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ABSTRACT To localize activated protein kinase C (PKC) in smooth muscle cells, an antibody directed to the catalytic site
of the enzyme was used to assess PKC distribution by immunofluorescence techniques in gastric smooth muscle cells
isolated from Bufo marinus. An antibody to vinculin was used to delineate the cell membrane. High-resolution three-
dimensional images of immunofluorescence were obtained from a series of images collected through focus with a digital
imaging microscope. Cells were untreated or treated with agents that increase PKC activity (10 uM carbachol for 1 min, 1 uM
phorbol 12-myristate 13-acetate (PMA) for 10 min), or have no effect on PKC activity (1 um 4-a phorbol, 12,13-didecanoate
(4-a PMA)). In unstimulated cells, activated PKC and vinculin were located and organized at the cell surface. Cell cytosol
labeling for activated PKC was sparse and diffuse and was absent for vinculin. After treatment with carbachol, which
stimulates contraction and PKC activity, in addition to the membrane localization, the activated PKC exhibited a pronounced
cytosolic fibrillar distribution and an increased total fluorescence intensity relative to vinculin. The distributions of activated
PKC observed after PMA but not 4-a PMA were similar to those observed with carbachol. Our results indicate that in resting
cells there is a pool of activated PKC near the cell membrane, and that after stimulation activated PKC is no longer
membrane-confined, but is present throughout the cytosol. Active PKC appears to associate with contractile filaments,
supporting a possible role in modulation of contraction.

INTRODUCTION

Protein kinase C (PKC) is a central component in thePKC also trigger phosphorylation of membrane proteins and
transduction pathway linked to phospholipid turnover in thecause changes in numerous membrane-associated functions
plasma membrane (Andrea and Walsh, 1992; Asuoka et alin intact cells, they provided little aid in understanding why
1993; Haller et al., 1990; Langlands and Diamond, 1992these same stimuli also trigger phosphorylation of numerous
Nishizuka, 1984). In smooth muscle PKC is considered tacytoskeletal/contractile proteins.
play a significant role in mediating agonist-stimulated short-  Investigators using standard, nonquantitative immunoflu-
term cellular responses associated with contraction andrescence and imaging methods in intact cells have increas-
changes in ionic distribution, as well as longer-term cellularingly reported PKC localizations to other subcellular struc-
events such as cell growth, differentiation, and hypertrophyures such as focal contacts, cytoskeleton, and nuclei (e.g.,
(Andrea and Walsh, 1992; Asuoka et al., 1993; NishizukaHaller et al., 1994; Khalil et al., 1992; Khalil and Morgan,
1984). Phosphorylation of specific target proteins by PKC1991; Liu et al., 1989; Mochly-Rosen, 1995; Mochly-Rosen
determines the pathways that are regulated by this kinaset al., 1990). Evidence has also accumulated to indicate the
Those targets are, in turn, determined not only by substratgxistence of multiple isoforms of PKC that are classified in
specificity of this enzyme family, but also by substrate subfamilies of similar genetic origin, structure, and regula-
accessibility to PKC, since its distribution is altered aftertion (Andrea and Walsh, 1992; Asuoka et al., 1993; Hug and
activation. Sarre, 1993; Morgan and Morgan, 1984). In addition, it is
Cell fractionation methods provided some of the earliestjear that multiple isoforms of PKC are often co-expressed
information regarding changes in the distribution of PKC., iy any given cell and that the various isoforms can regulate
revealing that stimuli that caused its activation appeared tgjifferent cellular processes (Haller et al., 1994; Khalil and
induce a shift in it’s distribution from a soluble “cytosolic” Morgan, 1992; Liu et al., 1989; Morgan and Morgan, 1984).
fraction to a particulate, “membrane” fraction (Haller et al., There is, therefore, increased interest in precisely establish-
1990; Langlands and Diamond, 1992). While these resultg,q the subcellular localization and possible translocation
provided an easy explanation for why stimuli that activate;q; each of the PKCs associated with specific cellular

responses.
Studies utilizing fluorescent phorbol esters as well as
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cells with agonists expected to increase PKC activity (An-ugation, the supernatant was removed and the Sepharose pellet rinsed with
drea and Walsh, 1992; Haller et al., 1994:; Khalil et al.,&20 mM Tris buffer. The rinsed pellet was then mixed with sample buffer

. ; _and boiled to free PKC from the antibodies. Identical volumes of sample
1992; Khalil and Morgan, 1991, 1992). The temporal rela buffer were loaded on an SDS-PAGE gradient gel (9.5-16%). The gel was

tionships . between these translpcatlon events and thﬁfotted onto nitrocellulose (Western blot) and reacted with a rabbit poly-
changes in smooth muscle function that ensue after PKGlonal anti-pan-PKC (2.g/ml; Upstate Biotechnology Inc., 06-155) fol-
activation have not been completely resolved. For exampldpwed by an HRP-labeled goat anti-rabbit IgG secondary (Jackson Immu-

it is noteworthy that many of the translocation events thafi°Research). Labeled PKC was detected with an ECL chemiluminescent

occur are complete within minutes. However, the contracSYStem (Amersham Corporation). Bands on the developed film were quan-
titated on a Visage System (Kodak) and expressed as integrated optical

tion that occurs after PKC activation is typically slowly gengiry.
developing and generally begins within 10 min but does not n a second set of experiments, fresh tissue slice200 uM thick)
reach a sustained maximum for 30 to 60 min (Andrea andvere made from toad stomach after removal of the mucosa. These tissue

Walsh, 1992; Walsh et al., 1993). As one approach tcslices were incubated in either amphibian Kreb’s Ringer (AKR) alone,

understanding the redistribution of PKC after activation, we KR containing 10uM carbachol for 1 min, AKR with 1M PMA for 10

