

2. The experimental results sttow (i) a temperature sensitivity of the membrane 
potential of about 1.6 mV per degree (if) a four-fold change in the resistance between 
o '~ and I8 °. 

3. An electrochenficai approach to the problem suggests that the changes are 
due to differential changes in the passive Na ÷ and K t-permeabilities of the plasma- 
lemma. Substantial support for this hypothesis comes from the kinetic theory of rate 
processes. 

4. The kinetic theory enables the free energies of activation for permeation of 
Na I and K ~ through the membrane to be estimated. 

INTROI)UCTION 

The relative permeability of the plasmalemma of the Characeae to Na = and K + 
has been the subject of much experimental investigation in recent years. A study of 
the effect on the membrane potential of changes in the external concentrations of 
these ions has proved to be a useful approach to this problem. It has been shown 
that, ill calcium-flee media, the changes in potential are quite well described by ai1 
equation which expresses the functional relationship between potential, ionic concen- 
tration, and permeability L2. This equation also contains the temperature of the system 
in both explicit and implicit terms and it seemed to us to be a worthwhile exercise 
to investigate the effect of temperature on permeability by studying the temperature 
sensitivity of both the membrane potential and membrane resistance. 

We have used the internodal cells of A'itella tratzshtcetzs as our experimental 
material and the results indicate an ahnost linear relationship between membrane 
potential and temperature at temperatures below ~8,  but above this telnperature 
the behaviour becomes erratic. The results also show that in the temperature range 
o - I o '  the membrane resistance increases rapidly with decreasing temperature. Using 
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the equation for the membrane  potential,  the observed potential  changes can be 
interpreted in terms of changes in the Na + and K* permeabilities; the resistance 
changes can be interpreted in a similar way. Substantial  support  for this hypothesis  
comes from the kinetic theory of rate processes in which the permeabil i ty coefficients 
are expressed as explicit functions of the temperature.  

MATI;RL\LS AND METIIODS 

Quantities of N. translucens were collected from a fresh-water lake and stored 
in tanks in a cool, sheltered place out-of-doors. During the storage period the cells 
were bathed in a s tandard  artificial pond water containing I.O mM XaC1, o.I mM KCI 
and o.I nrM CaC12. The length and diameter of each cell selected for experiment was 
carefully measured prior to an experiment;  the lengths of the cells used were all 
about  8 cm and the diameters were all close to I nnn. The cells were pre-soaked in 
5 mM NaC1 solution at 5 ° for about  z6 h before the commencement  of an experiment.  
The bathing medium used in all the experiments was a calcium-free artificial pond 
water, i.e. its composition was I.O nlM NaC1 and o.I mM KC1. The changes in the 
temperature  of tb.e bathing medium were induced quite simply by replacing the 
existing medium by  another of the same composition but  at a different temperature.  
I t  is, of course, impor tant  in this type  of experiment to ensure that  there is as small 
a difference as possible between the temperature of the bathing solution and that  of 
the surroundings. For this reason, the experiments were carried out in a cold room, 
the temperature of which could be controlled to within a degree centigrade. 

The electrical measurements made were those of the resting lnembrane potential 
and resistance. The inethod adopted for measuring the membrane resistance has 
already been described a. I t  is a method which depends on a critical positioning of 
the current-injecting and voltage-recording electrodes. The positioning is such that  
the current-injecting electrode is inserted into the cell at its midpoint  and the voltage- 
recording electrode is inserted at a distance equal to o.42 I from the current electrode, 
where I is the half-length of the cell. By  adopt ing this procedure the a t tenuat ion 
effects on the membrane current densi ty and potential changes, which are normalh- 
observed in the cylindrical cells of the Characeae when the current is injected into 
the cell at a single point< 5, are elimiuated. The ratio of the change in the resting 
potential over the applied current then gives the true total resistance, Rt, of the cell. 
The product  of Rt and the surface area of the cell gives the resistance of unit area 
of the membrane in X2. cm"; this quan t i ty  is referred to as the membrane resistance 
Rm. The advantage of using this method of measuring the membrane resistance is 
in the speed with which the measurement can be lnade and also in the elimination 
of a second voltage-recording electrodea; we refer to the method as the 'single voltage- 
pn)be'  method. 

