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Abstract

MICROTUBULE AND F-ACTIN INTERACTION 

IN THE CYTOSKELETAL SYSTEM OF 

NON-MAMMALIAN ERYTHROCYTES AND THROMBOCYTES

by

KYENG GEA LEE 

Adviser: Professor William D. Cohen

Interaction between microtubules and actin filaments may be crucial for common cell 

processes such as cytokinesis and for the specific functions of differentiated cells. 

Microtubules and actin filaments are known to have different mechanical properties, and 

proper distribution of these elements can provide cells with distinctive characteristics. 

This work focuses on functional and structural interaction of microtubules and actin 

filaments in nucleated erythrocytes and thrombocytes. The cytoskeleton of the nucleated 

erythrocytes contains a peripheral or marginal band of microtubules responsible for cell 

shape maintenance. Confocal fluorescence microscopy shows that the marginal band 

colocalizes with a band of F-actin in non-mammalian vertebrate erythrocytes. 

Functionally, the F-actin band is implicated in maintaining the ellipsoidal shape of the 

marginal band as revealed by studies using proteases. Also, hyperstabilization of the F- 

actin band protects against low temperature-induced disassembly of marginal band 

microtubules, showing that microtubule stability in the marginal band is dependent on the
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F-actin band. Studies using pointed erythrocytes, induced by temperature cycling, show 

that hyperstabilization of the F-actin band reduces the number of pointed cells generated. 

Since these cells contain pointed or fractured marginal bands, this indicates that increased 

stabilization of the F-actin band increases stability of the marginal band. In contrast, 

thrombocytes exhibit a different form of microtubule and F-actin interaction. In 

unactivated thrombocytes, which are flattened, ovoid cells, marginal band microtubules 

colocalize with a band of F-actin in a pattern similar to that of erythrocytes, except that 

the F-actin band is thinner and localized only at the periphery. Unlike erythrocytes, 

thrombocytes undergo drastic shape changes when activated by various stimuli. In 

activated thrombocytes with altered shape, typical F-actin-microtubule colocalization in 

the marginal band is lost, and F-actin has an outward distribution while microtubules 

remain central, possibly remodeling the nucleus. Functionally, marginal band 

microtubules in unactivated thrombocytes are found to be cold labile and their 

disappearance alters cell shape. Pre-exposure of unactivated thrombocytes to F-actin 

disassembly-promoting agents blocks normal activation-induced shape change. These 

findings indicate that thrombocyte microtubules are responsible for maintaining 

unactivated cell shape, while F-actin is the major driving force for post-activational cell 

shape changes.
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CHAPTER 1: Introduction

1. Overview: microtubule-actin filament interaction

The study of structural and functional synergy between microtubules and actin 

filaments is in its “infancy” (Gavin, 1997). Representative structural examples include 

microtubules (MTs) and microfilament networks organized in the basal body fibrillar 

network complex of ciliated epithelia, neurosensory epithelia, and ciliated protozoa such 

as Tetrahymena or Paramecium (Reed et al., 1984; Arikawa and Williams, 1989; Gavin, 

1977). Functional interaction between these cytoskeletal elements is well documented in 

cell division and development. In cell division, centrosome movement requires proper 

interaction of microtubule and actin as revealed by inhibitor studies (Euteneur and 

Schliwa, 1985). In cell development, the direction of cortical flow is determined by the 

distribution of actin microfilaments in the cytoskeleton, which in turn, is determined by 

the orientation of the microtubules in the spindle (Hird and White, 1993). Similarly in 

animal cytokinesis, it is well established that location of cleavage furrow is determined 

by spindle orientation (Strome, 1993). Other examples of microtubule-actin interaction 

include cytokinesis and nuclear migration in plant cells, cytoplasmic streaming observed 

in ring canals or cytoplasmic bridges of in Drosophila germ line cells, mobility of growth 

cones in nerve cells, and spindle-associated chromosome movements in crane-fly 

spermatocytes (Elefiheriou and Palevitz, 1992; Mineyuki and Palevitz, 1990; Kadota and 

Wada, 1995; Riparbelli and Callaini, 1995; Lin and Forscher, 1993; Forer and Pickette- 

Heaps, 1998).
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More recently, functional interaction between microtubules and actin filaments has 

been demonstrated for organelle transport. In the giant squid axon, actin filaments have 

been found abundantly distributed in parallel to long, longitudinal microtubules by 

confocal microscopy (Bearer and Reese, 1999; Bearer et al., 1999). At the EM level, 

longitudinal thin sections of extruded axoplasm showed fine microfilaments interwoven 

among the microtubule bundles. In cross sections, these filaments appeared as 6-8 nm 

diameter dots distributed on the periphery of a single microtubule or between several 

microtubules. Furthermore, SI decoration confirmed that these were actin filaments and 

showed that the filaments could contact the microtubules in both polarities. Based on 

these findings, Bearer and Reese (1999) proposed that actin filaments might be structural 

components within microtubule bundles involved in vesicle transport, and that they might 

directly function in the transport of vesicles within and outside of MT bundles.

Microtubules and actin filaments are major cytoskeletal elements of many systems, 

as noted above. The interaction between these two may be cmcial for proper occurrence 

of common cell processes such as cytokinesis and also for the specific function of a 

particular cell type. Microtubules and actin filaments are known to have different 

mechanical properties (Janmey et al., 1991) and proper distribution of these elements can 

provide a cell with flexural rigidity or other mechanical characteristics. For instance, both 

the nucleated erythrocytes and thrombocytes addressed in this work are subject to 

constant flow in bloodstream. Such cells are in constant collision with other cells and 

with the blood vessel, and thus sufficient rigidity is necessary to prevent deformation. 

However such cells also require sufficient flexibility in order to maneuver through 

narrow capillaries or through abrupt turns in the blood stream. Therefore, it is
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conceivable that microtubules and actin filaments in these cells are arranged in a pattern 

that would give cell needed flexural rigidity and other mechanically relevant properties.

2. Nucleated Erythrocytes

The cytoskeleton of non-mammalian vertebrate (nucleated) erythrocytes has been a 

useful model system in previous work. It consists principally of the marginal band (MB) 

of microtubules (MT), the membrane skeleton (MS), and the intermediate filaments 

(Figure 1-1). MBs are normally obscured by hemoglobin and treatment of cells with 

detergents such as Triton X-100 results in a state in which the MB, the nucleus, and the 

membrane skeleton are visible under phase contrast (Cohen, 1978).

In dogfish, exposure of red cells to 0 °C results in disappearance of the MB, but not 

the MS, indicating that MB microtubules are cold labile (Cohen et a l, 1982). While 

disassembly of the MB by low temperature does not lead to change of cell shape per se, 

exposure of cells lacking MBs to mechanical stress results in cell shape deformation 

(Joseph-Silverstein and Cohen, 1984). This indicates that the function of the MB is to 

maintain the flattened, biconvex ellipsoidal shape of nucleated erythrocytes. That the 

function of the MB is to maintain cell shape is further supported by studies of the singly- 

or doubly-pointed dogfish erythrocytes that occur as anomalous cell types upon 

prolonged exposure to room temperature. Detergent treatment reveals that these pointed 

cells contain corresponding pointed marginal bands (Joseph-Silverstein and Cohen, 1984). 

Furthermore exposure of cells lacking MBs to hyperosmotic conditions results in cell 

collapse, while those with intact MBs resist. Therefore the MB can be considered as a 

flexible frame that can deform or support the cell surface from within (Joseph-Silverstein
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and Cohen, 1984). This is supported by measurements of extensional and flexural 

rigidities of protease-isolated MB, which shows that the MB is nearly inextensible and 

resistant to bending relative to the cell membrane (Waugh et al., 1986; Waugh and Erwin, 

1989). For circulating cells, shape deformability is certainly a crucial trait for proper 

functioning.

In mammalian systems, MBs are implicated in primitive erythrocyte biogenesis. In 

newly bom animals or fetuses of the Tammar Wallaby (Macropus eugenii) and the 

Opposum (Monodelphis domestica), the bloodstream is populated by relatively large, 

nucleated primitive erythrocytes (Cohen et al., 1990). These cells were flattened discoids 

or ellipsoids containing the marginal band of microtubules enclosed in the membrane 

skeleton, in a pattern analogous to non-mammalian vertebrate erythrocytes. With the 

development of the animal, erythrocytes that are newly formed in other tissue, such as the 

liver, become anucleate and lack the MBs (Cohen et al., 1990).

Presence of MBs is also reported in several invertebrate blood cell types such as 

amebocytes and coelomocytes of certain Arthropod species and erythrocytes of blood 

clams such as Anadara transversa. Interestingly, MBs in blood clams are found in 

association with a pair centrioles, suggesting that centrioles may be the MB organizing 

centers. Such structural association can conceivably be extended to investigate vertebrate 

erythrocyte and platelet MB biogenesis (Cohen and Nemhauser, 1980).

MBs can be isolated by selective removal of the membrane skeleton using a mixture 

of SDS and Triton X-100 (Sanchez et al., 1990). Such isolated MBs consist mainly of 

microtubule bundles with some associated material as revealed when negatively stained 

for the TEM or critical-point dried for the SEM. Immunofluorescence labeling of the
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isolated MBs shows that one of the components of the associated material is tau, a 

microtubule-associated protein (Sanchez et al., 1990). In vitro studies using microtubules 

extracted from dogfish erythrocytes shows that tau is necessary for both MT reassembly 

and bundling (Sanchez and Cohen, 1994b).

In addition to tau, isolated dogfish and chicken erythrocyte MBs are found to have an 

associated band of actin as revealed by phalloidin binding. However, this association has 

been the subject of relatively little study and the nature of structural and functional 

interaction with MB microtubules has not been explored (Sanchez and Cohen, 1994a;

Kim et al., 1987). In addition, the mechanism and stages by which this association occurs 

during terminal cell differentiation remains to be determined.

Figure 1-1. A general model of 
the nucleated erythrocyte 
cytoskeleton. (components 
highly diagrammatic).
MB = marginal band;
MS = membrane skeleton;
IF = intermediate filament
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3. Nucleated Thrombocytes

Thrombocytes play a vital role in vertebrate wound healing and innate immunity. 

Mammalian thrombocytes, i.e., blood platelets, have been the subject of innumerable 

studies, and their structural and physiological properties are well known (e.g., White,

1971; Allen et a l , 1979; Kowit et al., 1988; Bearer et al., 2002). In contrast, though their 

properties are generally assumed to be similar to those of platelets, non-mammalian 

vertebrate thrombocytes have received relatively little attention. Morphologically, the 

two cell types are quite distinct: unactivated platelets are highly flattened, minute (~ 3 pm 

diameter), anucleate discoids, whereas fish, amphibian, reptilian, and avian thrombocytes 

are thicker nucleated ellipsoids of more typical eucaryotic size (-10 pm or greater long 

axis; Mainwaring and Rowley, 1985; Shepro et al., 1966). Despite these differences in 

size and shape, unactivated non-mammalian thrombocytes, referred to hereafter as 

nucleated thrombocytes, have two highly distinctive structural features in common with 

platelets: a “canalicular” membrane system just beneath their surface (White and 

Clawson, 1980; Daimon and Uchida, 1985), and a prominent marginal band of 

microtubules (MB) in their plane of flattening (Fawcett and Witebsky, 1964; Rowley et 

al., 1988; Schwer etal., 2001; Lee etal., 2002). In addition, the cortical cytoskeleton of 

resting bovine platelets contains actin filaments densely arrayed in parallel with the 

marginal band of microtubules (Takeuchi et al., 1990).

Upon activation of both nucleated thrombocytes and platelets, cellular aggregation, 

adhesion, and morphological alterations are observed. Aggregation of both cell types can 

be induced by agents such as ADP and thrombin (Haslam, 1964; Aledort, 1971; O'Toole 

et al., 1994; Pica et al., 1990), and activation of both appears to involve an integrin-like
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surface protein complex and eicosanoid signaling pathways (Hill et al., 1999; Lloyd- 

Evans et al., 1994; Passer et al., 1997; Wang and Herman, 1997). For activated platelets 

the morphological changes include membrane protrusions, pseudopod formation, and 

spreading on a surface (Allen et al., 1979), and these activities are correlated primarily 

with the assembly of F-actin rather than MB reorganization (Debus et al., 1981; 

Nachmias, 1980).

Although it has been shown that nucleated thrombocytes are similar to platelets with 

respect to structure and activation signaling, neither their post-activation stages nor their 

related cytoskeletal changes have been demonstrated (Table 1). Dogfish thrombocytes 

can be employed as a model system because they exhibit typical nucleated thrombocyte 

morphology, are readily obtained (Cohen et al., 1997), and have been the subject of two 

previous studies (Shepro et al., 1966; Mainwaring and Rowley, 1985).
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TABLE 1

PROPERTY PLATELET
(MAMMALIAN)

NUCLEATED
THROMBOCYTE
(birds, reptiles, amphibians, fish)

UNACTIVATED
Shape highly flattened discoid somewhat flattened ellipsoid

Cell Size rel. small (~3 pm 
diameter)

rel. large (usually >10 pm long 
axis)

Nucleus absent (anucleate) present (nucleated); large % cell 
vol.

Cytoskeletal system: 
-microtubular band (MB) 
-MB-associated F-actin

present (thin) 
present (Debus et al., 
1981)

present (thick)
UNKNOWN (addressed, this 
study)

Canalicular Membrane 
System

present present

Granules present (rel. small size, 
0.2 ~ 0.3 pm)

some evidence
(Mainwaring and Rowley, 1985)

ACTIVATED
Aggregation, adhesion observed upon activation observed upon activation
Early activation 
morphological change

rounding up and 
formation of pseudopods

UNKNOWN (addressed, this 
study)

Late activation 
morphology

"pancake" flattening on 
surface

"pancake" flattening on surface

Cytoskeletal
rearrangements

microtubule move to 
interior

UNKNOWN (addressed, this 
study)

Phagocytosis some evidence 
(Endo et al., 1984; 
Mantur et al., 1986; 
White and Clawson, 
1982)

some evidence 
(Bertram et al., 1998;
DaMattaetal., 1998; Pellizon 
and Lunardi, 2000; Hill and 
Rowley, 1998)

Production of 
phagocytosis activators

some evidence 
(Sakamoto et a l, 2000)

UNKNOWN

Nuclear "lobulation" or 
"fragmentation"

not relevant (no nucleus) some evidence
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4. Objectives

The general objective of this work was to investigate the nature of F-actin- 

microtubule interaction from both structural and functional perspectives in mature 

nucleated erythrocytes and in both activated and unactivated nucleated thrombocytes. 

Detailed experimental objectives are summarized as following:

To investigate F-actin and microtubule interaction in erythrocytes at structural level, 

the detailed experimental objectives were to determine: (a) whether a band of F-actin is a 

constant feature of erythrocyte marginal band in different vertebrate classes; (b) the 

strength/extent of its colocalization with the microtubules in the MB; and (c) the pattern 

of F-actin organization with respect to microtubules in the marginal band at the 

ultrastructural level.

For the study of functional interaction in erythrocytes, the objectives were to 

determine: (a) the function of F-actin band* by its removal; (b) whether it is sensitive to 

low temperature as the microtubule band; (c) whether its hyperstabilization affects low 

temperature induced microtubule band disassembly and reassembly; and (d) the effect of 

F-actin hyperstabilization in the formation of anomalously pointed erythrocytes, which 

have pointed microtubule bands.

*Notes on terminology: Study of the F-actin band as a separate structure entailed 
revision of relevant terminologies. That is, before establishing the F-actin band as a 
discrete structure, marginal band was a terminology synonymous to the band of 
microtubules. For conceptual clarification, the MB will be referred to as a structure 
composed of the F-actin band and the microtubule band from this point on.
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To investigate F-actin and microtubule interaction in thrombocytes at structural level, 

the experimental objectives were to determine: (a) whether a band of F-actin was present 

in unactivated thrombocytes; (b) the pattern of colocalization with the microtubule band 

in unactivated thrombocytes; (c) sequence of shape change induced by activation; (d) the 

corresponding changes in the cytoskeleton, particularly that of F-actin band and the 

microtubule band.

