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ABSTRACT 
Cytochalasin D (CD) interferes with the morphogenesis of outer segment disc membrane in 

photoreceptors. Disruption of either the actin network in the ciliary stalk, where membrane 
evagination is initiated, or the actin core of the calycal processes, whose position could define 
the disc perimeter, could be responsible. We have attempted to determine which of these local 
F-actin populations is involved in membrane morphogenesis and what step in the process is 
actin-dependent. Biocytin accumulation in nascent discs, detected by fluorescent avidin and 
laser scanning confocal microscopy (LSCM), provided a means of labeling abnormal discs and a 
measure of disc membrane addition. F-actin content and distribution were assessed using 
fluorescent phalloidin and LSCM. First, we examined the effects of a range of CD dosages (0.1, 
1.0, or 10.0 pM) on rod photoreceptors inXenopus laevis eyecup cultures. Ectopic outgrowth of 
discs, evaluated by LSCM and transmission electron microscopy (TEM), occurred at each 
concentration. Phalloidin labeling intensified in the ciliary stalk with increasing CD concentra- 
tion, indicating F-actin aggregation. In contrast, it diminished in the calycal processes, 
indicating dispersal; TEM showed that calycal process collapse ensued. Disruption was evident 
at a lower concentration in the ciliary stalk (0.1 pM) than in the calycal processes (1.0 pM). 
TEM confirmed that the calycal processes remained intact at 0.1 pM. Thus, CD’s action on the 
ciliary stalk network is sufficient to disrupt disc morphogenesis. Second, we examined the effect 
of CD on temperature-induced acceleration of the rate of disc formation. In the absence of CD, a 
10°C temperature shift increased the disc formation rate nearly three-fold. CD (5 pM) caused a 
94% inhibition ( P  < 0.025) of this response; yet, the rate of membrane addition to ectopically 
growing discs exhibited the expected three-fold increase. Thus, CD’s action interferes with the 
generation of new discs. 0 1996 Wiley-Liss, Inc. 
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Photoreceptor outer segment (0s) disc morphogenesis is 
a highly specialized kind of nonmuscle cell motility involv- 
ing membrane protrusion and expansion (Steinberg et al., 
1980) in which microfilaments have been shown to play a 
role (Williams et al., 1988). Other well-known examples 
include formation of the acrosomal process in sperm and 
extension of lamellipodia and filopodia in translocating cells 
and neuronal growth cones. Cytochalasin, which blocks 
actin filament elongation (Sampath and Pollard, 1991) and 
disorganizes the actin cytoskeleton (reviewed by Cooper, 
1987), inhibits motility in these systems (Wessells et al., 
1971; Tilney and Inoue, 1982; Marsh and Letourneau, 
1984). The light-sensitive 0s of vertebrate photoreceptors 
is a modified cilium. Its photopigment-containing mem- 
branes are an elaboration of the ciliary membrane to form 
discs organized in a stack and contained within, but sepa- 
rate from, the plasma membrane. The double-sided discs 

arise by evagination of the ciliary membrane at  the distal 
ciliary stalk (Steinberg et al., 1980; Williams et  al., 1988). 
New discs are formed throughout life at  this site, where the 
ciliary stalk joins the base of the 0s (Young and Droz, 
1968). Continual addition is balanced by loss from the distal 
tip (Young and Bok, 1969). Hence, knowledge of the 
mechanism by which discs are formed and of its regulation 
is important to understand how photoreceptor differentia- 
tion and 0s membrane renewal are controlled. In addition, 
this knowledge, as it relates to actin’s role, may provide 
general insight into actin-based motility and the local 
determination of cell shape. 
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Actin has been localized to two sites that could be 
important in the mechanism of disc morphogenesis: the 
distal ciliary stalk, at the site of membrane evagination, and 
the calycal processes, which resemble microvilli and project 
from the inner segment (IS) alongside the base of the 0s 
(diagrammed in Fig. 1A; Drenckhahn and Groschel- 
Stewart, 1977; Burnside, 1978; Chaitin et al., 1984; Chaitin 
and Bok, 1986). Fluorescent phalloidin, a probe specific for 
filamentous actin (F-actin; Wulf et al., 1979), stains both of 
these locations (Drenckhahn and Wagner, 1985; Nagle et 
al., 1986; Vaughan and Fisher, 1987). Williams et al. (1988) 
tested the effects of cytochalasin D (CD) on the photorecep- 
tor actin cytoskeleton and on disc formation by using frog 
eyecups as an experimental system. After treatment with 5 
pM or 25 pM CD, phalloidin labeling was faint or absent in 
both the calycal processes and the ciliary stalk, indicating 
disassembly or dispersal of actin filaments, and disc mem- 
brane formation was abnormal. The most basal discs grew 
out alongside the 0s or IS, greatly exceeding their normal 
diameter (diagrammed in Fig. 1B). Vaughan et al. (1989) 
extended these observations to rabbits in vivo. 

Williams et al. (1988) proposed two mechanisms by which 
disruption of the local actin cytoskeleton could result in 
ectopic disc outgrowth. Either or both of these mechanisms 
could be operating. First, if the calycal processes act as a 
signal to terminate outgrowth, then loss of the actin core 
and their resultant collapse would remove the control of 
disc diameter. Second, if F-actin in the ciliary stalk is 
involved in the initiation of membrane evagination, then 
disruption of this network would inhibit new disc forma- 
tion. Membrane components would continue to be added to 
immature discs, those that are already initiated but not 
fully sealed by rim formation. Excessive growth would 
result from continued disc expansion outpacing rim clo- 
sure. In fact, these investigators observed continued incor- 
poration of radiolabeled membrane components into the 
few ectopic discs. 

To understand how actin filaments participate in photore- 
ceptor disc morphogenesis, we have attempted to distin- 
guish between these two models. Two strategies were used. 
First, we tested whether the ciliary stalk actin network 
and the calycal process F-actin core are differentially sensi- 
tive to CD, and then determined if a dose that affects only 
the most sensitive F-actin array is sufficient to cause 
excessive disc growth. If so, that component of the actin 
cytoskeleton would be implicated in the mechanism of disc 
morphogenesis. Comparison of the doses at  which cytocha- 
lasin produces different effects shows that at  least a 2.5- to 
10-fold higher concentration is necessary to cause contrac- 
tion of stress fibers and cell retraction than to disrupt 
leading edge actin network structure and motility (Yahara 
et al., 1982 and references therein; Lankford and Letour- 
neau, 1991; Kolega et al., 1991). The F-actin core of 
epithelial cell microvilli is even more stable. In most cases, a 
20- to 100-fold higher concentration does not cause dissolu- 
tion of the core and microvillar collapse (Wrenn and 
Wessells, 1970; Burgess and Grey, 1974; Madara et al., 

Abbreviations 

CD cytochalasin D 
IS inner segment 
LSCM laser scanning confocal microscopy 
0s outer segment 
TEM transmission electron microscopy 

1986). In a direct comparison, Yahara et al. (1982) found 
that CD inhibited membrane ruffling in fibroblasts at 0.2 
pM, but caused stress fiber contraction at 2 pM or higher. 
At 20 p M  CD, microvilli and their F-actin core have been 
found to remain intact in epithelial cells of intestine 
(Madara et al., 1986) but not differentiating oviduct (Bois- 
vieux-Ulrich et al., 1990). In both cell types, the terminal 
web of actin filaments was disrupted at  this dose. In 
photoreceptors, actin filaments in the ciliary stalk are 
organized as a network (Arikawa and Williams, 1989; 
Chaitin and Burnside, 1989), whereas the core of actin 
filaments in the calycal processes resembles that of epithe- 
lial microvilli (Burnside, 1978; O’Connor and Burnside, 
1981) and, hence, may exhibit similarly high stability. 

