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CTL play  a critical role in immune defense  by recognizing  and killing virally infected  or  tumor  cells. In this report, the structure 
of cytoplasm within living CTL  was monitored during CTL killing of target cells.  Living  CTL were simultaneously  loaded with 
fluorescent 70,000- and 10,000-kDa dextran  particles.  The relative distribution of the large and  small  dextrans within CTL 
revealed  subcellular  heterogeneities in the  submicroscopic  structure of cytoplasm.  Localized  alterations in cytoplasmic  struc- 
ture correlated with specific  events  during CTL killing.  Recognition of target cells  was accompanied by a  transient  increase in 
large dextran accessibility  over  a broad front near the interface between CTL and  target cells.  This region narrowed to a  smaller 
area from which  pseudopodia were extended toward the target. During extension, there was a  large  difference  between regions 
of high  dextran  accessibility within the pseudopod  and more structured  cytoplasm within the  cell  body.  Areas  undergoing 
structural changes  showed localized foci of high  dextran  accessibility. During retraction,  cytoplasmic  structure  became  grad- 
ually more uniform throughout the protrusion  and cell body.  These  observations revealed  subcellular  regions  undergoing  major 
changes during  early stages of the killing response,  and  addressed the role of cytoplasmic  solation in controlling CTL morphol- 
ogy.  They  support  mechanisms of pseudopod  extension driven by hydrostatic pressure  and demonstrate  a  precise  regulation of 
cortical structure to control the direction of pseudopod  extension. The journal of Immunology, 1996, 157: 3396-3403. 

C ytotoxic T lymphocytes are a subset of T lymphocytes 
that are critical to the host immune system's response to 
many viral infections and tumors ( I  ). CTL recognize and 

kill cells that display on their plasma membrane peptides of viral 
or tumor origin bound to MHC-I glycoproteins (2). 

Motility and morphology changes have been shown to be crit- 
ical to the biologic function of CTL. Activated CTL  are highly 
motile cells (3,4) that must penetrate and move through essentially 
all tissues of the organism (3-6). Previous studies have shown that 
killing of target cells is associated with characteristic changes in 
CTL morphology, including the extension of large protrusions 
from the CTL toward the target (4, 7).  CTL killing involves the 
directed movement of large vesicular structures within the CTL, 
and most likely the secretion of their contents into the target cell 
(8,9). Multiple experimental approaches indicate that the cytoskel- 
eton is reorganized within CTL during killing, including immuno- 
fluorescence staining, inhibitor studies, and in vitro granule-mi- 
crotubule interactions (10-15). 

Cell morphology, motility, and the contraction of cytoskeletal 
fibers  are controlled by the overall rigidity and cross-linking den- 
sity of the cytoskeletal network. Cytoplasmic structure and cross- 
linking are regulated by a complex interplay of many structural 
proteins, regulatory molecules, and ions (16-22). It is the com- 
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bined interactions of these many components that control overall 
cytoplasmic structure and hence the contractility or rigidity of spe- 
cific regions in the cell. To examine whether such changes in cy- 
toskeletal structure accompany specific aspects of CTL function, 
and to study how these changes may control the rapid morphologic 
transformations of CTL, cytoplasmic structure was studied within 
living CTL during killing. 

To visualize the combined effects of the many cellular compo- 
nents that together determine cytoplasmic structure, an approach 
pioneered by Luby-Phelps and colleagues to monitor changes in 
the submicroscopic structure of cytoplasm within living cells was 
used (23-27). Inert fluorescent dextran particles of two different 
sizes ( M ,  = 10,000 and 70,000) were loaded into CTL,  and their 
distribution was monitored during the killing of target cells.  The 
fluorescence of the large particles, which are excluded from spe- 
cific subcellular regions, was normalized relative to the small par- 
ticles, whose distribution was essentially a function of cell volume. 
This normalization eliminated effects on the  large particles' fluo- 
rescence intensity due to varying cell thickness, uneven lamp il- 
lumination, and other factors (28),  producing a map of the differ- 
ences in cytoplasmic accessibility of the large dextran. 