For the study of functional interaction in thrombocytes, these were to determine: (a) 

whether the F-actin band and the microtubule band in unactivated thrombocytes are 

sensitive to low temperature as in erythrocytes; (b), and if so, the effect of removing 

microtubule band in unactivated thrombocytes on cell shape; (c) reversibility of 

temperature-induced microtubule band disassembly in unactivated thrombocytes; (d), in 

activated thrombocytes, the function of F-actin on cell shape change by exposure to F- 

actin disassembly promoting agents; and (e) whether nucleated thrombocytes truly 

resemble platelets functionally by progressing through post-activation stages based on F- 

actin reorganization.

To facilitate the mentioned studies, new methodologies were devised with the 

following objectives: (a) to immobilize both erythrocytes and thrombocytes that exist in 

vivo as cells in suspension for microscopic studies using protein fibers; (b) to develop an 

improved and faster method of fixation/permeabilization and labeling, particularly for the 

study of thrombocyte cytoskeleton during activation-induced shape change.
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CHAPTER 2: F-Actin-Microtubule Structural Interaction in Erythrocytes

RESULTS:

1. A band o f F-actin is present and colocalizes with the marginal band (MB) o f  

microtubules in mature dogfish erythrocytes.

Dogfish erythrocyte cytoskeletons were prepared within fibrin clots prepared as 

described in Lee et al. (1998b) and labeled for actin and tubulin. To assess the extent of 

cross signal contamination, actin and tubulin were singly labeled with Texas-Red 

phalloidin (red: em. 608 nm) and FITC (green: em. 510 nm) conjugated tubulin 

antibodies (figures 2-1 and 2-2). No significant signal bleeding was observed between the 

red and the green channels. F-actin was distributed in high intensity along the marginal 

band (shown in DIC image) and diffusely in the region of the membrane skeleton, with 

occasional patches. When cytoskeletons were double labeled, actin and tubulin showed 

overlapping colocalization in the marginal band as represented by extensive yellow color 

in figure 2-3d.

A more intact preparation was attempted in which cells were first fixed and then 

detergent permeabilized (figure 2-4). Although cells retained relatively unchanged 

morphology (very similar to their natural state), detection of the F-actin band was 

considerably diminished due to background fluorescence of hemoglobin (which emits in 

the red range). Detection of tubulin was not significantly altered by this method. In fact, 

the marginal band retained its elliptical shape since the cell was first fixed (figure 2-4b).
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b

Figure 2-1. Localization of F-actin in the 
dogfish erythrocyte cytoskeleton trapped in 
fibrin clot: (a) F-actin visualized by Texas 
Red-phalloidin This optical (confocal) 
section shows a distinct band of F-actin 
with somewhat less pronounced membrane 
skeleton; (b) FITC (abs. 488 nm/ em. 510 
nm) channel. The blank field shows that 
Texas Red emission is not bleeding into the 
FITC channel; (c) DIC image of the same 
field; (d) superimposition of (a), (b) and (c).

Figure 2-2. Localization of tubulin in the 
dogfish erythrocyte cytoskeleton (clot 
method): (a) Texas Red detecting channel 
(abs.591 nm/ em. 608 nm) The blank 
field shows that the FITC fluorescence is 
not bleeding into the 608 nm channel; (b) 
FITC channel, indirect 
immunofluorescence showing tubulin 
distribution in the MB; (c) DIC image;
(d) superimposition of all channels.

Figure 2-3. Double labeled dogfish 
erythrocyte cytoskeletons (clot method): (a) 
F-actin distribution; (b) Tubulin distribution; 
(c) DIC field; (d) Superimposition of all 
three channels. The bright intensity in the 
ring indicates extensive colocalization of F- 
actin and tubulin in the MB.
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Figure 2-4. Double labeled dogfish 
erythrocyte prepared by pre-fixation/clot 
method, (a) F-actin distribution. The F- 
actin band appears thinner compared to 
preparation by “post-fixation method”. 
Flemoglobin is retained in the cell, but 
produces a negligible background 
fluorescence in this channel (not shown);
(b) Tubulin distribution. The majority of 
specimens prepared by this method 
preserved the MB microtubules as shown;
(c) DIC image; Note that MB is not visible 
in a pre-fixed cell (compare with figures 
above); (d) superimposition of all three 
channels.

2. The F-actin band is also present and colocalizes with the microtubule band in mature 

newt erythrocytes.

Colocalization of F-actin with the MB microtubules was also assessed in Eastern 

spotted newt erythrocytes, which measure -40 pm in the long axis and possess 

considerably thicker marginal bands (~0.5 pm), a thickness greater than the lateral 

resolution limit of a confocal microscope using a high N.A. objective lens. As in dogfish 

erythrocytes, the newt erythrocytes exhibited a clear and intense F-actin signal in the MB 

region (fig. 2-5). Since cytoskeletons tend to adhere to the glass surface in a flat manner, 

3D projections were constructed from -30 optical sections and rotated to examine 

colocalization in the digital cross section of MBs (figs. 2-6 and 2-7). A perfect match of 

the green and red signal at the cut end was observed, in both non-twisted and twisted 

cytoskeletons.
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Figure 2-5. Cytoskeletons newt erythrocyte prepared by standard polylysine adhesion 
method: (a) tubulin distribution (FITC); (b) F-actin distribution (Texas-Red);
(c) superimposition of (a) and (b). Note: The membrane skeleton does not appear as 
obvious as in previous figures because the red channel sensitivity was reduced to avoid 
bleed through from the intense green channel.

Figure 2-6.3D reconstructed image of a 
cytoskeleton, after digital rotation and 
cutting, (a) tubulin distribution, viewed at 
an oblique angle; (b) corresponding view in 
the red channel; (c) superimposition of (a) 
and (b).

Figure 2-7.3D reconstructed image of a 
twisted cytoskeleton, after rotation and 
cutting, (a) tubulin distribution, viewed 
at an oblique angle; (b) corresponding 
view in the red channel (F-actin);
(c) superimposition of (a) and (b). The 
two signals match point to point at the 
cut surface. Note: In “standard method” 
preparations, approximately 10% of the 
MBs become twisted after lysis in the 
manner shown in this figure. Although 
the mechanism of twisting is unknown, 
twisted cytoskeletons are useful for co­
localization studies.
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3. Disappearance o f the MT band correlates with the disappearance o f F-actin band, and 

F-actin is present throughout the length o f broken MT bands.

Occasionally, cytoskeletons with bent and broken MBs were observed (fig. 2-8).

Colocalization of F-actin with the MB microtubules was maintained even in these cases,

suggesting an intimate link between the two bands, the nature of which is still to be

explored. This is also supported (in rare occurrences) by cytoskeletons with missing MBs

(fig. 2-9). The band of F-actin in these cytoskeletons was absent, indicating that the

interaction between the F-actin band and the MB microtubules was stronger than the

interaction between the F-actin band and the membrane skeleton.

Figure 2-8. Newt erythrocyte 
cytoskeletons with bent and 
broken MBs (observed 
occasionally), (a) tubulin 
distribution; (b) F-actin 
distribution. Note: Even after 
breakage of the MB MB 
tubulin and Factin colocalize. 
Fragments of the membrane 
skeleton are still associated 
with the MB in (b).

Figure 2-9. Newt erythrocyte 
cytoskeletons with missing 
MBs (observed rarely), (a) the 
green channel; (b) the red 
channel, showing the MS of 
two cytoskeletons missing 
MBs. In (b), no F-actin signal 
remains in the region of the 
MB, indicating that F-actin is 
closely associated with 
microtubules or other 
components of the MB.

a b
20 un i

a b
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4. HMM and SI binding also reveal the presence o f the F-actin band in isolated dogfish 

marginal bands.

HMM and SI can be used to tag F-actin. HMM (fig 2-10, a and b) and SI (fig 2-10, c 

and d) fragments of skeletal myosin were applied to detergent-isolated, and fixed, dogfish 

marginal bands. These myosin fragments were then probed with skeletal anti-myosin as 

the primary antibody, and a corresponding secondary antibody tagged with FITC. 

Although the signal emitted was weaker compared to Texas-Red phalloidin (fig 3-la), the 

binding pattern corresponded to that of actin. Problematic nuclear fluorescence was 

produced due to glutaraldehyde fixation, but the bands emitted no signals when the actin 

probes were omitted (fig 2-10, e and f).
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Figure 2-10. Localization of 
F-actin revealed by HMM 
and SI fraction of skeletal 
myosin in dogfish isolated 
bands: (a) HMM binding 
pattern; (c) SI binding 
pattern; (e) control with no 
probe; (b), (d), and (f) phase 
contrast images of (a), (c), 
and (e), respectively

5. Atomic force microscopy is suitable for general examination o f  cytoskeleton, but not 

sufficient for determining F-actin organization at the ultrastructural level.

A recent study showed that actin filaments could be imaged down to monomeric 

scale using an atomic force microscope (AFM). In this study, actin filaments were 

created by surface-induced polymerization of G-actin on a fresh mica surface 

(Weisenhom, 1990). AFM analysis revealed that these unfixed filaments were ~5 nm in
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diameter, arranged in a helical pattern, consistent with the generally accepted model of F- 

actin. At the cellular level, dynamic actin filaments were resolved in the lamellipodia and 

filopodia of living glial cells derived from Xenopus laevis retinal neuroepithelium. This 

study demonstrated that an AFM could image structures internal to the cell membrane, 

despite the fact that AFM is a surface-scanning device. According to the proposed 

explanation, this was possible when the cell membrane conformed to the shape of the 

underlying actin filaments, or when the scanning probe actually penetrated the cell 

membrane, depending on the forces used. Disappearance of filaments by treatment with 

cytochalasin B and fluorescence imaging after AFM imaging verified that the imaged 

filaments were actin (Henderson, 1992).

AFM imaging of single microtubules has also been reported (Vinckier, 1995). In this 

study, microtubules isolated from pig brains were fixed and covalently immobilized on a 

silicon wafer by 4-aminobutyldimethylmethoxysilane and glutaraldehyde. By this 

method, the height (diameter) of a single microtubule was 10 nm in buffer solution and 

15 nm in air, a smaller measurement when compared to -25 nm by TEM. Differences in 

measurements obtained in buffer and in air were attributed to the differing softness of 

microtubules in air and liquid.

Although relatively little has been achieved to date using AFM on cytoskeletal 

systems and it was not considered to be critical part of this work, it potentially offered 

certain advantages that deserved exploration. For instance, this technique required no 

dehydration or drying, a treatment that could lead to distortion of structures under study 

(actin filaments and microtubules). Secondly, lack of staining requirement could yield
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more constant results over a larger area, as compared with negative staining for TEM, 

which can produce quite variable visibility of structures over large areas.

Whole, fixed cytoskeletons of newt erythrocytes (fig. 2-11) were examined by

atomic force microscopy in a demonstration by technicians of Digital Instruments Inc. 

Detection of individual microtubules was possible through the membrane skeleton both 

in tapping mode and non-tapping mode.

Figure 2-11. Cytoskeleton of a newt erythrocyte (AFM): (a) image produced by 
tapping mode; (b) image produced by non-tapping mode; arrows point at single 
microtubules; (c) Enlarged view of the boxed region in (b)

To investigate the organization of the actin band, in-vitro polymerized F-actin and 

microtubules were examined as standard samples under the AFM with various settings. 

However, scans of these samples constantly produced inaccurate width and height 

measurements of the filament and the tubule, parameters critical in distinguishing one 

from the other. Especially, the error in the measurement of F-actin width seemed to be 

built-in since the scanning probe tip collided with the specimen, many times moving it 

out of place. Therefore, it appears that atomic force microscopy is useful for general
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survey of the cytoskeleton in the "wet state", while determination of the F-actin band 

arrangement is impaired by technical limitations.

6. Post-embedding gold labeling o f F-actin exhibited non-specific binding.

Post-embedding immuno-gold labeling of actin has been reported in a variety of 

systems. In the Tetrahymena basal body-cage complex, gold-labeled actin was found in 

close association with basal body microtubules (Hoey and Gavin, 1992). In rat cerebral 

cortex, extensive labeling was observed in the dendritic spines, particularly in the 

postsynaptic density and the subsynaptic web filaments (Cohen RS et al., 1985). And in 

rat seminiferous tubules, actin was identified in the subacrosomal space of spermatids 

during spermiogenesis, in studies that also demonstrated that the extent of post­

embedding immuno-gold labeling of actin was dependent on the fixatives and the 

embedding resins utilized (Kann and Fouquet, 1989).

In an additional approach to localize F-actin at the EM level, newt erythrocyte 

cytoskeletons were whole-mounted on carbon-coated grids. Gold particle conjugated 

avidin-biotin phalloidin was used as the probe on these samples. However, the labeling 

pattern lacked specificity despite continued attempts.

Secondly, whole cells, detergent-produced cytoskeletons, and detergent-isolated 

marginal bands were trapped in fibrin clots and embedded in both hydrophilic (LR White 

and Lowicryl K4M) and hydrophobic (Epon) resins. F-actin was labeled with/without 

prior etching (metaperiodate + HC1) using available probes (e.g., gold particle conjugated 

avidin-biotin phalloidin and polyclonal, and monoclonal actin antibodies with gold
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particle conjugated secondary antibody). However, no clear pattern of F-actin labeling 

was observed even at the fluorescence light microscopic level.

DISCUSSION:

7. F-actin band is present in all non-mammalian vertebrate classes and it colocalizes 

with the microtubule band.

F-actin has been found to be present in the plane of flattening in chicken 

erythrocytes, but it has not been resolved whether it resides at the MB-membrane 

skeleton interface or occupies the same cortical region as the MB microtubules (Kim et 

al., 1987). As a means of answering this question, preparations of dogfish (Mustelus 

canis) and Eastern newt (Notophthalmus viridescens) erythrocyte cytoskeletons were 

double labeled with anti-tubulin and rhodamin- or Texas Red-phalloidin for confocal 

fluorescence microscopy. These erythrocytes are comparatively larger than those of 

chickens, with thicker marginal bands (0.3 pm for dogfish and 0.5 pm for newt vs. 0.1 

pm), facilitating structural survey at the light microscopic level.

Labeling result in dogfish and newt erythrocyte cytoskeleton indicates that the F- 

actin band is present in all non-mammalian vertebrate classes. The thickness of the band 

appears to be identical to the microtubule band at the limit of resolution of confocal 

microscope, and both structures colocalize on a point-by-point basis. The "tightness" of 

such association is evidenced in broken marginal bands where both F-actin and 

microtubule are clearly labeled. Furthermore, absence of the F-actin band in membrane 

skeletons that have lost the microtubule band indicates that the F-actin band-microtubule 

band association is stronger than that of F-actin band-membrane skeleton association.
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8. Suggested experiment: Negative staining o f whole cytoskeletons and isolated marginal 

band labeled with HMM and SI may reveal detailed F-actin arrangement.

Heavy meromyosin (HMM) can both identity and reveal the polarity of actin 

filaments by a “herringbone” pattern (Huxley, 1963). Actin has been localized by HMM 

or SI subfragment decoration in many systems, such as in the microvilli of intestinal 

epithelial cells, in the secretory system of lactating guinea pig mammary gland alveolar 

cells, and in the cleavage furrow of rat kangaroo (PtK2) cells (Mooseker and Tilney, 

1975; Amato and Loizzi, 1981; Sanger and Sanger, 1980, respectively).

HMM or SI labeling revealed presence of F-actin in isolated MBs under 

fluorescence LM as shown above. These can also be used on whole cytoskeletons or 

isolated marginal bands to localize and reveal the arrangement of F-actin with respect to 

microtubules by negative EM staining.