. . . . . min, or AKR with 1 uM 4-a PMA for 10 min. Tissue slices were fixed
carried out studies first to further characterize an anthOd36\/ith paraformaldehyde and permeabilized with Triton X-100. Tissue se-

that preferentially binds to activated PKCs, and then tQections were cutinto 1-mfsections, placedii2 M sucrose on a mounting
utilize immunofluorescent labeling in conjunction with peg, and frozen in liquid N Frozen pieces were cryosectioned (Reichert
high-resolution three-dimensional (3D) microscopic imag-Ultra Cut, FC4E) into 8-1QsM-thick sections and were placed on a glass
ing to analyze the distribution of activated PKC in single slide and |mmunoﬂuore_scent|y labeled _for PKC_ and vinculin as d_escrlbed
. . above. Images of sections were obtained using a confocal microscope
isolated smooth muscle cells both at rest and after StImma(Biorad MRC 600). Images were background-subtracted and total inte-

tion with agonists expected to increase PKC activity. grated optical density was measured in a 20000 pixel square. Fluo-
rescence was expressed as a ratio of PKC/vinculin fluorescence.
In a final set of experiments, colocalization of MAb 1.9 with a poly-

METHODS clonal pan-PKC antibody (Santa Cruz Biotechnology Inc., sc-77) was
assessed in PMA-stimulated tissue. In these studies, freshly isolated toad
Specificity of the anti-PKC and preferential stomachs were cut in cross-sections, equilibrated in oxygenated AKR,

bindi . PKC exposed to 100 nM PMA in AKR for 30 s, then blotted and flash-frozen in
inding to active liquid N,-cooled isopentane. Cryosections (L) were then cut from
A monoclonal anti-PKC antibody developed by Mochly-Rosen and Ko- frozen cross-sectional pieces with a cryqstgt, and thawed in the presence of
shland (1987, 1988) was chosen for these studies as prior observatiodg? Paraformaldehyde in PBS at 4°C. Fixation was allowed to proceed for
suggested that it might recognize an epitope on different PKCs that iéo min Wl_th warming to room temp_erature. Sections Were_then permea_b||-
expressed only upon activation of PKC. In this previous work, Mochly- ized and |mm_unolabe!ed as described _above fgr cells, with the following
Rosen and Koshland (1988) used a PKC activity assay to detect an@xceptions. First, se_ctlons were placed in blockl_ng buffer (3% gogt serum,
identify inhibitory antibodies that specifically inhibited activity of intact, 27 BSA, 0.05% Triton X-100, and 0.02% Nahh PBS, pH 7.4) in a
nondenatured, highly purified, rat brain PKCs. The properties of severa[lumidified chamber fol h to minimize nonspecific antibody binding.
such antibodies were further investigated (Mochly-Rosen and Koshland>€cond, primary antibodies (MADb 1.9 at p@/ml, polyclonal pan-PKC at
1987, 1988), including the IgM designated MAb 1.9, which reportedly 1:100 dilution) were applle_d simultaneously in thl_s blocking buffer. Thlrd,
displayed unique behavior in several assays. First, the MAb 1.9 directlyVhole secondary antibodies were used, and included goat anti-mouse
inhibited the activity of purified intact mixed PKC isoforms. Second, they '9M- (rhodamine-labeled, 1:100) and goat anti-rabbit IgG-(H serum-
found that it also inhibited the unregulated constitutively active catalytic2PSorbed, fluorescein-labeled, 1:100). And finally, repeated final washes
domains of mixed PKC isoforms created by partial trypsin proteolysis. InWith PBS were followed by mounting in 2% DABCO mounting media
contrast, it had no effect (Mochly-Rosen and Koshland, 1987) on them'xe_d Wlth 190jnM diameter broad-spectrum fluorescent latex beads for
activity of the closely related cAMP-dependent protein kinase (Hanks and'S€ in image alignment.
Hunter, 1995; Nishizuka, 1992), indicating specificity for the PKC cata-
lytic domain. Third, they reported that the epitope recognized by MAb 1.9
a!so_appears to t?e ‘fu‘nctionaflly _Iinked to the cata_lytic domain, since ATPG | preparation and labeling
binding to PKC diminished binding of MAb 1.9. Finally, a dependence of
MADb 1.9 binding to PKC when the enzyme is in an activated and/or Smooth muscle cells were enzymatically isolated from the stomach of the
semi-denatured state was suggested by its complete lack of binding itbadBufo marinusas previously described (Fay et al., 1982). Isolated cells
SDS-Page, but the retention of binding in immunofluorescence, immunowere suspended in an amphibian physiological saline solution (AKR)
precipitation, and ELISA. Based on these findings, we reasoned that theontaining (in mM): NaCl (108.9), KCI (3.0), NgRO, - H,O (2.2),
activated state would expose the catalytic epitope for MAb 1.9. WeMgSQO, (0.97), NgHPQ, - 7H,O (0.55), NaHCQ (200), and CaGl(1.8).
therefore also performed several experiments to address this issue aif@r immunocytochemistry, cells were allowed to settle for 60—90 min onto
further test the properties of MAb 1.9 under conditions that activate PKCsoly-L-lysine-coated glass coverslips (0.5%) that had been acid and ethanol
in vitro and in vivo. washed. Before fixation, cells were exposed to eithepiDcarbachol for
PKCs from either rat brain protein extract or toad stomach proteinl min, 1 uM phorbol 12-myristate 13-acetate (PMA) for 10 min, op
extract were immunoprecipitated with MAb 1.9. The immunoprecipitation 4-a phorbol 12,13-didecanoate @PMA, an inactive phorbol conjugate)
procedure was required because the anti-PKC IgM, MADb 1.9, is not usefufor 10 min, or were exposed only to AKR. Cells were then fixed by
for Western blotting, as was previously reported (Mochly-Rosen andimmersion in 2% paraformaldehyde in phosphate-buffered saline (PBS) for
Koshland, 1987). These experiments allowed us to determine whethetO min (pH 7.4) containing (in mM): KCI (2.7), KHPO, (1.5), NaCl (137),
MAD 1.9 preferentially recognized activated PKC. This was accomplishedand NgHPQ, (8.0), followed by washes in glycine buffer (0.1 M, pH 7.4)
by mixing MAb 1.9 with varying concentrations of phorbol 12-myristate to quench unreacted aldehyde. Fixed cells were permeabilized with 0.1%
13-acetate (PMA) (10°-10 ° M), and phosphatidylserine (1 mg/ml) with  Triton X-100 for 10 min followed by washes in PBS.
protein extracts containing PKC. To this mixture was added an anti-lgM  After rinsing, cells were labeled simultaneously with two primary
bound to Protein A Sepharose. After 1-h incubation followed by centrif- antibodies. Primary antibodies were 1) a mouse monoclonal 1gG raised
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against chicken gizzard vinculin (1Q@/ml; Sigma, VIN 11-5), which we  controlled shutter regulated the duration of illumination (Fay et al., 1989).
have previously reported recognized primarily a single band at 135 kDa irDigitized images of labeled cells were obtained at Qu25 intervals. This
unboiled toad stomach extracts on Western blots (unpublished observahrough-focus image series was transferred to Silicon Graphics worksta-
tion), and 2) a mouse monoclonal IgM prepared against a highly purifiections for analysis. In addition, a through-focus set of images was acquired
mixture of rat brain PKCs containing both particulate-extracted (active)of fluorescent beads 190 nm in diameter. The beads were labeled with
and cytosolic PKCs (Mochly-Rosen and Koshland, 1987, 1988) M0 fluorescein, rhodamine, and Texas Red and provided an empirical measure
ml; GIBCO-BRL, MAb 1.9). Primary and secondary antibodies were of the microscope point spread function under optical conditions identical
dissolved in a sodium citrate buffer containing (in mM): NaCl (300)z Na to those in which images from labeled cells were acquired.