The use  of different-sized dextran particles to examine size ex- 
clusion properties of cytoplasm is based upon quantitative studies 
in vitro and in vivo that have demonstrated the efficacy  of the 
technique. Dextran and ficoll mobility have been examined in 
models of cytoplasm and in living cells (24, 27). Ratio imaging of 
dextrans in living cells has revealed heterogeneities in cytoplasmic 
structure (25, 29),  and fluorescence recovery after dextran photo- 
bleaching has been used to probe the steric constraints on diffusion 
(23, 26). Previous studies have shown that particles of the sizes 
selected for studies here are free to redistribute as the cell alters 
cytoplasmic structure (23-25). 

The fluorescent dextrans revealed a dynamic, heterogeneous dis- 
tribution of structural states within the cytoplasm of the CTL. The 
kinetics and localization of these changes correlated with CTL 
contact and recognition of targets, and the extension of pseudo- 
podia toward target cells during killing. The fluorescent dextrans 
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also revealed fine CTL projections that underwent complex struc- 
tural changes during CTL-target interactions. 

Materials  and  Methods 
Cell  culture and Abs 

The isolation and specificity of lymphocytic choriomeningitis virus 
(LCMV)%pecific CTL clones as well as culture conditions for their prop- 
agation in vitro have been described previously (3, 30, 31). Target cells 
used in chromium release assays were fibroblast cell line MC57 derived 
from C57B1/6 (H-2b) mice. Target cells used in live cell experiments were 
a murine FcyII receptor-transfected Chinese hamster ovary cell line gen- 
erously provided by Dr. Ira Mellman (Yale University School of Medicine, 
New Haven, CT). The 145-2C 11 mAb was purified from mouse ascites by 
protein A-Sepharose chromatography under standard conditions and was a 
generous  gift of Drs. Jenefer DeKoening and Jonathon Kaye (The Scripps 
Research Institute) (32). 

Loading CTL clones with fluorescent  dextran particles 

CTL clones were harvested from plates by trypsinization and washed once 
in culture media. CTL clones were resuspended in ice-cold electroporation 
buffer (EB): 140 mM NaCI2, 0.75 mM  Na,HPO,, pH 7.15 (33). Typically, 
the concentration of  CTL  clones in EB used vaned  from 2 to 7 X IO' 
cells/ml depending on the number of CTL  clones required for  a particular 
experiment. 10,000-m.w. anionic (10-K) dextrans coupled to fluorescein 
(catalog no. D-1821) or tetramethylrhodamine (catalog no. D-1870) and 
70,000 m.w. (70K) anionic dextrans coupled to fluorescein (catalog no. 
D-1823) or tetramethylrhodamine (catalog no. D-1870) were obtained from 
Molecular Probes (Eugene, OR). 10K m.w. and 70K m.w. dextrans were 
added to ice-cold CTL clones in EB at a concentration of  3.3 mg/ml. 
Electroporation was performed in Gene Pulser Cuvettes with a  0.4-cm 
electrode  gap using a Bio-Rad Gene Pulser apparatus with capacitance 
extender (Bio-Rad, Hercules, CA). Optimal electroporation conditions 
were a voltage setting of 250 mV and capacitance setting of 500 uFD. After 
electroporation, CTL clones were allowed to recover on ice for 25 min and 
then washed two times in DMEM supplemented with 7% FCS, 2 mM 
L-glutamine, 5 pg/ml streptomycin, and 5 U/ml penicillin (Life Technol- 
ogies, Grand Island, NY). Live CTL clones were separated from dead cells 
and  debris by centrifugation through ficoll gradients (Ficoll-Paque, catalog 
no. 17-0840-02, Pharmacia, Uppsala, Sweden). 