SUMMARY OF FINDINGS:

(A) F-actin band is present in erythrocytes of other vertebrate classes (i.e., newt and 

dogfish) by confocal imaging.

(B) F-actin band colocalizes tightly with the marginal band microtubules (MT) since:

(i) disappearance of MT band correlates with the disappearance of F-actin band.

(ii). F-actin is present throughout the length of broken MT bands.
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CHAPTER 3: F-Actin-Microtubule Functional Interaction in Erythrocytes

RESULTS:

1. The F-actin band resists the effects o f common F-actin disassembly promoting agents.

Different F-actin disassembly promoting agents were tested to observe the effect of 

F-actin band removal. Detergent-isolated marginal bands (from Eastern newt) were 

perfused with physiological concentrations of latrunculin B, cytochalasin D, gelsolin, and 

mycalolide B under a coverslip for time-lapse observation. None of these inhibitors 

caused significant change in the distribution of F-actin at least over a period of 1 hour 

(table 1). This indicated that the MB associated F-actin band was highly stable, or 

protected by stabilizing molecules that prevented the disassembly promoting effects of 

tested agents.

TABLE 1: Preliminary results using actin perturbing agents

F-ACTIN
INHIBITORS

MECHANISM OF 
ACTION

CONC. EXPOSURE
TIME

EFFECT

LATRUNCULIN-B severing, capping, 
nucleating
(Spector et al., 1989)

0.35 pg/ml > 60 min. NONE

CYTOCHALASIN D severing, capping, 
nucleating 
(Selden et al., 1980)

5 pg/ml > 60 min. NONE

GELSOLIN severing, capping, 
nucleating
(McGough, et al., 1998)

50 pg/ml > 60 min. NONE

MY C ALOLIDE-B Severing
(Saito et al, 1994; 
Takakuwa et al., 2000)

10 pM > 60 min. NONE
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2. Removal o f  the F-actin band by elastase correlates with circularization o f isolated 

marginal band.

Newt erythrocyte cytoskeletons were pre-labeled with Texas-Red phalloidin and 

treated with Triton-SDS solution to isolate the band. The isolation reaction was stopped 

at the elliptical stage by addition of excess Triton as indicated by Sanchez and Cohen 

(1990). The MB actin remained labeled after isolation with a distribution pattern similar 

to that of cytoskeleton before marginal band isolation (3-la). Application of elastase, 

however, led to dissociation of actin from the marginal band as a diffuse cloud (3-lc). 

Interestingly, this dissociation correlated with the transformation of elliptical marginal 

band to a much more circular shape as shown by the phase contrast micrograph (3-lb  

—>3-ld).

Figure 3-1. Effect of 
elastase on isolated newt 
erythrocyte MBs: (a) MB 
isolated from Texas-Red 
phalloidin pre-labeled 
cytoskeleton; (b) phase- 
contrast image of (a); (c) 
isolated MB such as (a) 
exposed to 0.5 u/ml of 
elastase; (d) phase image 
of(c)
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3. F-actin band is resistant to low temperature treatment

Normal dogfish erythrocyte cytoskeletons prepared at 22 °C exhibit strict 

colocalization of MB microtubules with a band of actin filaments (Fig. 3-2). This 

colocalization was lost when erythrocytes are incubated for sufficient time (here, 16 

hours) at 0 °C. Most MB microtubules became disassembled and tubulin was detected as 

patchy/disorganized clusters (Fig. 3-2a). The actin cytoskeleton, however, did not show 

the same extent of disassembly. While it is possible that there was some reorganization, 

the actin membrane skeleton appeared relatively intact, and the F-actin band was much 

more prominent than the MB microtubules (Fig. 3-2b).

a b
Figure 3-2. Loss of tubulin and F-actin colocalization at 0 °C (16 hours).
(a) Extensively disassembled MB microtubules; (b) Relatively intact F-actin 
membrane skeleton and the F-actin band.

4. Hyperstabilization o f  F-actin results protects the MT bandfrom low temperature 

induced disassembly (Lee et al., 2001).

Jasplakinolide is a cell-permeable F-actin stabilizing cyclopeptide from the marine 

sponge Jaspis johnstoni, with the same binding site as phalloidin (Bubb et al., 2000; 

Senderowicz et a l, 1995). Cells exposed to 1 mM jasplakinolide in Elasmobranch

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

Ringer’s solution for 15 hours show minimal labeling with Texas-red phalloidin

compared to methanol controls (fig 3-3). Decreasing concentrations of jasplakinolide 

result in increased binding of Texas-red phalloidin.

MB microtubules of cells pre-treated with 1 pM jasplakinolide and incubated at 0 °C 

undergo reduced disassembly compared to solvent controls (Fig. 3-4a vs. 3-4d). In treated 

cells, most microtubules are restricted to the peripheral region of the cytoskeleton, with 

the major bundles still localized in the MB. In controls, no such bundles are visible in the 

MB. The actin in the membrane skeleton and the peripheral band appear to be better 

preserved in the treated than the control cytoskeletons (even despite the weak Texas-Red 

phalloidin labeling, Fig. 3-4b vs. 3-4e). These initial observations indicate that 

stabilization of actin cytoskeleton by jasplakinolide can indirectly stabilize MB 

microtubules against 0 °C-induced disassembly.

Figure 3-3. Competitive binding of 
Jasplakinolide and Texas-Red 
phalloidin. Jasplakinolide is cell 
permeable and competes with phalloidin 
for the same binding site in F-actin.
(a) Cytoskeleton of cells treated lpM 
jasplakinolide and labeled with Texas- 
Red phalloidin; (b) Cytoskeleton of 
cells treated with 0.3% MeOH (the 
solvent for jasplakinolide) and labeled 
with Texas-Red phalloidin

20 pm
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Figure 3-4. (a)~(c), Increased MB microtubule stability at 0 °C by 1 mM 
jasplakinolide pre-treatment, (a) Tubulin distribution. MB microtubules exhibit partial 
disassembly, with major bundles still visible in the MBs (arrows); (b) F-actin 
distribution in the same cytoskeleton. F-actin bands are weakly visible (arrows, signal 
digitally enhanced to make them visible); (c) Phase-contrast. cytoskeletons supported 
by the MB, although thinner than normal (arrowheads). (d)~(f), Extensively 
disorganized MB microtubules in cells exposed to control solution (0.3% MeOH) 
only, (d) Tubulin distribution; (e) F-actin distribution. Note that Texas-Red signal is 
much brighter here than when treated with jasplakinolide (b, above). Arrows in (d) and 
(e) indicate lack of actin and tubulin colocalization; (f) Phase-contrast. cytoskeleton 
and MB is not as obvious as in (c).

5. Hyperstabilization o f  F-actin has no effect on temperature induced MB reassembly 

(Lee et al., 2001).

Temperature-induced (0 °C -» 22 °C) reassembly of MB microtubules is not affected 

by jasplakinolide pre-treatment. Most microtubule bundles of either jasplakinolide or 

methanol pre-treated cells are localized in the MB, with minor bundles near the MB (fig. 

3-4). The actin cytoskeleton in both cases appears normal and similar to fig. 3-3b.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3-4. (a)~(c), Lack of effect of 1 pM jasplakinolide treatment on MB microtubule 
reassembly at 22°C. (a) Tubulin distribution. Major microtubule bundles are localized in 
the MB, while some minor bundles are fraying off the major bundles; (b) F-actin 
distribution. F-actin band is discemable despite the low signal intensity; (c) Phase-contrast 
view. (d)~(f). Reassembly in control solution (0.3% MeOH), (d) Tubulin distribution. MB 
microtubules are localized very similar to (a), but most bands are thinner; (e) F-actin 
distribution. F-actin band colocalizes with the major MB microtubule bundles; (f) Phase- 
contrast. As in (c), MBs are relatively clear.

6. F-actin-microtubule colocalization is partially lost in anomalously pointed dogfish 

erythrocytes.

In previous work, anomalous pointed cells (fig. 3-5) had been observed to form in 

relatively small numbers in populations of initially normal, smoothly curved ellipsoidal 

cells, after several hours of incubation in dogfish Ringer's solution. New experiments 

showed that both singly- and doubly-pointed morphology could be generated in a 

substantial percentage of cells several hours after first temperature-cycling the cells to
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induce MB reassembly. Anti-tubulin immunofluorescence labeling showed that these 

cells contained MBs that were disorganized into discontinuous and more highly 

linearized microtubule bundles, suggesting microtubule linearization and subsequent 

pressure against the MS as a relatively simple mechanical mechanism for the generation 

of pointed cells. In these pointed cells, F-actin retained co-localization with some of the 

major microtubule bundles that were no longer restricted to the cell periphery, but lost 

co-localization with others. Taken together these results suggest that there is close 

structural and functional interaction between F-actin and MB microtubules in this system, 

and that anomalous formation of pointed cells might involve loss of such interaction.

Figure 3-5. Dogfish erythrocytes (phase-contrast). (a) normal ellipsoid morphology;
(b) double-pointed cells, (c) subtly-pointed cell, (d) point with extensions (arrow). Bar =10 pm

Given a means for producing the pointed cells in considerable numbers (see the next 

section), it was possible for the first time to obtain good preparations of pointed cell 

cytoskeletons for fluorescence localization of the major cytoskeletal proteins. As shown 

for two of these cytoskeletons in figure 3-6, major microtubule bundles are still present, 

converging at the pointed end(s) of the cells (fig. 3-6 a,d). Some bundles remain curved at 

the periphery, but others are internal and are now in a more linear state than in normal
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cells. F-actin (fig. 3-6 b,e) is still associated with some microtubule bundles, but in 

general it has lost colocalization with them as compared with normal MBs (e.g., fig. 2-3). 

The dense elements seen in phase contrast (fig. 3-6 c,f) correspond to microtubule 

bundles (fig. 3-6 a,d), not to actin filament bundles (fig 3-6 b,e)

Figure 3-6. Cytoskeletons of doubly pointed, (a)~(c), and singly pointed erythrocytes, 
(d)~(f), formed by the standard method, labeled with (a) and (d) FITC-anti-tubulin, (b) 
and (e) Texas-red phalloidin. (c) and (f) Phase-contrast. Major microtubule bundles 
converge at pointed ends of cell. Many microtubules reside in areas other than the 
classical MB. Microtubules are more stringently associated with F-actin in normal 
cytoskeletons (figure 2-3), and they colocalize with actin in very few places (e.g., arrow 
in a and d)

7. Pointed cells can be produced in large quantities by temperature cycling.

Initial attempts to produce large numbers of pointed erythrocytes by simple 

incubation for several hours at -22 °C were unsuccessful. However, it was found that if 

incubation at 0 °C preceded the -22 °C incubation period, both singly-pointed and 

doubly-pointed cells were produced in readily countable numbers (fig. 3-7). Variation of
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0 °C incubation time showed that 2 or 4 hours were quite effective (usually 5%,or more 

pointed cells; fig. 3-8). However, relatively few pointed cells were present after 2 hours 

at -22 °C, as compared with 5 hours rewarming (fig. 3-8). Based on these results, a 

standard procedure of 2 or 4 hours incubation at 0 °C followed by 5 hours rewarming was 

adopted. Insertion of an extra cycle of 2 hours 0 °C - 2 hours -22°C before the standard 

cycle had only a minor effect on % pointed cells produced (fig. 3-9), and mechanical 

agitation of cells by fluxing through fine capillary tubes also had only a minor effect (Fig.

3-10).

Pointed Cells: Time at 0 °C and Rewarming

6 t

5 -

o
4 - warming

only

f 3 "OH
O . .a  1

pre-incubation, 
then warming

Expt. 1 Expt. 2

&T

ZA

4
rewarmed 

2 hrs

rewarmed 
5 hrs

30 60 120 240

Figure 3-7. Primary variable: Figure 3-8. Primary variable: time at 0 °C
+ or - pre-incubation at 0 °C Rewarming: 2 hrs vs. 5 hrs
Warming: 5 hrs. at 22 °C NOTE: % pointed at 0 °C (before rewarming) « 0
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Pointed Cells: Temperature Cycling and Agitation

5
1 temp, cycle 

% after 
□  2 hrs rcwarmmg
m  5 hrs rcwarmmg

2 temp, cycles
  % after
HH 2 hrs, 2nd rcwarmmg

ijjgj 5 hrs, 2nd rcwarmmg

=  fluxed

^  not 
^  fluxed

Figure 3-9. Primary variable: no. of Figure 3-10. Primary variable: + or -

(before rewarming)« 0.2

8. Jasplakinolide treatment prior to chilling reduces pointed cell formation.

Earlier work established that pointed MBs were the causal agent for pointed, cell 

formation (Joseph-Silverstein and Cohen, 1984), and therefore the % pointed cells in a 

given preparation can be used as an indication of MB integrity in the cell population. 

Given the association of F-actin with the MB in normal cells, the next question was 

whether jasplakinolide perturbation of F-actin in living cells might have a secondary 

effect on microtubular MB integrity and pointed cell formation. The simplest hypothesis 

was that stabilization of the F-actin might stabilize MB microtubules.

Results of first experiments on this question are presented in figures 3-11 and 3-12. 

Pre-incubation of living erythrocytes with 1 pM jasplakinolide for 4 hrs, followed by the

2 hrs 0 °C, 5 hrs 22 °C 
NOTE: % pointed at 0 °C

temperature cycles.
1 cycle = 2 hrs 0 °C, 5 hrs 22 °C
2 cycles = 2 hrs 0 °C, 2 hrs 22 °C;

mechanical agitation after rewarming 
(fluxing through 10 pi capillary tubes) 
Incubations: 0 °C 2 hrs, rewarming: 5 hrs 
NOTE: % pointed at 0 °C 
(before rewarming) = < 0.5
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temperature-cycling procedure, yielded only about half the number of pointed cells as did 

controls (fig. 3-11). In contrast, addition of jasplakinolide to cells after 4 hrs at 0 °C, just 

prior to rewarming, produced the opposite effect: an increased % of pointed cells (fig.3-

In perspective, presumed hyperstabilization of F-actin prior to MT disassembly at 

low temperature results in at least some stabilization of MB microtubules, inhibiting 

pointed cell formation. Jasplakinolide addition after MT disassembly does not have that 

effect, and may even interfere with normal MB reassembly such that more pointed cells 

are produced. It should be noted, however, that these results require repetition before 

publication.

12).

20t

15
□  Ringer’s control 

solvent control 

!H  + jasplakinolide

I  10-
10 T

I □  Ringer's control 

^  solvent control 

=  + jasplakinolide
g, 5 -

Figure 3-11. Jasplakinolide addition 
before low temperature incubation 
(jasplakinolide pre-incubation 4 hrs; 0 
°C 4 hrs; rewarming 5 hrs)

Figure 3-12. Jasplakinolide addition 
after low temperature incubation (0 °C
4 hrs; addition just prior to rewarming
5 hrs)
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DISCUSSION:

9. The F-actin band is a highly stable structure that maintains the elliptical state o f the 

microtubule band.

Latrunculin B, cytochalasin D, gelsolin, and mycalolide B are known to sever actin 

filaments. While the first three inhibitors also have capping and nucleating capability to 

some extent, mycalolide B is known to act only as a severing agent (Saito et al, 1994). 

However, the mechanisms by which these agents affect F-actin are targeted on dynamic 

systems. These agents failed to remove or detach the F-actin band from the marginal 

band, strongly indicating that the F-actin band is in non-dynamic state. Its increased 

stability may be due to various F-actin binding proteins.

MBs can be isolated when cytoskeletons are treated with combined SDS-triton 

solution. Such isolated MBs are initially elliptical, but become circular when exposed to 

these treatments for a prolonged period of time (Cohen et al, 1998). Labeling of F-actin 

(by phalloidin) in the isolated MB followed by circularizing treatment with elastase 

revealed that F-actin is responsible for maintaining the elliptical MB morphology

10. The F-actin band in erythrocytes protects microtubule band from low temperature 

induced disassembly.

