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SUMMARY 

This investigation concerned detailed effects of temperature on bioelectric 
potential. Previous measurements of algal potentials were made at irregular, widely 
spaced, temperature intervals; this s tudy recorded temperature continuously from 
io to 36°. The current models predict relatively simple continuous temperature 
dependencies for bioelectric potentials; yet in this investigation abrupt  changes 
in potential were observed near 15 and 3 °o . Below 15 and above 3 °o the potentials 
changed sharply while between 15 and 3o ° temperature had only slight effect on the 
potential. 

INTRODUCTION 

Bioelectric potentials in algal cells have been studied for more than 4 ° years, 
yet one variable - temperature - has been almost entirely neglected. This is not justified 
as it is one of the most important  environmental factors for most organisms 1-3. 
Before biophysical data  can be related to the macro-physiology and ultimately the 
ecology of organisms, quanti tat ive temperature effects must be studied. Also, testing 
"laws" at other than standard temperatures may  show that  these hold only fortu- 
itously. For example, the apparent NaC1 molal volume obeys the Debye-Hiickel  law 
at temperatures near 25°; however, large deviations from the limiting law occur near 
o ° and 55 ° (ref. 4)- 

In addition to neglecting the details of temperature, workers assumed that  
bioelectric potentials exhibit a smooth continuous behavior with respect to tempera- 
ture. The NERNST equation 5 for describing passive ionic equilibrium has been used 
as a first approximation. This is: 

R T  E ~ - - l n  co 
z F  ci 

where E is the potential in mV across the membrane system, R is the gas constant, 
F is the Faraday  constant, T is temperature in degrees Kelvin, z is the algebraic 
valence of ionic species, and Co and ci are ionic concentrations outside and inside the 
membrane. (These should be replaced by  ion activities.) 

* Cont r ibu t ion  No. 1278 f rom the  Un i ve r s i t y  of Miami,  Rosens t ie l  School of Marine  and  
A tmosphe r i c  Sciences. 
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The GOLDMAN equation 6 expresses potentials which are caused by membrane 
permeation of more than one ion. That  is: 

leT t)b:,_K0] + P_x,~lNa0j ~ Pcl[Clij 
E -- - -  in 

zF Pl~[I(il] -- P~a[Nai] i l'c:[Clo? 

where E, R, z, 7" and F represent the same terms in the NERXST equation; PK, P N a  

and Pcl are ionic permeabilities, and the bracketed symbols indicate concentration. 
If permeability and concentration are not temperature dependent, the potential 
is proportional to T. Most workers question the assumptions on which the GOLDMAN 
equation is based; often it is treated as semiempiricaF. Furthermore, both equations 
apply to one membrane rather than two in a series (as occur in giant algal cells) ; also 
they refer to passively moving ions. 

Considerable attention has been directed at these equations but temperature 
has been essentially neglected, and its dependency generally assumed to be smooth 
and monotonic. 

However, upon re-evaluating the relative few existing menibrane data 8 aa the 
writer found that  temperature dependence probably was not represented by a smooth 
monotonic function. Since the existing evidence was not conclusive, experiments were 
carried out to determine the real temperature effect on bioelectric potential. Continu- 
ous measurements of bioelectric potential versus temperature were made on 55 Valonia 
macroflhysa and Valo~zia ve~#ricosa cells over the ecologically relevant range :o-36~'. 

METHOI)S 

Experimental  success required that  the Valonia cells be in an excellent condition; 
thus they were held in as nearly natural  a situation as possible. Upon collection, they 
were transferred to a large, running seawater outdoor tank containing sand and rocks. 
The cells grew, reproduced and remained in a healthy state for several years. 

To measure the bioelectric potential across the combined cell membrane system 
of Valonia, a glass capillary tip (o.z mm diameter) was inserted into the vacuole; 
both membranes were pierced. Large diameter tips lessen the problem of tip resistance. 
This minimizes potential changes to large molecules being trapped in the capillary 
tip. Modification of the classic methods of OSTERHOVT :4 and BLINKS :5 made it 
possible to maintain healthy impaled cells for as long as a year, thus providing excellent 
control conditions. This remarkable property was probably due to the protoplasm 
rapidly forming a tight seal around the impaling pipette. 