citrate (30), 2% goat serum, 1% bovine serum albumin (BSA), 0.05%

Triton X-100, and 0.02% Na]N All antibody incubations were from 60

min. Excess unbound antibody was removed with washes in PBS contaidmage restoration and analysis

ing 0.1% Triton X-100. ) )

Secondary antibody for anti-PKC was a goat anti-mouse IgM heavyTo prepare images for analysis, the dark-cgrrent and background yvere
chain () specific Fab fragment that was labeled with fluorescein (Jacksorsubtracted from and the result was then flat-field corrected for nonunifor-
ImmunoResearch). Secondary antibody for anti-vinculin was a goat anti—"_"t'es in |IIum|_nat|on_ intensity and camera sensitivity across the field (_)f
mouse IgG heavy chainy) specific Fab fragment that was labeled with VieW- Threg-dlmenslonal data sets Were_ prpcessed using _a constrained
Texas Red. Coverslips with labeled cells were mounted on glass slides witfleconvolution algorithm based on regularization theory (Carrington, 1990;
9:1 glycerol/1X PBS and DABCO (1% w/v) mounting medium. In Cgmngton et aI:, 1990; Fay e_t al., 1989) to reverse blurrl_ng |r_1troduced by
addition, 190-nm beads with a broad fluorescent emission (510—665 nniflicroscope optics. Image pairs were aligned using the fiduciary markers,
Molecular Probes) where fluorescence could be recorded by both fluore2nd to eliminate nonspecific signal, restored images were thresholded using
cein and Texas Red Filter sets were mixed with the mounting medium tg" intensity value that eliminated 99% of the signal detected in restored
act as fiduciary markers for alignment of images. To assess nonspecifiln@ges of cells labeled with secondary antibody alone.
binding of secondary antibodies from specific binding to primary antibod- ~ 1© find the surface of the cells we defined a function that corresponded
ies, cells were labeled without permeabilization, or with each secondary® & cylinder that was positioned around the outside of the cell, but not
antibody alone. Autofluorescence was assessed in unlabeled cells. Alsfuching it. The outline of the cylinder was allowed to deform to points of

some cells were labeled with a nonspecific mouse IgM as the primaryMa@ximum fluorescent intensity on the cell surface (Moore et al., 1993;
antibody. Lifshitz, 1998). Cell surface coordinates obtained in this fashion were used

to define a cell boundary zone that was 04f on either side of the

identified cell edge. To further improve identification of point sources of
3D microscopy fluorescence, data within the boundary annulus were convolved with the

image of a restored 190-nm fluorescent bead (analogous to using a matched
Images of labeled cells were acquired with a Zeiss IM-35 microscopefilter). Points in the convolved image that were local maximazifi.e.,
equipped with a 100 W mercury arc lamp for epifluorescence microscopyvertical optical axis) were identified as the true position of structures which
Cells were viewed with a 60 Nikon (NA 1.4) planapo objective and ¥6 remained partially blurred after restoration due to poorer resolution along
eyepiece, and images were captured by a Photometrics thermoelectricaltize vertical axis of the microscope. The resulting one-voxel annulus (150
cooled CCD camera (RCA 501 chip). A PC was used to control a steppenn/voxel) was defined as the vinculin-localized cell surface (Moore et al.,
motor attached to the fine focus and the position of the objective relativel993; Lifshitz, 1998).
to the stage was monitored with an eddy-current sensor. Additionally, a Fig. 1 illustrates the processes of image restoration, segmentation, and

Raw Data Restored Raw Data Restored  Segmented

FIGURE 1 Demonstration of im-
age restoration, segmentation, and
cell surface localization. A fixed cell
is shown labeled with anti-vinculin
IgG and an anti-mouse secondary an-
tibody conjugated to Texas Red. The
data set for this cell contained 42 2D
image planes, of which 20 are dis-
played before and after restoration in
the bisected cell image on the left.
Images on the right were obtained by
rotating the 3D cell image by 90°
about they axis and segmenting the
data set to display 450-nm-thick sec-
tions along thex-z axes. To improve
the definition of the surface of cells
from anti-vinculin images, the image i . ie . i o
of the cell was convolved with the E 3 0
image of a restored fluorescent bead i p :
to identify fluorescent points of max-
imum intensity.