The MB microtubules of certain species like smooth dogfish are cold labile; they 

disassemble at 0 °C and reassemble upon re-warming at physiological temperature 

(Behnke, 1970; Cohen et al., 1982; Nemhauser et al., 1983; Cohen, 1991). Low 

temperature treatment of living cells in suspension for 16 hours, followed by immediate 

cytoskeleton preparation and fixation (so that the MB microtubules will not reassemble)
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showed that the F-band was still present, although in buckled conformations. This 

showed that the F-actin band was more resistant to low temperature treatment than the 

microtubule band. Taken a step further, hyperstablization of the F-actin in low 

temperature experiment showed decreased microtubule band disassembly. Therefore, 

data indicate that the function of F-actin is maintenance of both the shape and stability of 

the microtubule band.

11. Stability o f F-actin band is may be required to prevent fracture o f the microtubule 

band.

A fracture in the microtubule band is the causative agent of pointed cell shape 

(Joseph-Silverstein and Cohen, 1984; fig. 3-6). It was shown above that typical F-actin 

band-microtubule band colocalization is lost in these cells. Also, hyperstabilization of the 

F-actin with jasplakinolide diminished the number of temperature-cycle induced pointed 

cells. These results indicate that F-actin band stability and its association with the 

microtubule band are required for the integrity of the latter.

SUMMARY OF FINDINGS

(A) F-actin contributes in maintaining the ellipsoidal shape of the MT band.

(B) F-actin bundle is stable at 0 °C whereas the MT band disassembles.

(C) Hyper-stabilization of F-actin retards low temperature induced MT band disassembly.

(D) Normal F-actin band-microtubule band association is lost in pointed erythrocytes.

(E) Hyperstabilization of F-actin reduces the number of pointed cells generated as a result 

of fractured marginal band.
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CHAPTER 4: F-Actin-Microtubule Structural Interaction In Thrombocytes

RESULTS:

1. Unactivated thrombocytes are ovoid in shape and possess a prominent nucleus.

Non-mammalian vertebrate thrombocytes are functional equivalents of mammalian 

platelets, implicated in coagulation and inflammation responses. Unactivated 

thrombocytes were ovoid and somewhat flattened in shape and 14-16 pm in length (fig.

4-1). The cell contour appeared smooth and the nucleus, also flattened and ovoid, 

occupied a large proportion of cell volume. The peri-nuclear region was characterized by 

granular bodies, visible under both phase-contrast and DIC.

Figure 4-1. Unactivated dogfish thrombocytes: (A) phase-contrast; (B) DIC. 
n = nucleus. Bar, 10 pm

2. The microtubule band and the canalicular system are two prominent identifying 

features o f  unactivated thrombocytes.

Previous studies of the ultrastructure of thrombocytes reported a band of 

microtubules in the cell periphery (Fawcett and Witebsky, 1964; Rowley and Ratcliffe, 

1988).
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In thin sections, the resting thrombocyte exhibited relatively smooth cell-contour and 

a proportionally large nucleus. The nucleus was irregular in shape and characterized by 

an invagination (fig. 4-2a). A system of uniformly distributed vacuoles was found 

flanking the nucleus. In most unactivated cells, these vacuoles appeared spherical and 

were not interconnected. Dense bodies were found in regions between the CS vacuoles 

and the nucleus. Clusters of cross-sectioned MB microtubules were located at the poles of 

the cell sectioned either through the short or the long cell-axis (fig. 4-2b). Also, in 

grazing sections (near cell surface) perpendicular to the cell equator, MB microtubules 

were distributed in parallel, flanked by CS vacuoles (fig. 4-3). In all samples examined, 

microtubules of resting thrombocytes were strictly confined to the MB, i.e., absent in 

other cell regions. Among the white cell types in dogfish blood, MB microtubules and the 

CS vacuoles were present only in thrombocytes and, thus, these features served as 

markers for identifying resting and activated thrombocytes from other cell types.

Figure 4-2. Unactivated thrombocyte, thin section in TEM: (A) Cross-section through the 
short axis of the cell, showing canalicular system (CS) along the periphery; (B) Higher 
magnification of the upper end of (A) with MB microtubules (MTs) in cross-section.
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Figure 4-3. Unactivated thrombocyte, (a) A grazing section through the peripheral cell 
region showing MB microtubules (mb) and the canalicular system. Bar = 1 pm;
(b) Higher magnification view of the MB microtubules (arrows) in (a). Bar = 200 nm

3. Unactivated thrombocytes posses a band o f  F-actin colocalizing with microtubule 

band.

As observed by immunofluorescence microscopy, resting dogfish thrombocytes 

exhibited a prominent circumferential microtubule bundle (fig. 4-4A) in the plane of 

flattening, i.e., a thick marginal band (MB), with few microtubules elsewhere. Confocal 

image analysis showed that a band of F-actin also existed in the cytoskeleton of the 

unactivated thrombocytes, and that it co-localized with MB microtubules (figs. 4-4 and 4- 

5). However, the F-actin band was thinner (-0.5 pm) than the microtubular MB (-1.4 

pm), and was restricted to the peripheral MB region (fig. 4-4C). Edge-on views 

confirmed the presence of the F-actin band and its colocalization with the outer MB 

microtubules (fig. 4-5).
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Figure 4-4. Cytoskeleton of unactivated, double­
labeled thrombocyte (confocal): (A) FITC- 
labeled tubulin distribution; note multiple 
microtubule bundles in the MB and single 
microtubules or minor bundles internal to the 
MB; (B) Texas-Red phalloidin; a band of F-actin 
colocalizes with the MB, but is thinner than that 
of microtubules. Network-like F-actin also 
appears in the interior except for the central dark 
region where the cell cortex is out of optical 
plane; (C) Superimposition of (A) and (B). The 
orange overlap is pronounced at the MB 
periphery, whereas streaks of microtubule signal 
appear at the MB inner edge; (D) DIC image of 
the same cytoskeleton, in which bundles of 
microtubules are distinguishable (arrows), n = 
nucleus. Bar, 10 pm

Figure 4-5. Edge-on view of double-labeled 
thrombocyte cytoskeleton (confocal): (A) tubulin 
distribution, near-planar band; (B) F-actin; the 
MB region displays the highest density of F- 
actin in a band thinner than that of tubulin in (A). 
A network of F-actin is also present above and 
below the MB plane; (C) Superimposition of (A) 
and (B); (D) DIC. Bar, 10 pm.

F-actin was also observed elsewhere in the cytoskeleton. Optical sectioning showed 

that most of it was localized to the cell cortex in mesh-like form (fig. 4-6A, C), with 

occasional dense patches. The region deeper into the interior was largely devoid o f F-
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actin (fig. 4-6B, D). Mid-optical sections through cells oriented on their edge revealed 

that the MB was enclosed by, and abutting against, the cortical F-actin (fig. 4-6E).

Figure 4-6. F-actin in the cortex (confocal): (A) optical section through one cortical 
region of unactivated cell in flat orientation; note the meshwork-like pattern of F-actin 
with a patchy region of high intensity (arrowhead); (B) section through the mid-region 
showing F-actin in a band and lack of internal signal; (C) section through the opposite 
cortical region (relative to A), with similar F-actin distribution as in (A, arrowhead: 
patch); (D) optical section through mid-Z axis of another cell viewed on edge, 
exhibiting F-actin in the cortical region; (E) composite of (D) with tubulin distribution, 
showing location of MB cross-sections (arrows) at opposite extremities of the cortical 
network. Bar, 5 pm.

4. Thrombocytes undergo shape changes as a response to activating agents.

Although nucleated thrombocytes were known to undergo shape changes post­

activation, the sequence of stages had not been determined previously. To do this, 

perfusion with thrombin was used to induce activation of individual pre-selected 

thrombocytes while they were observed continuously under the coverslip (fig. 4-7). 

Overall, cell morphology changed from the elongated, somewhat flattened ovoid, to a 

refractile spheroid, and then to a highly flattened, relatively circular spreading "pancake"- 

like form. Thrombocytes in initial stages o f activation (fig. 4-7A) adhered to the slide and 

resisted being dislodged by the perfusion flow (fig. 4-7B). Shortly after activation, the 

cell developed a point at one end of its long axis (fig. 4-7C) and within -10 seconds
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became spheroidal (fig. 4-7E). Blebs and pointed projections were constantly protruding 

and contracting from the spheroid and, in ~1 minute, sheet-like extensions emanated in a 

circular pattern (fig. 4-7F). At -3.5 minutes, cytoplasmic protrusions were evident and 

the nucleus appeared to be lobed (fig. 4-7G). Subsequently, with further cell spreading, 

the nucleus became lobulated and appeared to be fragmented (fig. 4-7H, I). Note: A 

movie of the described sequence is available. The sequence reported in fig. 4-7 was 

verified by more than 50 perfusion experiments and observation of several hundred 

individual cells.

Figure 4-7. Stages following thrombocyte activation by thrombin perfusion (phase- 
contrast): (A-B) initial stage; cell has adhered to the slide; (C-D) pointed stages;
(E) spheroidal stage (arrows: blebs; arrowhead: spike); (F) transition to pancake stage 
(arrow: edge of spreading cell); (G) developing pancake with cytoplasmic protrusions 
(arrowheads, focus on upper surface); (H-I) late pancake stages exhibiting nuclear 
lobulation. Bar, 10 pm
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5. In spontaneously activated thrombocytes with altered shape, typical F-actin- 

microtubule colocalization in the marginal band is lost.

Thrombocytes activated spontaneously, though somewhat asynchronously, when 

whole blood was spread on coverslips. When cells were fixed within 15 minutes of blood 

withdrawal, various stages of early activation were observed, corresponding to those 

induced by thrombin (fig. 4-8B vs. fig. 4-7A - E). MB shape in these cells corresponded 

very closely to the cell surface contours in different morphological stages of activation 

(fig. 4-8A vs. 4-8B).

In the pointed stage, the number and location of points in the MB matched that of 

points in the cell (fig. 4-8, cell 3), whereas in the spheroidal stage, the entire MB was 

buckled, conforming to cell shape (fig. 4-8, cell 4), which also appeared to be folded 

relative to the unactivated state (fig. 4-8D).

Figure 4-8. Early stages of thrombocyte activation (confocal): (A) tubulin distribution; 
cell 1: relatively unactivated; cells 2 and 3: pointed stage, corresponding to fig. 4-7C and 
D; cell 4: spheroidal stage; cell g: a non-thrombocyte spheroidal cell lacking MB (a 
putative granulocyte); (B) DIC, same field; (C) higher magnification view of cell 4 in 
(A), showing bent MB (tubulin, green) and F-actin distribution (red). F-actin at this stage 
has already lost colocalization with outer MB microtubules; (D) DIC view of (C), 
revealing that nucleus is correspondingly folded. Bars, 10 pm (A & B); 5 pm (C & D)
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6. During activation induced shape change, F-actin has an outward distribution while 

microtubules remain central, possibly remodeling the nucleus.

Confocal sections (stacks) showed that the buckled MB was enclosing the nucleus 

(fig. 4-9). F-actin, which had colocalized as a band along the entire length of the MB in 

the unactivated cells, no longer did so in the spheroidal stage cells. However, a 

significant concentration of F-actin remained in the cortical region and also redistributed 

into the dynamic surface blebs (fig. 4-9; fig. 4-12). Spheroidal cells of both 

spontaneously and thrombin-activated preparations exhibited constantly protruding and 

contracting surface blebs containing F-actin, but not tubulin (fig. 4-10).

Another type of spheroidal cell, with aster-like microtubule distribution instead of a 

typical MB, was identified as a granulocyte (fig. 4-8, cell G; fig. 4-11). This cell, also 

containing blebs, was not easily distinguishable from the spheroidal thrombocyte under 

phase-contrast or DIC. Thus, presence of the MB served to identify activating 

thrombocytes from other cells.

Subsequently, blebbing spheroidal cells initiated nuclear lobulation, and the nuclear 

lobes were found to have closely associated microtubules (fig. 4-12A-C). Optical sections 

through apical regions showed F-actin in several blebs, while basal regions showed F-actin 

in spike-like projections together with blebs (fig. 4-12D-E). At a transition to the pancake 

stage, the nucleus was divided into lobes (fig. 4-13B) with microtubule bundles wrapped 

around the nuclear furrows. These microtubule bundles were disorganized relative to those 

of MBs and were frequently arranged in a zigzag pattern (fig. 4-13C-D). Computer 

generated 3D rotation revealed a ring-like structure (fig. 4-13E). Spiky F-actin projections 

became prominent in the basal region, with few remaining blebs (fig. 4-13F). With constant
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extension and retraction, these projections attached to the surface, and regions between 

them became filled with F-actin sheets in a webfoot-like arrangement.

Early in pancake formation, the nucleus was multi-lobed without marked lobe 

separation (fig. 4-14A). In most cases, microtubule bundles were associated with each 

nuclear furrow (fig. 4-14B-C). While blebs and spiky projections were no longer evident, 

F-actin was found distributed throughout the cell in fibrous arrangements (fig. 4-14D). In 

full pancake stages, the nucleus of most cells was extensively lobed and sufficiently 

separated to appear fragmented (fig. 4-15A-B). The microtubule bundles were 

disorganized to a greater extent than earlier, with many single microtubules or minor 

bundles projecting from the major ones (fig. 4-15C). When superimposed with nuclear 

distribution, convoluted MT bundles were found in the gaps between nuclear fragments 

(fig. 4-15D), with major bundles wrapped around the neck of the lobes (fig. 4-15E). F- 

actin was now prominent, occupying the entire spreading cell body in the form of stress 

fibers (fig. 4-15F). Pancakes undergoing nuclear fragmentation exhibited increased stress 

fiber density in patches near the cell center. However, stress fibers arranged in triangular 

or quadrilateral geometry were also observed in significant numbers of cells. In these 

pancakes, there was no apparent nuclear lobulation (fig. 4-16). Similar observations were 

made in pancakes resulting from spontaneous activation on glass surfaces.
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Figure 4-9. MB geometry at the spheroidal stage (confocal): (A) spheroidal cell with a 
bleb (arrowhead; DIC); (B) composite of DAPI-stained nucleus (blue) and MB 
microtubules. The MB is bent and encloses the nucleus; (C) 3D computer rotation of (B) 
by 22.5°;(D) 90°; (E) F-actin distribution. Note: images projected by 3D computer 
rotation are commonly blurred with increasing angle of rotation such as in (C) and (D). 
Bar, 5 pm.

Figure 4-10. Spheroidal stage of activation: At 
1-2 minutes of thrombin-induced activation, 
spheroidal cells develop dynamic blebs such as 
shown by the white arrows (DIC). Insets: 
distribution of F-actin in corresponding blebs 
(confocal).

B C D

Figure 4-11. Example of a spheroidal cell that is not a thrombocyte (confocal): (A) DIC 
view; (B) DAPI-stained nucleus; (C) aster-like microtubules (no MB); (D) F-actin 
distribution, exhibiting irregular surface corresponding to (A). Note: (B)-(D) are stacks. 
Bar, 5 pm.
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Figure 4-12. Spheroidal cell with blebs and projections (confocal): (A) DIC, showing 
blebs; (B) nucleus, in two lobes; (C) altered MB; (D) F-actin distribution in an optical 
section through apical region, exhibiting several blebs; (E) F-actin distribution in a section 
through basal region, showing both blebs and a projection. Bars, 5 pm.