Second, to investigate which step in the disc morphogen- 
esis process is blocked by CD, we varied the disc formation 
rate. When the ambient temperature is elevated to acceler- 
ate metabolism in frogs, the rate of disc formation, mea- 
sured as disc displacement, increases approximately 2- to 
3.5-fold for a 10°C rise in temperature (Hollyfield et al., 
1977; Hollyfield, 1979; Hollyfield and Rayborn, 1982). If CD 
directly inhibits the initiation of membrane evagination, 
then raising the temperature (which increases the disc 
formation rate in the absence of the drug) should cause no 
increase when CD is present. However, if CD interferes 
with the control of disc diameter, at least a partial increase 
should be observed. 

Both experimental strategies provided evidence to sup- 
port the model in which the actin network in the ciliary 
stalk functions in the initiation of ciliary membrane evagi- 
nation. The results suggest a link between a specific 
structural effect of CD, disruption of the ciliary actin 
network, and its functional effect on disc morphogenesis. 
We discuss different functional effects that could result in 
the block of new disc initiation. 

MATERIALS AND METHODS 
Preparation and culture of eyecups 

We used a frog eyecup culture system to allow precise 
control of external drug concentration, as described by 
Williams et al. (1988). Postmetamorphic Xenopus Zaevis 
(Charles Sullivan, Nashville, TN) were kept for at least 1 
month on a 12-hour alternating light-dark cycle at  20- 
21°C. The frogs were handled according to the guidelines of 
the Animal Care Council of the University of California, 
Santa Barbara. The frogs were killed by decapitation 
without prior anesthesia 3 to 4 hours after light onset. The 
eyes were removed and prepared for culture by dissecting 
away the anterior segments, including cornea, iris, and 
lens, to form eyecups consisting of the neural retina-retinal 
pigment epithelium supported by the sclera (Besharse and 
Dunis, 1983). In one experiment, isolated neural retinas 
were used to expose the photoreceptors directly to the 
medium. They were gently peeled away from the retinal 
pigment epithelium and removed from the eyecup. 

The eyecups or isolated retinas were incubated in small, 
stoppered flasks in Wolf and Quimby (GIBCO, Grand 
Island, NY) amphibian culture medium (W&Q medium), 
which was supplemented with NaHC03 (35 mM, final 
concentration; Besharse and Dunis, 1983) and gassed con- 
tinuously with humidified 95% O2 and 5% C02.  The flasks 
were kept on a rotator (50 rpm) to stir the medium gently. 
The eyecups initially were placed in W&Q medium at 
23-24°C and then were treated as follows. 
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A 
Fig. 1. Diagram of photoreceptor phalloidin labeling and rod outer 

segment (0s) disc labeling with biocytin. (A) Normal frog photorecep- 
tor shown in longitudinal section. Dark stippling represents fluorescent 
phalloidin labeling of F-actin in the ciliary stalk and of one of the calycal 
process actin cables. As ciliary membrane evaginations grow laterally to 
form the disc faces, the future intradiscal space initially is exposed to 
the extracellular medium. A second outgrowth of membrane around 
the disc periphery then seals this space. Consequently, discs formed 
during incubation in biocytin are filled with this tracer (dots). After 
fluorescent avidin detection, they appear in longitudinal section as a 

B 
band of fluorescence at  the base of the 0s (see Fig. 6A,B). The height of 
this band increases with incubation time as a result of continual disc 
initiation and distal displacement. (B) Cytochalasin (CD)-treated rod 
photoreceptor. After the same incubation period, the fluorescent band 
height is decreased because CD slows the rate of disc initiation. 
Assembly of disc membrane continues, extending the immature discs 
beyond their normal diameter. These ectopic discs are filled with 
biocytin and appear as a fluorescent sheet after fluorescent avidin 
detection (see Fig. 6E,F). OS, outer segment; IS, inner segment; PM, 
plasma membrane; DM, disc membrane. 

Treatment with varied concentrations of CD 
CD (Calbiochem, San Diego, CA) was dissolved in di- 

methyl sulfoxide (DMSO) to give a 10 m~ CD stock 
solution, which diluted serially to give a final CD 
concentration in the culture medium of either 10.0, 1.0, or 
0.1 pM. The final DMSO concentration was 0.1% in all 

cases. Medium containing 0.1% DMSO served as a control. 
After the eyecups were collected in W&Q medium, they 
were transferred to CD or DMSO medium and incubated 
for 6 hours at  23-24°C. At the end of the incubation period, 
additional, freshly dissected eyecups were collected to serve 
asuntreatedcontrols. 
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Left and right eyes of the same animal were divided 
between CD and DMSO or between different CD doses for 
comparison. Four to six eyecups-two or three each for 
fluorescence microscopy or transmission electron micros- 
copy (TEM)-were used for each treatment, and three 
replicate experiments were performed. In two experiments, 
the tracer, biocytin, was added to the medium to monitor 
ectopic growth of disc membranes (see below). In addition, 
in two experiments, the short-term effects of CD were 
investigated. Two eyecups for each dose were incubated for 
only 2 hours. 

Treatment with 5 pM CD at varied 
temperatures 

To achieve a constant pH across the range of tempera- 
tures, the pH of the culture medium (7.4-7.6) was adjusted 
by adding sterile 1N NaOH (Sigma, St. Louis, MO) to 17°C 
medium or 1N HC1 to 27°C medium. When eyecups were 
shifted to a new temperature, they were transferred with a 
gradual exchange to fresh medium at the proper tempera- 
ture and pH. After the eyecups were collected in W&Q 
medium at 23-24"C, they were transferred to 17°C for 2.5 
hours to equilibrate to the lower temperature. Then they 
were transferred to medium containing 5 pM CD and 0.1% 
DMSO or DMSO alone along with the tracer, biocytin (see 
next section), at 17°C for 2.5 hours. This duration is 
sufficient for the drug to affect the actin cytoskeleton and 
for small tracer molecules to reach the interphotoreceptor 
matrix surrounding the photoreceptor 0s (Vaughan et al., 
1989). At this point, half the eyecups were transferred to 
27"C, still with CD or DMSO and biocytin. The eyecups 
were incubated at  17°C and 27°C in the continuous pres- 
ence of the drug and the tracer for 12 hours. The lights were 
kept on through the normal dark period of the lighting cycle 
to maximize membrane assembly (Besharse, 1980). 

Left and right eyes of each animal were divided between 
drug and control media or between temperatures for com- 
parison. Four eyecups per treatment were used, and two 
replicate experiments were performed. Eyecups were exam- 
ined by fluorescence microscopy. 

Fluorescent band height assay 
for disc addition 

Immature rod 0s discs can be labeled with dyes or other 
small tracers as described by Laties et al. (1976), Kaplan et 
al. (19821, and Matsumoto and Besharse (1985). Biocytin 
(Molecular Probes, Eugene, OR), a biotin-lysine conjugate, 
was used to label both normal and ectopic discs formed 
during the incubation period (diagrammed in Fig. 1). This 
tracer was chosen because it does not bind to 0s mem- 
branes but can be fixed in place with glutaraldehyde; 
molecules that bind can cause disorganized stacking of new 
discs (Vaughan et al., 1989). Biocytin was added to the 
culture medium to give a final concentration of 0.1%. 

Electron microscopy 
Eyecups were fixed for 1.5 hours on ice in 1.65% glutaral- 

dehyde/ 1% osmium tetraoxide in 0.1M sodium cacodylate 
buffer, pH 7.3. Next, they were rinsed in water, en bloc 
stained in 1% uranyl acetate in water for 30 minutes, and 
rinsed in water again. Finally, they were dehydrated in 
acidified 2,2-dimethoxypropane for 10 minutes (Muller and 
Jacks, 1975) and embedded in Spurr's resin (Spurr, 1969). 
Ultrathin sections were cut and stained with uranyl acetate 
and lead citrate. For counting the number of calycal 

processes and evaluating calycal process ultrastructure and 
disc overgrowth, blind observations of 15-20 rods in cross- 
section per retina were made. Only data from the larger 
diameter, red rods was used. 