CO LR

XZ Projections
Depthin Y = 450 nm
XY Projections
Cell bisected in XY plane
DepthinZ =5 ym
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cell surface localization used to analyze the distribution of PKC and B

vinculin at near-membrane sites. The cell depicted in this figure was —— . i

labeled with an anti-vinculin 1IgG and an anti-mouse Fab fragment conju- i ¥

gated with rhodamine. The full data set for this cell contained 42 image

planes acquired at 0.2&m intervals. To avoid superimposition of front « s 2

and back surfaces, the cell is shown bisected irtlygplane, and 20 planes 105 — Rl

of data inz are displayed before and after restoration. Cross-sections, 0.4 P - ; g

um thick, are also displayed before and after restoration. Approximately =2 o — — ’ o

90% of total vinculin fluorescence was located at the cell surface within a 71— - " ]

150-nm-wide annulus. & b —
Fluorescein anti-PKC signal was considered to colocalize with Texas - 4 . - il e

Red anti-vinculin signal if it had the samxeandy coordinates and hadza

coordinate that was no more than 1 voxel (150 nm) away from the maxima Ral 0 02 108 107 106 B Rat

Colocalization was constrained so that only one voxel with signal specific gm&ﬂ PMA Concentration (M) grati!n

for PKC could colocalize with only one voxel with signal specific for (1211;) (6]‘;5

vinculin. Criteria for colocalization irz were relaxed as previously de-
scribed by this laboratory, to allow for more limited resolution alongzhe
axis and corresponding uncertainty in defining the zymsition (Moore

et al., 1993; Lifshitz, 1998). Cell boundary coordinates were used to define
the distribution of PKC-specific fluorescence as a function of distance from
the cell membrane and fluorescent intensity per voxel.

i
n
1

L]

tn

Relative Optical Density

RESULTS !
Anti-PKC specificity and preferential binding to
- 05
active PKC
Experiments were carried out to determine whether MAb 0 I !
1.9 preferentially identified activated PKC over the nonac- 0 10-9 10-8 10-7 10-6

tivated kinase. Figs. 2 and 3 show the results of an expel
iment to determine whether the binding of MAb 1.9 to PKC
is enhanced by its activation, as would be expected if . . - .
. . L. - FIGURE 2 Demonstration of immunoselectivity of anti-PKC IgM (MAb
eF_"toPe EXpos_ure IS qctlvatlon-dependent. SpeC|f.|caIIy, proi.g) for the active form of PKC in rat brain cell lysafBop: Immunopre-
tein kinase C in protein extracts from both rat brain (Fig. 2)cipitation of PKC from rat brain with the MAb 1.9. First and last lanes
and toad stomach (Fig. 3) were activated by increasinghow rat brain protein extract run for comparison without immunoprecipi-
levels of PMA (109_10*6 M) and the ability of MAb 1.9 to  tation. From left to right, lanes 2—6 show amount of immunoprecipitated
immunoprecipitate PKC was determined. Immunoprecipi-PKC after addition of increasing concentrations of PMA. Lane 7 was a

. - uffer-only blank (B).Bottom: Optical density measurements of the blot.
tated PKC was run on a Western blot and identified an elative optical density of the bands corresponding to PKC in lanes 2—6

quantified using a polyclonal anti-pan-PKC, which primar- are piotted versus the PMA concentration. Effects of PMA on band density
ily detected a band at-97 kDa. We found that MAb were consistently confined to the band identified as PKC.

1.9-mediated immunoprecipitation of PKC was increased in

a dose-dependent fashion by PMA pretreatment of the re-

action mixture for both rat brain protein extract (Fig. 2) andPMA, which was the concentration of PMA utilized for the
toad stomach protein extract (Fig. 3). The effect of PMAimmunolabeling experiments.

was specific for the predominant 97-kDa band identified as To examine whether anti-PKC IgM had retained its spec-
PKC with the polyclonal antibody. Toad stomach PKC wasificity for the activated form of PKCs after fixation under
therefore clearly recognized by this antibody, and this receonditions required for the immunolocalizing experiments,
ognition dramatically increased with application of very low we studied the effect of activation on immunolabeling effi-
doses of PMA, which are known to activate PKC. While theciency in toad stomach. This was accomplished using fresh
extent of binding of PKC to MAb 1.9 increased after expo-tissue slices of toad stomach-200 um thick) that were
sure of tissue to PMA in extracts from both rat brain andthen incubated with AKR alone or with added PMA o4-
toad stomach, the shape of the concentration-response reRMA, or carbachol. These thin slices were then fixed and
tionships differed between the rat brain and toad stomachmmunofluorescently labeled for PKC and vinculin, and
The precise reason for this difference is unclear. It may wellmeasurements of total PKC-specific and vinculin-specific
reflect differences between these preparations in the extefitorescence obtained from confocal images. A ratio of
of proteolysis, the presence of endogenous activators, d?KC/vinculin fluorescence is presented in Fig. 3. We found
presence of different PKC isoforms between rat and toadthat after treatment with PMA and carbachol, but nat 4-
leading to differences in the fraction of PKC molecules thatPMA, the fluorescence ratio was significantly increased by
are active in the absence of PMA. It is clear, however, thatl50% and 227%, respectively (Fig. 3), demonstrating en-
the extent of binding was enhanced in the presenceud1 hanced binding of the anti-PKC antibody. The ratio of PKC