1

/

Figure 4-13. Transition from spheroidal to pancake stage (confocal): (A) DIC, 
showing the spreading cell edge (arrows); (B) DAPI-stained nucleus, with lobulation 
and cleft; natural side view; (C) distribution of MB microtubules, natural side view. 
MB-derived microtubules have taken on a zigzag pattern; (D) composite of (B) and
(C), showing microtubules localized within the cleft; (E) 90° computer 3D rotation of
(C), revealing that the nucleus-associated microtubules form a ring; (F) F-actin (stack), 
exhibiting pointed projections (arrowheads) and sheet-like F-actin (arrows). Bar,
5 pm.
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Figure 4-14. Early pancake stage 
(confocal): (A) Nucleus with 3 lobes;
(B) microtubule distribution; (C) 
composite of (A) and (C), showing 
microtubule bundles associated with 
clefts of the lobulating nucleus; (D) F- 
actin distribution, typical of early cell 
spreading. Bar, 5 pm.

1̂̂
Figure 4-15. Advanced nuclear lobulation and fragmentation in a pancake stage cell 
(confocal): (A) DIC, showing the cell edge and the lobulating nucleus; (B) DAPI- 
stained nucleus with three major lobes; (C) distribution of microtubules; (D) composite 
of (B) and (C), revealing loops of microtubule bundles associated with nuclear lobes;
(E) close-up of (D), with major loops of microtubule bundles wrapped around the lobes;
(F) F-actin distribution. Bars, 10 pm. (E) is a confocal section and all the others are 
stacks.
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Figure 4-16. Pancakes with and 
without nuclear lobulation 
(confocal): (A) DAPI, showing the 
nucleus of a pancake with no lobes 
(upper) and of another with four 
lobes (lower); (B) F-actin, 
exhibiting stress fibers arranged in 
geometric (triangular) pattern (upper 
cell, double headed arrows) and in a 
less defined pattern (lower cell).
Bar, 10 pm

7. Microtubule bundles are also found in the constrictions between nuclear lobes in thin 

sections.

During the advanced spheroidal stage, thrombocytes were characterized by irregular 

(blebbing) cell-contour with extensive protrusions (fig. 4-17a). The nucleus in this stage 

was significantly more distorted than that of the resting cell, with a channel traversing the 

mid-region. Major cavities, or pockets, contained clusters of microtubules along the 

length of this channel (fig. 4-17b). The initially spheroidal CS vacuoles became 

morphologically irregular and significantly sparser, frequently clustered near the cell 

membrane. During the early pancake stage, thrombocytes became firmly attached to the 

substrate, such that they survived several aggressive washes, and their basal region 

became spread laterally (fig. 4-18). Sections through this region revealed highly irregular 

cell-contour, frequently associated with dense clusters of fibrous projections. Nuclear 

morphology was also expanded, and was characterized by developing lobes. Bundles of 

microtubules were frequently found in pockets between these nuclear lobes (e.g., fig. 4- 

18 inset) and, to a lesser extent, in other peri-nuclear regions. The morphology of CS
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vacuoles was similar to those of spheroidal cells and their distribution was usually

confined to a region of the cell as a cluster.

Figure 4-17. Advanced spheroidal stage (TEM): (a) activated thrombocyte, with 
canalicular remnant (arrow). The nucleus (n) has a channel (arrow "C"); (b) higher 
magnification view of boxed area in (a). The pocket in the mid-region of the channel is 
filled with microtubules, many in cross section (examples at arrows).

Figure 4-18. Early pancake 
stage (TEM): Thin section 
through the basal region of 
activated cell attached to a flat 
surface. The outlined nucleus 
(N) is lobulated, exhibiting a 
pocket containing a bundle of 
microtubules in cross-section 
(white arrow and inset).
A group of CS vacuole 
remnants is located in the 
upper region of the cell (black 
arrows).
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DISCUSSION

8. The F-actin band is microtubule band specific, rather than erythrocyte specific.

Existence of the F-actin band in thrombocytes indicate that it may be a constant 

feature of cells possessing the microtubule band, independent of cell cargo. However, our 

results show that the nature of structural arrangement may be different. In both dogfish 

and newt erythrocytes, the thickness of the F-actin band matches that of the microtubule 

band (figs. 2-3; 2-5), whereas in thrombocytes the F-actin is about half the thickness of 

the microtubule band and the colocalization is restricted to the peripheral microtubule 

bundles (fig. 4-19).

Figure 4-19: Enhanced composite image of fig
4-4 (a) and (b). The darker outer ring represents 
F-actin distribution and the dark ring represents 
microtubule distribution.

9. F-actin exhibits peripheral distribution, while microtubules remain central, possibly 

driving nuclear lobulation during shape change.

While F-actin displays a progressively outward distribution during shape change,

MB microtubules exhibit the opposite pattern. Early in activation, the MB accommodates 

itself into the spheroidal cell shape by buckling or bending (analogous to the seam in a 

baseball), in effect enclosing the nucleus (fig. 4-9). Subsequently, the major bundle of 

MB microtubules remains intimately associated with the nucleus as such, and becomes 

increasingly disorganized as the cell spreads. In all observed cases of cells with a
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fragmented nucleus, convoluted bundles of microtubules were found between the 

migrating nuclear fragments (fig. 4-15D and 4-15H-I) with major bundles wrapped 

around the neck region between lobes.

This explains the presence of microtubules near nuclear lobes in TEM thin sections 

reported by Shepro et al. (1966). This intimate association of microtubules with nuclear 

constrictions suggests that they may provide the force required for nuclear lobulation and 

fragmentation in this system. However, the nature of this driving force and the 

mechanism of nuclear fragment migration away from the central region remain to be 

demonstrated.

There is precedence for microtubules exerting a mechanical force to reshape the 

nucleus. Strongest evidence comes from studies of spermatogenesis in many species, in 

which manchette microtubules and associated dynein and kinesin motor proteins are 

believed to be the effector (McIntosh and Porter, 1967; Yoshida et al., 1994; Hall et al., 

1992). The intimate association of the MTs with nuclear lobes observed in activated 

thrombocytes suggests that MTs may provide the force required for nuclear lobulation 

and fragmentation in this system, but this remains to be tested.

10. Compared to that o f mammalian platelets, blebbing and nuclear lobulation are 

distinguishing features o f nucleated thrombocyte shape change.

As observed in the present study, post-activation events in nucleated thrombocytes 

do parallel those of mammalian platelets with respect to characteristic morphological 

states and the corresponding time frame. At ~2 minutes after activation, both cell types 

transform from a planar to a spheroidal state. Cells in this state extend and retract
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cytoplasmic projections, presumably securing attachment to the surface, or, potentially, to 

each other. After attachment, at 3 ~ 4 minutes, both develop radially spreading cytoplasm 

between the projections referred to as hyalomeres in the platelet sequence (Allen et al., 

1979), culminating in a fully spread state at ~10 minutes.

Although the major morphological stages are comparable, one major difference is 

observed: nucleated thrombocytes develop dynamic blebs concurrent with becoming 

spheroids (fig. 4-9; 4-10), and these persist for about thirty seconds prior to extending 

projections. This has not been reported for mammalian platelets. Obviously, presence of 

the nucleus and its subsequent lobulation and fragmentation are additional distinguishing 

features in comparison with platelets.

11. Suggested experiment: Purification o f thrombocytes may be possible by flow  

cytometry.

All thrombocyte experiments were carried out using white cell populations rather 

than pure thrombocyte population. Purification of the thrombocyte population has been 

attempted based on the method described by Mainwaring and Rowley (1985), using 

discontinuous Percoll step gradients. However, subjecting white cell suspensions to high 

"g" forces (>1000) in conjunction with exposure to dense material such as Percoll led to 

thrombocyte activation, and many times clot formation.

As an alternative method, separation of thrombocytes may be attainable by flow 

cytometry. This method does not require a probe for cell type recognition since sorting is 

based on the light scatter properties of cells (cell size and granularity). In zebrafish,
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separation of various blood cell types and their precursors by this method seems to be

suitable (Traver et al, 2003). Applicability on dogfish thrombocytes remains to be tested.

SUMMARY OF FINDINGS:

(A) A band of F-actin also exists in unactivated thrombocytes.

(B) In this respect, the F-actin band is not red cell specific, but rather marginal band 

specific.

(C) The F-actin band in thrombocytes is thinner than the microtubule band and 

colocalizes only with peripheral microtubules.

(D) F-actin-microtubule interaction is lost when thrombocytes undergo shape change.

(E) During activation induced shape change, F-actin has an outward distribution while 

microtubules remain central, possibly remodeling the nucleus
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CHAPTER 5: F-actin-microtubule functional interaction in thrombocytes

RESULTS:

1. The M T band in unactivated thrombocyte is cold labile and maintains the cell shape 

(Pinhasov et al., 2003).

In order to investigate whether thrombocyte microtubule band is sensitive to 0 °C, 

temperature cycling experiments were performed on white cell suspensions. Prior to 

chilling such cell suspension consisted of 30-35% thrombocytes identifiable under 

phase-contrast (fig. 5-1). This was also checked with fluorescence counting of the 

marginal band microtubules. Then cell suspensions were incubated at 0 °C for different 

time periods. At the completion of chilling, samples were fixed/lysed, and labeled for 

usual cytoskeletal components. Examination under phase-contrast revealed a significantly 

reduced number of ovoid thrombocytes and microtubule labeling showed very few 

recognizable band structures (fig. 5-2). This indicated that thrombocyte microtubule band 

was sensitive to low temperature and, if not total disassembly, such sensitivity lead to 

change of cell shape.

Figure 5-1. Representative 
population of white blood 
cells prior to temperature 
cycling (phase-contrast and 
epi-fluorescence): (a) mixed 
white cell types with 
significant percentage of 
ovoid thrombocytes 
(arrows); (b) DAPI stained 
nuclei; (c) F-actin 
distribution, with ovoid 
thrombocytes exhibiting 
higher intensity than other 
cells; (d) tubulin distribution 
revealing thrombocyte 
marginal bands.
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Figure 5-2. Diminished 
number of ovoid 
thrombocytes after 
incubation at 0 °C for 2 
hours (phase-contrast and 
epi-fluorescence); (a) phase- 
contrast, showing an 
increased number of highly 
refractile spheroidal cells;
(b) DAPI stained nuclei;
(c) F-actin distribution;
(d) tubulin staining showing 
very few recognizable MB.

Detailed examinations of some of the representative cell types present at 0°C 

revealed an increased number of spheroidal cells under DIC. Microtubule arrangement in 

these cells was astral or centrosomal. That is, these cells possessed microtubule rays 

radiating from a brightly labeled central spot (fig. 5-3). F-actin band in these cells was 

not evident.

When 0°C incubation was carried out in conjunction with 10 pg/ml nocodazole 

treatment, microtubule disassembly was driven to a greater extent (fig. 5-4). As in the 

previous case, ovoid thrombocytes were not detected, but there was a great number of 

spheroidal cells. When labeled for microtubules, a significant number of these spheroidal 

cells exhibited bright dots with no associated microtubule rays. Closer examination of 

these dots revealed that they frequently occurred in pairs, reminiscent of centriole pairs. 

F-actin band in these cells was not distinguishable either.
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Figure 5-3. General population of cells after cooling at 0°C for 4 hours without the 
presence o f nocodazole (computer projections of confocal optical sections): (a) cells with 
spheroid and ovoid shape (DIC); (b) cortical F-actin, possibly affected by cooling and by 
loss of microtubule organization; (c) disorganizing/disassembling bundles of microtubules 
frequently occurring with centrosomal and astral arrangement.

Figure 5-4. Thrombocyte incubated at 0°C with nocodazole (single optical section): (a) DIC 
image of a contour of a spheroidal thrombocyte; (b) DAPI; (c) dispersed F-actin; (d) pair of 
brightly fluorescent "dots" which are putative centrosomes.

2. Microtubule band in unactivated thrombocyte reassembles upon re-warming at 22 °C 

and also drives cell shape recovery

To assess the reversibility of microtubule disassembly, chilled samples were 

subsequently exposed to 22 °C for different time periods. Samples re-warmed for the 

same time period as chilling (2 hours) exhibited recognizable thrombocytes under phase- 

contrast. However, unlike the pre-chilled control cell population, re-warmed thrombocyte 

population consisted of cells with discoid, singly pointed, doubly pointed, triply pointed, 

and normal ovoid shapes (fig. 5-5). To quantify the extent of shape recovery, counts were
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made over several incubation periods at 22 °C under phase-contrast (fig. 5-6). Prior to 

chilling, the count of normal ovoid thrombocytes was about -27% and it declined to 

about 1-2% after 2 hours at 0°C. There were also variants, discoid in shape, which had 

the morphology of thrombocytes. These consisted of 10% of white cell population 

initially and declined slightly to -8%  at 0°C. At 2 hours of re-warming at 22 °C, count of 

recognizable thrombocytes with ovoid shape increased to -22%, accompanied with 

minor percentages of pointed cells. Appearance of these pointed cells indicates that they 

may be intermediates during shape recovery. But this idea requires further testing. As a 

side note, thrombocytes with discoid morphology show resistance to temperature cycling 

treatments. The role of these cells in the grand scheme is not clear, but if these cells are 

included in the total thrombocyte count (brown line), a complete shape recovery is seen.

Figure 5-5. Various thrombocyte shapes generated after 2 hours of re-warming under 
phase-contrast: (a) discoid; (b) singly pointed; (c) doubly pointed; (d) triply pointed; (e) 
normal ovoid.
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Figure 5-6. % morphologically identifiable thrombocytes (among all white cells by 
phase-contrast) upon chilling (0 °C) and subsequent rewarming (22 °C). Dotted lines 
denote incubation at 0 °C for 2 hours and solid lines at 22 °C for time periods after 2 
hours. Ovoid thrombocytes (blue, 27% initially) become unrecognizable upon chilling 
(-1%) but are once again recognizable upon rewarming (>19%). Discoid thrombocytes 
(red) exhibit decreasing trend regardless of temperature treatment. Doubly-pointed, 
singly-pointed, and triply-pointed cells, unnoticeable in the initial sample and chilled 
sample, increase in numbers with increasing time of rewarming. Overall, the total 
thrombocyte with recognizable shape drops when exposed to 0 °C for 2 hours, but returns 
to values comparable to initial count upon rewarming (total thrombocytes).
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When labeled for cytoskeletal components, recovered cells revealed major MT 

bundles that defined the cell contour. The pattern of microtubule arrangement in doubly 

pointed thrombocytes was particularly notable since the ends of microtubule bundles 

defined the points of these cells (figs. 5-7 and 5-8). Some of these pointed MT bundles 

also included an inner loop, suggesting that these pointed cells may be intermediates 

during shape recovery (fig. 5-8d).

Most of the re-warmed thrombocytes were ovoid in shape just like the normal cells 

(fig. 5-9). Major microtubule bundles in these cells localized in the band region, ovoid in 

shape (fig. 5-9d). Cells with tighter MT band (i.e., with reduced number of thread-like 

bundles of microtubules found internal to the major bundle) were also found frequently in 

the same sample, suggestive of a more advanced stage of re-assembly (fig. 5-10d).

Recovery of the microtubule band was quantified over several incubation periods at 

22 °C (fig. 5-11). Initially 35%of cell population exhibited MT bands, identifying them 

as thrombocytes. Count of MT band decreased to -5%  when incubated at 0 °C for 2 

hours. These residual MT bands were not intact ovoid bands observed in normal samples, 

but were counted as MT bands because they could still be recognized as such. In other 

words, treatment at 0 °C affected all microtubules, if not by total disassembly, at least by 

some disorganization. Then, 2 hours of re-warming at 22 °C restored the number of 

countable MT bands to 28%, showing that MT bands in thrombocytes reassemble upon 

re-warming. Relating to cell shape count (fig. 5-6), it is evident that the MT band is 

responsible for maintaining the ovoid shape of thrombocytes in their unactivated state.

F-actin distribution during MT reassembly was not consistent, although cortical F- 

actin was evident in all thrombocytes examined. In pointed cells, some exhibited brightly
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labeled patches of F-actin, seemingly irrelevant to the spatial distribution of the 

microtubule bundle (fig. 5-7c). Other pointed cells showed bright F-actin labeling 

colocalizing with the MT bundle in cell contour (fig. 5-8c). Similar inconsistency was 

observed in ovoid cells. Some ovoid cells exhibited random patches of brightly labeled F- 

actin, while others seem to reveal a structure reminiscent of a band (figs. 5-9C and 5- 

10C).