Histochemistry 
The procedure has been described in detail elsewhere 

(Hale and Matsumoto, 1993; Matsumoto and Hale, 1993). 
Briefly, eyecups or isolated retinas were rinsed in an F-actin 
stabilizing buffer: 100 mM PIPES, 25 mM HEPES, 15 mM 
EGTA, and 2 mM MgC12, pH 6.9 with KOH (Edmonds and 
Koenig, 1990; modified from Schliwa and van Blerkom, 
1981). Next, they were fixed in chilled 0.1% glutaralde- 
hyde/4% paraformaldehyde in the same buffer for 30 
minutes, followed by 4% paraformaldehyde at 4°C over- 
night. After fixation, tissues were rinsed in the F-actin 
stabilizing buffer, followed by phosphate-buffered saline 
(PBS), pH 7.3; reduced in 0.1% sodium borohydride in PBS, 
pH 8.0; and rinsed further in PBS, pH 7.3. Thick sections 
(75-100 pm) of the retina supported in a matrix of 5% 
agarose (low gelling temperature; Type XI, Sigma, St. 
Louis, MO) in PBS were cut on a Vibratome (Model 1000, 
Technical Products International, Kansas City, MO). Reti- 
nal sections were incubated free-floating, and solutions 
were gently stirred on a rotator during incubations and 
rinses. Equal numbers of sections per volume were incu- 
bated in 10 units/ml rhodamine- or fluorescein-conjugated 
phalloidin (Molecular Probes, Eugene, OR) in PBS, pH 7.3, 
containing 0.1% Triton X-100 (PBS/Triton) at  4°C for 3-4 
hours. Then sections were rinsed in PBS/Triton at 4°C for 
several hours and mounted in a fluorescence preservative 
solution of 5% n-propyl gallate in glycerol. The phalloidin 
concentration was approximately saturating, based on quali- 
tative observation. A series of concentrations was tested on 
sections from both DMSO- and CD-treated (10 pM) retinas. 
Labeling intensity was diminished at 2 units/ml and un- 
changed at  20 units/ml, compared with that at  10 units/ml. 

To detect biocytin labeling, retinal sections were stained 
with fluorescent avidin. Sections were incubated in a 5 
pg/ml solution of either Cy3-conjugated streptavidin (Jack- 
son ImmunoResearch, West Grove, PA) or fluorescein- 
conjugated UltraAvidin (Leinco Technologies, St. Louis, 
MO) in PBS, pH 7.3, containing 1% bovine serum albumin 
and 0.1% Triton X-100 (PBS/BSA/Triton) at 4°C for 16-18 
hours. Sections were rinsed in the same buffer and mounted 
as above. 

For tubulin immunohistochemistry, sections previously 
stained with fluorescein-phalloidin were incubated in a 
solution of normal goat serum diluted 1/50 in PBS/BSA/ 
Triton at  4°C for 2 hours. The PBS/BSA/Triton buffer was 
used for all incubations and rinses. After rinsing, sections 
then were incubated in a 1/1000 dilution of a monoclonal 
antibody to P-tubulin, antibody E7 (Chu and Klymkowsky, 
19891, at 4°C for 20-24 hours. They were rinsed and then 
incubated in a solution of 50 pg/ml rhodamine-conjugated, 
affinity purified goat anti-mouse immunoglobulin G anti- 
body (Cappel Research Products, Organon Teknika Corp., 
Durham, NC) at 4°C for 18-20 hours. After antibody 
labeling, sections were rinsed and mounted as above. 

Fluorescence confocal microscopy 
and image analysis 

Photoreceptors were viewed with either a Bio-Rad MRC- 
500 point scanning (Bio-Rad Microsciences, Cambridge, 
MA) or a Meridian InSIGHT PLUS direct view (Meridian 
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Instruments, Okemos, MI) laser scanning confocal micro- 
scope (LSCM). Optical section thickness was approximately 
0.5-0.75 pm. Images were acquired on the Bio-Rad system 
with a photomultiplier tube and on the Meridian system 
with either a cooled, charged coupled device (CCD) camera 
(Optronics TEC-470, Optronics Engineering, Santa Bar- 
bara, CA) for qualitative evaluation or a silicon intensified 
target (SIT) camera (DAGE 66, DAGE-MTI, Michigan City, 
IN) for quantitative work. Images from the Meridian 
system were recorded onto high-resolution videotape and 
subsequently digitized with a TARGA-M8 frame grabber 
(Tru-vision). Double-label images were collected on the 
Bio-Rad system using two detectors. 

To ensure accurate comparisons of intensity and size, the 
SIT camera gain, contrast, and black levels were set so that 
pixel intensities for structures of interest were below the 
maximum value and above the dark current and tissue 
autofluorescence values. In addition, rhodamine-phalloidin- 
labeled retinas were analyzed as sets: images of one control 
and one retina from each treatment were collected during a 
single session at constant settings, including confocal aper- 
ture size, laser power, and camera settings. Settings were 
similar between sessions but cannot be reproduced exactly. 
The SIT camera response was linear over the three log 
units of intensity measured. Image magnification was 
chosen so that the dimensions of the structures of interest 
were several times greater than the pixel size. Image 
enhancement for quantitation involved only averaging 128 
frames using a Hamamatsu DV 3000 image processor 
(Waltham, MA) to reduce noise. 

Rhodamine-phalloidin labeling in the ciliary stalk was 
quantified on digitized images using interactive image 
analysis software (JAVA, Jandel Scientific, Corte Madera, 
CA). The fluorescent region was outlined, and the area and 
density (average intensity per unit area) were calculated. 
To avoid shading artifacts from overlying material, optical 
sections were collected only within a 3- to 4-pm depth from 
the section surface facing the objective lens. Blind observa- 
tions of 20 longitudinally oriented rod photoreceptors from 
each retina were made. Length measurements were made 
using the Hamamatsu image processor. The height of the 
band of biocytin plus fluorescent avidin labeling was mea- 
sured in images collected near the center of the ROS base, 
whereas the length (extent along rod cell long axis) and 
width (1-D estimate of extent around circumference) of the 
sheet of ectopic membranes were measured in images 
collected at the cell surface. Blind observations of 30 
longitudinally oriented rod photoreceptors from each retina 
were made. For CD-treated photoreceptors, fluorescent 
band height was measured only in rods that displayed an 
obvious drug response, that is, that had visible ectopic disc 
membranes. For calculating the percentage of rod photore- 
ceptors with abnormal 0s disc membranes and counting 
the number of calycal processes that contained F-actin, 
blind observations of 30 rods in cross-section per retina 
were made. For double-label examination of ectopic mem- 
brane sheets and phalloidin labeling, blind observations of 
15-20 rods in cross-section per retina were made. Only data 
from the larger diameter, red rods were used. 

For photographic output, image enhancement included 
averaging 64-128 frames to reduce noise and remapping 
the intensity scale to expand the mid-range and/or increase 
the contrast. Images were printed on a Kodak XL7700 dye 
sublimation printer (New York, NY). 

RESULTS 
Dose response 

A range of CD concentrations-0.1, 1.0, and 10.0 FM- 
was tested to look for a difference in sensitivity to the drug 
between the actin network in the ciliary stalk and the actin 
bundles in the calycal processes. The effect of these concen- 
trations on disc membrane morphogenesis was assessed to 
establish the effective doses for comparison to the effects on 
the actin cytoskeleton. 