PMA Concentration (M)
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Effect of PMA on Immunoprecipitation of
PKC from Toad Stomach with anti-PKC IgM
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FIGURE 3 Demonstrations of immunoselectivity of anti-PKC IgM (MAb 1.9) for the active form of PKC toad stomach cell |ysgueleft:
Immunoprecipitation of PKC from toad stomach with MAb 1.9 IgM used for immunofluorescent localization of PKC. The first lane shows toad stomach
protein extract run for comparison, without immunoprecipitation. The second lane was a buffer-only blank (B). From left to right, lanes 3—7 shbw amou
of immunoprecipitated PKC after addition of increasing concentrations of PMA. The band position corresponding to the reported molecularfe@ht for

is ~97 kDa.Bottom left:Optical density measurements of the blot shown at top left. Relative optical density of bands corresponding to PKC in lanes 3-7
are plotted versus concentration of PMA in the immunoprecipitation reaction mixture. Dose-dependent changes in optical density were canfiaed to th
identified as PKCBottom right: Quantitation of binding of MAb 1.9 to thin slices of toad stomach tissue after stimulation with carbacheh(f6r 1

min) or PMA (1 um for 10 min). Average fluorescence intensity per pixel with MAb 1.9 was normalized with anti-vinculin labeling in the same field to
correct for differences in amount of tissue between sections.

to vinculin fluorescence corrects for variability in the num- Distribution of activated PKC in smooth muscle:
ber of cells in a given microscopic field and nonspecific restored images

variations in labeling efficiency. These results indicate ,
that the anti-PKC IgM MADb 1.9 epitope was preserved in Restored images of a cell at rest and a carbachol-treated cell

fixed tissue and again demonstrated activation-dependefgPeled for activated PKC and vinculin are shown in Fig. 5.
accessibility. From restored images of the resting cell, it can be seen that

Finally, to directly test whether MAb 1.9 was PKC- active PKC [eft-hand panelsis distributed in an annular
specific in this tissue, we compared MAb 1.9 colocalization™anner near the cell membrane defined by the distribution
with a pan-PKC antibody after PMA stimulation. As shown ©f vinculin (right-hand panels Specific labeling is appar-
in Fig. 4, a highly significant (nonrandom) colocalization €nt in top and bottom surface views, but is noticeably absent
for dual labeling with MAb 1.9 and pan-PKC antibody was in sections through the cell center. Active PKC, like vincu-
found. MAb 1.9 colocalization with anti-pan-PKC averaged|in, is not diffusely distributed but appears organized as
55.9 = 13.9% (meant SD), a level of colocalization very strands which are oriented along the cell's long axis and are
close to that observed when two antibodies are used tgearly parallel. The bands are space@.5 um apart. No
recognize the same epitope in this tissue. The fact that thgpecific labeling was detected in nonpermeabilized cells or
maximum level of colocalization that can be achieved iscells treated with the secondary antibody alone.
<100% reflects 1) small residual errors in registration of After treatment of cells with carbachdbgttom panels
image pairs where these pairs are aligned to the nearetiie distribution of active PKC was significantly changed so
pixel (Moore et al., 1993); and 2) an area of a small butthat activated PKC-specific label was now clearly apparent
finite probability that the antibody fails to find or stay bound throughout the interior of the cell. The pattern of distribu-
to its epitope (Mochly-Rosen and Koshland, 1988). tion within the cytosolic region was very filamentous and
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FIGURE 4 MAb 1.9 and pan-PKC antibodies label
the same structures in toad gastric smooth muscle after
100 nM PMA stimulation (30 s). The end panels above
depict the distribution of MAb 1.94) and Santa Cruz
polyclonal pan-PKC ) in the smooth muscle layer of

a 10 um section of PMA-stimulated, flash-frozen toad
stomach (6& objective, 5< eyepiece). The images
shown are opaque 3D projections of fluorescence inten-
sity in a 1um-thick subsection (fourz planes) of
smooth muscle after image restoration, image alignment
with fiduciary marker beads, and detection ofaxis
maxima as described in the text. Processing of these
images included quantification of nonspecific fluores-
cence in noncellular regions and background subtraction
to remove 99% of this fluorescence. The center panel
(B) depicts the two datasets projected together, with
colocalizing voxels shown in white and no relaxation of
z axis colocalization requirements as for cell analysis.
Calculation of colocalization statistics for 62 uin®
areas randomly chosen from muscle cell areas indicates
that the probability of this degree of colocalization being
due to chance ip = 0.000058 (versus random and
independent placement of the same number of voxels
found in the two images).

remarkably similar to previously reported distribution pat- Quantitative analysis of 3D fluorescence images
terns observed for calponin, actin, and tropomyosin (Walsh o . . .
etal., 1993). There was no visible activated PKC labeling inThe distribution of activated I_DKC In resting tqad stoma_ch_
the nuclear region. Carbachol had no evident effect on thémOOth muscle cells was subjected to extensive analysis in

distribution pattern of vinculin. Treatment of smooth mus- reference to the .vmculm 'a_beL a marker for the cell mem-
cle cells with PMA, but not 4« PMA (Fig. 6), produced a brane. Quantitative analysis of overlap between activated

change in distribution that was similar to that seen WithPKC0 and vinculin indicated that in the unstimulated cell
carbachol. Activated PKC was visibly organized in fila- 40-8% of activated PKC-specific signal was within the 150
ment-like strands through the cytosol but not in the nucleaP™ @nnular region defined by vinculin label. Of this annular

region. Vinculin distribution was also unaffected by PMA, activated PKC, 17.9% of the voxels containing activated
In Fig. 7, the cells were rotated 90° about theiaxis to PKC also contained vinculin. These vinculin-containing