Chromium release assays 

Comparisons of CTL cytotoxicity in populations of fluorescently labeled 
and control populations were accomplished with standard "Cr release as- 
says (34). Briefly, specific target cells were generated by infecting MC57 
fibroblasts with LCMV  48  h before assay at a multiplicity of infection of 
1.0. Uninfected MC57 fibroblasts were used as control target cells. After a 
45-min incubation with "Cr, target cells were washed and combined with 
LCMV-specific CTL clones at various E:T ratios in  96-well plates and  incu- 
bated for 4 to 6 h (34). The radioactivity released  by cells in each assay  was 
compared with detergent-lysed targets as a control for maximal release of 5'Cr, 
and  to  target cells incubated  without CTL to control for spontaneous release. 
Specific "Cr released was determined by the following formula: 

100 X (experimental release - spontaneous release) + 
(maximal release ~ spontaneous release) = % specific release. 

Each data point was the average of triplicate wells. 

Ab-redirected cytotoxicity for live  cell experiments 

To increase the frequency of cytotoxicity in CTL-target cell couples during 
microscopic analysis, an Ab-redirected CTL cytotoxicity protocol was em- 
ployed (35). Anti-CD3  mAb 145-2C11 was used to activate the cytotoxic 
function of LCMV-specific CTL  clones in an Ag-independent manner by 
binding the CD3e chain of the TCR complex (32). Chinese hamster ovary 
cells transfected with the murine FCyII receptor were grown and adhered 
to coverslips as target cells. These cells were preincubated with mAb 145- 
2C 1 1 for  1  h before combining with CTL clones that had been loaded with 
fluorescent dextrans. This allowed binding of mAh to Fc receptors ex- 
pressed on the surface of target cells before the addition of 
dextran-loaded CTL. 

' Abbreviations  used in this paper: LCMV, lymphocytic  choriomeningitis  virus; 
EB, electroporation  buffer; VEC, video-enhanced contrast; DIC, differential  inter- 
ference contrast. 

Microscopy and image processing 

Fluorescence microscopy and video-enhanced contrast-differential interfer- 
ence contrast (VEC-DIC) microscopy of living cells was performed on  a 
Zeiss Axiovert 100  TV microscope modified with automated stage and 
filter wheels (LEP Inc., Hawthorne, NY), temperature-controlled air cur- 
tain (Nicholson Instruments, Bethesda, MD), and controlled by ONCOR 
multimode microscopy software (ONCOR, Pittsburgh, PA). Cells were 
maintained in equilibrated medium (complete DMEM, see above) pH 7.4, 
at 37°C in  a sealed Dvorak chamber (Nicholson Instruments, Bethesda, 
MD). VEC-DIC images were acquired using a Cohu video camera. AI1 
VEC-DIC images were obtained with 128-frame integration. Fluorescence 
images were obtained with a cooled CCD camera (model CEZOOA; Pho- 
tometrics, Tuscon, AZ)  as 12-bit, 512 X 384-pixel arrays using rhodamine 
and fluorescein filter sets from the Chromatech Co. (Brattleboro, VT). CCD 
exposure times ranged from 0.5 to 4.0 s. 

Fluorescence and VEC-DIC images were processed using ONCOR Im- 
age, NIH Image (National Institutes of Health, Bethesda, MD), and Adobe 
Photoshop software (Adobe Systems Inc., Mountain View, CA) on an Ap- 
ple Macintosh computer. VEC-DIC images were contrast stretched and 
sharpened for clarity of display (36). Fluorescence images of dextran dis- 
tribution within loaded CTL were contrast stretched. Ratio images were 
generated from background-subtracted images of fluorescein and rhoda- 
mine dextran fluorescence and smoothed before display. 

Ratio images taken of the same cell over time showed an overall in- 
crease in ratio values caused by more rapid bleaching of the fluorescein 
(denominator) image. The lowest values were always found in the nucleus, 
where the 70K rhodamine-dextran was excluded and fluorescence intensity 
reflected fluorescein bleaching. To correct for bleaching, the ratios within 
each cell were calculated as the percent increase over the mean nuclear 
ratio. Images were first background subtracted, then ratioed, then contrast 
stretched. The highest value anywhere within a series of images was set to 
be the warmest color, and all images in a given time series were displayed 
using the same scale. Thus,  a given color anywhere in a series of images 
represents the same increase over mean nuclear value. 

