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Regulation of Reactivated Elongation in Lysed Cell Models 
of Teleost Retinal Cones by cAMP and Calcium 
C a r o l  A n n  Gi l son ,  N ico l a  Ack l and ,  and  Beth  Burns ide  

Department of Physiology-Anatomy, University of California, Berkeley, California 94720 

Abstract. Teleost retinal cones elongate in the dark 
and contract in the light. In isolated retinas of  the 
green sunfish Lepomis cyanellus, cone myoids 
undergo microtubule-dependent elongation from 5 to 
45 #m. We have previously shown that cone contrac- 
tion can be reactivated in motile models of  cones 
lysed with Brij-58. Reactivated contraction is both ac- 
tin and ATP dependent, activated by calcium, and 
inhibited by cAMP. We report here that we have ob- 
tained reactivated cone elongation in lysed models 
prepared by the same procedures. Reactivated elonga- 
tion is ATP dependent, activated by cAMP, and in- 
hibited by calcium. The rate of reactivated elongation 
is proportional to the cAMP concentration between 
10 #M and 0.5 mM, but is constant between 10 #M 
and 1.0 mM Mg-ATP. No elongation occurs if cAMP 
or Mg-ATP concentration is <5 ~M. Mg-ATP is re- 
quired for both cAMP-dependent and cAMP-inde- 
pendent processes, suggesting that Mg-ATP is required 

both for a regulatory process entailing cAMP-depend- 
ent phosphorylation and for a force-producing proc- 
ess. Free calcium concentrations _> 10 -7 reduce the 
elongation rate by 78% or more, completely inhibiting 
elongation at 10 -5 M. This inhibition is not due to 
competition from calcium-activated contraction. Cy- 
tochalasin D blocks reactivated contraction, but does 
not abolish calcium inhibition of  reactivated elonga- 
tion. Thus calcium directly affects the elongation 
mechanism. Calcium inhibition is calmodulin de- 
pendent. The calmodulin inhibitor trifluoperazine 
abolishes calcium inhibition of elongation. Further- 
more, calcium blocks elongation only if  present dur- 
ing the lysis step; subsequent calcium addition has no 
effect. However, if calcium plus exogenous calmodu- 
lin are subsequently added, elongation is again inhib- 
ited. Thus calcium inhibition appears to require a sol- 
uble calmodulin which is lost shortly after lysis. 

C 
ELL elongation plays an important role in the life of 
many cell types. Although it is now generally accepted 
that microtubules are required for many cell shape 

changes involving elongation of the cell or of cellular projec- 
tions, the mechanism and regulation of cell elongation are 
still not fully understood. Two mechanisms have been sug- 
gested for motive force production during elongation: micro- 
tubule sliding by means of cross-bridges containing the 
ATPase dynein (12, 13, 62, 71), and microtubule elongation 
by the assembly of soluble tubulin subunits (29, 60, 67). 
Neither of these mechanisms has been ruled out for any 
example of cell elongation. 

In our laboratory we have been using teleost retinal cones 
to investigate the mechanisms and regulation of elongation 
and contraction in nonmuscle cells (8-11, 16, 17, 50, 51, 71). 
In teleosts, photoreceptors change shape in response to 
changes in light intensity. Cones elongate in the dark and 
contract in the light. Cone contraction and elongation are 
mediated by the necklike myoid region of the cell (Fig. 1). 
The extent of myoid length change is dramatic, changing in 
vivo from 5 gm in the light to as much as 90 ~m in the dark. 
Complications resulting from cell-cell or cell-substrate at- 
tachments are minimized since the motile myoid regions of 

the cones project freely into the subretinal space (Fig. 1). 
We have previously reported that cone elongation is micro- 

tubule dependent, and that cAMP and calcium appear to play 
roles in its regulation (8, 10, 16, 71). Cone elongation can be 
induced in isolated intact retinas by treatments which elevate 
cytoplasmic cAMP and inhibited by those which elevate 
calcium (8, 10, 16). Opposite cAMP and calcium conditions 
are required for cone contraction. In isolated intact retinas, 
cone contraction is activated by treatments that elevate cyto- 
plasmic calcium and inhibited by those that elevate cAMP 
(16, 17). We have also reported extensive studies of reactivated 
cone contraction in motile models lysed with 1% Brij-58 (11, 
31, 50, 51). Reactivated cone contraction is actin and ATP 
dependent, activated by calcium, and inhibited by cAMP. 
Thus, cone myoid length in the green sunfish appears to be 
regulated by antagonistic actions of cAMP and calcium. 

To examine the regulation of cone elongation in more 
detail we have developed lysed cell models of teleost cones 
which will undergo reactivated elongation. We have obtained 
reactivated elongation in cone models prepared by the same 
lysis procedures as those used previously for contraction 
models. Thus we can directly contrast conditions required for 
elongation with those required for contraction. In this report, 
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we have used lysed cone models to investigate the roles of 
cAMP, calcium, and calmodulin in regulating cone elonga- 
tion. 

Materials and Methods 

Animals 
All experiments were carded out on retinas from the green sunfish, Lepomis 
cyanellus. Fish were obtained from local venders and maintained in outdoor 
ponds prior to use. To minimize the effects of circadian rhythms on cone 
myoid length (8, 40) all experiments were performed between 10 A.M. and 2 
P.M. To facilitate the removal of retinas free of pigment epithelium, fish were 
dark adapted in an aerated dark box for 20-40 min before they were killed. 
Thus cones were partially elongated at the time of dissection. 

Preparation of Retinas 

All procedures were performed under room light unless otherwise noted. Eyes 
of dark adapted fish were enucleated, hemisected, and the retinas isolated using 
a stream of oxygenated (95% 02, 5% CO2) modified Earle's balanced salt 
solution containing 24 mM sodium bicarbonate, 25 mM glucose, 3 mM Hepes 
buffer, and 1 mM ascorbic acid, pH 7.4 (EBSS). I Each retina was bisected along 
the choriod fissure to obtain four comparable half-retinas per fish. 

In initial experiments half-retinas were isolated from dark-adapted fish and 
incubated in EBSS for 30-60 rain to produce fully light-adapted, short cones 
of uniform length. Isolated half-retinas were placed vitreous down in 0.5 ml of 
medium in wells of a 24-well tissue culture tray (Costar, Cambridge, MA). 
Medium volume was immediately decreased to 0.2 ml, and the dish placed in 
a clear plastic box on a rotating platform and gassed with 95% 02, 5% CO2. 
Fully contracted cones did not lyse, so it was necessary to develop methods 
which produced slight cone elongation while maintaining a uniform cone 
myoid length. Three different methods were used. Each of these methods 

Abbreviations used in this paper." EBSS, modified Earle's balanced salt solution 
containing 24 mM sodium bicarbonate, 25 mM glucose, 3 mM Hepes buffer, 
and 1 mM ascorbic acid, pH 7.4; IBMX, 3-isobutyl-l-methylxanthine; TFP, 
trifluoperazine. 

produced cones of 15 to 20 um myoid length that were more consistently lysed. 
The behavior of lysed cone models obtained from retinas prepared using these 
three procedures was identical. 

In the first method, half-retinas were isolated from dark-adapted fish and 
incubated in the light for 30-60 min in EBSS containing l0 -4 M free Ca ÷÷, l 
mM free Mg ÷÷, and l mM EGTA to induce full cone contraction. These light- 
adapted half-retinas were then incubated in Ca*+-free (<10 -8 M free Ca ÷÷) 
EBSS containing l mM free Mg ÷÷ and l mM EGTA for 30 rain. Incubation 
of retinas in Ca÷÷-free medium induced a slight cone elongation (16). 

In the second method, half-retinas were isolated from dark-adapted fish and 
incubated in the light for 30-60 rain in EBSS containing 1.8 mM Ca ÷÷ and 0.8 
mM Mg ÷÷ to induce full cone contraction. These light-adapted half-retinas 
were then incubated in EBSS containing 0.2 to 1.0 mM 3-isobutyl- l-methylxan- 
thine (IBMX) for 30-60 rain. IBMX, a phosphodiesterase inhibitor, induced 
slight cone elongation at these concentrations. To prevent the transfer of Ca ÷÷ 
to the lysis medium, half-retinas were washed in Ca÷÷-free EBSS for - 2  min. 

In the third method, fish were sacrificed after 18-25 min of dark adaptation 
during which time cones elongated to the appropriate myoid length. Of the 
first two methods, the second was more consistent in producing cones of the 
desired length. The third method was also effective and had the advantage of 
being less time consuming. Since it was discovered late in the project, all three 
methods have been used to obtain the data presented in this paper. 