The internal current and voltage electrodes were conventional 3 M KCl-filled 
glass micro-electrodes having resistances of a few M£2; both electrodes were inserted 
transversely into the cell and in the relative positions already indicated. The external 
current electrode was a length of silver wire laid parallel to the length of the cell 
and close up to it, while the external voltage electrode was a calomel reference elec- 
trode. The current was passed into the cell via the micro-electrode and a series re- 
sistance of ioo MD, and the maxinmm current injected was never more than o.2 I~A; 
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the ac tua l  value  of the  current  was ca lcula ted  from the measured  fall in potent ia l  
across a series resis tance of Io  k#2. The vol tage electrodes were used to measure  both  
the  res t ing membrane  po ten t ia l  and  the changes in this  po ten t ia l  which were induced 
b y  the appl ied  current ;  bo th  quant i t i es  were recorded on the ca l ib ra ted  screen of 

a Tek t ron ix  5o2 oscilloscope. 
I t  mus t  be emphasised  tha t  the t ip  of the in ternal  vol tage-recording nficro- 

e lect rode was located in the cell vacuole in all the exper iments .  Thus the  rest ing 
po ten t i a l  measurements  ac tua l ly  de te rmined  the po ten t ia l  of the vacuole with respect  
to the ex te rna l  ba th ing  solution and the measured  resis tance was the to ta l  resis tance 
between the two phases.  In  o ther  words, the  term membrane  as used in the  present  
con tex t  refers to a composi te  sys tem made  up of the  tonoplas t ,  the p l a sma lemma  
and the cell wall. I t  is, of course, possible to de te rmine  the separa te  cont r ibu t ion  of 
the  tonoplas t  to the  to ta l  po ten t ia l  and  resistance by  inser t ing an addi t iona l  vol tage-  
recording electrode into  the cy top lasm 1,6. However ,  if a micro-electrode is left in the  
cy top lasm for longer than  about  2o rain the t ip  becomes sealed 7 and  it is therefore 
not  possible to ob ta in  cont inuous  recordings of po ten t ia l  and resis tance over  hmg 
periods of t ime ; i t  is also ra the r  inconvenient  to wi thdraw and re-insert  a cy top lasmic  
e lect rode a t  different  s tages of the exper iment .  I t  is for these reasons tha t  we have 
not  a t t e m p t e d  to de te rmine  the tonoplas t  con t r ibu t ion  to the parameters .  In any 
case, as we discuss later ,  it  is unl ike ly  tha t  large-scale pe rmeab i l i t y  changes t ake  place 
at  the  tonoplas t .  

R E S U L T S  

The ini t ia l  exper iments  were concerned with examin ing  the effect of t e m p e r a t u r e  
on the rest ing potent ia l .  The t ime taken for the new s t eady  s ta te  to be reached 
following a change of t empe ra tu r e  was of the  order  of several  minutes  and the po- 
ten t ia l  was measured af ter  i t  had  a t t a ined  a s t eady  level. The change in rest ing 
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Fig. I. Typical graphs for three different cells illustrating the linear temperature dependence of 
the resting membrane potential (Era) below ~8 c and the region of erratic behaviour above this 
temperature. E,~ is the potential of the vacuole with respect to the external medium. The compo- 
sition of the external medium, for all experiments, was I.O mM NaC1, o.i mM I,~CI. 

Fig. 2. Typical graphs showing the reversibility' of tile temperature effect on resting potential 
for temperatures below i8 °. 
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potential in the temperature range from just above o ° to 35 ° is shown in Fig. I. 
The three graphs shown are typical of many others similarly obtained and they illus- 
trate two important features: an almost linear variation of potential below 18 ° but 
an unpredictable behaviour above this temperature. 