It should be noted that comparison of ratio images within a time series 
is complicated by photobleaching. Therefore, each ratio image most accu- 
rately reflects the relative distribution of dextrans within the cell at any 
specific time point. 

Results 
Introduction of fluorescent dextrans info  living CTL with 
retention of cytotoxic  activity 

Due to their small size and weak adherence to coverslips, CTL 
clones were not amenable to microinjection, bead loading, or other 
methods commonly used for loading cells with fluorescent probes. 
Electroporation was examined as a means to introduce two differ- 
ent-sized fluorescent dextrans into the cytoplasm of living CTL. To 
optimize the cytoplasmic loading of each dextran, different elec- 
troporation conditions were compared. The  degree of simultaneous 
loading of two different-sized dextrans labeled with different dyes 
was determined by measuring the fluorescence intensity of indi- 
vidual cells at appropriate wavelengths for each labeled dextran. 
Results of a representative experiment are given in Table I. In 
general, the amount of cytoplasmic loading increased with electric 
field strength for both the small (10K dextran-fluorescein) and 
large (70K dextran-rhodamine) particles. Consistent with reports 
for other cell types, it was found that increasing the field strength 
of the electric pulse resulted in lower yields of viable CTL  clones 
(data not shown). Optimization experiments led to electroporation 
conditions selected for the degree of loading, percentage of viable 
cells that were labeled (25-60%), and yields of viable cells (see 
Materials and Methods). 

To determine whether dextran-loaded CTL retained the ability 
to kill appropriate target cells, the specific cytotoxic activity of 
populations of dextran-loaded CTL clones was compared with that 
of equivalent unlabeled populations. LCMV-specific CTL clones 
were used in 51Cr release assays of cytotoxic activity. A represen- 
tative experiment, depicted in Figure lA,  shows that over a range 
of E T  cell ratios, a population of CTL clones consisting of 44% 
labeled cells killed specific targets as effectively as an unloaded 
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Table I .  Comparison  of  electroporation  conditions  for the loading 
of  living CTL with  fluorescent  dextrans 

Average  Fluorescence  Intensity of 
Individual CTL (No. of cells) 

Voltage 
mV" 

Capacitance 
mFD" l0K-rhodamine' 70K-fluoresceind 

220  500 589 (42) 447  (41) 
250  500 852 (43) 584 (41) 
270  500 1 197 (47) 692  (47) 
300 500 1442 (30) 71 2 (34) 

*'Given in millivolts. 
I, Given in microfaradays. 
<Standard deviations: 582 (197); 841 (269); 1169 (372); 1442 (324). 

Standard  deviations: 447 (1 13); 584 (146); 692 (1 51 ); 71 2 (186). 

population  of CTL  clones. As expected,  H-2b-restricted CTL lysed 
only  H-2b  targets  infected  with  and  expressing  LCMV  Ags.  Both 
untreated  and  dextran-loaded  H-2h  CTLs  failed  to  lyse  H-2d  target 
cells expressing LCMV  Ag (data not shown).  Thus,  both  loaded 
and  unloaded  populations  displayed  equivalent  cytotoxic  effi- 
ciency, and retained MHC restriction  and  specificity to the LCMV 
target  Ags. This showed  that  labeled dextrans did  not appreciably 
inhibit  CTL  cytotoxic  function.  Further,  direct  observation of in- 
dividual  dextran-loaded  CTL clones under  the  microscope  dem- 
onstrated  that  loaded  CTL  clones  retained  the  ability  to  lyse spe- 
cific  target cells (Fig. IB). 

The  frequency of CTL-target  cell  interactions  leading  to the ly- 
sis of target cells was  increased by  using an  Ab-directed  method to 
activate  CTL  lytic  activity (see Materials and Methods). With  this 
method,  the  requirement for specific  peptide-MHC  complexes  was 
bypassed.  This  did  not  affect  the  ability  of CTL to  adhere  to  and 
interact with target  cells. Both CTL and target  cell  behavior  was 
indistinguishable  from  virus-specific  triggering of CTL cytotoxic- 
ity (data not shown). 