Reactivation of Elongation in Lysed Cone Models 

Just before lysis, one half-retina from each fish was fixed for determination of 
initial cone length (Lo). The remaining three half-retinas were incubated for 3 
min in reactivation media containing 1% Brij-58 (polyoxethylene 20 cetyl 
ether; Sigma Chemical Co., St. Louis, MO), a non-ionic detergent. Half-retinas 
were then transferred to detergent-free reactivation media and incubated for an 
additional 15 rain. Reactivation media contain 0.1 M Pipes buffer, pH 6.94, 
10 -8 M free Ca ÷÷, 1 mM free Mg ÷÷, 10 mM EGTA, 1 mM Mg-ATP, and 1 
mM cAMP (Table I). Reactivation incubations were carded out in 0.5 ml of 
medium on a platform vibrator. Reactivation media were modified from media 
used previously for reactivation of cone contraction (11) by the addition of 
cAMP and the lowering of the free Ca ÷÷ concentration. Otherwise the protocols 
for reactivation of elongation and contraction are identical. 

Half-retinas were fixed in 6% glutaraldehyde (Ted Pella, Inc., Tustin, CA) 
in 0.1 M phosphate buffer, pH 7.0, for 1 h or more. Small blocks were cut 
from the fundic region of each half-retina and chopped with a manual tissue 
chopper for examination with Nomarski optics as described elsewhere (11). 
Cone myoid length was measured as the distance from the base of the cone 
ellipsoid to the outer limiting membrane (Fig. 2). Extent of cone elongation (Lf 
- Lo) was determined by subtracting the initial cone myoid length (Lo) from 
the final cone myoid length after reactivation (Lf) measured from half-retinas 
from the same fish. Data are presented as the mean 4- the standard error of the 
mean (SEM), where n is the number of half-retinas examined. The significance 
of the difference between control and experimental group means was deter- 
mined using a two-tailed Student's t test. 

Cone Elongation Rate Studies 

Rates of reactivated cone elongation were compared to those for elongation in 
unlysed retinas in vitro, and elongation in vivo in response to dark onset. For 
reactivated cone elongation, the rate was determined by fixation of retinas at 
indicated time intervals after the initiation of lysis in elongation medium. 
Indicated times include the 3-min step in detergent plus subsequent detergent- 
free incubation periods. 

Cone elongation was induced in unlysed retinas in vitro by incubation in 
dibutyryl cAMP plus IBMX. It has previously been shown that treatments 
which elevate cAMP levels induce cone elongation in light-adapted retinas (10). 

Table I. Ca++/EGTA Buffer Compositions 

Added Added Calculated Calculated 
EGTA MgSO4 CaCI2 free Mg ÷÷ free Ca ÷+ 

mM mM mM mM M 
10.0 1.33 - -  1.0 < 1 0  -8 
10.0 1.33 0.17 1.0 10 -8 
10.0 1.28 1.51 1.0 10 -7 
10.0 1.12 6.40 1.0 10 -6 
10.0 1.02 9.48 1.0 10 -5 

÷ +  Calculated free Ca ++ and Mg concentrations are based on Steinhardt et al. 
(61) assuming an association constant for EGTA and Ca +÷ at 10107. pH = 6.94. 
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Figure 2. Light micrographs of  retinal slices observed with Nomarski optics. (a) Half-retinas fixed before lysis to determine initial cone myoid 
length (Lo). (b) Half-retinas fixed after the 3-min lysis/15-min reactivation protocol to determine final cone myoid length after reactivated cone 
elongation (Lr). Cone myoid length was measured as the distance from the base of  the ellipsoid (small arrows) to the outer limiting membrane 
(large arrows). Bar, 20 um. 

Half-retinas were light adapted as described in method two above. Half-retinas 
were then incubated in EBSS containing 2.5 mM dibutyryl cAMP, 0.1 mM 
IBMX, 10 -6 M free Ca**, 1 mM free Mg +÷, and I mM EGTA for indicated 
time intervals before fixation. 

For analyzing cone elongation rates in vivo, fish were killed after dark 
adaptation for indicated time intervals. Retinas were isolated using Ca÷÷-free 
EBSS and fixed immediately, or were fixed in the eyecup after dissection under 
dim red light. Rates were calculated using linear regression on the mean values 
for each time point. 

cAMP and A TP Dose-Response Studies 

cAMP and ATP were purchased from Sigma Chemical Co. (St. Louis, MO) 
and from Boehringer-Mannheim Biochemicals (Indianapolis, IN). For all dose- 
response studies, the specified concentrations were present in both the 3-min 
lysis and the 15-min reactivation steps. In each case, the ATP concentration 
was matched by equimolar concentrations of MgSO4, in excess of the buffered 
free Mg ÷+ concentration of I mM. 

C a  *+ Dose-Response Studies 

Ca++/EGTA buffers were prepared with 10 mM EGTA according to formulae 
from Steinhardt et al. (61) (Table I). The specified concentrations were present 
during both the 3-min lysis and the 15-min reactivation steps. 

Reactivation o f  Contraction 

Experiments were performed under infrared light with an infrared converter as 
previously described (1 I, 50, 51). Fish were dark adapted for 30-50 min and 
retinas isolated using Ca÷+-free EBSS. One half-retina was fixed immediately 
for determination of initial cone myoid length before lysis (Lo). A 3-min lysis/ 
15-rain reactivation protocol as described for reactivated elongation was used. 
Contraction media contain 0.1 M Pipes buffer, pH 6.94, 10 -~ M free Ca +*, 1 
mM free Mg ÷÷, 10 mM EGTA, I mM Mg-ATP, and no cAMP (Table I). 
Extent of contraction (Lo - Lf) was determined by subtracting the final cone 
myoid length after reactivation (L0 from the initial cone myoid length (Lo) 
measured from the same fish. 

Cytochalasin D Studies 

Cytochalasin D was purchased from Sigma Chemical Co. and prepared as a 1 
mg/ml stock solution in dimethyl sulfoxide. Cytochalasin D was added to 
reactivation media to a final concentration of 5 ug/ml (0.5% dimethyl sulfoxide) 
for both the 3-min lysis and the 15-min reactivation steps. 

Calmodulin Inhibitor Studies 

Trifluoperazine (TFP) was a gift from Smith, Kline, and French in Philadelphia, 
PA. TFP was prepared as a 5-raM stock solution in distilled water and added 
to reactivation media to a final concentration of 10 ~tM for both the 3-min 
lysis step and the 15-min reactivation step. 

Calmodulin Studies 

Calmodulin was purchased from Calbiochem-Behring Corp. (San Diego, CA) 
and prepared as a 1 mg/ml stock solution in distilled water and stored at 
-80"C. Calmodulin was added to the elongation medium to a final concentra- 
tion of 10-6 M for the 15-rain reactivation step only. 

Electron Microscopy 

The fixation procedure used for ultrastructural studies was adapted from a 
protocol by McDonald (42). Half-retinas were fixed in elongation media 
containing 2% glutaraldehyde (TAAB; Redding, England) for 30 min following 
a 3-rain lysis and 10-rain reactivation protocol. Small blocks from the fundic 
region of each half-retina were postfixed in 0.8% K3Fe(CN)6 in 0.1 M Pipes 
buffer, pH 6.94, for 30 min, and in 0.5% OsO4 added to the same solution for 
an additional 30 min at room temperature. Retinas were en bloc stained in 5% 
aqueous uranyl acetate for 2 h in the dark, dehydrated in graded acetones, and 
embedded in Polybed 812. Blocks were sectioned perpendicular to cone long 
axis, and the thin sections stained with uranyl acetate and lead citrate and 
viewed with a JEOL 100S electron microscope. 

Results 

Reactivation o f  Elongation in Lysed Cone Models 

Lysed cell models of teleost cones were induced to undergo a 
16-20-tzm elongation when lysed with Brij-58 and incubated 
with cAMP and ATP (Fig. 3). When the detergent was deleted 
from the media, cones were not lysed and elongated only - 4  
urn. When either cAMP or ATP was deleted from the me- 
dium, cones elongated only 4-5 um as observed in the absence 
of lysis (Fig. 3). Thus lysed cell models of  cones exhibit >10 
um of cAMP- and ATP-dependent reactivated elongation. 

We observed some range in the maximum extent of  reac- 
tivated cone elongation, depending both on the source of the 
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fish and on seasonal variability. For this reason, all experi- 
mental protocols include a positive control for each fish in 
which elongation media contained l mM cAMP and 1 mM 
Mg-ATP. Only those fish whose cones elongated > l0 gm in 
the positive control sample were used to compile the data 
presented in this paper. Maximum extents of cone elongation 
in the positive controls ranged from 16-20 ~m in the different 
experimental groups. 

UItrastructural examination of lysed cone models showed 
that after detergent lysis, the extent of  cytoplasmic extraction 
was extensive (Fig. 4). Although the plasma membranes ap- 
peared relatively intact, we have previously shown that mem- 
branes were sufficiently permeabilized by this lysis protocol 
to allow entry of  myosin subfragment-1 (molecular weight 
100,000) (51). Microtubules and actin filaments were still 
present in similar number and distribution to those seen in 
unlysed preparations. Microtubules are longitudinally ori- 
ented in the motile myoid region of the cone models. Cross- 
sections revealed that cones contain between 100 and 300 
microtubules per myoid. The microtubules of  these cone 
models are stable in the presence of  calcium. They were not 
disrupted after an 18- or 30-min incubation in medium 
containing 10 -5 M free Ca ++ (1 l; Porrello, K., and B. Burn- 
side, unpublished data). 

