
in the facilitated diffusion of O2 to the 
Parasponia bacteroids (12). 

We are interested in the three-dimen- 
sional structure, amino acid sequence, 
and gene structure of Parasponia hemo- 
globin, and are attempting to purify Ca- 
suarina hemoglobin. If these proteins 
and leghemoglobin have overall homolo- 
gy of their folded structures and amino 
acid sequences and also have the same 
gene structure, including the "ancient" 
central intron (13) already identified for 
leghemoglobin (2), then ancient hemo- 
globin genes may have survived in many 
(or all) higher plant families. Invocation 
of a recent act of horizontal gene trans- 
mission may be unnecessary (2). On the 
other hand, if the three proteins show 
overall structural homology but differ- 
ences in gene structure, then more than 
one event of horizontal gene transmis- 
sion might have occurred. Another pos- 
sibility is that differences in protein and 
gene structure will be sufficient to re- 
quire the invocation of convergent evo- 
lution. 

The identification of hemoglobin in 
Parasponia nodules and probably in acti- 
nomycetous nodules (7) suggests that an 
O2 carrier protein might be a necessary 
part of plant nitrogen fixation symbioses. 
This finding, and knowledge of plant 
hemoglobin gene evolution, should influ- 
ence the strategy of those wishing to 
achieve nitrogen-fixing Rhizobium sym- 
bioses with nonleguminous plant fam- 
ilies. 
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Colchicine Alters the Nerve Birefringence Response 

Abstract. The internal perfusion of squid axons with colchicine reversibly and 
selectively reduces the transient sodium current and the birefringence response to a 
brief depolarizing voltage pulse. 

There is a small, brief change in the 
optical retardation of axons associated 
with the passage of nerve impulses. Ex- 
periments based on the use of the volt- 
age-clamp technique have shawn that 
this birefringence response is correlated 
with the changes in membrane potential 
as distinct from the flow of current 
through the membrane. A disappointing 
feature of the early optical studies was 
the absence of any component of the 
observed structural changes that could 
easily be linked with the voltage-depen- 
dent Na' or K' conductance of the 
nerve membrane. The discovery of a 
physical or pharmacological agent con- 
sistently effective in altering both the 
electrical and the optical signals would 
have supported the hope that this ap- 
proach could reveal something useful 
about the nature of Na' channels (1, 2). 
Llano has recently found that colchicine 
reduces the Na' currents of squid axons 
with little effect on the K+ currents (3). 
We report here a reversible alteration of 
the birefringence response associated 
with a reversible decrease in Na' con- 
ductance after the addition of colchicine 
to the internal perfusion fluid. 

Squid (Loligo pealii) giant axons were 
internally perfused and voltage-clamped 
by standard techniques (4). The central 
region of the chamber holding the axon 
was a cavity (4 by 2 by 3 mm), the walls 
of which were platinized-silver block 
electrodes used to measure the voltage- 
clamp current; the top and bottom of the 
chamber were made of glass to permit 
the passage of a light beam. Light from a 
tungsten-halogen bulb passed through a 
Glans-Thompson prism polarizer at 45' 
to the axial direction of the axon and was 

focused on the axon by a cylindrical 
lens. The light was collected with a 
x 10 microscope objective and passed 
through a second prism at 90' to the 
polarizer onto a ground-glass screen at 
the image plane. After field stops were 
positioned next to the axon, the screen 
was replaced with a YAG-444 (yttrium- 
aluminum-garnet) photodiode used in the 
photoconductive mode. The photocur- 
rent was measured as the potential de- 
veloped across a load resistor, and the d- 
c value is thus proportional to the light 
passing through the system. The light 
signal was a-c-coupled through a 1-Hz, 
high-pass resistance-capacitance (RC) 
filter, amplified, and passed through a 
30-kHz, low-pass RC filter. It was then 
digitized every 40 ksec by means of one 
input of a Nicolet signal averager; the 
other input was used to record the volt- 
age-clamp current. One digital count cor- 
responded to a change in light intensity 
of approximately lo-'. Data were aver- 
aged (512 to 4096 sweeps) and then 
stored on magnetic disks under the con- 
trol of an Apple ][ computer. 

