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Calrnodulin Activation of Calcium-Dependent Sodium 
Channels in Excised Membrane Patches of Paramecium 

Calmodulin is a calcium-binding protein that participates in the transduction of 
calcium signals. The electric phenotypes of calmodulin mutants of Paramecium have 
suggested that the protein may regulate some calcium-dependent ion channels. 
Calcium-dependent sodium single channels in excised patches of the plasma membrane 
from Paramecium were identified, and their activity was shown to decrease after brief 
exposure to submicromolar concentrations of calcium. Channel activity was restored 
to these inactivated patches by adding calmodulin that was isolated from Paramecium 
to the cytoplasmic surface. This restoration of channel activity did not require 
adenosine triphosphate and therefore, probably resulted'from direct binding of 
calmodulin, either to the sodium channel itself or to a channel regulator that was 
associated with the patch membrane. 

C ALMODULIN (CAM) PARTICIPATES 
in signal transduction processes in 
most cells. In particular, CaM regu- 

lates the activation of certain calcium 
(Ca2+)-dependent potassium (K+) channels 
(1, 2), the inhibition of the ca2+-release 
channel activity of the sarcoplasmic reticu- 
lum (3), and, perhaps, the gap junction 
channel (4). However, the mechanism by 
which CaM regulates ion channel activity is 
not well understood. CaM may interact 
directly with channel proteins, as suggested 
in cell-free systems (2, 3) or may affect 
channel activity through Ca2+, CaM-depen- 
dent covalent modiications of the channel 
proteins (5). In addition, CaM may control 
transcription of genes, as suggested in plants 
(6), possibly including those that encode ion 

Laboratory of Molecular Biology, University of Wiscon- 
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channels. 
CaM regulates ion channels in Parame- 

cium. Mutations in the CaM structural gene 
eliminate one or more of three ca2+-depen- 
dent ion currents recorded under wholi-cell 
voltage clamp (7).  To decipher the mecha- 
nism of CaM regulation of ion channels in 
Paramecium, we used a patch-clamp tech- 
nique to study ca2+-dependent sodium 
(Na') single channels in excised patches 
from Paramecium. 

Previous studies with whole-cell Parame- 
cium have shown that activation of the Na+ 
conductance is dependent on cytoplasmic, 
free Ca2+, and that the Na+ channel is 
permeable to Na+ and lithium (Li+), but 
not potassium (K+) or cesium (Cs') (8); 
similar conductances have been found in 
other organisms (9). With 100 mM Na+ in 
both pipette and bath (lo), patch-clamp 
recordings (1 1) revealed single-channel ac- 
tivities (Fig. 1A) in excised inside-out patch- 
es of the plasma membrane from P,  tetraure- 

lia (12) when M free ca2+ was present 
in the bath (on the cytoplasmic side of the 
patch). The channel was more active at 
positive than at negative voltages. The cur- 
rent amplitude, measured from the ampli- 
tude histograms, was plotted as a function 
of membrane voltage (I-V plot), and the 
conductance was determined to be 19.0 pS 
[* 3.2 (mean k standard deviation, SD), n 
= 10; error limits of * SD are used through- 
out the report] (Fig. 1B) (13). 

The ion selectivity of the channel (14) was 
determined by substitution of Na+ in the 
bath with other ions. From I-V plots of 
single-channel currents under bi-ionic con- 
ditions (Fig. 1C) and reversal potential anal- 
yses (15) ' (Fig. lD), we determined the 
relative permeability ratios of Na+:Li+: 
K+:Cs+ to be 1: 0.76:0.07:0.05, respec- 
tively (n = 3). The conductance and ion 
selectivity of the Na+ single channel in 
Paramecium were therefore similar to those of 
its counterparts in higher organisms, which 
are voltage- and not ~ a ~ + - ~ a t e d ,  (16). 