display cross-sections. Each cross-section displayed is 15(PX€ls represented only 10.8% of total vinculin (Table 1).
nm thick and represents a cross-sectional view taken frorfrolocalization of these two proteins was significantly less
the cell region indicated by arrows in the margins of Figs. 5than could be accounted for by chance alone. Remaining
and 6. Cross-sectional images have been pseudocolored dtivated PKC at the membrane-§2%) resided in non-
display PKC as green and vinculin as red, and images havdnculin-containing regions of the cell surface, most likely
been superimposed. If voxels are green they contain onl{he caveolar domain of the membrane. Experiments in non-
activated PKC, if they are red they contain only vinculin, if Peérmeabilized cells showed no specific immunolabeling
they are white they contain both vinculin and activatedwith MAb 1.9 indicating that the PKC label in non-vinculin-
PKC, and if they are black they contain neither protein.containing areas did not represent a nonspecific caveolar
Cross-sectional views clearly show the increase in activatetptake of the antibody. Beyond the 150-nm membrane
PKC within the cytosol. To facilitate visualization of annulus, and extending to 300 nm, the remaining 59.2% of
changes in activated PKC distribution in a larger portion ofthe activated PKC-specific fluorescent signal was found to
the smooth muscle cell, a control cell and a carbacholbe primarily located in regions under the vinculin-rich areas
treated cell are shown as stereo image pairs in Fig. 8. Sterdocated at the cell membrane. The subvinculin location of
pairs clearly illustrate the annular distribution of vinculin in this pool of activated PKC was made readily apparent by
red overlying a subsurface pool of activated PKC in greenprojecting the distribution of this pool of activated PKC to
Furthermore, the distribution of the activated PKC appearshe surface membrane below the vinculin in a radial direc-
to mirror the distribution of the vinculin, but to be offset tion to the depth of 300 nm. Analysis of these projection
from it toward the interior of the cell. The increase in images indicated that-80% of activated PKC located
activated PKC labeling within the cell center is readily within 300 nm of the surface mapped to withirl50 nm of
apparent in the carbachol-treated cell. vinculin-containing voxels, a numerical confirmation of the
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FIGURE 5 Immunofluorescent images of stomach
smooth muscle cells dual-labeled for PK@&f{) and
vinculin (right). Cell images displayed at the top are for
unstimulated resting cell; images displayed at the bottom
are for a cell treated with carbachol (14 for 1 min).
Images show the distribution of PKC and vinculin dis-
played as three 750-nm-thick sections inxay projec-
tion. Sections displayed represent the tdp ¢enter C),
and bottom B) views of the cell. Arrows at the left-hand
cell margin indicate the location from which the cross-
sectional views shown in Fig. 7 were obtained.
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visual impression given by the stereo pairs (Fig. 8) isfluorescence such that the density of activated PKC-specific
presented in Fig. 9. Compared to control cells, colocalizalabeling further from the cell membrane had increased. Acti-
tion of membrane-localized activated PKC with vinculin vated PKC labeling was distributed throughout the interior of
was 12.3% (significantly lower than contrpl,< 0.05) after  the cell, no longer confined to a region close to the cell surface.
PMA, 22.0% after carbachol (not statistically different from

< 0. .09 -
control, p 0.05), and was 15.0% after &4-PMA (not DISCUSSION

statistically different from controlp < 0.05) (Table 1).
In resting smooth muscle cells, our data indicated that most

. . . activated PKC is locateet300 nm beneath the cell surface
Analysis of activated PKC in cytosol . . . .
and is structurally organized into strands that are oriented

Numerical analysis of the distribution of activated PKC- roughly parallel to one another along the cell’s long axis.
specific fluorescence as a function of distance from the cellhis same pattern of organization was observed at the cell
surface confirmed the change in activated PKC distributiorsurface with vinculin. Ultrastructurally, smooth muscle has
(Fig. 9). In unstimulated control cells, activated PKC wasbeen shown to possess a uniquely organized membrane
most concentrated in an annular region 300 nm inside thassociated with electron-dense material reflecting zones of
vinculin-defined cell surface, as indicated by the peak flu-cell attachment (Gabella and Blondell, 1978). These bands
orescent distribution. Treatment of cells with PMA or carba-were described as running along the cell's long axis and
chol, but not 4 PMA, significantly altered distribution of exhibiting branches and occasional interconnections. Elec-
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FIGURE 6 Distribution of PKC and vinculin in two
single smooth muscle cells after one treatment with 4-
PMA (1 uM for 10 min) and PMA (1M for 10 min).
Organization and conventions used in this figure are
identical to those described for Fig. 5.

tron-dense bands were interspersed with bands of cell menthe membrane is thought to play a central role in membrane
brane containing caveolae. Thus, the membrane was defing@e?™ handling (Rasmussen et al., 1987). It is potentially
as containing two structural domains, a cell attachmentelevant that the sarcoplasmic reticulum often approaches to
domain and a caveolar domain. In addition, interband spaowithin 20 nm of individual caveolae (Gabella and Blondell,
ing was~0.35-0.40um, which is similar to the interband 1978). Moreover, previous work from this laboratory has
spacing of 0.5um that we observed. Collectively, these established that within this functional domain of the mem-
observations suggest that surface and subcellular molecularane there is a close positional relationship betweefY#a
organization are related. ATPase and the NdC& " exchanger (Moore et al., 1993).
To examine whether activated PKC and vinculin wereThus, the activated PKC near this region may be related to
distributed in a coordinated manner, we analyzed the spatiahodulation of membrane ion exchange processes such as its
relationship between fluorescent labels for activated PKQostulated role in the regulation of €ahandling by the
and vinculin. From this analysis we determined that inplasma membrane and sarcoplasmic reticulum (Andrea and
resting smooth muscley41% of total activated PKC-spe- Walsh, 1992; Hug and Sarre, 1993; Nishizuka, 1984).
cific signal was at the membrane (i.e., at or within 150 nm) In the resting, unstimulated cells the presence, and re-
and only 18% of this PKC was specifically colocalized with striction, of activated PKC near the membrane might be
vinculin. Thus, most of the activated PKC at the membraneelated to the existence of high calcium concentration near
was distributed to non-vinculin-containing membrane re-and under the membrane. In toad smooth muscle cells,
gions such as the caveolar domain. The caveolar domain eheasurement of near-membrane {€awas accomplished
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activated PKC is consistent with these reports. The accu-
Carbachol mulation and targeting of active PKC in the caveolae ap-
pears to involve a docking mechanism associated with bind-
ing proteins located within the caveolae, such as caveolin
(Oku et al., 1997; Mineo et al., 1998).