Figure 5-7. Computer-generated optical section stacks showing regeneration of a 
recognizable thrombocyte after rewarming for 4 hours: (a) shows a DIC image of an 
elongated thrombocyte with pointed ends on opposite sides; (b) DAPI stained nucleus; 
(c) Cortical F-actin conforming to the doubly pointed morphology with dispersed 
bright patches; (d) Reassembling marginal band of microtubules with associated minor 
bundles.

Figure 5-8. Computer generated optical section stacks showing regeneration of a 
recognizable doubly-pointed thrombocyte after rewarming 4 hours. Thrombocytes 
with this morphology were atypical, but had interesting cytoskeletal structure, (a) DIC 
image; (b) DAPI, showing nucleus; (c) F-actin distribution, brightly labeled contour is 
suggestive of the F-actin band ;(d) microtubule organization, with "tennis racquet" 
construction at both pointed ends.
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Figure 5-9. Rewarming for 6 hours showing a thrombocyte on its way to complete 
morphological recovery, correlated with MB reassembly (projection of confocal optical 
sections): (a) recovering thrombocyte with ovoid shape (DIC); (b) DAPI stained 
nucleus; (c) cortical F-actin with many bright patches of actin distributed throughout 
the cell; (d) reassembling band with thread-like bundles of microtubules found internal 
to the major bundle. Presumably this is an earlier stage than Figure 5-10

Figure 5-10. Recognizable thrombocyte after 6 hours of rewarming (projection of 
confocal optical sections): (a) DIC showing rounded, partially flattened contour;
(b) DAPI stained nucleus; (c) cortical F-actin defined by the MB shape; (d) reassembled 
MB with normal appearance is clearly recognizable.
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Figure 5-11. % cells with MB upon chilling and rewarming. -35 % of initial white cell 
suspension consists of thrombocytes with well-defined MB. Upon exposure at 0 °C for 
2 hours, the number of recognizable MBs decreases to -5%  and when rewarmed at 22 
°C for >2 hours, the count increases to >28%.

3. The F-actin band is absent in unactivated thrombocytes exposed to 0 °C

Whi le identification of thrombocytes is virtually impossible when sampled at 0 °C 

because both the cell shape is altered beyond recognition and the microtubule band is 

disassembled, no cell type exhibited a clear F-actin band. By inference, this indicated that 

the F-actin band was also affected by low temperature treatment. Also thrombocytes 

returning to normal shape lacking the F-actin band were observed, indicating that it is 

cold labile.
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4. Pre-exposure o f  thrombocytes to F-actin disassembly promoting agents blocks normal 

activation induced shape change.

Cells exposed to 5 pg/ml cytochalasin D for 2 hours or to 1 pM latrunculin B for 1 

hour retained their unactivated ovoid morphology, permitting us to test the effects of 

these inhibitors on shape changes following activation. Cytochalasin D-treated cells 

failed to undergo thrombin-induced shape changes (fig. 5-12 row A). Cells fixed and 

permeabilized at 10 minutes of thrombin exposure exhibited a state of MB microtubules 

similar to that of unactivated thrombocytes. However, F-actin distribution became 

slightly altered, with patchy cortical actin and a less-well defined MB-associated F-actin 

band. Treatment with 1 pM latrunculin B for 1 hour produced similar results. Upon 

thrombin perfusion, cells developed a knob-like extension in one end of the long axis, but 

progression to the spheroidal stage was never observed. MB microtubules exhibited 

normal unactivated distribution, while F-actin was more disorganized than that of cells 

treated with cytochalasin D (fig. 5-12, row B). Cells exposed to solvent controls, 0.5 % 

DMSO for cytochalasin D and 0.2% DMSO for latrunculin B, progressed to normal 

thrombin-induced activation, and exhibited microtubule and F-actin distribution 

characteristic of the early pancake stage (fig. 5-12 row C).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-12. Cytochalasin D and latrunculin B inhibit thrombin-induced responses 
(epifluorescence): (row A) cells pre-incubated in 5 pg/ml cytochalasin D, 2 hours;
(row B) 1 pM latrunculin B, 1 hour; (row C) 0.2% DMSO, 1 hour (control); (column 1) 
phase-contrast, cells prior to attempted activation; (column 2) cells after 10 minutes of 
thrombin exposure; (column 3) epifluorescence, tubulin distribution in (column 2); 
(column 4) F-actin distribution in (column 2). Bar, 10 pm.

5. Hyperstabilization o f  microtubules in activated thrombocytes does not block normal 

activation induced shape change or nuclear lobulation.

Hyperstabilization of microtubules with taxol does not hinder activation or eventual 

nuclear fragmentation, suggesting that other cytoskeletal elements may act upon MT 

band, assuming that MT band drives nuclear fragmentation (fig 5-13). The effect of 

destabilizing MT band with inhibitors such as nocodazole remains to be investigated, 

although the requirement for low temperature and the sensitivity of thrombocyte to such 

treatment results in experimental complication.
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Figure 5-13. Taxol treatment permits activation: (a) cells incubated in 10 pM taxol for 2 
hours prior to activation (white arrowheads only, other surrounding cells are not 
thrombocytes); (b) same cells after 10 minutes of thrombin exposure (phase-contrast);
(c) tubulin distribution (FITC epi-immunofluorescence); (d) F-actin distribution (Texas- 
Red phalloidin epi-fluorescence)

6. Inhibition o f  non-muscle myosin II  blocks post-activational cell shape change.

To test whether marginal band bending was an effector for generation of spheroidal 

cells or whether it was a secondary result of actin-based motility, myosin II (non-muscle) 

ATPase inhibitor BDM was utilized. After pre-incubation of thrombocytes with 20 mM 

BDM for lhour, thrombin-induced spheroidal cell formation was reduced to 12% from a 

control level of 96%. This indicated that post-activational cell shape change in 

thrombocytes might occur through actomyosin-based mechanism.

DISCUSSION AND SUGGESTED EXPERIMENT

7. Function o f the microtubule band is to maintain the shape o f unactivated thrombocyte.

Results of temperature cycling experiments on unactivated dogfish thrombocytes 

show that the microtubule band is cold labile. Low temperature induced disassembly of 

the microtubule band correlated with changes in cell shape. This finding is in agreement 

with that of chick thrombocytes and mammalian blood platelets (Behnke, 1970), in which
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cells became spheroidal from normal disk shape with the loss of the MT band induced by 

low temperature. Taken a step further, it was shown that the reassembly of dogfish 

thrombocyte MT band could be achieved with re-warming, and that this correlated with 

regain of the native cell shape. The appearance of intermediate cell shapes (fig. 5-5) 

suggests that mature thrombocyte cytoskeleton is similar to that of immature nucleated 

erythrocytes (chicken, Winkler and Solomon, 1982). Therefore, it was concluded the 

function of the MT band in thrombocytes is to maintain the shape of unactivated cells. 

However, this finding may be limited to nucleated thrombocytes since in mature 

nucleated erythrocytes loss of the MT band does not lead to alteration in cell shape 

(dogfish, Cohen et al., 1982; frog and chick, Behnke, 1970).

8. The F-actin band in unactivated thrombocytes may enhance stability o f the outer MT 

band.

Most of the F-actin in the unactivated thrombocyte occurs in a cortical layer throughout 

the cell, and in a specialized ring of F-actin that is associated with the microtubular MB 

(figs. 4-4; 4-5). Association of F-actin with MBs has also been observed in resting 

mammalian blood platelets (Debus et al, 1981; Takeuchi et al, 1990), and in non­

mammalian vertebrate erythrocytes (Kim et al., 1987; Sanchez and Cohen, 1994; Lee and 

Cohen, 1998). In addition, F-actin has also been reported in platelets as extensions of MB- 

associated F-actin with spoke-like arrangement (Takeuchi et al, 1990). Unlike these systems, 

the F-actin band in unactivated thrombocytes is thinner than that of MT band as determined 

within the limits of confocal microscopy. Furthermore, the thrombocyte MB itself appears 

to be composed of inner and outer microtubule bundles, with only the latter colocalizing
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with the F-actin band. This suggests that interaction with F-actin may confer increased 

stability on outer MB microtubules involved in unactivated cell shape maintenance, and that 

such F-actin-MT interaction is lost when activation triggers rapid cell shape alterations.

In unactivated cells, the MB was enclosed within the cortical meshwork of F-actin 

(fig. 4-6), an arrangement similar to that found in platelets (White, 1971). This supports 

MB function as a flexible frame that maintains the shape of unactivated nucleated 

thrombocytes, with the MB exerting pressure against the cortical F-actin layer. The 

arrangement of cytoskeletal elements in the unactivated thrombocyte is illustrated 

diagrammatically in figure 5-14. A similar model has been proposed earlier for nucleated 

erythrocytes, in which the MB is enclosed within the membrane skeleton (Joseph- 

Silverstein and Cohen, 1984; Cohen et al., 1998). This in turn raises the possibility that 

MB pressure against the cortical layer of the thrombocyte causes it to be compressed in 

the plane of contact, accounting for the greater density of F-actin at the MB periphery, 

i.e., the ring.

Figure 5-14. Diagrammatic representation 
of the major cytoskeletal elements in the 
unactivated thrombocyte. The diagram is a 
composite of both longitudinal and 
cross-sectional views. Abbreviations: MB 
MTs, marginal band microtubules; PM, 
plasma membrane bilayer; MS, membrane 
skeleton. The lighter band region (yellow) 
denotes overlap of MB microtubules with 
the F-actin ring.
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9. F-actin is the major driving force for post-activational cell shape change.

The hypothesis that post-activation stages in nucleated thrombocytes are primarily 

due to F-actin reorganization is supported by the results. As early as the spheroidal stage, 

the F-actin band loses colocalization with the buckling MB (fig. 4-8C), and cortical F- 

actin redistributes into the blebs (fig. 4-9; 4-10). The bent and twisted MB shape at the 

spheroidal stage raised the possibility that the MB might also be an effector of conversion 

to the spheroid. However, our tests using cytochalasin D and latrunculin B, both of which 

inhibit F-actin assembly (Urbanik and Ware, 1989; Spector et al., 1989), showed that 

unactivated thrombocytes failed to progress to spheroids when exposed to thrombin (fig.

5-12). In addition, the myosin II ATPase inhibitor BDM blocked spheroid formation. 

Thus, spheroid formation is dependent on F-actin assembly and myosin II function, 

indicating that bending of MBs is a passive secondary effect. It has been shown that 

similarly twisted MBs, observed in erythrocytes of blood clams undergoing shape 

transformation from flattened ellipsoids to spheroids, are not the effector of the 

transformation (Lema-Foley et al., 1999). Thus, shape transformation in the post­

activation stages is dependent upon assembly of F-actin.

Cytochalasin D and latrunculin B are known to cause drastic shape changes in cells 

in which the F-actin is in dynamic state (Spector et al., 1989). In contrast, observed 

stability of unactivated cell morphology in the presence of cytochalasin D and latrunculin 

B indicated that the unactivated thrombocyte contains stable F-actin that is not in 

dynamic equilibrium with G-actin. This is supported by the observation that a substantial 

amount of F-actin remains in the cortex after incubation with these inhibitors (fig. 5-12).
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Exposure of cells to thrombin would normally convert the stable pre-activation F- 

actin to a dynamic state, with depolymerization of cortical F-actin maintaining the G- 

actin pool during reassembly of F-actin elsewhere in the cell. Maintenance of shape in 

thrombin-exposed cells pre-incubated in CD and LB fits a model in which the inhibitors 

block de novo synthesis of F-actin from the G actin pool, preventing pool depletion. The 

altered G-F-actin equilibrium, in turn, would inhibit further disassembly of cortical F- 

actin.

In platelets, previous studies have shown that cytochalasin D inhibits F-actin 

assembly upon thrombin activation (Fox and Phillips, 1981). While cytochalasin D- 

treated dogfish thrombocytes undergo only a very slight shape change (fig. 5-12B2), 

cytochalasin D-treated platelets do undergo the complete initial cell shape change to 

spheroids, with a reduction in the number of pseudopods and attenuation of surface 

convolutions (Casella et al., 1981).

In advanced stages of activation, F-actin distributes outwardly in the form of stress 

fibers, frequently arranged in geometric patterns, while MTs localize principally in 

proximity to the nucleus (figs. 4-15F; 4-16B). Platelet cytoskeletal structures resembling 

stress-fibers have also been reported in some studies (Morgenstem et al., 2001; Tanaka 

and Itoh, 1998). Thus, in general respects, the spread nucleated thrombocyte cytoskeleton 

resembles that of activated platelets, in which F-actin spreads outward and microtubules 

remain in the interior (Debus et al., 1981; Escolar et al., 1986).
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10. Activation o f nucleated thrombocytes by mammalian thrombin indicates 

evolutionarily conserved signal transduction pathways.

Activation of mammalian platelets is commonly defined by events such as cell shape 

change, adhesion, aggregation, and granular exocytosis. Representative agents that 

induce platelet activation include ADP (Aledort, 1971), thrombin (Haslam, 1964), and 

the calcium ionophore A23187 (White et al., 1974). Glass surfaces, potentially 

mimicking damaged vascular endothelia, also induce changes of cell morphology 

(Baumgartner and Haudenschild, 1972). Our study shows that nucleated thrombocytes 

undergo morphological changes analogous to mammalian platelets upon contact with a 

glass surface or, to a much greater extent, exposure to bovine thrombin. Recently, the 

mechanism of such morphological change has been linked with cell surface receptor- 

mediated signal transduction. In mammalian platelets, PAR-1 and PAR-4 have been 

identified as cell surface thrombin-receptors involved in cell aggregation (Kahn et al., 

1998). In catfish and zebrafish thrombocytes, an integrin-like complex has been reported 

as thrombocyte-specific and involved in signaling of aggregation and cell shape alteration 

(Passer et al., 1997; Jagadeeswaran et al., 1999). Thus, responsiveness of fish 

thrombocytes to mammalian thrombin indicates the existence of evolutionarily conserved 

signal transduction pathways.

11. Thrombocytes exhibit population variance in response to activating agent and in 

nuclear lobulation.

Observations presented here represent the most commonly occurring events. 

However, variations within the thrombocyte population were also noted. In preparations
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involving naturally-induced activation in which whole blood is spread on coverslips 

without anticoagulant, some thrombocytes were found to progress through post-activation 

stages more readily than others. For example, variations in early response are evident in 

figure 4-8A, B. It is conceivable that, during blood withdrawal, fast-progressing cells 

were those exposed to activating signals to a greater extent than slow progressing ones . 

However, even in thrombin-induced activation, minor percentages of cells did not 

respond, supporting the notion of population variability. Variations were also evidenced 

in nuclear lobulation. Most cells exhibited nuclear lobulation during transition to pancake 

stages. However, cells in full pancake forms were occasionally found with no apparent 

nuclear lobulation (e.g., fig. 4-16). Such observations further support population 

variability and, possibly, existence of thrombocyte subtypes.

12. Nucleated thrombocyte activation: a specialized apoptotic pathway?

Several of the major properties observed in activated nucleated thrombocytes are 

characteristic of apoptotic cells. These include the initial rounding up into a compact 

form (apoptotic cell “condensation”), early surface blebbing, and nuclear lobulation and 

fragmentation. Apoptotic surface blebbing involves actomyosin-based cell motility (Mills 

et al., 1998), and the observed blebs in thrombocytes are actin-rich (fig. 4-9; 4-10). In 

addition, in at least some cultured mammalian cells triggered to undergo apoptosis, 

interaction of microtubules with fragmenting nuclei has been observed (Pittman et al., 

1997). Considering that activated thrombocytes are on a pathway leading ultimately to 

cell death, these similarities raise the possibility that nucleated thrombocyte activation 

and function may actually be a specialized form of apoptosis.
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SUMMARY OF FINDINGS:

(A) Temperature induced disassembly of microtubules results in loss of ovoid shape, 

evidence that the microtubule band is maintains unactivated thrombocyte cell shape.