Reorganization of CTL cytoplasm  during killing 

CTL  clones  were  simultaneously  loaded  with  70K  rhodamine  dex- 
tran  and  10K fluorescein  dextran to examine  the  subcellular  dis- 
tribution  of cytoplasmic  cross-linking  during  recognition  and kill- 
ing  of target  cells.  The  intensity of the  70K  dextran  was 
normalized  against  the 1OK volume  indicator to produce a map  of 
the  relative  access  of  the  large  particles to different  regions of 
cytoplasm  (28). 

Individual  CTL  were  characterized  during  their  interactions 
with target  cells by acquiring sets of images  using  three  different 
modes  of  microscopy.  At a given  time  point,  DIC,  fluorescein,  and 
rhodamine  images  were  acquired in rapid  succession.  Such  groups 
of  images,  taken  at indicated  intervals  during  the  course of the 
interaction,  allowed  changes in cell  morphology  observed  with 
DIC  microscopy  to  be correlated with the  intracellular  behavior of 
the  dextran  particles.  Representative data are displayed as pseudo- 
color  images in Figure  2,  such  that warmer colors indicate  increas- 
ing ratios of large to small  particles. 

Fourteen  examples of CTL-target  interactions  occurred  with  the 
combination of factors  required for optimal analysis of the  intra- 
cellular  dextran  distribution. In these  cases,  CTL  contacted  the 
target  cell  from  the  side  rather  than atop the  target cell, thus  clearly 
revealing  the  polarization  of  the  CTL. In addition, the intracellular 
concentrations  and  bleaching  rates of  both dextrans  were  optimal. 

In 12 of the 14 cases,  the CTL transiently  contained a single 
region  of  increased  70W10K  dextran ratio that  formed  at  the in- 
terface  between  the  CTL  and  target cell. This region  of greater 
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FIGURE 1. CTL clones loaded with fluorescent  dextrans  retain  the 
ability  to  lyse  target  cells. A, Results  of  chromium  release  assays  with 
LCMV glycoprotein-specific CTL clones  and  MC57  target  cells in- 
fected  with  LCMV. The labeled  population of CTL clones consists of 
44%  loaded  cells.  Unlabeled CTL clones were a control  population of 
cells  electroporated in the  absence of fluorescent  dextrans. B, Repre- 
sentative  fluorescence  and VEC-DIC images of individual  living CTL 
clones  loaded  with  10K-fluorescein  dextran and 70K-tetramethylrho- 
damine  dextrans. A and B represent  early and late timepoints  during 
the  lysis of the target  cell  by a C T L  clone loaded  with  dextran. In B, the 
target  cell  has  fragmented  after  contraction  and  extensive  blebbing. 
Upper bar = 10 microns;  lower  bar = 6 microns. 

dextran  accessibility  was  always  at  the  interface  between the CTL 
and  target  cell  (Fig.  2, A, B, and C initial  images),  and  developed 
from an initially  more  uniform  dextran  distribution. This was a 
transient  event,  occurring  before  extension of the CTL pseudopod 
toward  the  target,  and  before  the  visible  changes  in  the  target  cell 
indicative of killing  (i.e.,  contraction,  blebbing). 