Rates of Cone Elongation 
The rates of  cone elongation are illustrated in Fig. 5. Reacti- 
vated cone elongation was initiated at lysis and proceeded at 
a constant rate of  2.0 um/min. This rate was faster than the 
0.9-t~m/min rate observed in unlysed retinas in vitro. In this 
study, the rate of cone elongation observed in vivo (!.6 um/  
min) fell between these two rates. However, in other studies 
in this laboratory, in vivo rates have been observed to range 
between 1 and 2 #m/min  depending on the season and the 
source of  the fish (8; and Gilson, C. A., unpublished data). 
Thus under our reactivation conditions, lysed cone models 
elongate at the fastest rates that we have observed in vivo. 

Both lysed cone models and unlysed cones of  isolated 

retinas in vitro elongated to similar maximal lengths (40 to 
50 tzm) (Fig. 5). This cone myoid length is less than that 
observed in vivo where cone myoid length can reach 70-90 
~m under optimal conditions (i.e., in the dark in the middle 
of the night). Although we do not know why final cone myoid 
lengths are shorter in vitro, we have consistently observed this 
40-50-~m maximum length under all conditions that we have 
used to induce cone elongation in vitro (10, 16). 

There is a lag period of  ~10 min before the onset of  cone 
elongation in unlysed retinas in vitro and in retinas in vivo. 
However, elongation starts immediately upon lysis in the cone 
models. 

cAMP Requirement for Reactivated Cone Elongation 

Figs. 6 and 7 illustrate the effect of cAMP concentration on 
reactivated cone elongation. Results indicate that cAMP con- 
centration affects the rate, rather than the final extent of 
reactivated cone elongation. Although cones have not fully 
elongated within 18 min in media containing 10 uM cAMP 
(Fig. 6), cones are still able to maximally elongate in this 
medium if allowed sufficient time (17.1 ___ 1.9 um, n = 6, in 
33 min). If cAMP concentration was _<5 um, reactivated 
elongation did not occur. The maximum rate of cone elon- 
gation (2.0 um/min) was observed at cAMP concentrations 
_>0.5 mM, while at concentrations between 5 uM and 0.5 
mM, the rate of  elongation was proportional to the cAMP 
concentration. 

Transient exposure to cAMP was sufficient to support the 
maximal subsequent elongation response. When 1 mM cAMP 
was present only during the initial 3-min lysis step, followed 
by 15 min in cAMP-free reactivation medium, cones elon- 
gated 19.4 _+ 1.8 tsm (n = 5). In control samples in which 
cAMP was present during both the 3-min lysis step and the 
15-min reactivation step, cone elongation was 18.8 ___ 1.7 ~m 
(n = 4). These extents of  elongation are not significantly 
different (P > 0.8). 

Extended incubation of lysed cone models in the absence 
of  cAMP inhibits the subsequent elongation response upon 
the addition of cAMP. When cones were lysed for 3 min in 
medium containing 1 mM Mg-ATP but no cAMP, followed 
by a 30-min incubation in similar, detergent-free medium, 
cones elongated only 5.6 + 3.2 um (n = 6). When cones were 
incubated an additional 18 min in medium containing 1 mM 
cAMP plus 1 mM Mg-ATP after the 3-min lysis/30-min 
incubation described above, cones elongated 11.0 _.+ 3.1 ~m 
(n = 7). This elongation extent is significantly reduced from 
that observed following a 3-min lysis/15-min incubation pro- 
tocol in media containing cAMP plus Mg-ATP (18.2 __+_ 2.1 
gm; n = 7) (P -- <0.02). However, when cones were lysed for 
3 min in medium containing no cAMP, followed by 15 min 
in medium containing cAMP, the full elongation response 
was still observed (16.4 _ 1.5 urn; n = 8). Thus it appears that 
cAMP need not be present at the time of lysis to induce full 
elongation, but that the ability to respond to cAMP has 
diminished after 30 min. 

cGMP was significantly less effective than cAMP for induc- 
ing reactivation of  cone elongation. In reactivation media 
containing 1 mM cGMP (no cAMP), cones elongated 8.3 --- 
1.7 #m (n = 6) in 18 min. This elongation is significantly less 
(P < 0.001) than that observed in media containing 1 mM 
cAMP (18.5 + 0.9 ~m; n = 6). However, it does represent a 
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Figure 4. Electron micrographs of green sunfish cone myoids fixed (a) during dark-induced cone elongation in vivo and (b) during reactivated 
cone elongation after a 3-min lysis and a 10-min reactivation protocol. Cone myoids are shown in cross section. Extensive cytoplasmic 
extraction is evident after cell lysis. Numerous microtubules (large arrows) and actin filaments (small arrows) are present in both the lysed and 
unlysed preparations. Bar, 0.5 um. 
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partial elongation over  that  observed in the absence of  c A M P  
or c G M P  (3.1 + 2.4 pm;  n = 5). 

The  concentrat ions  of  c A M P  which induced reactivated 
cone elongation (>_10 ~M) have previously been shown to 
inhibit  reactivated cone contract ion (50). In fact, c A M P  con- 
centrat ions as low as 0.1 pM have been found to inhibit  
reactivated cone contract ion (9). 

A TP Requirement for Reactivated Cone Elongation 

Fig. 8 illustrates the effects of  Mg-ATP concentra t ion on the 
extent  of  reactivated cone elongation observed in 18 min.  
While m a x i m u m  reactivated elongation occurred if  the Mg- 
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observed at cAMP concentrations _>0.5 mM, while at concentrations 
between 5 uM and 0.5 mM the rate of elongation was proportional 
to the cAMP concentration. Although rates are indicated for cAMP 
concentrations <_5 uM, no reactivated elongation occurred at these 
concentrations. The values indicated represent the 5-um movement 
seen under all experimental protocols. The cAMP concentration 
required to obtain one-half the maximum rate of cone elongation 
was calculated to be 23 uM using linear regression on the double 
reciprocal plot (r = 0.99). Elongation media contained 1 mM Mg- 
ATP and 10 -8 M free Ca ++. 

ATP concentra t ion was >_50 uM,  only partial elongation was 
observed in 10 uM Mg-ATP.  

To  determine whether  10 #M Mg-ATP could support  max- 
imal elongation if allowed sufficient t ime, we measured the 
extent of  cone elongation after a 33-min incubat ion in media  
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containing 10 uM Mg-ATP. Results indicate that Mg-ATP 
concentration limits the extent of  reactivated cone elongation. 
After 33 min in 10 ~M Mg-ATP, cones were no longer than 
they were after 18 min (9.1 + 1.5 #m, n = 6; and 9.2 _+ 2.0 
urn, n = 11, respectively). 

To determine whether the limit on the extent of cone 
elongation in 10 #M Mg-ATP was due to depletion of  Mg- 
ATP prior to completion of  cone elongation, we measured 
the extent of  cone elongation after 18 min in medium con- 
taining 10 ~M Mg-ATP plus an additional 15 min in fresh 
medium also containing 10 ~M Mg-ATP. The extent of  
elongation seen after this additional 15 rain was double that 
seen in the initial 18 min (24.5 _+ 0.3/~m, n = 3; and 12.5 + 
1.9 urn, n -- 3; respectively). Thus the limitation on the extent 
of  cone elongation by 10 #M Mg-ATP observed in 18 min 
was due to a depletion of  Mg-ATP, and cone elongation was 
able to proceed to the maximum extent if Mg-ATP was 
replenished. 

To determine whether Mg-ATP concentration affects the 
rate of  reactivated cone elongation, we compared the rates of  
elongation in media containing either 10 #M or 1 mM Mg- 
ATP. The same rate of  cone elongation was observed in both 
media (n = 4). Since no reactivated elongation occurs if Mg- 
ATP concentration is -<5 #M it appears that varying the Mg- 
ATP concentration does not affect the rate of  reactivated cone 
elongation. 

Since cAMP is required for reactivated cone elongation, 
Mg-ATP is likely to be required for a cAMP-dependent phos- 
phorylation regulatory step. Thus it is not clear from the 
observations reported so far that Mg-ATP is required as an 
energy source for force production. To further clarify the role 
of  Mg-ATP, we eliminated Mg-ATP from the cAMP-depend- 
ent 3-rain lysis step, or from the subsequent cAMP-independ- 
ent 15-min reactivation step (Fig. 9). When cAMP was present 
during the 3-rain lysis step but deleted from the 15-min 
incubation, the full elongation response was observed (Fig. 
9a). Thus cAMP need not be present during the 15-min 
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Figure 9. The effects o f  el iminat ing Mg-ATP from either the 3-rain 
lysis step or the 15-min reactivation step. (A) Cones were lysed for 3 
min in medium containing cAMP plus Mg-ATP, followed by 15 rain 
in medium containing Mg-ATP only. (B) Clones were lysed for 3 
min in medium containing cAMP only, followed by 15 min in 
medium containing both cAMP and Mg-ATP. (C) Cones were lysed 
for 3 min in medium containing cAMP only, followed by 15 min in 
medium containing Mg-ATP only. (D) Cones were lysed for 3 min 
in medium containing cAMP plus Mg-ATP, followed by 15 min in 
medium containing neither cAMP nor Mg-ATP. In each case, cAMP 
and Mg-ATP concentrations were I mM when present. 

reactivation step to induce full cone elongation. When Mg- 
ATP was deleted from the 3-min lysis step but present during 
the 15-min incubation the full elongation response was ob- 
served (Fig. 9b). Thus the absence of  Mg-ATP from the first 
3-rain incubation step does not prevent cone elongation. 
However, when Mg-ATP was deleted from the 3-min lysis 
step and cAMP was deleted from the 15-min incubation, no 
reactivated elongation was observed (Fig. 9c). Thus cAMP 
and Mg-ATP must be present at the same time to induce 
cone elongation. Therefore, Mg-ATP is required for a cAMP- 
dependent role. 