Effect of CD on membrane morphogenesis 
CD disrupted 0s disc morphogenesis in rod photorecep- 

tors at all concentrations tested. No abnormal disc out- 
growth was evident in DMSO-treated control retinas. After 
6 hours in the presence of the drug, ectopic discs labeled 
with biocytin plus fluorescent avidin (diagrammed in Fig. 
1B) appeared as a sheet extending along the OS, IS, or both. 
When viewed by TEM, the sheet was composed of a stack of 
approximately seven discs on average. This effect of CD on 
disc morphogenesis is the same as that found by Williams et 
al. (1988) and Vaughan and Fisher (1989). The only obvious 
difference among different CD dosages was an increase in 
the percentage of rods exhibiting ectopic membranes with 
increasing CD concentration. These percentages from fluo- 
rescence LSCM observations were 21%, 70%, and 93% at 
0.1, 1.0, and 10.0 FM CD, respectively. 

Effect of CD on actin filament organization 
In both untreated and DMSO-treated retinas, the pattern 

of fluorescent phalloidin labeling (Figs. 2A, 3A) matched 
that previously described for photoreceptor cells by other 
investigators (Drenckhahn and Wagner, 1.985; Nagle et al., 
1986; Vaughan and Fisher, 1987). Calycal process-IS actin 
cables were visible by fluorescence LSCM as intense lines of 
fluorescence. F-actin networks visible as more diffuse label- 
ing, along with some smaller fibers, were spread through- 
out the rest of the IS and the cell body. The synaptic 
terminal was difficult to distinguish from other elements in 
the plexiform layer. The actin network in the ciliary stalk 
appeared as a small spot of fluorescence at the base of the 
OS, which colocalized with the ciliary microtubules (Fig. 
2A). 

CD disrupted the actin cytoskeleton in a complex, dose- 
dependent manner. Its effects were manifested in two main 
ways: 1) the loss of F-actin from the calycal processes and 
the areas normally occupied by the IS cables and the IS and 
cell body networks, and 2) the aggregation of F-actin at 
various locations, including the ciliary stalk. The effects 
were most severe in retinas treated with 10 pM CD. At this 
dose, almost no phalloidin labeling of calycal process-IS 
cables could be detected (Fig. 2B). This result is in agree- 
ment with the nearly complete disassembly or dispersal of 
F-actin in response to 5 and 25 pM CD reported by Williams 
et al. (1988). However, we observed a different response in 
other parts of the cell. The normally diffuse IS labeling was 
replaced by bright, punctate labeling, as was cell body 
labeling, and the spot in the ciliary stalk became more 
prominent (Fig. ZB), indicating focal concentration of F- 
actin in these regions rather than its complete loss. This 
response resembled the cytochalasin-induced formation of 
brightly staining F-actin aggregates seen, for example, in 
fibroblasts (Weber et al., 1976) and in other neuronal cell 
types (Marsh and Letourneau, 1984; Edmonds and Koenig, 
1990). 
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At the light microscope level, the two actin filament 
populations of interest, the ciliary stalk network and the 
calycal process core, showed differential sensitivity to CD. 
After exposure to 0.1 pM CD for 2 hours, phalloidin 
labeling in the ciliary stalk was more intense than normal, 
whereas labeling in the calycal processes was not noticeably 

different based on qualitative examination. Even after 6 
hours (Fig. 3B), calycal process labeling intensity was 
unchanged, although in some preparations, the processes 
were elongated. No obvious changes in phalloidin labeling 
were observed in the IS at 0.1 pM CD. The ciliary labeling 
increased in intensity with CD concentration (Fig. 3C,D). 
Quantitation of the fluorescent signal at  this site after 2 
hours of drug exposure revealed that a small increase in 
density and mainly an increase in area contributed to the 
increase in mean total intensity (Fig. 4). Because measure- 
ments were performed on a two-dimensional image, the 
increase in area represents an increase in volume. The 
percent increase in total intensity relative to DMSO-treated 
controls progressed from 95% at 0.1 pM to 140% at 1.0 pM 
and 315% at 10.0 pM CD. These increases were significant 
at the 5% level (0.1 and 1.0 pM) or below (10.0 pM, P < 
0.01), when evaluated by the Student’s t-test. The shape of 
this concentration of fluorescence also changed. From 
primarily spherical in DMSO-treated rods, it became ovoid 
at 0.1 and 1.0 pM CD and somewhat irregular at 10.0 pM 
(Figs. 2,3). 

In addition to overall calycal process phalloidin labeling 
intensity, the average number of calycal processes per cell 
counted by fluorescence LSCM also was normal at 0.1 KM 
CD. Rod photoreceptors treated with DMSO or 0.1 pM CD 
had 20 calycal processes on average. Labeling intensity 
decreased with increasing drug concentration, becoming 
undetectable at  10 pM (Fig. 3C,D). The average number of 
calycal processes per cell with a detectable actin core was 
reduced to 17 at 1.0 pM and to zero at  10.0 pM CD. 

Effect of CD on calycal process structure 
When evaluated by TEM, calycal process structure ap- 

peared normal at  0.1 pM CD, whereas breakdown and 
collapse of calycal processes accompanied loss of the F-actin 
core at  higher dosages of CD, as seen be Williams et al. 
(1988). In cross-sectional views, untreated and DMSO- 
treated calycal process profiles were circular to triangular, 
often conforming to the indentations of the rod 0s inci- 
sures, and their membranes were distinct from the 0s 
plasma membrane (Fig. 5A,D). The average number of 
calycal processes per rod photoreceptor was 20, as it was 
from fluorescence LSCM counts. The same was true for 
rods exposed to 0.1 pM CD (Fig. 5B,E). At 1.0 pM CD, a few 
calycal processes were misshapen and had occasionally 

Fig. 2. Effect of 10 pM CD on actin filament organization. Double- 
label fluorescence laser scanning confocal microscopy (LSCM) images of 
longitudinally oriented Xenopus Zaeuis photoreceptors. Rhodamine- 
tubulin immunofluorescence (red) marks the location of the ciliary 
microtubules (arrows), which run through the ciliary stalk and along 
one side of the 0s. Fluorescein-phalloidin fluorescence (green) shows 
the location of F-actin. Areas containing both labels appear yellow. (A) 
Photoreceptors treated with 0.1% dimethyl sulfoxide (DMSO) in cul- 
ture for 6 hours. Actin filaments are organized into cables that appear 
as intense lines and extend from the calycal processes (notched 
arrowheads) into the IS; a network, including some finer fibers, that 
appears as diffuse fluorescence in the IS; and a small network in the 
distal ciliary stalk that appears as a spot of fluorescence (arrowhead). 
(B) Photoreceptors treated with 10 pM CD for 6 hours. The fluorescein 
signal is intensified at the ciliary stalk (large arrowheads) and various 
foci (small arrowheads) in the IS, which have replaced the normal 
diffuse IS labeling, indicating aggregation of F-actin. Almost no phalloi- 
din labeling of the calycal process-IS cables is detectable, indicating 
dispersal and/or contraction into the IS. Abbreviations as for Figure 1. 
Scale bar = 5 pm. 
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Fig. 3. Effect of varied concentrations of CD on actin filament 
organization. Fluorescence LSCM images of longitudinally oriented 
Xenopus Zaeuis photoreceptors labeled with rhodamine-phalloidin. (A) 
Photoreceptors treated with DMSO alone for 6 hours. Calycal process 
(arrows)-inner segment (is) cables, a network in the IS and around the 
nucleus (n), and a discrete network in the ciliary stalk (arrowheads) at  
the base of the outer segment (0s) are evident. This labeling pattern is 
the same as that seen in freshly dissected retinas (not shown). (B-D) 
Dose series: 0.1 pM CD (B), 1.0 KM CD (C), and 10.0 KM CD (D). 
Phalloidin labeling in the ciliary stalk (arrowheads) is progressively 