Controls included tests for random variations in resting potential of each cell 
(biological noise) ; this consisted of determining the variation in the potential of each 
cell at 25 ° over t ime periods of o.5-4 h. Other variations were also measured. One 
cell could be recycled three times through a temperature series, before the cell ap- 
peared non-responsive to l ight-dark tests. If allowed to rest for r day, the cell then 
could repeat the temperature cycles. 

These tests were carried out during both heating and cooling processes at 
selected temperatures ranging from 8 to 38°. To detect and eliminate cells which were 
dying or injured, l ight-dark responses were measured by placing the impaled cells 
in the dark for z rain. In healthy cells this causes a drop in the potential; sudden 
exposure to light then produces a rapid increase potential (at least :.o mV), then 
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a return to a resting potential. As a further measure against recording data from un- 
healthy cells, a cell which did not survive for at least 2 days after the completion 
of the experiment was discarded. 

The experiments on bioelectric potential-temperature measurements were 
carried out in complete darkness and at three artificial light intensities, all less 
than 78 foot candles. Fifteen rates for heating and cooling were used, ranging from 
o.o5-I°/min. The electric potentials were measured to ~ 0.o5 mV by using a 
Keithley high impedance potentiometer 660 A and the temperature was controlled 
to ~ o.oi °. The impaled cell was immersed in a 25o-ml seawater bath suspended 
in a water-filled, insulated, 2o-1 glass chromatography jar (see Fig. i). This was 
temperature controlled by opposing a refrigeration unit maintained at - I . O  °, 

j 

Fig. i. Schematic diagram of the experimental apparatus. (A) Valonia cell; (B) impaling pipette; 
(C) thermometer; (I)) bubbler; (E) teflon-covered magnet; (F) salt bridges; (G) container for sea- 
water; (H) containers for salt bridges and electrodes; ([) electromagnetic stirrer; (J) thermistor for 
heating control; (K) heaters; (L) electrodes; (M) potentiometer; (N) Sargent thermonitor; (O) 
stirring motor; (P) cooling unit; (Q) water bath; (R) cooling coils. (The internal thermistor and 
conductance bridge are not represented here.) 

accuracy ± o.ooi °, via a twelve turn copper coil submerged in the bath with two 
25o-W heaters controlled by a Sargent thermonitor. Very efficient stirring was effect- 
ed in both tile Valonia, via a submerged electromagnetic stirrer with a teflon coated 
stirring bar, and in tile chromatography jar via a motor. Temperature variation 
within tlle Valonia bath was ~- 0.o5 °. Temperature was recorded on an X-Y re- 
corder via a thermistor blidge with a probe immediately next to the cell; a micro- 
thermistor mounted in a 26-gauge needle was impaled into the center of the cell. 
The temperature inside the cell was obtained from resistance measurements on a 
Wayne Kerr autobalance bridge and recorded on a strip chart recorder. There was no 
apparent measurable difference in temperature between the Valonia internal fluid 
and the bathing media at the fastest or slowest beating and cooling rates. 

The capillaries used to impale the cells were filled with agar containing 0.5 M 
KC1 and were connected to a calomel electrode by a salt bridge of 0.5 M KC1. A 
second calomel communicated to the bathing media by another 0.5 M KC1 salt bridge. 
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All this was contained in the temperature  bath. The containers for salt bridges and 
calomel half cells were also suspended in this bath. The thermal  coefficient for the 
whole system was tested bv running each par t  separately. The thermal coefficient 
of the system without  the Valonia was o.I mV/° between IO and 36 °. The dead Valonia 
had ahnost exactly this same coefficient. Drift of the entire system without  the 
Vahmia cell was less than o.o5 mV for the time period of the experiment. 

RESULTS 

The initial experiments relating temperature  to the resting potential of V. 
ventricosa and V. macrop/~5,sa showed abrupt  changes in bioelectric potential  for all 
55 cells near z5 and 29. 5 °. A typical example, as shown in Fig. 2, demonstrates  tha t  
the temperature  coefficient of the Valonia resting potential is not simply related to 
the RT /F  term in either the NERNST ~ or GOLDMAN 6 equation. 