In experiments in which the temperature variations were limited to the range 
o-18 ° , it was observed that the potential changes were reversible; this is illustrated 
in Fig. 2. If the temperature is raised above 18 ° and then lowered below I8 ° the 
reversibility is lost for several hours. 

The mean slope of the potential-temperature graphs for ten cells is about 
1.6 mV per degree. The consistency of this slope can be judged fronl Fig. 3 in which 
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Fig. 3. The plot of ~dEm against temperature, where z]Em is the change in resting potential from 
a chosen reference level; the chosen level is the resting potential at i o .  

changes in the resting potential have been plotted against temperature. As each cell 
had a different absolute resting potential, Era, at a given temperature, comparison 
of the slopes is made easier by plotting AEm against temperature, where AEra is the 
change in resting potential from some arbitrary reference level. In Fig. 3 the chosen 
arbitrary level is the resting potential at xo °. 

The practical implications of these results are of considerable importance. 
Clearly, an unnoticed drift in the ambient room temperature could cause a large error 
in the measurement of resting potential and if relatively snlall changes in resting 
potential were being observed, then the expected changes could easily be masked bv 
temperature fluctuations. It  is thus advisable in any series of experiments to maintain 
a reasonably constant ambient temperature and to ensure that added solutions are 
at the same temperature as those they are replacing. Again, it would appear that 
greater experimental consistency can be obtained by working at tenlperatures below 
i8 ° thus avoiding the region of erratic behaviour shown in Fig. I. Tlle reason for 
the irregularities above 18 ° is not known. It may be connected with the adaptation 
of the cells to the cool water of their native habitat, but this speculation is not entirely 
convincing as Nitella can be observed growing prolifically near tile edges of the lake 
where the water is shallow and where the summer temperature is certainly greater 
than I8 °. 

In another series of experiments with another batch of cells the temperature 
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var ia t ion  of bo th  the  rest ing po ten t ia l  and  resistance was measured  for ten cells in 
the  range o - I o  °. Fig. 4 shows the var ia t ion  of po ten t ia l  with t empera tu re  for these 
ten cells and again the  mean slope of the  graph is about  1.6 nlV per  degree. Fig. 5 
shows the plot  of membrane  resistance against  t empera ture .  I t  can be seen tha t  the  
change in resistance is ve ry  marked,  there  being a two-fold increase in resistance as 
the  t empe ra tu r e  falls from IO ° to near ly  freezing point .  The pract ica l  impl ica t ions  of 
these results  for resistance measurements  are again obvious a reasonably  cons tant  
ambien t  t empe ra tu r e  nmst  be main ta ined .  
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Fig. 4. The relation between resting potential and tempera ture  in the range o - i o :  for ten cells. 
The s tandard error of the mean potential  for the ten cells is shown for each temperature .  

Fig. 5- The relation between membrane  resistance and tempera ture  for ten cells. The s tandard 
error of the mean resistance is plotted for each temperature.  R.w is expressed in k.Q. cm e. 

At this s tage it is of stone impor tance  to comment  upon another  i l n p o r t a n t  

impl ica t ion  of these changes in membrane  resistance,  i t  is well known tha t  if an 
electric cur rent  is in jec ted  into a Ni te l la  cell a t  a poin t  along its length, then there  
will be an a t t enua t ion  of both tile membrane  current  dens i ty  and poten t ia l  change 
with  d is tance  froln the point  of current  inject ion a s. The so-called 'space cons tan t ' ,  
)~, is a measure  of this  a t t enua t ion  and is given by  the expression:  