When both cAMP plus Mg-ATP were present during the 
3-rain iysis step but deleted from the 15-rain incubation, no 
reactivated elongation was observed past that expected to 
occur during the first 3 min when both cAMP and Mg-ATP 
were present (Fig. 9d). Since the full elongation response is 
observed if the second, 15-min incubation contains Mg-ATP 
only (no cAMP) (Fig. 9a), Mg-ATP must be required to 
induce full elongation even in the absence of  cAMP. Thus 
Mg-ATP is also required for a cAMP-independent role. 

Calcium Inhibition of Reactivated Cone Elongation 
Figs. 10 and 11 illustrate the effects of free calcium concen- 
tration on reactivated cone elongation. Maximum reactivated 
cone elongation occurred if free calcium concentration was 
-<10 -8 M. Complete inhibition was observed at 10 -5 M free 
Ca *+ (cones elongate 4-5 #m under all reactivation conditions 
observed so far). Comparison of  the extents of  cone elongation 
after an 18- or a 33-rain incubation in media containing 10 -7 
M free Ca ++ indicated that increased free calcium concentra- 
tion limited the rate, not the extent, of  reactivated cone 
elongation. Cones elongated 13.4 _ 1.4 ~m (n = 3) in 33 min. 
This extent was greater than that observed in 18 min (8.4 _.+ 
2.1 urn; n = 3) but did not represent the full elongation 
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Figure IO. The effects of  free calcium concentrat ion on the extent  o f  
inhibition of  reactivated cone elongation in 18 rain. Reactivation 
media  contained l m M  cAM P  and l m M  Mg-ATP. Free Ca ++ 
concentrat ions were based on a formula  for Ca+÷/EGTA buffers from 
Steinhardt et al. (61) (Table I). 

response observed in media containing 10 -8 M free Ca ++ (16.6 
_+ 0.7 #m; n = 3). The rates of cone elongation calculated for 
the 18- and 33-min samples in media containing l0 -7 M free 
Ca ++ were not significantly different from each other (0.46 _+ 
0.14 #m/min  and 0.41 _+ 0.05 ~m/min,  respectively; P = 0.8), 
but represented a considerable decrease from the maximum 
rate possible (2.0 um/min) .  

Cytochalasin D Studies 

Inhibition of cone elongation occurs at the same free calcium 
concentrations which have been shown elsewhere to produce 
reactivated cone contraction (50). To investigate the possibil- 
ity that calcium inhibition of  cone elongation could be me- 
diated by initiation of a competing calcium-induced cone 
contraction, cytochalasin D was used to eliminate the capa- 
bility of the models to contract. When dark-adapted retinas 
containing long cones were subjected to the 3-min lysis/15- 
rain reactivation protocol in contraction media, cones con- 
tracted 18.2 ___ 2.2 #m (n --- 5). However, when 5 ~g/ml 
cytochalasin D (with 0.5% dimethyl sulfoxide) was added to 
the contraction media, contraction was blocked (2.3 __. 2.4 
um; n = 5). Adding 0.5% dimethyl sulfoxide alone had no 
effect (19.1 ___ 0.7 #m; n = 4). Thus, cytochalasin D blocks 
reactivated cone contraction. When light-adapted retinas con- 
taining short cones were subjected to the 3-min lysis/15-min 
reactivation protocol in elongation media, cones elongated 
15.5 _ 1.6 um (n = 5). When 5 ~g/ml cytochalasin D (with 
0.5% dimethyl sulfoxide) or 0.5% dimethyl sulfoxide alone 
were added to the elongation media, maximal elongation was 
still observed (18.0 +__ 2.2 um, n = 3; and 18.7 ___ 0.6 urn, n = 
2, respectively). Thus cytochalasin D has no effect on reacti- 
vated cone elongation. 

To investigate whether calcium inhibition of cone elonga- 
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Figure 11. The effects of  free calcium concentrat ion on the rate of  
reactivated cone elongation. The rate of reactivated cone elongation 
was decreased 78-87% when the free Ca ++ concentration was ~ 10 -7 

M. The rates observed in 10 -7 and 10 -5 M free Ca ++ were not 
significantly different (P = 0.05). 

tion was retained after disruption of the contractile machinery 
by cytochalasin D, we prepared models in elongation media 
containing 10 -5 M free Ca ++ plus 5 gg/ml of  cytochalasin D. 
The extent of cone elongation was compared to that of  control 
samples in which elongation media contained 10 -5 M free 
Ca ++ or no additions (10 -8 M free Ca++). When 10 -5 M free 
Ca ++ was added to the elongation media, reactivated elonga- 
tion was blocked (4.9 + 3.0 #m; n = 3). Addition of  5 ug/ml 
cytochalasin D to the calcium media did not relieve calcium 
inhibition of elongation (3.7 + 3.4 ~m; n = 3). Thus, calcium 
inhibition of reactivated cone elongation does not appear to 
be mediated by an onset of cone contraction. 

Effects o f  Delayed Exposure to Ca +* 
Calcium inhibition of reactivated cone elongation occurs only 
if calcium is added to the medium at the time of lysis. Fig. 12 
illustrates the results of  adding calcium subsequent to the lysis 
step. If 10 -5 M free Ca ++ was added to both the 3-min lysis 
and the 15-rain reactivation steps, full inhibition of elongation 
was observed (Fig. 12A). However, if 10 -5 M free Ca ++ was 
added only to the 15-min reactivation step, no inhibition was 
observed (Fig. 12B). We have previously shown that the full 
elongation response can be induced if cAMP is present during 
only the initial 3-min lysis step; thus cAMP had exerted its 
full effect before the addition of calcium when calcium was 
added to the 15-min reactivation step only. This suggests that 
the inability of  calcium to inhibit elongation in this case could 
be due to the inability of calcium to reverse the effects of  
cAMP. To examine this possibility, cone models were lysed 
in the absence of cAMP. When no cAMP was present during 
the 3-min lysis step followed by 15 min in media containing 
1 mM cAMP plus either 10 -8 or 10 -5 M free Ca ++, the full 
elongation response was observed (Fig. 12, C and D, respec- 
tively). Thus, calcium still failed to inhibit reactivated cone 
elongation even when added to the medium simultaneously 
with cAMP, following the 3-min cell lysis step. 
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Figure 12. Calcium inhibition of reactivated cone elongation occurred 
only if calcium was added to the medium at the time of lysis. (A) 
Cones were lysed for 3 min in media containing cAMP plus high 
Ca ++, followed by 15 min in similar medium. (B) Cones were lysed 
for 3 min in media containing cAMP only, followed by 15 min in 
media containing cAMP plus high Ca ++. (C) Cones were lysed for 3 
min in media containing neither cAMP nor high Ca ++, followed by 
15 rain in media containing cAMP only. (D) Cones were lysed in 
media containing neither cAMP nor high Ca ++, followed by 15 min 
in media containing both cAMP plus high Ca ++ . In each case, 
reactivation media contained 1 mM Mg-ATP and 10 -8 M free Ca ++. 
cAMP ( 1 mM) and Ca ++ ( 10 -5 M free Ca ++) were added to the media 
as noted. 

Calmodulin Inhibitor Studies 

To investigate the possible role of calmodulin in the calcium 
inhibition of reactivated cone elongation, we determined the 
effect of the calmodulin inhibitor, TFP, on calcium inhibition. 
Results are illustrated in Fig. 13. The extent of cone elongation 
in media containing 10 #M TFP plus 10 -s M free Ca ++ was 
compared to that of control samples in which elongation 
media contained 10 -5 M free Ca ++ or no additions (10 -8 M 
free Ca++). When 10 -5 M free Ca ++ was added to the media 
for both the 3-min lysis and the 15-min reactivation steps, 
reactivated elongation was blocked. Addition of 10 #M TFP 
to the calcium media relieved this inhibition, suggesting that 
calcium inhibition of reactivated cone elongation may be 
mediated by a Ca++-calmodulin interaction. 