In  seven cases, the CTL also extended a large  pseudopod  toward 
the target.  Extension  and  retraction  of  protrusions  from  the  cell 
body of the CTL correlated with major changes in  cytoplasmic 
structure (Fig.  2, B and C). The fluorescence  images in Figure 3 
clearly  reveal  the  changing  morphology of a pseudopod  during 
extension  and  retraction.  For  the  cell  shown, a single pseudopod 
was  extended  and  almost  completely  retracted over a period  of 40 
min,  with full extension  (Fig. 3 E )  observed  at  approximately 30 
min.  The ratio images in Figure 2B show the changing  relative 
distribution of the  small  and  large dextrans during this  process. 
During  initial  interactions  with  the  target cell, there  was a broad 
region  of greater 70K  dextran  accessibility at the  interface  between 
the  two cells (image I). In images 2 and 3, taken 13 and 16 min 
after  image 1, the  broader  transient  dextran  accumulation at the 
interface of the  target  and CTL has  coalesced  to a focus at the 
position  where the pseudopod  will  emanate. 
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FIGURE 2. Ratio images of 70W10K dextran distribution  in  living CTL during  interactions  with target cells. Warmer  colors  indicate regions with 
higher 70W1 OK dextran ratios, where altered cytoplasmic structure produced increased accessibillty of the larger dextran particle (see pseudocolor 
scale in E ) .  The bar in the first image of each series indicates the Interface between the CTL and target cell  throughout the series. Image series A, 
The region  between  the CTL  ancl target cell transiently shows greater accessibility  to the large dextran during target recognltion. Image series B, 
Ratio images again indicate an inltial,  localized  cytoplasmic  reorganization at the region  of CTL-target contact,  followed by focused structural 
alteration at the point  where a pseudopocl will  form.  During pseudopod extension, there IS a clear difference between the protrusion and cell  body. 
The distribution becomes gradually  more  uniform  during  retraction. Image series C, Ratio images showing discrete areas of higher dextran 
accessibiiity  along the edge of the extending  protrusion,  with  formation  of  localized  foci  preceding  morphological changes along its sides  (see 
arrows). This extension clicl not  culminate  in lysis of the target tell. Image D, Experiments shown in panels A to C were  carried  out  with the 70K 
dextran labeled  with  rhodamine  and the 10-K dextran labeled  with  fluorescein. This image is taken from  control experiments in  which the dyes 
were switched  on the two different-sized dextrans. Here too, higher ratios were seen  at the interface between the target and CTL. E, Pseudocolor 
scale  used for ratlo images. In each series blue r 1 ancl red = the following values: series A, 7.0; series 6, 4.9; series C, 3.9; image D, 4.8. The 
highest value in each image IS :  serles A, Image 1 (2.21, 2 (7.01, 3 (5.2),  4  (4.1 1; series B, image 1 (3.81, 2 (2.71, 3 (1.8),  4 (4.21, 5  (4.9), 6 (2.2); series 
C, image 1 (3.91, 2 (3.01, 3 ( 3 . 3 ) ,  4 (2.51, 5 (1.71; image D, 4.8. Bar in A and B = 7 microns; bar in C = 11 microns; bar in D = 5 microns. 

The pseudopod in images 4 to 6 was directed toward the target 
cell, and its extension preceded target cell blebbing or other ob- 
vious signs of death. The ratio of large to small dextrans was 
significantly greater  in  the protrusion than in the cell body during 
pseudopod extension. During retraction, ratio values gradually be- 
came  more uniform, decreasing the difference between the protru- 
sion and  cell body to near uniformity as retraction was completed 
(image 6, 10 min after full extension). 

The fluorescence intensity of fluorescein can be affected by 
changes in cytoplasmic pH. To test whether the observed ratios 
were due to effects on dye fluorescence rather than differential 
dextran distribution, two control experiments were performed in 
which the dyes on the 70-kDa and IO-kDa dextran particles were 
reversed. The  two  cells analyzed from  these studies both showed 
localized increases in fluorescence ratio at  the interface between 
the CTL and target cell, as described above (see Fig. 20). 
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FIGURE 3. A large  protrusion extended by a CTL during lysis of a target  cell.  Successive fluorescence images of 70K tetramethylrhodamine 
dextran  within a living CTL during lysis of the target  reveal the morphology of the protrusion during extension  and retraction. Selected VEC-DIC 
images of the same CTL are shown in j to f, with  lysis of the target  cell  indicated by blebbing (see arrows). Time points (min) of each image: A 
and j(O.0); B (8.0); C ( 1  2.0); D (20.0); E (23.0); F and K (30.0); C (34.0); H and f (36.0); I(38.0). Bar in A = 6.5 microns;  bar in j = 7 microns. 