The ca2+ dependence of the Paramecium 
Na+ channel was examined by changing the 
free ca2+ concentration of the bath. After 
measuring the channel activity at M 
ca2+ (Fig. 2A, left), the bath was perfused 
with a solution of M ca2+, and the 
channel activity at all voltages fell nearly to 
zero (Fig. 2A, middle). This suggested that 
the channel activity was Ca2+ dependent. 
However, a return to M ca2+ after 
brief exposure to lo-' M ca2+ failed to 
restore channel activity (Fig. 2A, right). The 
initial activity at M Ca2+ was reduced 
upon returning to M Ca2+ after expo- 
sure to M Ca2+ for 60 s [1.19 * 1.04 
versus 0.08 * 0.12, expressed as the activity 
of all channels in the patch (NPo) at -50 
mV, n = 6; 60 to 150 s elapsed between the 
two measurements] (1 7). By contrast, con- 
tinuous exposure to M Ca2+ for simi- 
lar durations (Fig. 2B) did not alter channel 
activity, which varied from 1.20 a 0.59 to 
1.26 * 0.88 (n = 8, 55 to 175 s elapsed, 
including a 30- to 140-s perfusion period). 
However, even at M Ca2+, the channel 
activity declined with prolonged exposure 
(>30 min). These findings suggested that a 
factor or factors required for Na+-channel 
activity was rapidly degraded or inactivated 
by exposure to M Ca2+. 

Because the Ca2+-dependent Na+ con- 
ductance of Paramecium is under the control 
of calrnodulin (CaM) in vivo ( 7 ) ,  we tested 
whether CaM, when applied to the cytoplas- 
mic surface of the patch membrane, could 
restore activity to inactivated Na+ channels 
in vitro. When channel activity had declined, 
we added Paramecium CaM (2 pg, >85% 
pure) (18) to the 300-p1 bath that contained 

M Ca2+. We observed an increase in 
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channel activity during a 5-rnin period of 
incubation with CaM. However, the chan- 
nel activity became more pronounced after 
removal of CaM from the bath, the reason 
for which is yet to be understood. Thus, 
incubation with CaM dramatically increased 
channel activity (0.33 * 0.47; Fig. 3A, mid- 
dle) over that observed prior to CaM addi- 
tion (0.04 ? 0.08, NPo at -50 mV, n = 5; 
Fig. 3A, left) (19). The activity of the chan- 
nel reactivated with CaM was less than the 
activity prior to channel inactivation, per- 
haps due to time-dependent loss of channel 
activity by an unknown mechanism. How- 
ever, the channel reactivated by CaM had 
the same conductance (17.5 * 1.0 pS, n = 
4) as the Ca2+-dependent Na+ channel, was 
selective for Na+ over K+ (20), was depen- 
dent on Ca2+ (20), and lost activity upon 
exposure to M ca2+ (Fig. 3A, right). 

-2.0 
-80 -40 0 40 80 

Voltage (mV) 

Inactivation and reactivation of the channel 
could be repeated several times, although 
the degree of channel reactivation lessened 
with time. More highly purified Pavamecium 
CaM (>98% pure) and bovine CaM 
(>95% pure) (21) were both capable of 
reactivating the Na+ channel (n r 3 for 
each) (20). Ovalburnin from chicken (>98% 
pure; 10 pg) (21) yielded little change in the 
channel activity (from 0.02 a 0.03 to 
0.04 * 0.08, at -50 mV, n = 5; Fig. 3B). 
Similarly, no effect was observed with the 
Ca2+- binding proteins parvalbumin (>99% 
pure) and chicken troponin C (175% pure) 
(5 pg, n = 3 for each) (21). All such experi- 
ments with negative results were followed 
by incubation with Paramecium CaM and 
confirmed that the Na+ channel could be 
reactivated. 

Channel activity can be modulated by 
phosphorylation (22). However, because re- 
activation of the Na+ channel did not re- 
quire adenosine triphosphate, the CaM ef- 
fect was probably not mediated by a Ca2+, 
CaM-dependent protein kinase. This sug- 
gests that ca2+ and CaM may activate the 
channel by binding directly to the channel 
protein or to another membrane component 
that in turn activates the channel. Direct 
interaction between channels and CaM may 
be widespread; a Ca2+-CaM complex ap- 
pears to directly inactivate the ca2+-release 
channel of sarcoplasmic reticulum (3), and 
CaM binds certain ion-channel proteins in 
vitro (2,23). The mechanism by which CaM 
transduces Ca2+ signals to the channel may 
be further elucidated by introducing site- 
directed mutations into the gene for CaM 