more intense at each higher dosage and changes in shape, becoming 
ovoid. (B) Labeling intensity of the calycal process-IS cables appears 
normal at 0.1 pM CD, although calycal processes (delimited by arrows) 
are elongated compared with those in A. (C and D) Increasingly bright, 
punctate labeling replaces the normally diffuse fluorescence in the IS 
and around the nucleus. Labeling of the calycal process-IS cables is 
diminished at  1.0 pM (arrows in C) and is nearly undetectable at  10.0 
pM (D). A few small concentrations of fluorescence are present in the 
periphery where cables were located. Abbreviations as in Figures 1 and 
2. Scale bar = 5 pm. 
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Fig. 4. Increase in the intensity of ciliary stalk phalloidin labeling in 
response to CD. Quantitation was performed on digitized LSCM images 
similar to those in Figure 3. After exposure to CD for 2 hours, the mean 
total intensity [mean (density x area)] of the fluorescent signal in the 

ciliary stalk was increased, relative to control values. The effect was 
greater at  each higher dosage and was statistically significant at  all 
concentrations (P  < 0.05,O.l and 1.0 pM; P < 0.01,lO pM). Values are 
averages of data from four retinas. Abbreviations as in Figures 1 and 2. 
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shortened or completely collapsed (not shown). The average 
number of calycal processes per rod photoreceptor at this 
dose was 18.5. At 10.0 pM CD, although the number of 
calycal processes decreased only to 16, many showed severe 
signs of breakdown, including irregular profile, reduced 
diameter, vesiculation, and infrequently, apparent fusion 
with the 0s plasma membrane (Fig. 5C,F). 

Association between effects on membrane 
morphogenesis and on the actin cytoskeleton 
As delineated above, at  0.1 pM CD, disruption of 0s disc 

membrane morphogenesis was associated with alteration of 
the actin network in the ciliary stalk, but not with dispersal 
of the actin core in the calycal processes and their struc- 
tural breakdown, which occurred only at higher CD concen- 
trations. This association was established not only for the 
average rod photoreceptor response, but in individual rods 
by both fluorescence LSCM and TEM. In rods treated with 
0.1 FM CD and labeled with both biocytin plus fluorescein- 
avidin and rhodamine-phalloidin, a fluorescent sheet of 
ectopic disc membrane, an enlarged spot of fluorescence in 
the ciliary stalk, and normal calycal process fluorescence all 
could be found in all cells surveyed (not shown). In TEM 
cross-sections, ectopic disc membranes could be seen extend- 
ing alongside rod 0s that were surrounded by a full 
complement of intact calycal processes. These membranes 
appeared to have grown out between calycal processes and 
the OS, between adjacent calycal processes, exterior to 
calycal processes (Fig. 5E), or at  the ciliary stalk (Fig. 5B) 
where calycal processes are not present. 

Temperature response 
A temperature shift of 10°C, from 17°C to 27"C, was used 

to accelerate the metabolic rate. The disc formation rate 
without and with CD treatment was measured to test for 
inhibition by the drug of the expected temperature-induced 
increase. 

Effect of CD on disc formation rate 
at varied temperatures 

In rod photoreceptors treated with DMSO alone, raising 
the temperature caused an increase in the rate of formation 
of new 0s discs. This rate was quantified using the 
fluorescent band height assay described in Figure 1. When 
detected with fluorescent streptavidin, a stack of biocytin- 
labeled discs appears as a fluorescent band at the base of the 
0s. Because the mean height (distance along the long axis 
of the 0s) of such a fluorescent band increases linearly for 
incubation times between 4 and 16 hours, it can serve as a 
measure of the rate of disc initiation or disc membrane 
assembly, as shown by Vaughan et al., (1989). Figure 6 
shows examples of the bands of biocytin plus fluorescent 
streptavidin labeling in rods incubated for 12 hours at 
either 17°C (Fig. 6A) or 27°C (Fig. 6B). The mean fluores- 
cent band height was 0.46 pm at 17°C and 1.28 pm at 27"C, 
a 2.8-fold increase in rate (P  < 0.005, Student's t-test) (Fig. 
7). This acceleration falls within the range of values ob- 
tained by other investigators for a 10°C temperature in- 
crease: 2-fold for 23-33°C in Rana pipiens tadpoles (Holly- 
field et al., 1977), 3.5-fold for 16-26°C in Rana pipiens 
adults (Hollyfield, 1979), and %fold for 16-26°C in Xenopus 
Zaeuis tadpoles (Hollyfield and Rayborn, 1982). Vaughan et  
al. (1989) has shown that DMSO treatment (0.25%) does 
not affect the rate of disc formation significantly. CD 
inhibited the response to temperature elevation. After 

pretreatment with 5 FM CD at 17"C, mean fluorescent band 
height was only slightly greater for rods shifted to the 
higher temperature: 0.33 pm at 27°C compared with 0.30 
pm at 17°C (Fig. 6C,D; Fig. 7). In fact, both of these values 
were less than for the 17°C DMSO treatment. The differ- 
ence between the normal response to a 10°C temperature 
increase and the response in the presence of CD, a 94% 
inhibition, was significant (P < 0.025), as evaluated by an 
analysis of variance test. 

Effect of CD on disc membrane assembly rate 
at varied temperatures 

There was no effect of CD on the rate at  which disc 
membrane was assembled, in contrast to the above inhibi- 
tion, which apparently represents a block of new disc 
initiation. The rate of membrane assembly in DMSO- 
treated rods also was measured as mean fluorescent band 
height after 12 hours, because membrane is added by 
lateral expansion of discs to a uniform size. This rate was 
2.8 times greater at the higher temperature (see above; Fig. 
7). Because membrane is added to the ectopically growing 
discs (Williams et al., 1988), the rate of membrane assembly 
in CD-treated rods was measured as the volume of the 
ectopic membrane sheets after 12 hours (Fig. 6E,F), as 
estimated by measurements of the mean width and length 
(Fig. 8) in combination with the mean fluorescent band 
height (Fig. 7). Although the width dimension was not 
significantly changed, the length dimension was 3.3 times 
greater (P < 0.005) at 27°C than at 17°C. Because the third 
dimension, the height of the stack of discs, differed only 
slightly, disc membrane was assembled at  approximately a 
three-fold faster rate at the higher temperature. This 
increase is comparable to that measured in the absence of 
the drug. 

Effect of CD on actin cytoskeleton 
at varied temperatures 

The effect of CD at 5 pM (not shown) was similar to that 
at 10 pM (Fig. 3D). The only obvious difference between the 
pattern of fluorescent phalloidin labeling after CD treat- 
ment at  17°C and 27°C was an overall diminished intensity 
at the higher temperature, probably reflecting greater 
disassembly or dispersal. As noted above, CD altered the 
ciliary stalk actin network within 2 hours after addition to 
the culture medium. Hence, this network was disrupted 
before the temperature was raised at 2.5 hours after 
addition of the drug. 

DISCUSSION 
Effect of CD on actin filament organization 
In a previous study, Williams et al. (1988) used CD to 

establish the actin dependence of photoreceptor disc mem- 
brane morphogenesis, but could not distinguish between 
the drug's action on the calycal process actin core and on 
the ciliary stalk actin network at  the concentrations tested 
(5pM and 25 pM). We have tested a series of dosages 
starting with a lower concentration (0.1, 1.0, and 10.0 pM) 
in an attempt to identify the local actin filament array 
involved. The effects we observed were complex and dose 
dependent. For the actin structures in question, the effects 
became apparent at  different concentrations. 