Z [ I e , , , / ~ d ( r o  - rd]l/e 

where ro and ri are, respect ively,  the resistances per unit  length of the externa l  and  
in te rna l  solut ions of the cell with respect  to the membrane  and d is the cell d iameter .  
Clearly the  large changes of Rm with t empera tu re  mean tha t  there  will also be sub- 
s tan t ia l  changes in 2 under  the same condi t ions and it is therefore necessary to con- 
sider the va l id i ty  of using the single vo l tage-probe  me thod  of measur ing the membrane  
resis tance in the present  exper iments .  The mean half- length,  l, of the (:ells used in 
these exper iments  was 4 cm and at  normal  room t empera tu re  the value of ;t is close 
to 3 cm (see refs. 4 and  5). Thus the ra t io  l/'2 which we denote  by  L, has a value of 1.3. 
i t  has been shown a tha t  with such a value of L there will be no significant en-or in 
the value of R, ,  ob ta ined  t73: this  par t i cu la r  method.  If the membrane  resistance 
increases four-fi)ld as the t empe ra tu r e  decreases from I8'-" to o ° then, as can be seen 
from the expression for the space constant ,  the value of 2 will increase by two-fold 
and the wdue of/~ will then be 0.65. Again  there will be no significant error  arising 
from the measurement  of Rm by the single vol tage-probe method  (see again rel. 3)- 
I t  is therefore appa ren t  t ha t  we are just if ied in using this method of measur ing the 
membrane  resistance in our ext)eriments.  Of course we are assuming tha t  the value 
of the pa ra lne te r  (ro --  r;) is cons tan t  at  all t empera tu res  and this is something tha t  
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cannot be tested by the single voltage-probe method. However, in view of the very 
small magnitude of the measured fluxes of Na + and K + in N. translucens 8, it seems 
very unlikely that significant changes could take place in the external and internal 
ionic concentrations of the cell in the time taken to achieve a new steady state after 
a change in the temperature of the system. In other words, it can be assumed that 
(to + rd is reasonably constant over the temperature range of the present experiments. 

DISCUSSION 

It  has been emphasised that the membrane parameters measured in tile present 
experiments are those for a composite system made up of the tonoplast, the plasma- 
lenuna and the cell wall, and it is therefore important to try to specify exactly where 
the permeability changes take place. Measurements of the potential difference across 
tile tonoplast 1 show that it is small compared with the total resting potential of the 
cell; its resistance is also small in relation to the total resistance 6. It therefore seems 
unlikely that the tonoplast is involved to any marked extent in the very large changes 
which we have observed in the resting potential and resistance, and permeability 
changes in this membrane are thus probably unimportant. I t  is also highly unlikely 
that pertneability changes are significant in tile cell wall and it is reasonable to suggest 
that it is at the plasmalemma that the important changes take place. 

It  has been shown 1, that for cells of N. translucens bathed in calcium-free media 
similar in composition to that used in the present work, the potential of the plasma- 
lemma relative to tile bathing medimn is quite accurately described by the equation : 

RT [K]o + a[Na]o (t) 
Eco = - -- In 

F [K]o + a[Na]e 

[K]c, ENa]c, [K]o, [Na]o, are respectively tile K + and Na + concentrations in the cyto- 
plasm and the external medium; c~ is the', permeability ratio Pxa/PK, where P~'a and 
P K  a r e  the permeability coefficients of the membrane to these ions ; R, T, and F have 
their usual significance. Eco, though referred to as the plasmalemma potential, is 
strictly the potential difference between the cytoplasm and the external medium and 
as such includes contributions from both the plasmalemnm and the cell wall. Never- 
theless, it was shown ~ that Eqn. I describes the response of the plasmalemma to 
changes in the external K + and Na + concentrations and that the value of ~ in the 
equation is the value which pertains to the plasmalemma. Now before we proceed to 
apply Eqn. I to our results it is relevant to note that both Na-  and K ~ have been 
shown to be actively transported at the plasmalemma *'8 and it is to be expected 
that the mechanism for this transport is temperature dependent. However, it is as- 
stoned in the derivation of Eqn. I that the active transport mechanism is electrically 
neutral and therefore makes no contribution to the net membrane current. This 
assumption has been amply justified by the measurements of tile tracer fluxes of 
Na + and K + across the plasmalemma 8 which have provided strong evidence in favour 
of a one-to-one exchange of Na + for K +. These flux measurements were made at 
normal room temperature, but since there is no obvious reason to suspect that this 
very tight coupling would be broken by small temperature changes, then it is probable 
that tile active membrane current is zero over the temperature range of our experi- 
ments. In other words, the observed temperature dependence of the membrane 
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potential is a passive effect. Tim remainder of the discussion is chiefly concerned with 
showing that such an explanation is indeed consistent with our experimental results. 