If the temperature  regions of i o - I 5  ° and 3o-36° are considered separately, 
there appear  to be distinct regional temperature  coefficients. The mean resting poten- 
tial of ~vi ~Vo (vacuole to external media) was 9.6 mV ( ~  i . i  mY) for 3o V. ventricosa 
cells at 25 ° and, below 15 °, showed a temperature  coefficient of - I . I  mV/°; between 
15 and 29.5 ~, a coefficient of less than  0.o 5 mV/° while above 3 °0 a coefficient of 
+ 1.2 mV/°. These mean resting potentials and variabilities from the means were 
obtained in the following manner :  the resting potential at 25 ~' was assumed to be the 
normal  resting potential. (The low variabili ty bears out this assumption.) From the 
original continuous recording of potential  versus temperature,  the potential of each 
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Fig .  2. C h a n g e  of m e a n  p o t e n t i a l  (c losed dots)  f rom r e s t i n g  p o t e n t i a l  a t  25 ° a n d  s t a n d a r d  e r ro i  
of  m e a n  p o t e n t i a l  ( v e r t i c a l  l ines)  ac ross  t h e  p r o t o t ) l a s m  of 3 ° I'. ve~tricosa ce l l s  vefsl~s t e n l p e r a t u r c  
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Fig. 3. Change of mean potential  (open dots) from re~ting potent ial  at  25 ° and s tandard  error 
of  mean potential  (vertical lines) across the pro toplasm of 25 V. macrophysa cells versus t empera tu re  
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cell was p lo t t ed  at  I.O ° intervals .  The mean rest ing po ten t ia l  of 25 cells of V. macro- 
physa, which was IO.O mV ( ±  I . I  mV) at  25 °, showed a t e m p e r a t u r e  coefficient 
below I5 ° of + o.5 InV/° (Fig. 3). Between 15 and 3 °o the  cells t ended  to remain  
very  near  thei r  res t ing potent ia l .  However ,  bo th  the  ab rup t  change at  I5 ° and  the 
t e m p e r a t u r e  coefficient between 15 and 3 °°  were s imilar  to t ha t  exh ib i ted  b y  V. 
ventricosa. 

F u r t h e r  examina t ion  shows d is t inc t  var iabi l i t ies  for the  three  t e m p e r a t u r e  
regions. The  va r i ab i l i t y  (calculated as s t anda rd  error  of the  mean) from the  res t ing 
po ten t ia l  be tween 15 and 29.5 ° is ve ry  low; ~ 0. 3 mV for V. ventricosa and ~ 0. 4 mV 
for V. macrophysa. This low SEre was though t  to be due to the  low t ip  po ten t ia l  and  
the  excel lent  condi t ion of the  cell af ter  weeks of impalement .  Such low values are 
not  no rma l ly  a t t a ined  in o ther  cell p repara t ions .  At  and  below I5 °, as well as at  

O ° and above  3 , the  s t a n d a r d  error  becomes m a r k e d l y  greater ,  in both species. This  
indicates  t h a t  ind iv idua l  cellular responses are qui te  s table  between 15 and 3 °° . 
In  fact,  the  var ia t ion  of po ten t i a l  of Valonia wi th  t ime is ± I . I  mV for 2 h for bo th  
species, and  -~ 0.2 mV for 30 rain wi th  bo th  species. The var ia t ion  between the  
r epea ted  cycles of the  same cell was +_ i mV. No po ten t ia l  difference appea red  to be 
due to the  large t ip  d iamete r  since o ther  workers  using much smal ler  t ip  d iamete rs  
have  ve ry  s imilar  t ime var ia t ion  results19, 2a. 

W h e n  cooled from IO to 5 °, cells showed essent ia l ly  the  same mean  po ten t i a l  
increase and thus  the  same t e m p e r a t u r e  coefficient as those exh ib i ted  by  cells exposed  
to the  IO to 15 o range.  Few exper iments  were conduc ted  below IO ° since the  p robab i l i t y  
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of cells exis t ing in such t empera tu re s  under  normal  env i ronmenta l  condi t ions is 
ex t r eme ly  low. F r o m  3o to 3 6°, the  mean increase in po ten t ia l  was + 1.2 nlV/2 
Above  3 6o the  behav ior  was s imilar  to t ha t  between 3o and 3 6° . Ra tes  of hea t ing  and 
cooling in the  range s t a ted  did  not  change these  effects. 