bath: Na* LI' K' C s  mv 
0 - 
0: - 
s  - = s -  s - - - - -  +30 

g:= O,-  - 
Fig. 1. Characterization of the ca2+-dependent Na+ channel of Paramecium 
in excised inside-out patches. (A) A family of single-channel currents at 
voltages indicated at the ri ht of each trace recorded in a symmetric Na+ 
solution with lo-' M Ca2' (10). On the right are amplitude-distribution 
histograms from stretches of data (>15 s each) including the portions shown 
here. Abbreviations for all figures are: s, shut level; o, openings of channels. 
(8) Unit current amplitude-voltage relation in the symmetric Na+ solution, 
showing means 2 SD from ten patches. The result of linear regression with a 
slope of 19 pS is also drawn. (C) Ion selectivity of the Na+ channel. The 

7- 

41 ms 

pipette contained 100 mM Na+ and the bath contained 100 mM of Na+, 
Li+, K+, or Cs+, as indicated (10, 14). Therefore, inward currents were 
carried by Na+ and outward currents by Na+ or other substituting ions in 
the bath. Membrane voltages are indicated beside the traces. o,, one 
opening; 02, two openings. (D) I-V relations in different ion solutions from 
the same patch shown in (C). 0, Li+; V, K+; and 0, Cs+. The data were 
fitted to the GHK equation (15), and the best-fit results are represented by 
lines drawn through symbols. The dashed line indicates results for Na+. 
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--c kept at pCa5 -C 

Flg. 2. Ca2+ dependence and inactivation of the Na+ channel. (A) The channel activity in the Na+ 
solution was recorded first with lo-' M Ca2+ (pCa5, left) and then at lo-' M Ca2+ (pCa8, middle). 
After a 60-s exposure to lo-' M Ca2+, the bath was perfused with M Ca2+, and the channel 
activity was again recorded (pCa5, right). Voltages are indicated beside the traces. (0)  A control 
experiment with a different atch, showing that the Na+ channel activity changed little after superfusing 
the patch with lo-' M CaE for >?O s. 

A Incubation Exposure 
with to 

Before CaM After washout pCa8 pCa5 

lncubation 
with 

B Before Ovalbumin .After washat v 

Fig. 3. Reactivation of the Na+ channel by CaM. (A) When the channel became inactive (before, left), 
Paramecium CaM (2 pg, 0.4 pM) (18) was added to the bath that contained the Na+ solution of M 
Ca2+. After a 5-min incubation, CaM was washed out of the bath by perfusing with M Ca2+. The 
channel activities upon depolarization and hyperpolarization were recorded (after washout, middle). 
The patch was then exposed to lo-' M Ca2+ for 60 s, and returned to lo-' M CaZ+. The subsequent 
channel activity was recorded at lo-' M Ca2+ (pCa5, right). (8) In a control experiment, ovalbumin 
(10 pg, 0.8 pM) (21) was added to the bath that contained M Ca2+. The patch was incubated for 
5 rmn and then superfused with M Ca2+. The channel activity changed only slightly [compare Left 
panel (before) to right (after)]. 
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Birth of Projection Neurons in Adult Avian Brain 
May Be Related to Perceptual or Motor Learning 

Projection neurons that form part of the motor pathway for song control continue to 
be produced and to replace older projection neurons in adult canaries and zebra 
finches. This is shown by combining [3H]thymidine, a cell birth marker, and 
fluorogold, a retrogradely transported tracer of neuronal connectivity. Species and 
seasonal comparisons suggest that this process is related to the acquisition of 
perceptual or motor memories. The ability of an adult brain to produce and replace 
projection neurons should influence our thinking on brain repair. 

T HE SONG CONTROL SYSTEM OF OS- 
cine songbirds consists of several dis- 
crete nuclei including the high vocal 

center (HVC) and the robust nucleus of the 
archistriatum (RA) (1). These two brain 
regions form the backbone of the telence- 
phalic efferent pathway that controls learned 
song. HVC is remakable in that new neu- 
rons continue to be added to it in adulthood 
(2 ,  3). 