in Eqn. I the temperature enters explicitly in the R T / F  term and implicitly 
through the temperature-dependent permeability coefficients. A simple calculation 
shows that the explicit term contributes only o.5 mV per °K to the change in resting 
potential. Thus the bulk of the observed change (1.6 mV per °K) must be linked 
with permeability changes at the plasmalemma. In order to test this hypothesis we 
have taken values of iNaie = 37 lnM, iK]~. = 93 inM (see ref. I) and a typically 
observed value for the resting potential, i.e. tile potential difference between the 
vacuole and the external medium, of -125 mV at 18°; tile value of Eeo would then 
be --14o mV since the cytoplasm is some I5 mV more negative than the vacuole, 
i.e. Eeo = E,~t - -  15 (see ref. z). If it is assumed that temperature changes do not 
affect this z5 mV potential difference between the cytoplasm and vacuole to any 
great extent, and this is not unreasonable, then the Eeo values can be deduced for 
different temperatures from the observed values for the resting potential at these 
same temperatures. Hence tile values of ~ corresponding to these values of Eco can 
be calculated from Eqn. I. The results of these computations are shown in Table I. 

The separate values of the coefficients PNa and P~; at different temperatures 
can be deduced from an equation which expresses tile functional relationship between 
membrane resistance, ionic concentration, ionic permeability and temperature": 

R77I/Co - -  I/(:e] 
R,,, = (_,> 

F"- In (C,./Co) 

where Co--- llK~KIo k Psa[Na!o and Ce =- PK[K)e " P>la[Na]e. In applying this 
equation we have used tile values of c~ shown in Table I. The values of Rm for tempera- 
tures above IO" were obtained by suitable extrapolation of tim curve shown in Fig. 5- 
Strictly these resistance values include contributions from the tonoplast as well as 
the plasmalemma but for the purpose of these plesent calculations the tonoplast 
contribution can be ignored. The calculated values of the permeability coefficients 
at different temperatures are shown in Table II. I t  may be noted that the values 
are appreciably higher than those predicted from tracer flux measurements s. This 

T A B L E  1 

THI~ CALCULATED VALUES OF ~ BASteD ON FQN.  I 

Temp. (°K) : 29I 287 283 279 275 

Eeo (naV) - - 1 4 o  - - 1 3 4  - - i 2 8  - - 1 2 t  - - 1 1 5  
c~ 0 . 2 8  0 . 3 7  0 . 4 9  0 .65  0 . 8 8  

T A B L E  I I  

THE CALCULATED VALUES OF PN~. AND iOl,2 BASED ON EQN,  2 

Temp. (°K) : 291 287 283 279 275 

ltt'm (k~(2" CIYI 2) 20 .0  28. 5 4 0 . 0  5 9 . 0  8().O 
P x a  ( c m . s e c  1) :< i o  v i 7 . I  13 .o  i o . o  7.2 5.3 
P K  ( c m . s e c  1) > i o  7 01 .2  35.1 2o.  4 i i . o  6 .0  
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discrepancy between resistance and flux measurements is a familiar one and has been 
already discussed< 8. 

The results of these computations suggest that  the temperature dependence of 
the membrane potential and resistance can be explained as being due to passive effects 
arising from differential changes in the Na + and K+ permeabilities of the plasma- 
lmnma. But it could also be argued, quite fairly, that  such an approach is merely 
arithmetic juggling and clearly some additional evidence must be produced to sub- 
stantiate the hypothesis. I t  seemed to us that supporting evidence might be obtained 
from the kinetic theory of rate processes in which permeability coefficients are ex- 
pressed as explicit functions of temperature. 