Calmodulin Studies 

To determine whether calcium lost its inhibitory capacity 
when added subsequent to cell lysis due to the loss of soluble 
calmodulin, calcium plus calmodulin were added to the me- 
dium during the 15-min reactivation step. Results are illus- 
trated in Fig. 13. When medium contained 10 -8 M free C a  ++ 

for the 3-min lysis step, followed by 15 min in medium 
containing 10 -5 M free Ca ++, no inhibition of elongation was 
observed. When the medium contained 10 -8 M free Ca ++ for 
the 3-min lysis step followed by 15 min in medium containing 
both 10 -5 M free Ca ++ plus 10 -6 M calmodulin the full 
inhibitory effect of calcium was restored. 

Discussion 
Reactivation o f  Elongation in Lysed Cone Models 

Detergent-treated teleost retinal cones undergo cAMP- and 
ATP-dependent elongation with a rate and morphology corn- 
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Figure 13. The effect of TFP and exogenous calmodulin on calcium 
inhibition of reactivated elongation. Reactivation media contained 1 
mM cAMP, 1 mM Mg-ATP, and 10 -8 or 10 -5 M free Ca ++ as noted. 
When 10 -5 M free Ca ++ was added to the media for both the 3-min 
lysis and the 15-min reactivation steps, reactivated elongation was 
inhibited (A). If 10 ~M TFP plus 10 -5 M free Ca ++ were added to 
these media, calcium was unable to inhibit cone elongation (B). The 
addition of exogenous calmodulin returned the ability of Ca ++ to 
inhibit reactivated elongation when Ca +* was added subsequent to 
cone lysis. If elongation medium contained 10 -8 M free Ca *+ for the 
3-min lysis step followed by 15 min in medium containing 10 -5 M 
free Ca ++, the full elongation response was observed (C). However, if 
10 -5 M free Ca *+ plus 10 -6 M calmodulin were added to the medium 
for the 15-min reactivation step, elongation was blocked (D). 

parable to that observed in vivo. Several observations indicate 
that this movement represents true reactivated elongation in 
a motile cell model. Although a slight elongation (_<5 #m) is 
observed under all incubation conditions, an additional 10- 
15-#m reactivated elongation is observed only if cells are lysed 
and if cells are incubated in media containing both cAMP 
and Mg-ATP. Furthermore, membranes are still fully per- 
meabilized even after 18 min. Transfer to fresh medium can 
induce continued elongation after a 3-min lysis/15-min in- 
cubation in media containing 10 ~M Mg-ATP during which 
cone elongation has ceased. 

Ultrastructural examination reveals that the cytoplasmic 
matrix has been extensively extracted. Our lab has previously 
shown that plasma membranes are sufficiently permeabilized 
by this lysis protocol to allow entry of myosin subfragment-1 
(molecular weight 100,000) (51). The cytoskeleton, however, 
remains intact. Microtubules and actin filaments are still 
present in similar number  and distribution to those seen in 
unlysed preparations. Warren and Burnside (71) have re- 
ported that myoid microtubules are required for cone elon- 
gation in blue striped grunts. Intraocular colchicine injections 
disrupted myoid microtubules of light-adapted cones and 
prevented subsequent dark-induced cone elongation. Since 
morphometric analysis of myoid microtubule number and 
distribution during cone elongation showed no net increase 
in total microtubule length, Warren and Burnside (71) sug- 
gested that cone elongation might result from a sliding micro- 
tubule mechanism. 

The maximum rates of elongation observed in cone models 
and in cones in vivo are identical (2 um/min) .  This suggests 
that the motile machinery for cone elongation is not compro- 
mised by our lysis protocol. Although the maximum final 
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cone myoid length observed in cone models was less than that 
observed in vivo, this limitation is not exerted by the lysis 
protocol itself. This reduced maximum myoid length has been 
observed under all conditions that have been used to induce 
cone elongation in retinas in vitro. Thus we conclude that it 
represents a limitation, perhaps mechanical, resulting from 
retinal isolation and incubation, rather than from cone lysis. 

Elongation starts immediately upon lysis in cone models 
and proceeds at a constant rate. In unlysed retinas in vitro 
and in retinas in vivo, the onset of elongation follows a delay 
of -10  min. These l0 min may represent time taken to 
accumulate sufficient intracellular cAMP concentration to 
initiate elongation. Since the cAMP concentration is increased 
immediately upon lysis in cone models, this delay period 
would not be observed. The 10-min delay may also represent 
time taken to reach a threshold level of protein phosphoryla- 
tion or to undergo an unknown initiation process required 
for the onset of cone elongation. While producing cone 
models, we induced a slight cone elongation (15-20 ~m) 
before lysis (see Materials and Methods); thus any required 
initiation process had already taken place. In fact, in the few 
cases where we did obtain lysis of fully light-adapted, short 
cones, those cone models did not elongate. These observations 
suggest that an initiation process, which does not occur under 
our lysis conditions, may be required for cone elongation. 
Our reactivation conditions clearly support continued elon- 
gation; however, they do not appear to be able to initiate 
elongation in a fully light-adapted, maximally shortened cone. 

The induction of partial cone elongation prior to lysis may 
also explain the 4-5-~m elongation observed under all reac- 
tivation conditions. Since cones are in the process of elonga- 
tion before lysis, they may move an additional few microm- 
eters before they have completed their current cycle of motility 
or have been depleted of endogenous cAMP and/or ATP. 

cAMP Requirement for Reactivated Cone Elongation 
The requirement for cAMP suggests a role for protein phos- 
phorylation in the regulation of cone elongation (18, 36). 
cAMP concentrations _> l0 uM supported the full elongation 
response, although the maximum rate of elongation (2 gm/  
min) was observed only at _>0.5 mM cAMP. No reactivated 
elongation was observed if cAMP concentration was _<5 #m. 
cAMP-dependent protein kinases exhibit Km values for cAMP 
in the range of 0.01 to 0.3 vM, depending on the substrate 
and the ATP concentration (1, 37, 43, 54, 73). Thus the 
concentrations of cAMP that support reactivated cone elon- 
gation are sufficient to activate these enzymes. 

The finding that a transient (3-min) exposure to l mM 
cAMP is sufficient to support the full subsequent elongation 
response is consistent with a role for cAMP in the phospho- 
rylation of a regulatory protein which, once phosphorylated, 
retains its activity even in the absence of cAMP. The finding 
that the rate of cone elongation increases as the cAMP con- 
centration increases suggests that the number of force-pro- 
ducing elements that are activated increases with the cAMP 
concentration. 

The effect of cAMP concentration on the rate of cone 
elongation may explain the variability in elongation rate 
observed in vivo. The maximum rates of elongation observed 
in vivo and in cone models were identical (2 vm/min) but 
rates as low as 1 ~m/min have been observed in vivo. This 

variability may be due to seasonal variations in endogenous 
adenylate cyclase or phosphodiesterase activities, with conse- 
quent variations in cAMP levels. 

The cAMP dependence of cone elongation is consistent 
with several similar observations in cilia and flagella, thus 
favoring the suggestion that cone elongation involves a sliding 
microtubule mechanism. In cilia and flagella of mammals, 
fish, and invertebrates, motility is increased by cAMP (5, 6, 
30, 41, 44-46, 64). In addition to increasing the per cent 
activation of flagella, cAMP increases flagellar beat frequency 
(41, 44, 46, 64). This finding is consistent with our finding 
that cAMP increases the rate of cone elongation. Just as in 
cone models, transient exposure to cAMP is sufficient to 
induce sustained increased motility in demembranated sperm 
flagella (6, 45). 

There are several possible targets for protein phosphoryla- 
tion in a microtubule sliding system. The most obvious are 
microtubule-associated proteins, which are phosphorylated 
by cAMP-dependent protein kinases (52, 58, 59, 69). Another 
likely primary target for cAMP activation is a soluble protein 
isolated from demembranated sperm flagella from several 
species, both mammalian and invertebrate (5, 30, 64). This 
protein has a molecular mass of 55,000-56,000 daltons and 
is neither tubulin nor the regulatory subunit of cAMP-de- 
pendent protein kinase (5, 64). The protein acts as a substrate 
for cAMP-dependent phosphorylation, and in its phosphoryl- 
ated form will substitute for cAMP in the activation of motil- 
ity in demembranated sperm. Furthermore, removal of this 
soluble protein from the supernatant of demembranated 
sperm renders them insensitive to cAMP. Tash et al. have 
shown that the detergent extracts from sperm flagella of 
several species (mammalian and invertebrate) are all capable 
of reactivating demembranated dog sperm flagella, and all 
contain the 56,000-dalton protein (64). 

Cone models incubated without cAMP for 33 min lose 
their ability to elongate maximally when cAMP is subse- 
quently added. Another observation suggests that this loss of 
elongation capacity results from the loss of a soluble factor 
rather than from degradation of the motile machinery. Cone 
models incubated for 18 min in l0 #M Mg-ATP plus 1 mM 
cAMP can only partially elongate, but if Mg-ATP is subse- 
quently replenished they will continue to elongate to maximal 
lengths. Thus, if cAMP is supplied earlier the elongation 
machinery is still functional 30 min after lysis. Consequently, 
the inability of cones to elongate after the 33-min incubation 
without cAMP could result from the gradual loss of a soluble 
factor like the 56,000-dalton protein described above. Tash et 
al. have identified a 56,000-dalton protein in dog retina which, 
when phosphorylated by cAMP-dependent protein kinase, 
will activate motility in demembranated dog sperm (64). 