Crowing protrusions  show  gradients of cytoplasmic structure 

Protrusions extended by CTL did not have uniform ratio values. 
The leading edge and regions of expansion sometimes exhibited 
greater dextran accessibility. Figure 2C shows  a  series of ratio 
images from a CTL extending and retracting a pseudopod toward 
a target cell. Image 1 again shows  an accumulation of 70K dextran 
at  a discrete location near the area of contact with the target cell, 
and adjacent to the region where the protrusion will form. In image 
2, taken 20 min after image I ,  a large broad protrusion has been 
extended toward the target. In this example, the pseudopod 
changed morphology extensively before retraction. Highest ratios 
were present at  the leading edge near regions where smaller  ex- 
tensions were emanating from the established pseudopod (images 
2,3,  and 4). Changes in morphology at  the  edges of the pseudopod 

were preceded by discrete foci of higher 70WIOK dextran ratio. 
Retraction or maturation was accompanied by an increasingly uni- 
form distribution of dextrans (image 5). 

Extension of fine protrusions  by CTL during lysis of 
target  cells 

Unlike the large pseudopodia shown in Figure 2, B and C, and 
Figure 3, which could easily be discerned using DIC microscopy, 
very fine extensions directed from the CTL toward the target cells 
were clearly visible only in fluorescence images. Although single 
examples of such fine protrusions were frequently observed, in one 
example among the 14 cases analyzed for this study, multiple fine 
projections were seen to extend toward the target cell with com- 
plex changing morphology (Fig. 4, A-F). Some projections grew 
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FIGURE 4. The morphology of fine extensions directed by a CTL toward the target  cell during lysis.  Images A to f show 70K tetramethylrho- 
damine dextrans within a living CTL at  various  times during target  cell  killing.  The  arrows in Band D point to curved  protrusion. Arrows in Cand 
E indicate extension of fillopodia from previous  fine  protrusions.  Note  periodic  thickening in B. VEC-DIC images G to I show killing  by the CTL 
imaged in A to F. Arrows indicate target  cell  blebbing.  Time  points (min) are: A (0.0); B (2.0); C (9.0); D (1 2.0); E (1 6.0); F (1 8.0); G (4.0); H (8.0); 
I(15.0). Arrow in B = 7 microns;  arrow in H = 5.5 microns. 

from previous narrow structures, and these extended and retracted 
at different rates (indicated by arrows in 2, C, E,  and F ) .  Some 
extended outward in an arc (arrows 2, B and D) and displayed 
periodic variations in thickness. These fine extensions preceded 
signs of injury to the target cells, such as target cell blebbing and 
contraction (arrows in Fig. 2, H and I; and Fig. 3, K and L ) .  

Discussion 
Multiple approaches have documented that the overall structure of 
cytoplasm, and particularly the rigidity of the structural network 
connecting cytoskeletal fibers, plays an important role in directing 
and controlling contractile force,  and in determining the morphol- 
ogy of cells (16, 17, 20-22, 37-39). Furthermore, recent studies 
indicate that the pore size and cross-linking density of this network 
regulates the partitioning and movement of molecules between dif- 
ferent regions of the cell (25, 26, 30.40). In this paper, the chang- 
ing nature of cytoplasmic structure was examined in CTL during 
killing, a highly dynamic process in which morphologic changes 
and rapid cytoskeletal changes play an important role in biologic 
function (4, 7, 8, 10-12, 41, 42). By examining living CTL, the 

subcellular location of structural change could be correlated with 
specific stages of target cell recognition and killing. Furthermore, 
because of the major changes in CTL shape during killing, these 
cells were an excellent system in which to test models of motility, 
and the role of cytoplasmic structure in controlling cell shape 
changes. 