In applying the kinetic theory we have taken the simplest of membrane models 
in which it is envisaged that  the membrane consists of a number of uniform potential 
barriers under the influence of an electric field 9. With such a lnodel the permeability 
coefficient for Na + is given by: 

" ( J G * ~ I  
kT ANa"exp )?T / (3) Px,~-- h 6 

wherek and h are, respectively, the Boltzman and Planck constants, 2xa is the distance 
between the potential barriers for Na + and 8 is the membrane thickness. AG*Na is 
the free energy change required for Na + to surmount a potential barrier, i.e. it is 
the GIBBS free energy of activation for the permeation of Na +, This quanti ty can, 
of course, be expressed in terms of the changes in enthalpy and entropy (AH* and 
AS*) in the usual way: 

, l ( ; *Xa  - -  J H * N a  - -  T g l S * N a  (4) 

By substituting for AG*Na in Eqn. 3 and rearranging we get: 

, / h , = [ln.;tNa2 ZIS*Na] AH*Na 

Similarly for K ÷ we can write: 

- d  + R J RT {5b) 

The expression for ~ is then: 

2 A S *  Na --- A S *  K ( J H * N a  - - / J H *  K) 
in a = In )..-ca] + (6) 

i 7 :  ~ R r  

Eqns. 5a, 5b and 6 imply a linear relationship between ln(h/kT)I°~a, ln(h/kT)PK, in=, 
and the reciprocal of the absolute temperature T. In Figs. 6 and 7 we show the plots 
of these *unctions for the values of Psa, PK and ~ given in Tables I and II .  The 
linearity of these graphs goes a long way to substantiating the suggestion that  the 
main effect of temperature is to induce changes in the passive permeabilities of the 
plasmalemma to Na + and K +. 

The slopes of the graphs in Fig. 6 are proportional to dH*sa  and AH*K and 
the respective values are: AH*Na--~ IZ.2 kcal-mole -~, /IH*K = 22. 9 kcal.mole-*. 
The terms in brackets in Eqns. 5a and 5b are the respective intercepts on the 
ln(h/kT)P axis in Fig. 6 and clearly, from these quantities it is possible to deduce the 
changes in entropy for both Na + and K * if 8, 2xa, and 2i~ are known. We have assumed 
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a value for 2xa and 2i{ of 3 A (see ref. 9) and by taking the membrane thickness to 
be IOO A then AS*a-a = 5.o cal'degree-l'mole -1 and AS*K = 37.5 cal'deg ree-]" 
mole 1. Thus the free energy changes at I8 ° are: AG*~a--  12. 7 kcal-mole ~ and 
AG*1{ = 12.o kcal.mole -1. It is interesting to observe that these values for the free 
energy changes are comparable with those obtained for the permeation of polyhydroxy 
alcohols through the membranes of Chara ceratophylla 9. The somewhat surprising result 
in our plesent work is the large difference between/IS*sa and/IS*1{ and the fact that 
these quantities have opposite signs. It should be noted however that the calculated 
value of /IS*=Na is dependent upon the values assigned to ),Na and 3. It is possible, 
for example, to obtain small positive values for 2S*>-a by' taking JtNa m I A and 
3 ~ 2oo A, but these values are considered to be less realistic than our original choice. 
Anah)gous results have been reported for the entropies of activation nleasured in 
self-diffusion studies on isomeric pairs of alcohols ~°. The/IS* values for n-propyl and 
u-butyl alcohols were negative hut positive for isopropyl and tert.-butyl alcohols. 
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Fig. 6. The plots of ln(h/hY)P against the reciprocal of T, where P is the pernleability coefficient 
(l'Na or PK)- 

Fig. 7. The plot of 111:~ against the reciprocal of T. 

In conclusion it may be said that the observed changes in the resting membrane 
potential and resistance with temperature in N. translucens may reasonably be as- 
cribed to passive effects arising from differential changes in the Na + and K+ perme- 
abilities of the plasmalemma. This hypothesis will be further tested when the necessary 
tracer flux studies are made at different temperatures. 
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