The concentrations of cAMP which induce reactivated cone 
elongation also inhibit reactivated cone contraction. Since the 
cAMP concentration required to initiate cone elongation is 
100-fold higher than that needed to inhibit cone contraction 
( l 0 #M vs. 0.1 #M), it seems unlikely that cAMP is stimulating 
cone elongation and inhibiting cone contraction by the same 
mechanism. 

ATP Requirement for Reactivated Cone Elongation 
Mg-ATP is required for reactivated cone elongation for both 
a cAMP-dependent and a cAMP-independent process. These 
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requirements suggest a role for ATP in a cAMP-dependent 
phosphorylation regulatory step, and as the energy source for 
force production. Mg-ATP concentrations _>10 uM can in- 
duce the full elongation response, although in I0 #M Mg- 
ATP, the ATP is depleted and must be replenished before the 
completion of elongation. No reactivated elongation was ob- 
served if the Mg-ATP concentration was _<5 uM. Since cAMP- 
dependent protein kinases exhibit a K~, of 5-16 ~M for ATP 
(37, 43, 54, 73), the concentrations of Mg-ATP that support 
reactivated cone elongation are sufficient to serve as a phos- 
phate source for these enzymes. 

Dynein ATPases use Mg-ATP as the energy source for force 
production in microtubule sliding in cilia and flagella (20, 56, 
62). Dynein ATPases exhibit K,, values in the range of ! to 
110 uM for ATP depending on the species and the assay 
conditions (7, 22, 24, 63, 66). Thus the Mg-ATP concentra- 
tions that support cone elongation are sufficient to activate 
these enzymes. Furthermore, we have preliminary data show- 
ing an inhibition of reactivated cone elongation by Vanadate 
(100 uM) and EHNA (0.5 mM), two agents known to inhibit 
dynein ATPase (4, 35). Thus our results are consistent with a 
role for a dynein-like ATPase in force production for cone 
elongation, possibly by a sliding microtubule mechanism. 

In reactivated cilia and flagella, beat frequency is dependent 
on ATP concentration (19, 23). However, we found that the 
rate of reactivated cone elongation was not affected by Mg- 
ATP concentration. The inability of Mg-ATP to affect cone 
elongation rate may be a result of the relatively slow maxi- 
mum rate of cone elongation (2 urn/rain). This low rate may 
be caused by factors other than ATP. In trypsin-treated axo- 
nemes, the rate of sliding disintegration depends on the ATP 
concentration and is in the range of 1-2 um/s in 10 uM ATP 
(23, 27, 62). This rate is 30-60 times greater than the maxi- 
mum elongation rate observed in cones. Thus, if a similar 
sliding mechanism exists in cones, the minimum ATP con- 
centration required to induce cone elongation (10 uM) may 
be sufficient to induce a rate of microtubule sliding far in 
excess of the maximum cone elongation rate observed. 

Calcium Inhibition of Reactivated Cone Elongation 

Calcium inhibits reactivated cone elongation by decreasing 
the elongation rate. Calcium concentrations _> 10 -7 M cause a 
decrease in the elongation rate of 78% or more. In medium 
containing 10 -5 M free Ca ++, no reactivated elongation is 
observed in 18 min. 

Although microtubules are disrupted in several cell types 
by calcium concentrations of 10 -6 M (31, 33, 39), the micro- 
tubules of green sunfish cone models are stable in the presence 
of calcium. They are not disrupted by an 18- or 30-rain 
incubation in medium containing 10 -5 M free Ca ++ (11; 
Porrello, K., and B. Burnside, unpublished observations). 
Thus calcium does not appear to be exerting its inhibitory 
effects by the disruption of cytoplasmic microtubules. 

Calcium concentrations that inhibit reactivated cone elon- 
gation have previously been shown to activate reactivated 
cone contraction (50). Thus the possibility had to be consid- 
ered that calcium inhibits elongation by initiating an antago- 
nistic contractile response. We have shown that disrupting 
the contractile machinery with cytochalasin D did not abolish 
the calcium inhibition of reactivated cone elongation. This 
observation suggests that calcium inhibits cone elongation by 

a direct action on the cones' elongation mechanism, not by 
activation of an antagonistic cone contraction. 

Calcium had to be present during the initial 3-rain lysis 
step to exert its inhibitory effect; adding calcium after 3 min 
had no effect. This loss of calcium sensitivity did not result 
because calcium was unable to reverse previous effects of 
cAMP which had occurred in the first 3 min. Deletion of 
cAMP from the 3-rain lysis step did not return the ability of 
calcium to block elongation when calcium plus cAMP were 
added together subsequent to the 3-min cell lysis step. These 
results suggest that the ability of calcium to inhibit cone 
elongation depends on the presence of some soluble factor 
which is lost during the initial 3-min lysis step. 

Two lines of evidence suggest that this soluble factor is 
calmodulin. First, calmodulin is required for calcium inhibi- 
tion of cone elongation: TFP, a calmodulin inhibitor (39, 53), 
prevents calcium inhibition of cone elongation. Second, the 
addition of 10 -6 M calmodulin to the reactivation medium 
restores the ability of calcium to inhibit cone elongation when 
calcium is added subsequent to the 3-min lysis step. These 
observations imply that the calmodulin which mediates cal- 
cium inhibition of cone elongation is soluble under our lysis 
conditions and is lost during the 3-min lysis step in medium 
containing low calcium. This calmodulin loss is consistent 
with the finding that calmodulin binds to both microtubule- 
associated proteins and r protein in a calcium-dependent 
manner (38). We suggest that this loss of soluble calmodulin 
prevents subsequent inhibition of cone elongation by added 
calcium. This observation contrasts with one we reported 
previously for contracting cone models, which also require 
calmodulin (50). In contraction models, the entire machinery 
is stable for at least 90 rain in <10 -8 M free Ca++; adding 
back calcium at that time induced maximal contraction. No 
exogenous calmodulin was required. Thus the elongation and 
contraction mechanisms appear to depend on different pools 
of calmodulin. 

The inhibition of cone elongation by calcium resembles the 
effects of calcium on ciliary and flagellar motility in several 
species. Micromolar calcium concentrations have been shown 
in some species to cause complete arrest of motile ciliary and 
flagella axonemes (21, 28, 47, 53, 65, 70) in a calmodulin- 
dependent manner (53, 55). Thus both in cilia and flagella 
and in cones, calcium can act directly on the motile machin- 
ery. 

Although the mechanism by which calcium inhibits cone 
elongation is not at all clear, possible mechanisms through 
which calcium/calmodulin may be exerting its effect are 
suggested by observations in other systems. For example, 
calcium/calmodulin could be acting through the regulation 
of protein phosphorylation. The activities of several cyto- 
plasmic protein kinases and phosphoprotein phosphatases are 
altered by calcium/calmodulin (14, 15, 26, 32, 34, 48, 49, 57, 
74). Microtubule-associated proteins have been reported to 
be phosphorylated in a calcium-dependent manner (25, 72). 
Tash and Means (65) have shown that calcium inhibition of 
motility in dog sperm flagella is accompanied by a decrease 
in the phosphorylation of a 98,000-mol-wt protein which is 
phosphorylated in a cAMP-independent manner. Calcium/ 
calmodulin might also be directly modulating dynein ATPase, 
and thus influencing microtubule sliding. Calcium has been 
shown to influence dynein ATPase activity in cilia and flagella 

1057 Gilson et al. Reactivated Cell Elongation in L ysed Retinal Cones 



(2, 3); and calcium has been shown to inhibit dynein arm 
detachment during microtubule sliding (75). 

Conclusion 

We have succeeded in reactivating a microtubule-dependent 
cone elongation in a lysed cell model. This elongation is both 
Mg-ATP- and cAMP-dependent, and is inhibited by calcium. 
The rate of reactivated cone elongation is proportional to the 
cAMP concentration, with the maximum rate (2.0 urn/rain) 
being the same as the maximum cone elongation rate ob- 
served in vivo. This cAMP requirement suggests a role for 
protein phosphorylation in the regulation of cone elongation. 
Mg-ATP is required for reactivated elongation for both a 
cAMP-dependent, and a cAMP-independent process. The 
cAMP-independent Mg-ATP requirement may represent the 
energy source for force production. 

Free calcium concentrations ~ 10 -7 M inhibit reactivated 
cone elongation by decreasing the elongation rate by 78% or 
more. Our results indicate that this calcium inhibition is 
mediated by a soluble calmodulin, .and that calcium/calmod- 
ulin does not inhibit elongation by activating the antagonistic 
cone contraction, but by directly affecting the elongation 
mechanism. All these observations resemble previously re- 
ported findings in cilia and flagella and are consistent with a 
role for microtubule sliding in force production for cone 
elongation. 