(B) Inhibition of F-actin assembly prevents thrombocyte shape change, evidence that the 

function of F-actin is to drive shape change in activated thrombocytes

(C) Cytoskeletal reorganization in nucleated thrombocytes post activation closely 

resembles that of mammalian platelets.
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CHAPTER 6: Development of Methods

1. Fluorescence Localization o f Cytoskeletal Proteins in Fibrin-Trapped Cells

Several difficulties arise when fluorescence localization of cytoskeletal proteins is 

attempted in cells that normally exist in suspension, such as the nucleated erythrocytes 

used as a model system in this work (e.g., Cohen et al., 1998). Artificially induced 

attachment of living cells or their cytoskeletons to coverslips or slides with polylysine 

(Mazia et al., 1975) or other adhesives can distort three-dimensional structure. Material is 

often lost due to poor or selective adhesion, so that the sample is not representative, and 

cytoskeletons of pre-selected living cells cannot be readily relocated after labeling. In 

addition, processing small numbers of cells is difficult.

A new method has been developed that avoids many of these problems. The major 

steps are: (a) trapping living cells in physiological media within fibrin "clots"; (b) treating 

the trapped cells with detergents or other agents to produce cytoskeletons; and (c) after 

fixation, exposing the trapped cytoskeletons to antibodies or other fluorescent probes. In 

developing the procedure, "blood clam" and amphibian erythrocytes, sea urchin sperm, 

and sea urchin zygotes were used as test material. It involved trapping the cells within the 

3-dimensional matrix of a fibrin clot, which is analogous to a blood clot. However, in this 

procedure, only the two necessary clotting factors, fibrinogen and thrombin, were used. 

For clot formation, the mechanism is as in figure 6-1.
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FIBRINOGEN THROMBIN FIBRIN CLOT
MOLECULES

Figure 6-1. Thrombin-induced fibrin polymerization

The enzyme thrombin cleaves off part of the amino terminus of the fibrinogen 

molecules, forming fibrin. Fibrin in turn self-assembles in a half-staggered, side-by-side 

array forming a complex network, the fibrin clot.

Living cells were trapped by mixing one volume of a cell suspension in artificial 

seawater or Ringer's solution with four volumes of the same medium containing 10 

mg/ml fibrinogen (Sigma Chemical Co., St. Louis, MO; F8630 from bovine plasma; final 

conc. = 8 mg/ml). Thrombin (Sigma T4648; from bovine plasma; 50 U/ml frozen stock in 

Ringer's or artificial seawater) was added to 1 U/ml or, for some amphibian Ringer's 

solutions, lower concentrations, so that a firm clot formed in about 10 min. Samples (5- 

25 pi) were delivered to coverslips within this time window, and were usually spread 

inside self-adhesive plastic rings that remained attached to the coverslips throughout the 

procedure (Avery #05729 white ring-binder reinforcements, 7 mm interior diameter). In 

some cases, the suspension was thinly spread without using the rings. To prevent the clots 

from drying during formation or incubation with probes, the coverslips were kept in 

moist chambers; for detergent treatment (lysis), fixation, and washes, they were 

transferred to coverslip staining jars. When seawater was used, the clots were optically 

clear, whereas in amphibian Ringer's, they were translucent (fig 6-2). This reduction in
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clarity interfered with phase contrast to some extent, but did not affect fluorescence 

microscopy.

Figure 6-2. Difference in optical clarity of fibrin 
clots in different physiological media.

Coverslips bearing fibrin-trapped cells were immersed in a cytoskeleton-stabilizing 

lysing medium containing Triton X I00, with or without protease inhibitors (Cohen et al., 

1988; Cohen et al., 1996), to produce cytoskeletons within the clot. After 4-8% 

formaldehyde fixation (either post-lysis, or simultaneously with lysis), the coverslips 

were washed in PBS and incubated with probes for detection of microtubules and F-actin. 

These probes included monoclonal anti-a-tubulin and anti-p-tubulin (Sigma T9026, T- 

4046) as a primary mixture, with FITC-goat anti-mouse IgG (Fab; F-8521) as secondary, 

FITC-monoclonal anti-(3-tubulin (F-2043) for direct labeling, and Texas Red-X 

phalloidin (Molecular Probes, Eugene OR) for F-actin. It was found that the antibodies 

penetrated the clots within 1-2 hours, and that both direct and indirect anti-tubulin 

immunofluorescence was successful. Controls lacking primary antibody were blank, and 

most clots exhibited little background fluorescence, even though blocking was not 

performed. General schematic for fibrin trapping of living cells and fluorescence 

localization of cytoskeletal proteins is shown in figure 6-3.
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Figure 6-3. General schematic of the fibrin clot method.

Fibrin-trapped specimens were examined by both epifluorescence and confocal 

fluorescence microscopy; the latter was particularly useful for thicker clots. Tubulin was 

localized in the marginal bands of both molluscan (Noetia ponderosa; fig. 6-4a,a') and 

amphibian erythrocytes (Notophthalmus viridescens, Ambystoma mexicanum; not shown), 

in sea urchin sperm flagella (Litechinus pictus; fig. 6-4b,b'), and in mitotic spindles and 

asters of dividing sea urchin zygotes (L. pictus, fig. 6-4c,c'). Sperm distributed throughout 

the clots showed specific flagellar labeling. In addition, the distribution of F-actin was
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examined with Texas Red phalloidin in cytoskeletons of molluscan (N. ponderosa, fig. 6- 

4d,d') and amphibian erythrocytes (N. viridescens, fig. 6-4e).

To determine whether the clotting process or the resulting confinement might be 

detrimental to cells, the development of fertilized sea urchin eggs (L. pictus, Arbacia 

punctulata) was monitored in clots incubated in filtered natural seawater contained in 

coverslip staining jars. The same trapped cells could be repeatedly located and examined 

during the time preceding lysis (fig. 6-4, f  vs. g). Development appeared to progress 

normally in the clots, with the percentage of dividing cells similar to that in seawater 

alone. Many ciliated blastulae (fig. 6-4h) rotated within their confined space, and larvae 

(fig. 6-4i) ultimately escaped from the clot and were found free-swimming in the 

coverslip jars (2 days at 21.5 °C). Thus, long-term exposure to the clot did not block 

development.

Although the optimal conditions for various steps remain to be determined for 

specific cell types, results to date suggest that fibrin trapping will be a useful alternative 

to methods involving polylysine or other adhesives (Mazia et al., 1975). The images of 

blood clam erythrocyte cytoskeletons obtained with the new method (e.g., fig. 6-4a,a') are 

superior, in terms of three-dimensional structure and retention of representative samples 

to those obtained previously with polylysine. The method has also begun to yield 

improved data on cytoskeletal organization in blood clam erythrocytes that have 

undergone a naturally-induced shape transformation (Dadacay et a l, 1996). Potential 

additional advantages include the processing of small cell populations with minimal 

losses, and the opportunity to observe the same cells before and after lysis and labeling.

In addition, though not yet tested, the firmness with which living cells, such as sea urchin
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zygotes, are initially trapped suggests that microinjection of antibodies or other probes

may be possible prior to processing.

Figure 6-4. Fluorescence localization of cytoskeletal proteins in cells trapped in fibrin 
clots. Abbreviations: PC phase contrast, DIC differential interference contrast, FI = 
fluorescence, (a, a') Clam erythrocytes (N. ponderosa); indirect anti-tubulin labeling of 
marginal bands, DIC-F1 pair, (b, b') Sea urchin sperm (L. pictus)-, indirect anti-tubulin 
labeling of flagellae, PC-FL pair, (c, c') L. pictus zygote, 2-cell stage; indirect anti­
tubulin labeling of spindles and asters, DIC-FL pair, (d, d') N. ponderosa erythrocytes; 
Texas Red phalloidin labeling of F-actin. (e) Salamander erythrocytes (N. viridescens); 
Texas Red phalloidin labeling of marginal band-associated F-actin, PC-FL pair, (f, g) 
Same sea urchin zygotes (A. punctulata) viewed before and after first cleavage in clot, 
PC (h, i) A. punctulata at blastula stage, and larva after escape from clot, PC.
Bars 10 pm, except as noted.

2. Rapid Visualization o f  Microtubules in Blood Cells and Other Cell Types in Marine 

Model Organisms

Although specific proteins in living cells can now be labeled routinely with Green 

Fluorescent Protein, indirect immunofluorescence (IIF) methods for fixed material 

remain in widespread use (Bikoue et a l, 2002). While relatively easy to apply, the 

standard IIF procedure is lengthy and, for blood cells and other cell types in suspension,
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the required attachment of the material to a glass substrate can result in differential 

adhesion or losses. In addition, the nonmammalian erythrocytes and clotting cells 

(Mainwaring and Rowley, 1985; Conrad et al., 2001; Lema-Foley et al., 1999; Cohen and 

Nemhauser, 1985) studied in our laboratory undergo a variety of naturally occurring or 

experimentally induced alterations to cell morphology. For these cell types, the fixation 

and permeabilization methods that have produced the best IIF cytoskeletal labeling to 

date have not preserved the morphology of the living cells very well.

This work had three initial objectives: (a) developing improved methods for 

morphological preservation and permeabilization of non-mammalian erythrocytes and 

clotting cells prior to IIF; (b) combining such methods with rapid fluorescence pre­

labeling of a mouse primary antibody (use of Zenon™; 6) to eliminate steps including 

substrate attachment; and (c) testing the combined approach on cells studied by others, or 

previously unstudied. Objectives (a) and (b) involved use of dogfish erythrocytes and 

thrombocytes (Mustelus canis), blood ark erythrocytes (Anadara ovalis), and horseshoe 

crab amebocytes (Limulus Polyphemus), all of which contain a marginal band (MB) of 

microtubules. For (c), it involved use of sea urchin sperm (Arbacia punctulata) and 

dividing zygotes (Lytechinus pictus) with known microtubule organization, plus spider 

crab hemocytes (Libinia emarginata) not studied previously.

Dogfish erythrocytes were first employed in an experimental survey of variables to 

develop both sequential and simultaneous methods of rapid fixation and permeabilization 

(objective a). Standard aldehyde or methanol fixation had produced cross-linked 

hemoglobin (Hb) that blocked antibody access in earlier studies, and complete detergent 

lysis prior to fixation distorted cell morphology. Current experiments produced a major
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advance: brief formaldehyde prefixation (1%, < 7 min) and detergent extraction (0.4% 

Triton X-100, 10 min) yielded partial Hb retention and superior preservation of 

erythrocyte morphology, yet also allowed RF labeling. Similar results were obtained with 

erythrocytes treated simultaneously with 4% formaldehyde and 0.6% Brij 58 (10 min).

The slow extraction rate observed with Brij (compared with Triton) minimized 

morphological distortion when cells were not pre-fixed.

These methods were then tested on erythrocytes, other blood cells, and additional 

cell types in combination with Zenon ™ labeling (objectives b and c). Thrombocytes 

were pre-fixed in 1% formaldehyde in 3% non-pyrogenic NaCl ("saline", ~7 min), then 

extracted with 0.4% Triton X-100 in PEM (100 mM PIPES, 5 mM EGTA, 1 mM MgCl2 

pH 6.8,10 min). Other cell types were permeabilized and fixed simultaneously in PEM 

containing 4% formaldehyde, 0.6% Brij 58, plus precautionary protease inhibitors (Sigma 

P8340 cocktail +10 mM TAME; amebocytes: TAME only). All preparations were 

washed in phosphate buffered saline, (PBS, pH 7.2), then incubated in PBS containing 

mouse monoclonal anti-a and anti-3 tubulins (Sigma T9026, T-4026,1:1 mass mixture) 

pre-bound with Zenon™ Alexa Fluor 488 Fab (Z-25002,1: 1 by mass; Molecular Probes). 

Representative results using a Zeiss standard epifluorescence microscope and Nikon 950 

digital camera are shown in Figure 6-5.

MBs were readily visible in dogfish erythrocytes (fig. 6-5a, a'), unactivated dogfish 

thrombocytes (Fig. lb, b'; c, c'), unactivated Limulus amebocytes (granulocytes; fig. 6-5d, 

d'), and blood ark erythrocytes (fig. 6-5e, e'); moreover, the preservation of blood cell 

morphology was the best obtained to date. Sea urchin zygote mitotic apparatus was well 

labeled (fig. 6-5f, f), including such details as crossing astral rays in the equatorial
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periphery. Sea urchin sperm flagellar microtubules were brightly labeled (fig. 6-5g, g'), as 

were MBs discovered in unknown types of spider crab hemocytes (fig. 6-5h, h'). In all 

cases, microtubules were observed in only 30 min or less after antibody application. 

Precautionary pre-antibody blocking (PBS-1% bovine serum albumin, 60 min) was 

performed in some cases, but even without it there was little background. No labeling 

was observed when fluorescent Fab, was used without anti-tubulin.

How rapidly were microtubules labeled? Perfusion chambers were made on slides 

scratched so as to enhance flow while retarding cell movement. Fixed dogfish leucocytes 

were loaded into the chamber and individual identified thrombocytes were viewed during 

successive perfusion with 0.4% Triton X-100 in PEM (10 min), and PBS (wash). Upon 

subsequent perfusion with ZenonTmlabeled anti-tubulin, the thrombocyte MB became 

visible almost immediately (< 30 s; fig. 6-5e, c').

The rapidity of the procedure led us to ask whether all steps might be readily performed 

by perfusion, while individual pre-selected cells were being continually observed. This 

possibility was tested with dogfish thrombocytes, which can be activated to initiate 

clotting functions, adhesion, and shape transformation in saline containing 25U/ml 

bovine thrombin and 20 mM CaCh,. Living, unactivated thrombocytes were loaded into 

the chamber and activated. Then all steps of pre-fixation and extraction, postfixation (4% 

formaldehyde in PEM, 10 min), wash (PBS), and immunolabeling were performed by 

perfusion. Microtubule labeling was again rapid and comparable in intensity to that in 

figure 6-5 (c, c'), confirming feasibility.

These new methods constitute a major practical advance. They now enable us to monitor 

morphological preservation and examine the cytoskeleton of pre-selected, activating
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blood cells at specific stages by perfusion. This process is much more rapid and 

convenient than was previously possible working with these cells. In addition, for cell 

populations naturally existing in suspension, all steps can be performed while 

maintaining them in suspension, bypassing glass adhesion (fig. 6-5). Other important 

advantages for non-mammalian blood cells are (a) greatly improved preservation of 

erythrocyte morphology; (b) little non-specific labeling without blocking; (c) sufficient 

signal intensity even against the labeling antibody background; and (d) reduction of 

processing time from ~4 h to ~1 h. The same rapid methods are effective with other cell 

types (Fig. 6-5, f, f ; g, g') and with multiple labeling (e.g., DAPI; fig. 6-5g' inset), 

indicating that they will be useful to other researchers. As a by-product, they may also be

of considerable value in designing time-constrained laboratory exercises for courses.

Figure 6-5. Microtubules in various model cell types visualized by rapid fixation and 
detergent permeabilization followed by Zenon™ immunolabeling. The images are phase 
contrast -  fluorescence pairs, with ' indicating fluorescence. Marginal bands (MBs) are visible 
in dogfish erythrocytes (a, a'); unactivated dogfish thrombocytes (b, b'; c, c'), Limulus 
amebocytes (d, d1), and blood ark erythrocytes (e, e'). Sea urchin zygote mitotic apparatus 
(Lytechinuspictus\ f, f ; fertilization membrane removed by Nitex filtration) and sea urchin 
sperm flagella (Arbaciapunctulata', g, g') are also readily labeled, (g', inset): a DAPI-stained 
sperm nucleus. Also, an unknown type of spider crab hemocyte exhibits distinct MB labeling 
(h, h'). The thrombocyte MB in c, c’ was labeled by on-slide perfusion of the pre-selected 
fixed cell. Bars =10 pm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83

CHAPTER 7: Materials And Methods

A. Erythrocytes

1. Acquisition o f  dogfish blood: Blood was withdrawn from the visible midline of 

smooth dogfish (33-40 inch body length), about one-third of the distance from cloacal 

opening toward the tail using a 10 - 30 ml syringes with 1.5 inch, 22-gauge needles. 