Phalloidin staining (Figs. 2, 3) revealed loss of F-actin at 
some locations, in partial agreement with previous observa- 
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Fig. 5. Effect of CD on calycal process structure and disc membrane 
morphogenesis. Transmission electron microscopy (TEM) images of 
Xenopus laevis rod photoreceptors cut in cross-section through the 0s 
near the base. (A) Rod treated with DMSO alone for 6 hours. Calycal 
processes (some marked by arrowheads), which project from the IS 
alongside the 0s base, are located approximately at each disc incisure. 
None are present at  the ciliary stalk (c). (D) Enlargement of the area 
outlined in A. The profile of calycal processes in retinas processed for 
TEM conform to the indentations to which they are adjacent. Their 
membranes are separate from the plasma membrane of the 0s. This 
morphology also is seen in freshly dissected retinas (not shown). (B) 
Rod treated with 0.1 KM CD. Again, a calycal process is present at each 

incisure. Ectopic disc membranes are present alongside the ciliary stalk 
(apposing arrows). (El Portion of another rod treated with 0.1 p M  CD. 
A stack of ectopic disc membranes (apposing arrows) extends alongside 
the 0s (orthogonal to the plane of section). The disc membranes are 
exterior to a calycal process. The calycal process profiles conform to the 
adjacent surface, similar to those in D, and their membranes are 
distinct from adjacent membrane. (C) Rod treated with 10 pM CD. At 
some incisures (asterisks), there is no calycal process visible. (F) 
Enlargement of the area outlined in C .  These calycal processes show 
signs of collapse, including irregular shape and size, vesiculation, and 
possibly fusion with the 0s plasma membrane. Scale bars = 2 pm. 
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Fig. 6. Effect of CD on disc initiation and membrane assembly. 
Fluorescence LSCM images of fluorescent streptavidin bound to hiocy- 
tin, which has accumulated in rod 0s discs formed during incubation in 
medium containing the tracer (described in Fig. 1). (A-D) Optical 
sections collected at the center of longitudinally oriented Xenopus 
laevis rods. Labeled discs appear as a fluorescent band at the base of the 
outer segment (0s; arrowheads). (E, F) Optical sections collected at the 
surface of the rods. After ectopic growth, labeled discs appear as a 
fluorescent sheet extending along the rod surface (arrows). (A and B) In 
DMSO-treated rods, the height of the fluorescent band is greater after 
12 hours at 27°C (B) vs. 17°C (A), indicating accelerated disc initiation 
at  the higher temperature. (C-F) In rods pretreated with 5 pM CD at 
17”C, the heights of the fluorescent hand either after a shift to 27°C for 
12 hours in the presence of CD (D) or after continued incubation at  
17°C (C) are similar. At the “is” surface of the same CD-treated rods, 
the ectopic membrane sheet extends over a greater area after incuha- 
tion at 27°C (F) vs. 17°C (E), indicating accelerated membrane assembly 
at  the higher temperature. Scale bar = 5 pm. 

tions of Williams et al. (19881, and focal concentration at 
others, an effect not clearly seen by these investigators. A 
major difference in tissue preparation techniques is the 
most likely explanation for the difference in results. In the 
previous study, photoreceptor cells were isolated by enzy- 
matic digestion before fixation. In this study, eyecups were 
fixed intact and then prepared for staining and viewing by 
sectioning with a Vibratome, a method likely to be more 
gentle. Cytochalasin-induced formation of focal concentra- 
tions of F-actin is a general phenomenon, which has been 

observed in a variety of plant and animal cells (Edmonds 
and Koenig, 1990 and references therein). These filamen- 
tous aggregates are postulated to arise by a two-part mecha- 
nism (Schliwa, 1982; Kolega et al., 1991). Solation of actin 
networks by CD produces short actin filaments that are still 
cross-linked. Disrupted networks or fragments thereof then 
actively condense. Therefore, it is likely that some of the 
apparent loss of F-actin from locations within the photorecep- 
tor was a result of redistribution into foci. CD-induced contrac- 
tion of individual stress fibers labeled by incorporation of 
fluorescent actin or myosin analogs has been followed in living 
fibroblasts (Kolega et al., 1991). As fibers shortened into 
bright foci, the fluorescence per length of fiber increased 
and the total fiber fluorescence decreased, indicating that 
both aggregation and actual loss, respectively, occur. 

Foci formation appears to be an active process involving 
myosin-based contraction. It is prevented by inhibitors of 
energy metabolism, although network fragmentation is 
not, and requires ATP in permeabilized cells (Miranda et 
al., 1974; Bershadsky et al., 1980; Godman et al., 1980; 
Schliwa, 1982; Edmonds and Koenig, 1990). Myosin is 
concentrated in aggregates (Weber et al., 1976; Godman et 
al., 1980; Edmonds and Koenig, 1990; Kolega et al., 1991). 
Furthermore, CD can cause accelerated contraction of 
reconstituted actin gels, containing myosin and cross- 
linking proteins, in vitro (Janson et al., 1991). These 
findings illustrate part of the basis for the complexity of 
CD’s effects in cells: the interaction of actin filaments with 
associated proteins, which organize and move filaments, 
contributes to the final effect. Myosin I1 has been immuno- 
localized in the ciliary network (Chaitin and Coelho, 1992; 
Williams et al., 1992) of rat rod photoreceptors and in the IS 
of rat rods (Drenckhahn and Groschel-Stewart, 1977; Wil- 
liams et al., 1992) and photoreceptors of several species 
(Drenckhahn and Wagner, 1985). The ciliary network has 
been proposed to be contractile, based on the localization of 
myosin I1 (Chaitin and Coelho, 1992; Williams et al., 1992) 
and detection of myosin ATPase activity in isolated rat rod 
0s (Williams et al., 1992). In addition, a-actinin, an actin 
cross-linking protein, has been colocalized with actin in the 
ciliary network of rat photoreceptors (Arikawa and Wil- 
liams, 1989) and in the IS of chicken photoreceptors 
(Drenckhahn and Wagner, 1985; Arikawa and Williams, 
1991). These actin-associated proteins presumably are pre- 
sent at  these same locations in frog rods. If so, the 
aggregation of F-actin in the photoreceptor ciliary stalk and 
at various foci in the IS in response to CD likely reflects 
excessive contraction of myosin-containing networks and 
possibly the IS cables, which in turn reflects fragmentation 
of filament arrays by CD. 

The composition of the calycal process core of actin 
filaments is not fully characterized. Ultrastructurally, the 
core resembles that of intestinal epithelial microvilli; actin 
filaments are bundled and have their barbed ends embed- 
ded in a dense cap at  the distal tip (Burnside, 1978; 
O’Connor and Burnside, 1981). However, not all of the 
actin-associated proteins in intestinal microvilli (Mooseker, 
1985) are found in the calycal processes. Fimbrin-but not 
villin, myosin I, or ezrin-has been detected in the calycal 
processes (Hofer and Drenckhahn, 1993). The actin fila- 
ment core in intestinal microvilli does not contain myosin I1 
and is noncontractile (Mooseker, 1985). It is not known 
whether the same is true of the core in the calycal processes. 
If it is, it provides an explanation for the uniform decrease 
in F-actin concentration in each calycal process in response 
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Fig. 7. Inhibition oftemperature-induced increase in the rate of disc 
formation by CD. The rate of disc formation was measured as mean 
fluorescent band height after 12 hours incubation under the various 
conditions of temperature and CD treatment. Quantitation was per- 
formed on digitized LSCM images such as those in Fig. 6A-D. The 10°C 
temperature shift increased the rate 2.8-fold (P < 0.005) in the absence 
of CD, but only slightly after pretreatment with CD. Both the mean and 
the range of values at  27°C were reduced by CD treatment. The 

Fig. 8. Temperature-induced increase in the rate of disc membrane 
assembly in the presence of CD. The rate of disc membrane assembly 
was estimated from the mean width (1-D estimate of extent around rod 
circumference), length (extent along long axis of rod), and height (Fig. 
7) dimensions of the ectopic membrane sheets after 12 hours incuba- 
tion at either 17"D or 27°C. Quantitation was performed on digitized 

to 1.0 and 10.0 p M  CD. Even after a short (30 minutes), 
direct exposure of photoreceptors in isolated retinas to the 
drug (not shown), no concentration of F-actin within or 
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________ 
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difference between the increase in the absence versus the presence of 
CD [(DMSO 27°C - DMSO 17°C) - (CD 27°C - CD 17"C)I is a 94% 
inhibition (P  < 0.025; analysis of variance test). For DMSO treatment, 
the mean fluorescent band height also is a measure of the rate of disc 
membrane assembly. Data from eight retinas were pooled for each 
treatment. Bars represent t 1 SEM; vertical lines represent the range. 
Abbreviations as for Figures 1 an 2. 