In unstimulated cells the remaining pool of activated
PKC was~59% of total activated PKC-specific signal and
was located between 150 nm and 300 nm from the mem-
brane. This pool of PKC exhibited a distribution pattern that
was similar to the surface distribution pattern of vinculin, as
indicated by the fact that the pattern of activated PKC
distribution when projected to the surface mapped to re-
gions containing vinculin to a high degree. This indicated
that submembrane activated PKC was located beneath vin-
culin-rich regions in the plasma membrane. This suggested
a close structural relationship between vinculin, PKC, and
perhaps other proteins associated with the contractile fila-
ments or their anchoring to the membrane (Schwartz, 1992;
Turner and Burridge, 1991). A PKC labeling pattern resem-
bling vinculin has also been described for rat embryo fibro-
blasts (Jaken et al., 1989). Vinculin is known to be but one
protein among several involved in anchoring contractile
: filaments to integrins within the plasma membrane (Luna

3 - and Hitt, 1992; Turner and Burridge, 1991; Turner et al.,
PKC - Green 1989). Other proteins include vimentin;actinin, f-actin,
Vinculin - Red —— paxillin, zyxin, tensin, and talin (Luna and Hitt, 1992;
Turner and Burridge, 1991; Turner et al., 1989). A recent
FIGURE 7 Relative distribution of PKC and vinculin in cross-sections and potenpally relevant S_tUdy reported tha_t Raqkl, a_recep—
of single smooth muscle cells in the presence or absence of agents expect@ for activated PKC, binds to thg subunit of integrins
to stimulate PKC activity. Cross-sectional segments of smooth muscle cellLiliental and Chung, 1998). This could provide an expla-
are shown for control and carbachol-treated cells displayed in Fig. 4 and fop gtion for the accumulation of PKC in this region. In recent
4-a PMA (1 M for 10 min) and PMA-treated (1sM for 10 min) cells unpublished observations by D. Schmidt (personal commu-

displayed in Fig. 5. These 150-nm-thick segments are a representation . . .
the cells rotated by 90° in theaxis. Sections displayed were obtained from nication), Rackl, PKC, and vinculin were all shown to

cells shown in Figs. 5 and 6 at the locations indicated by marginal arrows€Xhibit similar overlapping distribution patterns in toad
In these sections, voxels have been pseudocolored to display PKC as gresmooth muscle cells.

vinculin as red, and superimposed voxels containing both PKC and vin-  Qur observations of PKC localization near vinculin are
culin as white. Black voxels contain neither. consistent with other studies that have shown that PKC medi-
ated phosphorylation of proteins associated with the cell mem-
brane anchorage complex. Phosphorylation of these proteins
using C&" indicators that localize to the membrane or may be important in regulation of adhesion (Turner et al.,
near-membrane space, such as FFP18 and C18-Fura-2 (B889). Furthermore, the presence of activated PKC in the
ter et al., 1994, 1996). Measurement of calcium with theseegion of the contractile filaments may lead to phosphorylation
dyes suggest that [¢&] changes near the membrane areof one or more of the proteins involved in contractile filament
large and occur more rapidly than in the bulk cytoplasmicinteraction and thus could be important in mediating ‘Ga
space. Similarly, in the rat aortic smooth muscle cell lineindependent contractions in smooth muscle (Andrea and
A7r5, a membrane-targeting aequorin derivate, indicatedValsh, 1992; Bradley and Morgan, 1987; Collins et al., 1992;
that C&" concentration in the cytoplasmic space beneatiHimpens et al., 1988; Moore et al., 1993; Hanks and Hunter,
the plasma membrane increases to a greater degree after cE995; Rembold and Murphy, 1988; Stull et al., 1991). One
stimulation and is higher in unstimulated cells than in thedifficulty with the concept that PKC is associated with con-
bulk cytosol (Marsault et al., 1997). Thus, the presence ofractile filament function was the early view that activated
an elevated Cd concentration in the near-membrane cy- PKC is only localized to the plasma membrane. This view
toplasmic space may, in part, explain the pool of activatedyrew out of studies in which cell fractionation techniques have
PKC near the membrane. been used to separate PKC activity into a particulate (or mem-
A caveolar localization for membrane PKC has beenbrane) pool and a cytosolic pool (Haller et al., 1990; Langlands
reported by several different laboratories (e.g., Smart et aland Diamond, 1992). In our study, after stimulation with either
1995; Oku et al., 1997; Mineo et al., 1998). Our interpre-carbachol or phorbol esters, activated PKC was found to be
tation of a caveolar distribution for the membrane pool oflocated not only at the cell membrane, but also within the cell
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FIGURE 8 Stereo pairs of distribu-
tion of anti-PKC (MAb 1.9) and anti-
vinculin staining in two smooth mus-
cle cells, one stimulated with
carbachol (1uM for 1 min) (bottomn)
and the other untreatedof). The
arrow in the carbachol images points
to an open space devoid of PKC that
contained the nucleus. Images are
pseudocolored to display PKC-con-
taining voxels as green, vinculin-con-
taining voxels as red, and voxels con-
taining both PKC and vinculin as
white.