The requirements of reactivated cone elongation contrast 
with those of reactivated cone contraction. Cone elongation 
is activated by cAMP and inhibited by calcium, while cone 
contraction is activated by calcium and inhibited by cAMP. 
These findings imply that in vivo, the cytoplasmic cAMP 
concentration in the cone myoid is high at dark onset and 
low in the light, while conversely the calcium concentration 
is high at light onset and low in the dark. 

This research was supported by National Institutes Health grant 
GM32566 and National Science Foundation grant PCM80-11972. 

Received for publication 18 June 1985, and in revised form 16 
October 1985. 

References 

1. Beavo, J. A., P. J. Bechtel, and E. G. Krebs. 1974. Activation ofprotein- 
kinase by physiological concentrations of cyclic AMP. Proc. Natl. Acad Sci. 
USA. 71:3580-3583. 

2. Blum, J. J., A. Hayes, G. A. Jamieson, Jr., and T. C. Vanaman. 1980. 
Calmodulin confers calcium sensitivity on ciliary dynein ATPase. Z Cell Biol. 
87:386-397. 

3. Blum, J. J., A. Hayes, G. A. Jamieson, Jr., and T. C. Vanaman. 1981. 
Interrelationships between thermal-, N-ethylmaleimide-, and Ca2+-calmodulin - 
mediated activation/inactivation of dynein ATPase activities. Arch. Biochem. 
Biophys. 210:363-371. 

4. Bouchard, P., S. M. Penningroth, A. Cheung, L. Gagnon, and C. W. 
Bardin. 1981. Erythro-9-[3-(2-Hydroxynonyl)] adenine is an inhibitor of sperm 
motility that blocks dynein ATPase and protein carboxylmethylase activities. 
Proc. Natl. Acad. Sci. USA. 78:1033-1036. 

5. Brandt, H., and D. D. Hoskins. 1980. A cAMP-dependent phosphoryl- 
ated motility protein in bovine epididymal sperm. J. BioL Chem. 255:982-987. 

6. Brokaw, C. J. 1982. Activation and reactivation of Ciona spermatozoa. 
Cell Motility. l (Suppl. ):185-189. 

7. Brokaw, C. J., and B. Benedict. 1971. Mechanochemical coupling in 
flagella. III. Effects of some uncoupling agents on properties of the flagellar 
ATPase. Arch. Biochem. Biophys. 142:91-100. 

8. Burnside, B., and N. Ackland. 1984. Effects of circadian rhythm and 
cAMP on retinomotor movements in the Green Sunfish Lepomis Cyanellus. 
Invest. Ophthalmol. & Visual Sci. 25:539-545. 

9. Burnside, B., N. Ackland, and W. Z. Cande. 1985. Calcium-independent 
activation of reactivated contraction in lysed cone models by unregulated 
myosin light chain kinase and high magnesium. ,L Cell Biol. 99(4, Pt. 2): 183a. 
(Abstr.) 

10. Burnside, B., M. Evans, R. T. Fletcher, and G. J. Chader. 1982. Induction 
of dark-adaptive retinomotor movement (cell elongation) in teleost retinal 
cones by cyclic adenosine 3',5'-monophosphate. Z Gen. Physiol. 79:759-774. 

11. Burnside. B., B. Smith, M. Nagata, and K. Porrello. 1982. Reactivation 
of contraction in detergent-lysed teleost retillal cones J. Cell BioL 92:199-206. 

12. Cantle, W. Z. 1982. Inhibition of spindle elongation in permeabilized 
mitotic cells by erythro-9-[3-(2-hydroxynonyl)] adenine. Nature (Lond.). 
295:700-701. 

13. Cande, W. Z. 1982. Nucleotide requirements for anaphase chromosome 
movements in permeabilized mitotic cells: anaphase B but not anaphase A 
requires ATP. Cell. 28:15-22. 

14. Chafouleas, J. G., J. R. Dedman, R. P. Munjaal, and A. R. Means. 1979. 
Calmodulin. Development and application of a sensitive radioimmunoassay. 
J. Biol. Chem. 254:10262-10267. 

15. Dabrowska, R., J. M. F. Sherry, D. K. Aromatorio, and D. J. Hartshorne. 
1978. Modulator protein as a component of the myosin light chain kinase from 
chicken gizzard. Biochemistry. 17:253-258. 

16. Dearry, A., and B. Burnside. 1984. Effects of extracellular Ca ++, K ÷ and 
Na + on cone and retinal pigment epithelium retinomotor movements in 
isolated teleost retinas. J. Gen. Physiol. 83:589-611. 

17. Dearry A., and B. Burnside. 1985. Dopamine inhibits forskolin and 3- 
isobutyl-l-methylxanthine-induced dark-adapted retinomotor movements in 
isolated teleost retinas. J. Neurochem. In press. 

18. Flockhart, D. A.. and J. D. Corbin. 1982. Regulatory mechanisms in the 
control of protein kinases. CRC Crit. Rev. Biochem. 12:133-186. 

19. Gibbons, B. H.. and I. R. Gibbons. 1972. Flagellar movement and 
adenosine triphosphatase activity in sea urchin sperm extracted with Triton X- 
100, ,L Cell BioL 54:75-97. 

20. Gibbons, B. H., and I. R. Gibbons. 1974. Properties of flagellar "'Rigor 
waves" formed by abrupt removal of adenosine triphosphate from actively 
swimming sea urchin sperm. J. Cell Biol. 63:970-985. 

21. Gibbons, B. H., and 1. R. Gibbons. 1980. Calcium-induced quiescence 
in reactivated sea urchin sperm. ,L Cell BioL 84:13-27. 

22. Gibbons, I. R. 1966. Studies on the adenosine triphosphatase activity of 
14S and 30S dynein from cilia of Tetrahymena. ,L Biol. Chem. 241:5590-5596. 

23. Gibbons, 1. R. 1975. Mechanisms of flagellar motility. In The Functional 
Anatomy of the Spermatozoon. Bjorn A. Afzelius, editor. Pergamon Press, 
New York. 127-140. 

24. Gibbons, I. R., and E. Fronk. 1972. Some properties of bound and 
soluble dynein from sea urchin sperm flagella. J. Cell Biol. 54:365-381. 

25. Goldenring, J. R, B. Gonzalez, J. S. McGuire, Jr., and R. J. DeLorenzo. 
1983. Purification and characterization of a calmodulin-dependent kinase from 
rat brain cytosol able to phosphorylate tubulin and microtubule associated 
proteins. J. BioL Chem. 258:12632-12640. 

26. Grab, D. J., R. K. Carlin, and P. Siekevitz. 1981. Formation of calmod- 
ulin in postsynaptic densities. I. Presence of a calmodulin-activatable cyclic 
nucleotide phosphodiesterase activity. J. Cell Biol. 89:433-439. 

27. Hata, H., Y. Yano, and T. Miki-Noumura. 1979. ATP concentration 
dependency of the tubule-extrusion velocity from the axonemes. E.rp. Cell Res. 
122:416-419. 

28. Hyams, J. S., and G. G. Borisy; 1978. Isolated flagellar apparatus of 
Chlamydomonas: characterization of forward swimming and alteration of 
waveform and reversal of motion by calcium ion in vitro. ,L Cell Sci. 33:235- 
253. 

29. Inour, S., and H. Sato. 1967. Cell motility by labile association of 
molecules: the nature of mitotic spindle fibers and their role in chromosome 
movement. J. Gen. Physiol. 50(Suppl): 259-292. 

30. lshiguro, K., H. Murofushi, and H, Sakai. 1982. Evidence that cAMP- 
dependent protein kinase and a protein factor are involved in reactivation of 
Triton X-100 models of sea urchin and starfish spermatozoa. J. Cell Biol 
92:777-782. 

31. Keith, C., M. DiPaola, F. R. Maxfield, and M. L. Shelanski. 1983. 
Microinjection of Ca÷÷-calmodulin causes a localized depolymerization of 
microtubules. J. Cell Biol. 97:1918-1924. 

32. Kennedy, M. B., and P. Greengard. 1981. Two calcium/calmodulin- 
dependent protein kinases, which are highly concentrated in brain, phos- 
phorylate protein I at distinct sites. Proc. Natl. Acad. Sci. USA. 78:1293-1297. 

33". Kiehart, D. P. 1981. Studies on the in vivo sensitivity of spindle micro- 
tubules to calcium ions and evidence for a vesicular calcium-sequestering 
system. Z Cell Biol. 88:604-617. 

34. Klee, C. B., T. H. Crouch, and M. H. Krinks. 1979. Subunit structure 
and catalytic properties of bovine brain Ca÷*-dependent cyclic nucleotide 
phosphodiesterase. Biochemistry. 18:722-729. 

35. Kobayashi, T., T. Martensen, J. Nath, and M. Flavin. 1978. Inhibition 
of dynein ATPase by vanadate, and its possible use as a probe for the role of 
dynein in cytoplasmic motility. Biochem. Biophys. Res. Commun. 81:1313- 
1318. 