LSCM images such as those in Figure 6E,F. Only the mean length 
dimension differed substantially between the two temperatures. It,  and 
therefore the membrane assembly rate, was increased 3.3-fold (P  < 
0.005) by the 10°C temperature shift. Values are averages of data from 
four retinas. Error bars represent -C 1 SEM. Abbreviations as in 
Figures 1 and 2. 

near the base of the calycal processes was seen. Fragmenta- 
tion of the calycal process core produced only dispersal of 
F-actin. 



FUNCTION OF PHOTORECEPTOR CILIARY ACTIN NETWORK 139 

Both concentration of F-actin in the ciliary stalk and loss 
from the calycal processes increased progressively with 
increasing CD concentration (Fig. 3). For both actin fila- 
ment arrays, a greater response could result from greater 
fragmentation. The degree of solation determines the de- 
gree of contraction of actin-based gels (Janson et al., 1991) 
and would be expected to determine the amount of dispersal 
of F-actin, in the form of gel fragments no longer attached 
to the array. The degree of solation at 0.1 pM may be very 
low, judging by the small average contraction response of 
the ciliary network, compared with that at  10.0 pM (Fig. 41, 
and retention of F-actin in the calycal processes (Fig. 3B). It 
is possible that part of the contraction response is caused by 
displacement of actin filament membrane attachments by 
capping of the barbed ends (reviewed by Cooper, 19871, 
which face the ciliary membrane in this array of roughly 
radially oriented filaments (Arikawa and Williams, 1989; 
Chaitin and Burnside, 1989). In this network, myosin is 
located centrally (Williams et al., 19921, within the ciliary 
microtubule array. In this arrangement, myosin activity 
would pull filaments in toward the center, and membrane 
attachments normally would provide resistance. Although 
the average percent increase in the density of fluorescent 
phalloidin labeling in the ciliary stalk was relatively small at  
each higher dose, the larger increase in the fluorescent area 
can be interpreted as substantial aggregation of filaments 
(Fig. 4). The labeling of this network normally is faint. 
Contraction would be expected to increase the fluorescent 
area because the normally sparse, and thus undetected, 
labeling at the periphery would reach the threshold of 
detection as filaments were pulled centrally, concentrating 
them. 

Of the two local actin arrays whose disruption could 
interfere with disc membrane morphogenesis, only the 
ciliary stalk actin network appeared by light microscopy to 
be affected at 0.1 pM CD. Whereas F-actin concentration 
increased in the ciliary stalk at  this dose, it remained 
normal in the calycal processes for up to 6 hours. Calycal 
processes maintained their normal length or, in some 
preparations, elongated. In other systems, stability of micro- 
villus processes to treatment with even higher CD concen- 
trations has been reported. In teleost rods, treatment with 
10 pM CD for 1 hour did not remove the F-actin core of the 
calycal processes, whereas 0.1 pM was sufficient to block 
actin-dependent rod cell elongation (Pagh-Roehl et al., 
1992). In epithelial cells, actin filaments were retained 
within microvilli after treatment with 1.0 pM CD in bladder 
epithelium (Franki et al., 19921, with 10 pM CD in an 
intestinal epithelial cell line (Jackman et al., 19941, and 
with 20 pM CD in intestinal epithelium (Madara et al., 
19861, although other components of the actin cytoskeleton 
were disrupted in intestinal epithelial cells under the same 
conditions. Elongation of the calycal processes after CD 
treatment is not unexpected. Microvilli of intestinal and 
bladder epithelia have been observed to increase in length 
in response to certain concentrations of cytochalasin (Bur- 
gess and Grey, 1974; Franki et al., 1992). In addition, 
calycal process length varies under other conditions. It has 
been shown to change inversely with myoid contraction and 
elongation in teleost rods (Pagh-Roehl et al., 1992). 

A difference in the composition of the arrays could 
underlie the apparent difference in sensitivity to CD. In 
addition to being noncontractile, the microvillar core of 
actin filaments is highly cross-linked (Mooseker, 1985). As 
this appears to be true of calycal processes (Burnside, 1978; 

Hofer and Drenckhahn, 19931, contraction would not be 
expected to occur in response to capping and fragmentation 
by CD, and dispersal of the fragmented array would be 
hindered by the cross-linking. Disruption by CD would not 
be immediately evident. Therefore, there is a possibility 
that the calycal processes, although they exhibited no signs 
of collapse at 0.1 pM, were less rigid. Although there may 
not have been a difference in sensitivity to CD in terms of 
the initial effects of capping and fragmentation, there was a 
difference in terms of the final effect. Aggregation of ciliary 
stalk F-actin provided evidence of structural alteration, 
from which we assume that the function of this network 
was impaired at  0.1 pM CD. We speculate that the proposed 
function of the calycal processes as a signal for termination 
of disc membrane outgrowth was not impaired at this dose, 
however, as it probably would involve contact inhibition 
rather than presentation of a physical barrier. 

Other populations of actin filaments also could be impor- 
tant to 0s disc morphogenesis, including filaments seen in 
rat rods that extend longitudinally within the ciliary stalk 
(Arikawa and Williams, 1989) and arrays and cables within 
the IS (Drenckhahn and Wagner, 1985; Nagle et al., 1986; 
Vaughan and Fisher, 1987). Longitudinally oriented actin 
filaments within the ciliary stalk could participate in apical 
displacement of discs, which presumably must precede 
initiation of each new ciliary membrane evagination. We did 
not specifically detect such a population of filaments within 
the ciliary stalk by phalloidin labeling. Vesicle transport can 
occur along actin filaments (Kuznetsov et al., 19921, and IS 
filaments could be involved in the delivery of structural 
components or regulatory molecules to the ciliary stalk 
(Deretic et al., 1995). We were not able to pinpoint any 
alterations in IS phalloidin labeling at 0.1 pM CD. Hence, 
effects of CD via these components of the actin cytoskeleton 
can neither be supported nor rejected by this study. 

Effect of CD on membrane morphogenesis 
CD induced abnormal disc membrane outgrowth at  a 

concentration (0.1 pM) that did not remove the actin core in 
the calycal processes, but did disrupt the actin filament 
network in the ciliary stalk. These effects of CD were 
examined separately as sample averages and together in 
individual cells. At 0.1 pM, ectopic disc membranes were 
detected by fluorescence LSCM in only 21% of rod photore- 
ceptors, probably because not all rods are affected com- 
pletely at  this dose. Support for this reasoning comes from 
the ranges of the total intensity values for ciliary stalk 
phalloidin labeling measured after treatment with DMSO 
or 0.1 pM CD. The ranges overlap, suggesting that the 
ciliary actin network is not disrupted in all rods at 0.1 pM; 
hence, the function of the network is at  least partially 
retained in some fraction of the rods. It is not clear why 
ectopic discs were detected in a greater proportion of rods at  
10.0 pM than at  1.0 pM CD. This characteristic made 
examination of individual rods important. In cells surveyed 
either by double-label fluorescence LSCM or by TEM, the 
presence of ectopic disc membranes always was associated 
with an enlarged concentration of fluorescence in the ciliary 
stalk and normal calycal process fluorescence or with 
normal calycal process ultrastructure. Thus, CD most likely 
acts on F-actin in the ciliary stalk to perturb disc morpho- 
genesis. This conclusion provides support for the model 
proposed by Williams et al. (1988) in which the ciliary actin 
network is involved in the initiation of membrane evagina- 
tion. 
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Consistent with this hypothesis, fewer new discs than 
normal are generated in the presence of CD. In the study by 
Williams et al. (19881, nascent discs were radiolabeled by 
incorporation of proteins containing 3H-leucine. When 
viewed by autoradiography, the band of radiolabel at  the 0s 
base was substantially shorter in rods treated with CD than 
in rods treated with DMSO alone. Vaughan et al. (1989) 
labeled nascent discs with the fluorescent dye Lucifer 
yellow. They measured a significant reduction in mean 
fluorescent band height with CD. However, these observa- 
tions do not reveal whether the effect of the drug on disc 
initiation is direct or indirect. 