center. This cytosolic PKC was found to exhibit a filament-like isoform (Mochly-Rosen et al., 1990); in contrast, the iso-
distribution pattern in the smooth muscle cells. Thus, ourform that appeared transiently on filaments in stimulated
observations provide support for the putative role of PKC incultured vascular smooth muscle cell was thgsoform
regulating membrane ion transport functions and contractiléHaller et al., 1994). The monoclonal antibody (MAb 1.9)
protein function. used in our studies recognizes an epitope that may be
While the view that upon activation PKC becomes assopresent on more than one PKC isoform after activation.
ciated with filamentous elements most likely involved in Thus, the results obtained in our study may reflect the
contraction appears to run contrary to views based on cefistribution of more than one isoform. Further studies will
fractionation studies, other recent immunocytochemicabe required with more specific problems to determine the
studies have revealed somewhat similar results. Specificallglistribution of individual PKC isoforms.
in cardiac muscle and in cultured vascular smooth muscle It is unlikely that all of the many isoforms of PKC that
(Haller et al., 1994; Liu et al., 1989; Mochly-Rosen et al., have been reported for smooth muscle (Ali et al., 1994;
1990), an increase in anti-PKC immunofluorescence asscAndrea and Walsh, 1992; Assender et al., 1994; Donnelly et
ciated with filaments has been observed after stimulation oél., 1995; Haller et al., 1994; Khalil et al., 1992; Khalil and
PKC with either contractile agonists or phorbol esters. TheMorgan, 1992; Singer et al., 1992) are recognized by MAb
specific PKC isozyme detected in the studies on cardiomy41.9 or are appearing on contractile filaments after stimula-
ocytes was not well-defined, but was suggested to bgthe tion. In general, the pattern of distribution of antibody

TABLE 1 Characteristics of activated PKC distribution in single smooth muscle cells

Control PMA Carbachol 4 PMA
Percent total signal at membrane
Vinculin 89.0+ 6.0 (5) 91.9+ 3.0 (4) 89.5+ 5.5 (4) 96.2+ 1.80 (3)
Activated PKC 40.8+ 7.6 (5) 24.5+ 4.3 (4) 24.9+ 3.5 (4) 36.8+ 10.5(3)
Colocalization of membrane-associated PKC and vinculin
Vinculin with activated PKC 10.8 4.1* 47+ 35 10.6=* 4.6* 8.4+ 1.6*
Activated PKC with vinculin 17.9+ 3.4* 123+ 2.8 22.0+ 3.8* 15.0+ 5.2*

The top of the table presents the fraction of total fluorescence intensity specific for vinculin and protein kinase C (PKC) that was located at the cell
membrane; the bottom presents an analysis of the extent of colocalization of vinculin and activated PKC at the cell membrane. The first ronepresents th
fraction of voxels containing vinculin that also contained activated PKC, while the second row presents the fraction of voxels containingRa¢@vated

that also contained vinculin. Numbers in parentheses represent the number of cells analyzed.

*Observed overlap between the two proteins was lpss §5%) than would have been predicted if the two proteins were randomly distributed with respect

to each other. Predicted overlap was generated from a random distribution whose varianbip)was), whereN was total number of voxels on the
membrane, ang was the probability that a voxel contained both proteins.

#Significantly different from control.
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FIGURE 9 Radial distribution patterns of anti-PKC (MAb 1.9) and anti-vinculin staining density for control neHs5) and cells treated with PMA

(1 uM for 10 min) (n = 4), carbachol (1M for 1 min) (n = 4), or 4« PMA (1 uM for 10 min) (h = 3). The histogram display shows average fluorescence
intensity normalized for volume by expressing it as average fluorescent intensity per voxel as a function of distance from the cell surfacaf(solidcul
line) and PKC @lashed ling The lefty axis for PKC or vinculin was normalized to 1 with respect to vinculin, the righkis shows the absolute values
for the fluorescent intensities per voxel for each of the proteins.

staining for different PKC isoforms, both at rest and aftercation of activated PKC to the outer cell membrane (Asuoka
stimulation, is quite isoform-specific in smooth muscle et al., 1993; Nishizuka, 1984). The filament-like distribution
(Haller et al., 1994; Khalil et al., 1992; Khalil and Morgan; of activated PKC within the cell center is consistent with
1992) as well as in other cells (Hug and Sarre, 1993; Liu efunctional studies showing that PKC could have access to and
al., 1989; Nishizuka, 1984). Ongoing work is thereforeconsequently have effects on the contractile mechanism.
focused on determining which PKC isoform is being de-
tected on the filaments after cell stimulation. We express our thanks to the following individuals for their assistance:
In our study, the increase in overall smooth muscle cellStephanie A. Hilliard for typing and proofing the manuscript, Katherine A.

fluorescence after activation is interpreted as an increase ff!ly and Jon E. Mogford for assistance in performing immunoprecipita-
the total pOOl of activated PKC. This interpretation is c:On_tlon expc_enr_nents and Western blots,_ Dr. Arie Horowitz for performing

. : R ) Lt . cryosectioning, Jeff Collins for help with software development, and Drs.
sistent with findings of the immunoprecipitation experi- wajter A. Carrington and Dr. Ronald Lynch, and Kevin E. Fogarty for
ments. Because the anti-PKC antibody used for immunolamany helpful discussions about these data.
beling prefers the active form of PKC, the change inThis study was supported by the following: National Institutes of Health
distribution of activated PKC that we observed may notGrants HL55050 and HL33324 and a CIBA-GEIGY Established Investi-
necessarily reflect a translocation event. Instead, activatiogiator Award (American Heart Association) (to G.A.M.); National Institutes
of the kinase appears to improve access of the antibody Health GrantHL;45_23 and National Science Foundati‘on‘ Grant BIR920007
. .. . L to F.S.F.); a grant-in-aid from the American Heart Association, Massachusetts
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