36. Krebs, E. G., andJ. A. Beavo. 1979, Phosphorylation-dephosphorylation 
of enzymes. Annu. Rev. Biochem. 48:923-959. 

37. Kuo, J. F., B. K. Krueger, J. R. Sanes, and P. Greengard. 1970. Cyclic 
nucleotide-dependent protein kinases. V. Preparation and properties of aden- 
osine 3',5'-monophosphate-dependent protein kinase from various bovine 
tissues. Biochim. Biophys. Acta. 212:79-91. 

38. Lee, Y. C., and J. Wolff. 1984. Calmodulin binds to both microtubule- 
associated Protein 2 and r proteins. J. Biol. Chem. 259:1226-1230. 

The Journal of Cell Biology, Volume 102, 1986 1058 



39. Levin, R. M., and B. Weiss. 1978. Specificity of the binding of triflou- 
perazine to the calcium-dependent activation of phosphodiesterase and to a 
series of other calcium-binding proteins. Biochim. Biophys. Acta. 540:197-204. 

40. Levinson, G., and B. Burnside. 1981. Circadium rhythms in teleost 
retinomotor movement: a comparison of the effects of circadian rhythm and 
light condition on cone length. Invest. Ophthalmol. & Visual Sci. 20:294-303. 

41. Lindemann, C. B., M. Lipton, and R. Shlafer. 1983. The interaction of 
cAMP with modeled bull sperm. Cell Motility. 3:199-210. 

42. McDonald, K. 1984. Osmium ferricyanide fixation improves microfila- 
ment preservation and membrane visualization in a variety of animal cell types. 
J. Ultrastruct. Res. 86:107-118. 

43. Miyamoto, E., J. F. Koo, and P. Greengard. 1969. Cyclic nucleotide- 
dependent protein kinases. III. Purification and properties of adenosine 3',5'- 
monophosphate-dependent protein kinase from bovine brain. J. Cell Biol. 
244:6395-6402. 

44. Mohri, H., and R. Yanagimachi. 1980. Characteristics of motor appa- 
ratus in testicular, epididymal and ejaculated spermatozoa. Exp. Cell Res. 
127:191-196. 

45. Morisawa, M., and M. Okuro. 1982. Cyclic AMP induces maturation of 
trout sperm axoneme to initiate motility. Nature (Lond). 295:703-704. 

46. Murofushi, H., K. Ishiguro, and H. Sakai. 1982. Involvement of cyclic 
AMP-dependent protein kinase and a protein factor in the regulation of the 
motility of sea urchin and starfish spermatozoa. In Biological Functions of 
Microtubules and Related Structures. H. Sakai, H. Mohri, and G. G. Borisy, 
editors. 163-176. 

47. Naitoh, Y., and H. Kaneko. 1973. Control of ciliary activities by aden- 
osine triphosphate and divalent cations in triton-extracted models of Parame- 
cium caudatum. J. Exp. Biol. 58:657-676. 

48. Nose, P., and H. Schulman. 1982. Protein phosphorylation system in 
bovine brain cytosol dependent on calcium and calmodulin. Biochem. Biophys. 
Res. Commun. 107:1082-1090. 

49. O'Callaghan, J. P., L. A. Dunn, and W. Lovenberg. 1980. Calcium- 
regulated phosphorylation in synaptosomal cytosol: dependence on calmodulin. 
Proc. Natl. Acad. Sci. USA. 77:5812-5816. 

50. Porrello, K., and B. Burnside. 1984. Regulation of reactivated contrac- 
tion in Teleost retinal cone models by calcium and cyclic adenosine mono- 
phosphate. Z Cell Biol. 98:2230-2238. 

51. Porrello, K., W. Z. Cande, and B. Burnside. 1983. N-Ethylmaleimide 
modified subfragment- 1 and heavy meromyosin inhibit reactivated contraction 
in motile models of retinal cones. J. Cell Biol. 96:449-454. 

52. Rappaport, L., J. F. Leterrier, A. Virion, and J. Nunez. 1976. Phospho- 
rylation of microtubule-associated proteins. Eur. J. Biochem. 62:539-549. 

53. Reed, W., S. Lebduska, and P. Satir. 1982. Effects of trifluoperazine 
upon the calcium-dependent ciliary arrest response of freshwater mussel gill 
lateral cells. Cell Motility. 2:405-427. 

54. Rosen, O. M., J. Erlichman, and C. S. Rubin. 1975. Molecular structure 
and characterization of bovine heart protein kinase. Adv. Cyclic Nucleotide 
Res. 5:253-263. 

55. Satir, P. 1982. Mechanisms and control of microtubule sliding in cilia. 
Soc. Exp. Biol. Semin. Ser. 35:179-201. 

56. Satir, P., J. Wais-Steider, S. Lebduska, A. Nasr, and J. Avolio. 1981. The 
mechanochemical cycle of the dynein arm. Cell Motility. 1:303-327. 

57. Schulman, H., and P. Greengard. 1978. Ca2+-dependent protein phos- 

phorylation system in membranes from various tissues, and its activation by 
"calcium-dependent regulator." Proc. Natl. Acad. Sci. USA. 75:5432-5436. 

58. Sheterline, P. 1977. Phosphorylation of pig brain microtubule proteins. 
J. Biochem. 168:533-539. 

59. Sloboda, R. D., S. A. Rudolph, J. L. Rosenbaum, and P. Greengard. 
1975. Cyclic AMP-dependent endogenous phosphorylation of a microtubule- 
associated protein. Proc. Natl. Acad. Sci. USA. 72:177-181. 

60. Snyder, J. A., and J. R. Mclntosh. 1975. Initiation and growth of 
mierotubules from mitotic centers in lysed mammalian cells. J. Cell Biol. 
67:744-760. 

61. Steinhardt, R., R. Zucker, and G. Schatten. 1977. Intracellular calcium 
release at fertilization in the sea urchin egg. Dev. Biol. 58:185-196. 

62. Summers, K. E., and I. R. Gibbons. 1971. Adenosine triphosphate- 
induced sliding of tubules in trypsin-treated flagella of sea-urchin sperm. Proc. 
Natl. Acad Sci. USA. 68:3092-3096. 

63. Takahashi, M. and Y. Tonomura. 1978. Binding of30s dynein with the 
0-tubule of the outer doublet of axonemes from Tetrahymena pyriformis and 
adenosine triphosphate-induced dissociation of the complex. Z Biochern. 
84:1339-1355. 

64. Tash, J., S. Kakar, and A. Means. 1984. FlageUar motility requires the 
cAMP-dependent phosphorylation of a heat-stable NP-40-soluble 56,000 Mr 
protein. Cell. 38:551-559. 

65. Tash, J. S., and A. R. Means. 1982. Regulation of protein phosphoryla- 
tion and motility of sperm by cyclic adenosine monophosphate and calcium. 
Biol. Reprod. 26:745-763. 

66. Terashita, S., T. Kato, and H. Sato. 1983. Reaction mechanism of 2Is 
dynein ATPase from sea urchin sperm. I. Kinetic properties in the steady state. 
.L Biochem. 93:1567-1574. 

67. Tilney, L. G. 1971. Origin and continuity of microtubules. In Origin 
and Continuity of Cell Organdies. J. Reinert and H. Ursprung, editors. Sprin- 
ger-Verlag, New York. 221-260. 

68. Tsuchiya, T. 1977. Effects of calcium ions on Triton-extracted lamelli- 
branch gill cilia: ciliary arrest response in a model system. Comp. Biochem. 
Physiol. 56A:353-361. 

69. Vallee, R. 1980. Structure and phosphorylation of microtubule-associ- 
ated protein 2 (MAP2). Proc. Natl. Acad. Sci. USA. 77:3206-3210. 

70. Walter, M. F., and P. Satir. 1978. Calcium control of ciliary arrest in 
mussel gill cells. J. Cell Biol. 79:110-120. 

71. Warren, R. H., and B. Burnside. 1978. Microtubules in cone myoid 
elongation in the teleost retina. J. Cell Biol. 78:247-259. 

72. Yamamoto, H., K. Fukunaga, E. Tanaka, and E. Miyamoto. 1983. Ca 2+- 
calmodulin-dependent phosphorylation of microtubule-associated protein 2 
and r factor, and inhibition of microtubule assembly. J. Neurochem. 41:1119- 
1125. 

73. Yamamura, H., K. Nishiyama, R. Shimomura, and Y. Nishizuka. 1973. 
Comparison of catalytic units of muscle and liver adenosine 3',5'-monophos- 
phate dependent protein kinases. Biochemistry. 12:856-862. 

74. Yamauchi, T., and H. Fujisawa. 1980. Evidence for three distinct forms 
of calmodulin-dependent protein kinases from rat brain. FEBS (Fed. Eur 
Biochem. Soc.) Left. 116:141-144. 

75. Zannetti, N. C., D. R. Mitchell, and F. D. Warner. 1979. Effects of 
divalent cations on dynein cross bridging and ciliary microtubule sliding. J. 
Cell Biol. 80:573-588. 

1059 Gilson et al. Reactivated Cell Elongation in Lysed Retinal Cones 