HVC includes two types of projection 
neurons: those that project to area X and 
those that project to RA (1, 3). Area X- 
projecting HVC neurons are produced dur- 
ing early development (4), as is also true for 
projection neurons in the brains of most 
warm-blooded vertebrates (5). In contrast, 
the majority of RA-projecting HVC neu- 
rons are added after hatching (4, 6). Accord- 
ing to previous reports, the latter process 
slows down by the time birds reach sexual 
maturity (4, 6). We now explore the extent 
to which new RA-projecting neurons con- 

The Rockefeller University Field Research Center, Tyrrel 
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tinue to be added to the adult HVC. 
Twelve adult male canaries received injec- 

tions of [3~]thymidine (7), a marker of 
DNA synthesis, twice daily for 14 days. 
One-hundred and twenty-five days later (8) ,  
we injected fluorogold into the right and left 
nucleus RA by using stereotactic coordi- 
nates (4). These birds were killed 4 days later 
and their brains sectioned at 6-pm intervals; 
the sections were prepared for autoradiogra- 
phy and counterstained for anatomical detail 
(9). We scored the position and number of 
(i) neurons, (ii) fluorogold-backfilled neu- 
rons, (iii) [3H]thymidine-labeled neurons, 
and (iv) double-labeled neurons (fluorogold 
plus [3~]thymidine) within HVC with a 
computer-yoked microscope (10). 

The cell bodies of HVC neurons back- 
filled with fluorogold stand out unambig- 
uously from surrounding neuropil (Fig. 
1A). Fluorogold injections outside, but in 
the vicinity, of RA failed to label HVC 
neurons. HVC cells backfilled from RA 
with fluorogold fall into a rather homoge- 
neous size class [nuclear diameters of 
6.18 k 0.58 (mean -t SD)] and are general- 

ly smaller than area X-projecting cells (3, 4). 
The RA-projecting neurons constituted 
54% of HVC neurons (1 1). 

Many of the fluorogold-backfilled HVC 
neurons had nuclei labeled with [3~] thymi -  
dine (Fig. lB), indicating that they were 
born at the time of [3H]thymidine treat- 
ment (12). Thus, some of the canary HVC 
neurons generated in adulthood became 
RA-projecting cells. Previous work in which 
horseradish peroxidase was used as a retro- 
grade label in adult male canaries revealed 
very few new RA-projecting HVC neurons, 
and it was concluded that adult HVC neuro- 
genesis was restricted almost exclusively to 
the formation of interneurons (3). There- 
fore; in our study we had to rule out the 
possibility that fluorogold transported ret- 
rogradely from RA to HVC passed from 
projection neurons to interneurons. We in- 
jected nucleus RA of an additional five adult 
male canaries with fluorescent rhodamine 
beads; these birds were killed 4 days later. 
Beads are trapped in intracellular organelles 
and do not leak out of the cell even after 
long survivals (13). The birds had been 
treated with [3~]thymidine (7) and tissue 
was processed to preserve the fluorescent 
beads (14). Neurons double-labeled with 
silver grains over their nuclei and beads in 
their cytoplasm (Fig. 1, C and D)  were 
found in all five canaries. These observations 
confirm that RA-projecting HVC neurons 
continue to be generated in adult canary 
brain. 

Adult male canaries learn new songs sea- 
sonally (15, 16). To address the possible 
relationship between adult neurogenesis and 
song plasticity, we injected some canaries 
with [3~]thymidine in May, when song is 
stable, and some in October, when song is 
modified (7). The percentage of HVC neu- 
rons that were [3~]thymidine labeled was 
4.9 times higher in the October group 
(mean, 3.8%; range, 1.6 to 6.1%) than in 
the May group (mean, 0.78%; range, 0.23 
to 1.5%) (Fig. 2, a and b). Nevertheless, in 
both the May and October groups, more 
than half of the new neurons were backfilled 
with fluorogold (56% and 71%, respective- 
ly). Therefore, there were correspondingly 
more RA-projecting HVC neurons labeled 
with [3~]thymidine in the October group 
than in the May group (Fig. 2, a and b). 
Moreover, in 4-year-old canaries injected 
with [3~]thymidine in October, the num- 
ber of new RA-projecting HVC neurons 
was also considerably higher than in the 1- 
year-old May group (Fig. 2, a to c) (17). 
Because of the 4-month delay between 
[3~]thymidine administration &d the time 
when the birds were killed, we do not know 
whether the lower numbers of new RA- 
projecting HVC neurons after [3H]thymi- 
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