CTL-target cell  contact  was  accompanied by  an alteration  in cyto- 
plasmic structure in a broad  front  at  the  interface  between the CTL 
and  target. This occurred during recognition  of  target  cells,  before 
extension  of CTL pseudopodia or any  obvious  morphologic  changes 
in the  target  cells. The difference in 70WIOK dextran ratio between 
this  region  and  the remainder of the cell  was  four- to sevenfold, in- 
dicating a highly  specific  and  controlled  localized  rearrangement. 
CTL initiate  unique  interactions  with  target cells during examination 
of cell surfaces for activation  signals. The localized changes in struc- 
ture  may  be  related  to  cytoskeletal  rearrangements  caused by receptor 
binding, capping, or transmission  of  activation  signals.  Alternately, 
the localized opening of  the  cytoplasm to the  movement of larger 
particles  may  play a role in the  movement  of cytotoxic granules to- 
ward  the  target  cell (4). or in the  production  of  cytoskeletal  structures 
that  later  function to direct granule movement. 
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Extension of cell protrusions was preceded by a change in the 
structure of the cytoplasm at the cell’s edge. The region of greater 
dextran accessibility coalesced to a small area from which the 
pseudopod would extend. This is consistent with models predicting 
that the mechanical force needed to extend cell protrusions is de- 
rived from cytoplasmic gel-sol transitions (37, 38), which generate 
hydrostatic pressure and volume expansion through osmotic force 
(21,43). For gels composed mainly of actin, it has been shown that 
breakdown of filaments and cross-linking leads to large changes in 
volume (43-45). Expansion due to hydrostatic pressure was also 
supported by the observation that the cytoplasm within the ex- 
panding protrusion was considerably more accessible to dextrans 
than the cell body. Quantitative analysis showed that the greatest 
differences between regions of the cell occur during initial dextran 
accumulation at the  CTL target interface and across the boundary 
between the extending pseudopod and the cell body (see Fig. 2 
legend). 

Perhaps most remarkable was the small area of the cytoplasm 
altered at the point where pseudopod extension would occur, and 
the clear difference between the cytoplasm of the pseudopod and 
cell body. This precise spatial control suggested that localized so- 
lation, visible before any evidence of pseudopod extension, was 
accompanied by coordinated, localized alterations in cortical struc- 
ture to direct the application of hydrostatic pressure. This control 
was maintained during pseudopod extension. 

Polymerization of actin has been clearly implicated in providing 
some of the mechanical force for pseudopod extension (46-49). 
The reduction in organized cytoplasmic structure observed in 
growing pseudopodia does not preclude the contribution of spe- 
cific, localized assemblies of actin providing impetus to cell pro- 
trusions. These assemblies could be formed at the same time that 
overall cross-linking is reduced. 

The presence of heterogeneous structures within growing pseu- 
dopodia was revealed by multiple foci of dextran accumulation, 
with the greatest accumulation occurring at spots along the leading 
edge.  These multiple foci indicated that protrusions grew from 
distinct sites while at the same time stabilization and attachment 
had begun. Even the fine fillopodia observed during interaction 
with target cells (Fig. 4) contained growing regions and more rigid 
structures or attachment points that imparted curvature along their 
length. 

Retraction of protrusions was very different from extension. 
During retraction, the difference in dextran distribution between 
the cell body and the protrusion gradually diminished, almost 
reaching uniformity before retraction was complete.  This is rea- 
sonable, in that forces drawing protrusions inward likely require 
fibers or networks for application of contractile forces. The density 
of the pseudopod structure would become greater as retraction re- 
duced its volume. 

Rapidly changing, extremely fine extensions were made visible 
by dextran loading of the CTL. It is unlikely that these are involved 
in the delivery of cytotoxic granules during killing, as indicated 
both by the relative size of the extensions and granules, and by 
previous studies of the kinetics of granule movements (4, 12). It is 
more likely that these fine extensions  are used for examination of 
potential targets for activation signals, or killing mediated by li- 
gation of cell surface receptors. Such interactions can require only 
brief contact with a limited area of the target cell surface. 

These studies demonstrate that localized changes in the overall 
structure of cytoplasm correlate with specific events during  CTL 
killing. They indicate regions in the CTL where structural changes 
are required to facilitate recognition and killing of targets, and shed 
light on the mechanism by which CTL and other cells control 
expansion and retraction of selected regions of the cell membrane. 

Future studies will probe the roles of specific proteins and signal- 
ing processes in these  events,  and  examine how gel-sol transitions 
control the unique cytoskeletal rearrangements and polarized gran- 
ule movements within CTL during killing. 
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