To answer the question of which morphogenic step CD 
inhibits, we took advantage of the proportional relationship 
between the rate of disc formation and temperature (Holly- 
field et al., 1977; Hollyfield, 1979; Hollyfield and Rayborn, 
1982; Kaplan, 1984). If it is the initiation step that is 
inhibited, then temperature elevation should cause no 
increase in the rate of disc formation in the presence of CD. 
If not, temperature elevation could cause a partial increase 
because initiation is possible and membrane assembly 
would be more rapid, although some step is abnormal. For 
DMSO-treated rods, we calculated a nearly three-fold in- 
crease in the average rate of disc formation for a 10°C rise in 
temperature from measurements obtained using the fluores- 
cent band height assay (Fig. 7). Pretreatment with CD 
caused a 94% inhibition of this temperature-induced in- 
crease. This nearly complete inhibition is evidence for a 
direct effect of CD on the initiation step. 

Another factor that could contribute to the greatly 
decreased temperature response is a reduction of the rate of 
membrane assembly by CD. Therefore, it was important to 
determine whether the disc membrane assembly rate in 
CD-treated rods showed the normal temperature-induced 
increase before accepting the above conclusion. The rate 
increase in the presence of the drug, calculated from 
measurements of the volume of ectopic membrane as- 
sembled, was the full response seen in its absence, calcu- 
lated from fluorescent band height measurements. The 
10°C rise in temperature caused approximately a three-fold 
acceleration of disc membrane assembly in both CD-treated 
rods and control rods (Figs. 7,8), upholding the conclusion 
that CD directly affects the initiation step. This result 
expands on the autoradiographic demonstration by Wil- 
liams et al. (1988) that transport and assembly of disc 
membrane components persist in the presence of CD. 
Newly synthesized proteins, radiolabeled with 3H-leucine, 
were incorporated into the ectopic disc membranes. The 
initiation and membrane assembly steps can be uncoupled. 
I t  is not clear why outgrowth of existing discs, potentially 
an actin-mediated process, is not sensitive to CD. 

It is possible that blocking of another step in the disc 
morphogenesis process could indirectly slow the creation of 
new discs. Several alternate possibilities exist. Although 
membrane assembly continues, these possibilities could 
involve disruption of the delivery of certain structural 
components or regulatory molecules from the IS by the 
action of CD on IS actin filaments. As discussed above, we 
did not observe any effects of 0.1 pM CD on phalloidin 
labeling in the IS. First, CD could prevent response to a 
signal, for instance, calycal process contact inhibition, to 
halt outgrowth of the disc-face membranes. Second, it could 
block the outgrowth of rim-plasma membrane, which seals 
the disc. In both of these cases, disc growth could continue 
unregulated, and excessive growth of preexisting discs 

would divert material from new sites of disc formation. The 
initiation of ciliary membrane evagination would still be 
possible, and some new discs could be added. The nearly 
complete inhibition of the temperature-induced accelera- 
tion of the disc formation rate argues that CD effects on the 
control of disc size are secondary or, because they are not 
ruled out, perhaps coincident. The second alternative seems 
unlikely for an additional reason-completing disc closure 
does not appear to be necessary for control of disc size. 
Indeed, in cone photoreceptors, rim closure is only partial. 
Furthermore, in rods, ectopic disc membranes have not 
been detected when the number of immature, that is, open 
discs is maximal. This occurs when disc addition is stimu- 
lated by light or temperature. The increase in disc forma- 
tion rate is correlated with an increase in the number of 
open discs, indicating that rim closure does not keep pace 
with growth of the disc-face membranes (Besharse et al., 
1977; Hollyfield and Rayborn, 1982). These two possibili- 
ties could involve putative F-actin arrays in the periphery of 
the expanding disc membrane evagination or in the rim- 
plasma membrane projections, respectively, that were not 
detected by our methods. 

A third possibility is that CD blocks apical displacement 
of discs. This could prevent the construction of new sites of 
ciliary membrane evagination. We cannot distinguish be- 
tween this indirect effect of CD and a direct effect on disc 
initiation from the temperature response or phalloidin 
labeling data. In both cases, CD would be expected to block 
new disc initiation completely. The actin filaments in the 
ciliary network contact several of the newest discs and thus 
could be involved in their displacement. Involvement of the 
same actin network would link these effects. The large size 
of maturing and completed discs would seem to require 
additional cytoskeletal or molecular motor involvement. 
Phalloidin labeling in other regions of the 0s was not 
detected in this study. 

The conclusions from our examination of CD’s action on 
specific actin filament arrays and on a specific step in the 
disc morphogenesis process imply an essential role for the 
ciliary stalk actin network in the generation of new 0s 
discs. Disruption of this network is linked to abnormal disc 
morphogenesis, and CD nearly completely inhibits new disc 
initiation. CD most likely affects the initiation step by 
blocking the initiation of ciliary membrane evagination 
and/or the apical displacement of discs. Two characteristics 
of the photoreceptor ciliary actin network fit well with this 
role. First, the network appears during photoreceptor 
maturation just before the first discs form. Chaitin et al. 
(1988) has immunolocalized actin in the distal portion of 
mouse photoreceptor cilia at this stage. Actin was present 
only in those cilia that displayed a swelling of the distal 
portion, a morphological feature thought to be a precursor 
to the initiation of disc formation (Olney, 1968). Myosin 
subfragment-1 decoration has revealed actin filaments orga- 
nized in a network (Chaitin, 1991; Obata and Usukura, 
1992) similar to that seen in the adult rodent (Arikawa and 
Williams, 1989; Chaitin and Burnside, 1989). Second, the 
network seemingly is unique to photoreceptor cilia, as is 
membranous disc formation. No equivalent contractile 
network has been found in motile cilia or flagella. They 
have been shown to contain actin, but actin in filamentous 
form has not been detected by either NBD-phallacidin 
staining or myosin subfragment-1 decoration (Virtanen et 
al., 1984; Detmers et al., 1985; Chailley et al., 1986; Sandoz 
et al., 1988). Myosin and tropomyosin immunolabeling 
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have been detected, but only in the proximal portion and 
the basal bodies of cilia (Gordon et al., 1980; Sandoz et al., 
1982; Virtanen et al., 1984) or in the neck region of flagella 
(Yagi and Paranko, 1992). Hence, in the cilia of oviduct 
epithelium (Sandoz et al., 1982) and in sperm flagella (Yagi 
and Paranko, 1992), where actin and myosin or tropomyo- 
sin were observed to colocalize by immunocytochemistry, 
the location does not correspond to that of the photorecep- 
tor ciliary network. Thus, the evidence suggests that verte- 
brate photoreceptors have evolved a mechanism that uses 
the functional properties of F-actin in a unique way in the 
cilium compared with other ciliated cell types. This mecha- 
nism is the key to their ability to elaborate the membranous 
discs that form the light-sensitive 0s. 
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