The temperature was kept near 0°C. 
Streams of dry nitrogen prevented fog- 
ging of the glass surfaces. The external 
solution was an artificial seawater having 
less than normal Na' to minimize cur- 
rent-dependent artifacts. It contained 
100 mM Nai, 400 mM tetramethylam- 
monium, 50 mM Ca2+, 600 mM C1-, and 
2 mM Hepes (N-2-hydroxyethylpipera- 
zine-N'-2-ethanesulfonic acid), pH 7.4. 
The internal perf'usion fluid contained 
400 mM K', 320 mM glutamate, 50 mM 
F-, and 30 mM phosphate buffer, pH 
7.4. Colchicine and P-lumicolchicine 
were used as obtained from Sigma. 
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Fig. I .  The effect of colchicine on the birefringence response of an internally perfused squid 
axon: (A) control frame; (B) after 7 minutes of internal perfusion with 30 mM colchicine; (C) 7 
minutes after return to the control perfusion fluid. The upper traces represent the potential 
impressed across the axon membrane. The middle traces are the corresponding birefringence 
responses, and the lower traces are the membrane currents. The arrows beside the optical 
records represent a change in light intensity of 3 x lo-'; an increase in light Intensity is plotted 
downward. Axons were from Loligo pealii; diameter, 0.39 mm; temperature, O°C; 100 Na+/400 
K+;  optical trace filtered at 30 kHz; 1024 sweeps. 

Figure 1A shows a control frame in 
which, during a 3-msec hyperpolariza- 
tion to  - 160 mV from a holding potential 
of -80 mV, the light intensity increased 
by about 3 x loe5 (plotted as  a down- 
ward deflection). The current trace 
shows the capacitative transients; the 
"leakage" current cannot be detected at 
this gain. On return to  the holding poten- 
tial, the light trace returned to its base- 
line value. When a symmetrical depolar- 
ization to 0 mV was applied, the light 
level decreased by about 1.5 x and 
at a slower rate than the hyperpolariza- 
tion response. The depolarization is as- 
sociated with an increase in the Na' 
permeability of the membrane to about 
4 x cmlsec, seen here as  the in- 
ward Na+ current (Fig. 1A). 

When 30 mM colchicine was added to 
the internal perfusion fluid, the ampli- 
tude of the Na' current decreased to 
about one-third of its pretreatment value 
in about 3 minutes (Fig. lB), the time 
required to change solutions. With long- 
er pulses we  observed minor reductions 
in the K +  current. The birefringence 
response to  the depolarizing pulse was 
preferentially and dramatically reduced; 
the optical response to the hyperpolariz- 
ing pulse was also smaller (Fig. 1B). The 
effect of colchicine on both the optical 
and the electrical signals was quickly 
reversible (Fig. 1C). The amplitude of 
the birefringence responses to  the two 
pulses (hyperpolarizing and depolariz- 
ing) did not completely recover. The 
ratio of the amplitudes was 0.50 before, 
0.21 during, and 0.49 after the addition of 
colchicine. The effect of 10 mM colchi- 
cine was a similar but smaller diminution 
of the current and birefringence respons- 
es  to  a depolarization. 

The best documented effect of colchi- 
cine that we know of is its binding to 
tubulin. To  test for microtubular involve- 
ment in the birefringence change, we 

prepared a saturated solution of p-lumi- 
colchicine (less than 10 mM). This solu- 
tion produced optical and electrical re- 
sults similar to those obtained with un- 
modified colchicine; this finding suggests 
that the colchicine effects that we  ob- 
served d o  not reflect its actions on mi- 
crotubules. The alteration of the optical 
response is not secondary to the reduc- 
tion of Na' permeability. Adding 300 
n M  tetrodotoxin to  the external solution 
does not obviously change the birefrin- 
gence response either in the presence or 
in the absence of internal colchicine. 

We repeated this experiment with larg- 
er voltage pulses. Normally the initial 
amplitude of the birefringence change 
has a parabolic dependence on the volt- 
age. There is a decrease in birefringence 
for short depolarizing pulses between the 
holding potential and about +I60 mV 
and an increase for hyperpolarizations 
(2). Internal perfusion with 30 mM col- 
chicine changes the birefringence-volt- 
age relationship. The characteristic de- 
crease in birefringence disappears at de- 
polarizations of about +40 mV, and an 
increase is apparent a t  f 8 0  mV. 