There  was a t endency  in V. macrophysa for the  poten t ia l  to change more 
s ha rp ly  above  3 °°  than  below 15 ° . These cells decreased (became more  negat ive)  in 
po ten t ia l  below 15 °, behavior  s imilar  to t ha t  observed in previous s tudies  of I ' .  
utricularis b y  the  authorl6;  b y  comparison,  V. ventricosa showed a more posi t ive 
po ten t i a l  in th is  low range,  as did  the  ear l ier  results  by  BLINKS 8, who repor ted  a single 
V. macr@hysa cell 's va r ia t ion  with  t e m p e r a t u r e  at  a pp rox ima te ly  5 ° intervals .  
(I t  should  be no ted  t h a t  only  two V. macr@hysa examined  by  the  wri ter  behaved 
s imi lar ly  to this  cell of BLIXKS.) Above  3 o°, the  two species behaved  in a similar 
manner*.  

Fo r  bo th  species the  t e m p e r a t u r e  effect in the  presence of po tass ium was more 
m a r k e d  than  wi thou t  added  po tass ium as found by  BLINKS s. 

DISCUSSION AND CONCLUSIONS 

Perhaps  the  most  i m p o r t a n t  conclusion from these exper iments  is t ha t  l iving 
biological  m e m b r a n e  sys tems differ sha rp ly  in behavior  from wha t  might  have naiveh,  
been expected.  When  the bioelectr ic  po ten t ia l  of Valonia cells was measured  cont inu-  
ously over  the  t e m p e r a t u r e  range of lO-35 °, the  RT/F factor  of the  NERNST or GOLD- 
MAN equat ions  d id  not  adequa te ly  describe the  t e m p e r a t u r e - p o t e n t i a l  re la t ions  
of these cells. In  add i t ion  to the  slight magn i tude  of the  t e m p e r a t u r e  coefficient, 
there  was l i t t le  change in bioelectr ic  po ten t ia l  and  a very  low va r i ab i l i t y  among cells. 
A most  surpr is ing result  of the  present  work was the  magn i tude  of the  t empe ra tu r e  
coefficient below 15 ° and  above  3 °°  , and  also the  difference in the  response of the  
two Valonia  species below 15°. The  t empe ra t e  squid axon (Loligo forbesi) was re- 
ported17, is to show ahnos t  no po ten t i a l  change over  i ts normal  ecological range 
(2 16°). However ,  such behavior  is in con t ras t  to t ha t  repor ted  for Nitel la ,  which 
has a high t e m p e r a t u r e  coefficient (I.6 mV/c') over  its na tu ra l  range of t empe ra tu r e  
b y  HoG6 e! al. 12, and to the  behavior  of the  g iant  lobs ter  axon 1°, which also has a 
large response in i ts na tu ra l  range between 2 and i6  °. Recent  work on the squid 
axon of Dosidicus gigas by  LATORRE AND HIDALGO is showed a large decrease in 
res t ing po ten t i a l  with t empe ra tu r e  in the  range 3 2eL which is m a r k e d l y  different 
from behavior  of Loligo forbesi. 

One simple cavea t  from these results  is t ha t  d a t a  on bioelectrie po ten t ia l  and  
o ther  b iophysica l  pa rame te r s  m a y  be misleading when measured  over  widely spaced 
t e m p e r a t u r e  intervals .  If ad jacen t  points  are at  in terva ls  of 5-IO ° and a single curve 
f i t ted  to the  resul t ing da ta ,  as has been done b y  pas t  inves t iga tors  ~, 1.~, the  va r i ab i l i t y  of 
the  d a t a  m a y  not  represent  exper in len ta l  error  or "biological  noise".  Ins tead,  the  da t a  
m a y  reflect regions of differing t e m p e r a t u r e  coefficients. Thus, in te rpola t ion  between 

* The possibility of the pipette becoming unsealed due to different coefficients of thermal 
expansion of the glass and protoplasm, which could result in a shunt of potential, was considered. 
\Vhen the cell was first impaled, there was a leak around the pipette; consequently, the potential 
was near o inV. The process of sealing was observed microscopically with a simultaneous increase 
in potential. If a leak occurred during the experiment, the potential would have dropped to 
approx, o mV'. 
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points would be misleading. Also, since extrapolation of data below 15 ° and above 
3 o° is not a valid procedure for Valonia bioelectric potential, it may not be valid for 
other biophysical parameters. Obviously, studies should not be carried out near the 
points of transition between two temperature coefficients, and temperature controls 
should be included data in all experiments'.  

When considering the possible causes of the abrupt changes in bioelectric 
potential, it should first be recalled that the effect must be a property of the living 
cell; dead or dying cells did not show such a temperature response. The GOLDMAN 
equation, which may more closely approximate the membrane events in Valonia, 
can only be applied to a single membrane, not two membranes in series as found in 
Valonia. This results in an immediate theoretical difficulty in locating the site of the 
temperature changes. Even when considering a single membrane, the potential is 
affected directly by the temperature factor (T), and indirectly by the temperature 
dependencies of quantities such as permeabilities; such factors as diffusion rate, ion 
activities, or ion concentrations may be modified by temperature. However, changes 
in concentrations can probably be ruled out as the cause of the abrupt changes in 
potential, since AIKMAN 2° has shown that the exchange time for cytoplasmic potas- 
sium is about I h,  and the abrupt potential change occurred in a matter of minutes. 
If electrogenic pumps exist in Valonia, they may be strongly temperature dependent 
and may not vary smoothly with temperature; for instance, studies on the activity 
of ATPase from animal cells2~, 22 have shown changes in slope of activity of ATPase 
v e r s u s  temperature near 1 5 and 3 o°. Next, since the P.D. is measured across the cyto- 
plasm, cytoplasmic events such as changes in pH or endoplasmic reticulum could occur. 
Finally, the possibility cannot be excluded that morphological changes are reflected 
in the abrupt temperature changes. Examples of this are modifications in the lipid 
(as discussed by BEAN AND CHAN 2a) or protein structure, or, as has been suggested bv 
THORHAUG and co-workerslG, 24 changes in the structure of water in the membrane. 

Assuming we are indeed measuring a membrane phenomenon, it is reasonable 
to question whether this abrupt temperature response occurs at one or both Valonia 
membranes. GUTKNECHT 2~ has stated that the potentials across the plasmalemma 
and the tonoplast are both high, and the resulting measured potential is the sum of 
these two potentials. This indicates that relevant information could be obtained by 
impaling the cytoplasm and the vacuole at the same time and determining the tem- 
perature effect on both membranes. The measurement of relative fluxes of ions and 
water across the plasmalemma compared to the tonoplast would be a fruitful study. 

A further suggestion would be to examine the effect of temperature on the 
structure of the membrane. If structural effects occur, they are reversible over short 
time periods. However, when cells are exposed to temperatures below 1 5 and above 
3 l° for periods of 7 2 h or more, a profound change in the cell occurs resulting in 
irreversible plasmolysis and death 2G. Therefore, the abrupt change in the potential, 
as well as the marked increase in variability, may be interpreted from the physio- 
logical point of view as reaction to stress in order to maintain a steady state. 

The implications of this abrupt change in bioelectric potential may be far- 
reaching. A. KATCHALSKY (personal communication) has proposed that the or- 
ganisms are living in steady states far from equilibrium, whereby it is possible to see 

* These conclusions do not  quest ion any  exper imenta l  informat ion for Valonia obtained at a 
single well-controlled and defined t empera tu re  within the op t imum range (20-27°). 
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a b r u p t  c h a n g e s  in  p r o p e r t i e s  of l i v i n g  s y s t e m s  w i t h  sma l l  e n v i r o n m e n t a l  c h a n g e s .  

T h e  d a t a  p r e s e n t e d  he re  a p p e a r  to  s u b s t a n t i a t e  t h i s  n o t i o n .  T h i s  m a y  be  v e r y  p e r t i -  

n e n t  to  ecologica l  c o n s i d e r a t i o n s  s u c h  as t h e r m a l  p o l l u t i o n  in t h e  t rop ics .  
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