In the presence of colchicine there is a 
slow decrease in light level during the 
depolarizing pulse (Fig. 1B). With longer 
pulses the birefringence continues to  de- 
crease for 10 to 15 msec. The effect of 
colchicine is either to  remove a rapid 
initial component of the birefringence 
decrease or to  slow the early rate of 
decrease of birefringence. 

These experiments demonstrate that 
a: least a portion of the birefringence 
response is associated with the change in 
Na' permeability, since it seems unlike- 
ly that both colchicine and lumicolchi- 
cine would have parallel reversible ef- 
fects on both phenomena. The results 
also show that the birefringence re- 
sponse is more complex than previously 
suspected. For  example, the simple 

square law dependence of the amplitude 
of the birefringence change on mem- 
brane potential may well describe the 
sum of several phenomena. 

The pharmacological basis of colchi- 
cine's actions on excitability is far from 
clear. In our experiments it blocked the 
Na' currents preferentially with little 
effect on the K' currents, an effect that 
is reminiscent of tetrodotoxin. Nonethe- 
less, these two drugs must have quite 
different modes of action as the alter- 
ations of the birefringence response seen 
with colchicine are not produced by tet- 
rodotoxin. 

A similar electrical effect of colchicine 
has recently been reported (5) ,  although 
with a much lower concentration and 
much less reversibility. Our results sug- 
gest, however, that there is no direct 
microtubular involvement for one would 
not expect reversibility after colchicine 
addition if the tubulin were free to diffuse 
into the internal perfusion fluid. The 
similarity of action of lumicolchicine 
confirms this opinion. There are many 
actions of colchicine that are not obvi- 
ously related to  its tubulin binding (6). 

DAVID LANDOWNE 
Department of Physiology and  
Biophysics, University of Miami 
School of Medicine, 
Miami, Florida 33101 

JAMES B. LARSEN 
Department of Biology, 
University of Southern Mississippi, 
Hattiesburg 39401 

KEVIN T.  TAYLOR 
University of Miami 
School of Medicine 

References and Notes 

1. L. B.  Cohen, R. D. Keynes, B. Hille, Nature 
(London1 218.438 (1968): L.  B .  Cohen. B. Hille, 
R. D. Keynes, J .  ~ h y s i o i  (London) 211, 495 
(1970); I. Tasaki, A.  Watanabe, A. Sandlip, L.  
Carnav. Proc. Natl. Acad. Sci. U.S.A. 61, 883 
(1968): 

2. L.  B.  Cohen, B. Hille, R. D. Keynes, D. Lan- 
downe, E. Rojas, J .  Physiol. (London) 218, 205 
11971) \ . ? . - , . 

3. I .  Llano, personal communication. 
4. A. L.  Hodgkin, A. F. Huxley, B. Katz, J .  

Physioi. (London) 116, 424 (1952); I.  Tasaki, A. 
Watanabe, T. Takenaka, Proc. Natl. Acad. Sci. 
U.S.A. 48, 1177 (1962); D. Landowne and V. 
Scruggs, J. Membr. Biol. 59,79  (1981). The axla1 
current electrode used here was made w ~ t h  10- 
pm carbon fibers. A bundle of 19 fibers was 
attached to the internal-voltage electrode in- 
stead of a platinized-platinum wire. 

5. G .  Matsumoto, H. Murofushi, H .  Sakai, 
Biomed. Res. 1, 355 (1980). 

6. T. G .  Fitzgerald, B. Williams, E. M. Uyeki, 
Proc. Soc. Exp.  Biol. Med. 136,115 (1971); S. B.  
Mizel and L.  Wilson, Biochemistry 11, 2573 
(1972); L. T. Furcht and R. E. Scott, Exp. Cell 
Res. 96, 271 (1975). 

7.  We thank I .  Llano for discussing with us her 
findings with colchicine and A.  Stricholm for his 
gift of carbon fibers. We thank I. Rose for 
computer programming and the director and 
staff of the Marine Biological Laboratory, 
Woods Hole, Mass., for providing laboratory 
space and a steady supply of squid. This project 
was supported by grant NS137809 from the 
National Institutes of Health. 

31 August 1982 

SCIENCE, VOL. 220 