Immediately, the blood was added to an equal volume of heparinized Elasmobranch 

Ringer's solution (50 U/ml, final heparin concentration) in order to prevent clotting and 

activation of thrombocytes (Cohen et al, 1996).

2. Separation o f  dogfish erythrocytes from white cells: The heparinized blood was 

centrifuged at -750 g for 2 minutes to produce an upper layer rich in white cells and a 

lower layer primarily of erythrocytes. A second centrifugation in sucrose gradient was 

performed for erythrocytes to remove residual white cells (-1300 g in 0.5 M sucrose).

3. Preparation o f  Eastern newt erythrocyte cytoskeleton: Blood was obtained by 

amputating N. viridescens tail tip, and either diluted directly into Triton lysis (lOOmM 

PIPES, 5 mM EGTA, ImM MgC12 [ = PEM], containing 10 mM TAME and 0.4% Triton 

X 100, pH 6.8 with NaOH) medium to produce cytoskeletons, or was collected in 

amphibian Ringer’s solution containing 1% BSA for later lysis. Samples (detergent- 

produced cytoskeletons) were spread on polylysine-coated coverslips, incubated -15 min. 

in moist chambers to allow adhesion, washed in PEM, fixed 30 min. in 4% formaldehyde
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in PEM, and washed in PBS. Material was subsequently exposed to probes as described 

in 7.

4. Trapping o f dogfish erythrocyte in fibrin clot: Cells were trapped by mixing the cell 

suspension in Elasmobranch Ringer’s solution with the same medium containing 

fibrinogen (Sigma F8630; final conc. = 8 mg/ml). Thrombin (Sigma T4648) was added to 

1 U/ml (or less in some cases), so that a firm clot formed in ~10 min. Samples were 

delivered to coverslips within this time window, and were kept in moist chambers during 

clot formation. Refer to Lee and Cohen (1998) for details.

5. Standard method o f  lysis andfixation: Fibrin trapped cells were immersed in Triton 

lysis medium to produce cytoskeletons. The cytoskeletons were fixed for 30 min. in 4% 

formaldehyde in PEM, and washed in PBS. Fluorescent labeling of actin and tubulin was 

performed as described in 7.

6. Pre-fixation method: Fibrin trapped cells were exposed to 0.5% formaldehyde in 

Elasmobranch Ringer’s solution for a maximum of 5 minutes (timing is critical since 

excessive exposure hinders lipid extraction). Subsequently pre-fixed cells were 

permeabilized in Triton lysis medium, fixed permanently in 4 % formaldehyde in PEM, 

and fluorescently labeled for actin and tubulin as described in 7.

7. Preparation cytoskeletons in 50% glycerol PEM: Eastern newt (obtained from 5) or 

dogfish blood cells (obtained from 1 and 2) were treated with Brij lysis medium (0.6%
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Brij-58,10 mM TAME, 1:1000 diluted protease inhibitor cocktail [Sigma P-8340] in 

PEM adjusted to pH 6.8 with NaOH) to produce cytoskeletons. 15 volumes of 

cytoskeleton containing lysis medium was then layered onto a triple step glycerol 

gradient consisting of 8 volume of 25% glycerol, 0.6 Brij in PEM, 14 volume of 40% 

glycerol, 0.6 Brij PEM, and 2 volume of 50% glycerol in PEM. The cytoskeletons were 

centrifuged (IEC clinical centrifuge, 5 minutes at speed 7 for small preparation of Eastern 

newt erythrocyte cytoskeletons or Beckman Accuspin, 10 minutes at 750g for larger 

preparation of dogfish erythrocyte cytoskeletons) into the 50% layer and stored at 4 °C 

(Cohen etal., 1998).

8. Isolation o f dogfish marginal band: MBs were isolated by exposing cytoskeletons 

prepared in 8 to 0.05% SDS, 0.2% TritonX-100,12.5% glycerol in PEM. The isolation 

reaction was stopped by adding an excess volume of Triton-X while the bands were 

elliptical in shape (10 pi of 10% Triton-X 100 to 200 pi reaction mixture). The speed of 

isolation was dependent on the age of stored glycerol cytoskeleton and could be 

controlled by changing the concentration of SDS and Triton X-100, while maintaining 

their concentration ratio constant (Sanchez et al., 1990)

9. HMM and SI labeling: Isolated MBs from 9 were allowed to adhere on polylysine 

coated coverslips, exposed to 0.5 mg/ml of HMM (Cytoskeleton) or 0.5 mg/ml SI 

(Sigma) in PEM, and fixed in 1% glutaraldehyde in PEM. The preparation was mounted 

on antifade mounting medium (Molecular Probes, Eugene) and examined by 

epifluorescence microscopy.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

10. Actin perturbing agent treatment. Eastern newt erythrocyte cytoskeletons from 8 (in 

50% glycerol) were pre-labeled with Texas-Red phalloidin in suspension. Bands were 

isolated as described in 9 and exposed in separate batches to 0.35 pg/ml latrunculin-B, 5 

pg/ml cytochalasin-D, 50 pg/ml gelsolin, and 10 pM mycalolide-B in suspension, or by 

perfusion through a coverslip during microscopic examination.

11. Elastase treatment. Eastern newt erythrocyte cytoskeletons were pre-labeled and 

isolated as in 11. The isolated/actin-labeled MBs (elliptical stage) were exposed to 0.5 

U/ml elastase (Sigma Chemical Co., St. Louis, MO; Cohen et al., 1998) both in 

suspension, or by perfusion through a coverslip during microscopic examination.

12. Temperature cycling experiments on dogfish red cells with japlakinolide: The pellet 

obtained from A2 was resuspended in Elasmobranch Ringer’s solution, double the 

original blood volume for fibrin clots, or ten times the original volume for pointed 

erythrocyte studies. Cells were trapped by mixing the cell suspension in Elasmobranch 

Ringer’s solution with the same medium containing fibrinogen (Sigma F8630; final conc. 

= 8 mg/ml). Thrombin (Sigma T4648) was added to 1 U/ml (or less in some cases), so 

that a firm clot formed in ~10 min. Samples were delivered to coverslips within this time 

window, and were kept in moist chambers during clot formation (Lee et. al, 1998).

Coverslips prepared as above were immersed clot side down in 35X10 mm Petri 

dishes (Falcon 1008) containing different concentrations of Jasplakinolide or Methanol 

(0.3%) in Elasmobranch Ringer’s solution. Samples were treated at least for 4 hours in
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these solutions at 22 °C and subjected to different temperatures. A brief wash in 

Elasmobranch Ringer’s solution was performed to remove excess jasplakinolide or 

methanol prior to lysis.

13. Lysis andfixation: Fibrin trapped cells from 12 were immersed in Brij or Triton lysis 

medium (lOOmM PEM containing 10 mM TAME and 0.6% Brij-58 or 0.4% Triton X 

100, pH 6.8 with NaOH) to produce cytoskeletons. The cytoskeletons were fixed for 30 

min. in 4% formaldehyde in PEM, and washed in PBS. To probe for tubulin, material 

was exposed to monoclonal anti-a- and anti-b-tubulin (Sigma T9026, T 4046) as a 

primary mixture and FITC-goat anti-mouse IgG (Fab; F-8521) secondary. For actin, 

Texas Red-X phalloidin was applied. After several PBS washes and mounting in 

Fluoromount, microscopy was performed using a Zeiss epi-fluorescence/phase-contrast 

microscope equipped with Nikon 950 digital camera.

14. Studies o f  pointed erythrocytes: Erythrocytes obtained as described above were 

suspended in Elasmobranch Ringer’s solution to -10% (v/v) working concentration. 

Following various experimental treatments, samples were fixed in 1% formaldehyde- 

Ringer’s, and results were quantitated by determining the percentage of pointed cells in 

each sample, counting more than 1000 cells per data point. Counts were repeatable to 

-1%. F-actin and tubulin were localized as described above.
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B. Thrombocytes

1. Preparation o f leucocytes enriched in thrombocytes: One volume (usually 5 ml) of 

dogfish blood was withdrawn into a syringe containing an equal volume of non- 

pyrogenic 3% saline as described in A1. 5 ml aliquots of this mixture were centrifuged 

using an IEC clinical centrifuge at 70 g for 2 minutes. Most erythrocytes sedimented into 

a pellet, while white cells remained suspended in the supemate. The upper half of the 

supemate, rich in thrombocytes, was collected. For experiments requiring higher cell 

density, the supemate was centrifuged at 70 g for 4 minutes in several smaller aliquots (1 

-  2 ml), and the pellets were pooled in non-pyrogenic 3% saline to half the original blood 

volume.

2. Activation by thrombin perfusion'. A perfusion chamber slide was devised to observe 

and capture shape changes of individual selected cell upon exposure to various solutions. 

It consisted of a detergent-washed 22 X 22 mm coverslip mounted on a 75 x 25 mm glass 

slide (Fisherbrand Superffost Plus for improved sample adherence) with a known volume 

of liquid in between to ensure uniform chamber height. Two edges of the coverslip 

parallel to slide length were sealed with nail polish, leaving the other edges open. Prior to 

mounting the coverslip, scratches were made on the slide where the open edges would be 

placed to facilitate liquid flow. To improve cell adherence, 0.01% poly-lysine was 

perfused for a minimum of 5 minutes, followed by several washes with non-pyrogenic 

3% saline.

A sample of white cell suspension (~15 ml), prepared as described above, or pre­

treated with various inhibitors (see below), was loaded into one of the open edges of the
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perfusion slide, and allowed ~3 minutes for adherence. While under observation, 

activation was triggered by perfusing 10 pi of 25 U/ml thrombin solution (Sigma T-4648 

bovine thrombin, in 10 mM CaCE and 0.5 M NaCl) to an open edge of the coverslip 

using a narrow micropipette tip and drawing the solution off at the other edge. Usually, 2 

- 3 perfusions were required to activate most thrombocytes under the coverslip. Cell 

activation was recorded using a Zeiss standard 14 phase-contrast microscope equipped 

with a Cohu CCD video camera (model no. 4915-2110/000).

In some experiments, white cell suspensions were incubated with cytoskeletal 

inhibitors prior to thrombin exposure. Inhibitors, made up in non-pyrogenic 3% saline, 

included the following; cytochalasin D (5 pg/ml, 2 hours), latrunculin B (1 mM, 1 hour), 

1 mM jasplakinolide for 2 hours, 10 mM phalloidin oleate for 3hours, and 10 mM Taxol 

for 2 hours. Solvent controls of these were 0.5 % DMSO for cytochalasin D, 0.2%

DMSO for latrunculin B and taxol, 0.4% methanol for jasplakinolide, and 2.6% DMSO 

for phalloidin oleate. At the completion of incubation, samples were loaded in perfusion 

slides and exposed to thrombin as described above.

At selected time points or morphological stages, perfusion samples were simultaneously 

fixed and extracted with 2% formaldehyde, 0.6% Brij-58, and 10 mM TAME in PEM for 

a minimum of 10 minutes.

3. Activation on glass surfaces4. Samples activated spontaneously on coverslips were 

prepared by spreading 100 pi of dogfish whole blood on several detergent-cleaned 

coverslips. At different time points (6, 12, 20 , and 30 minutes), the coverslips were

immersed in 1% formaldehyde in Elasmobranch Ringer’s solution (Cavanaugh, 1975;
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Babkin et al., 1933) for 10 minutes. Unattached red and white cells other than activated 

thrombocytes and granulocytes were washed away during fixation. Fixation was followed 

by several washes in PEM, permeabilization in 0.4 % Triton lysis medium (0.4% Triton 

X-100,10 mM TAME, protease inhibitor cocktail [Sigma P-8340] in PEM) for 10 

minutes, a wash in PEM, and post-fixation in 4% formaldehyde in PEM for 30 minutes.

4. Fluorescence labeling: After a wash in PBS (phosphate buffered saline, pH 7.2), fixed 

and samples from above were sequentially labeled for F-actin with 260 nM Texas-Red 

phalloidin (Molecular Probes, T-7471,); for tubulin with a 50:50 mix of mouse 

monoclonal anti a- and P-tubulin antibody (Sigma T-9026 and T-4046) as the primary 

and FITC-goat anti-mouse IgG (Fab; F-8521) as the secondary; and for DNA with 3 pM 

DAPI (Sigma D-9542). PBS was used as the wash medium for all treatments. 

Alternatively, samples were triple-labeled in PBS containing mouse monoclonal anti-a 

and anti-P tubulins pre-bound with Zenon™ Alexa Fluor 488 Fab (Z-25002,1:1 by mass; 

Molecular Probes), 260 nM Texas-Red phalloidin, and 3 pM DAPI for a minimum of 10 

minutes, followed by a wash in PBS. Labeled samples were examined using either a 

Zeiss epi-fluorescence microscope equipped with a Nikon 950 digital camera, or a Zeiss 

LSM 510 confocal microscope.

5. Sample preparation for electron microscopy: For unactivated thrombocytes, the white 

cell suspension was prepared as described, except that blood was withdrawn into 3%

NaCl containing 50 U/ml (final) heparin. The cell suspension, containing mostly 

unactivated thrombocytes, was fixed in 1% glutaraldehyde in 3% NaCl at 22 °C for 1
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hour, followed by two washes (IEC, 1120 g for 2 minutes) in Sorensen’s phosphate 

buffer (0.067 M phosphate at pH 7.4). The suspension was subsequently concentrated in 

1/25 of the original volume (i.e., 0.2 ml of Sorensen’s phosphate buffer, if the original 

volume of fixed WBC suspension was 5 ml), trapped in 1% low-melt agarose (solidifying 

T = 40 °C), and fixed in 1% OsC>4 in the same buffer for 1 hour. This was followed by 

washes in phosphate buffer, dehydration in an ethanol series, infiltration with Epon- 

propylene oxide, and embedding in Epon.

For activated thrombocytes, the white cell suspension was prepared directly from 

whole blood. 1 ml of this suspension was applied to a single welled Permanox chamber 

slide (Lab-Tek, Cat # 177410) and cells were allowed to settle for 30 minutes. The excess 

cell suspension was removed and activation was induced by exposing cells to 1 ml of 25 

u/ml thrombin in 0.5 M NaCl and 20 mM CaCh for 30 minutes. The sample was then 

fixed in 1% glutaraldehyde in 3% NaCl for 60 minutes, washed several times in 

Sorensen’s phosphate buffer, and post-fixed in 1% OSO4 in the same buffer for 1 hour. 

The fixed sample was dehydrated in an ethanol series, infiltrated with Epon-ethanol, and 

flat-embedded in epon. Pieces of flat embedments were glued onto the tip of Epon 

capsule blanks to obtain face-view sections.

Thin sections of both unactivated and activated samples were obtained using an MT- 

2 ultramicrotome (DuPont-Sorvall Instruments) with diamond knife, stained with 

saturated uranyl acetate in 50% ethanol followed by Reynold lead citrate, and examined 

in the Hitachi H600 TEM at 75 kV.
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6. Temperature cycling'. White cell suspension obtained as above was dispensed into 

sterile siliconized 2 ml microfuge tubes in aliquots of 1 ml, and these tubes were 

incubated in respective temperatures. Incubation samples include initial control at 22 °C,

2 hours at 0 °C, 2 hours at 0 °C and rewarmed for 2,4, and 6 hours. All temperature 

variations were accompanied by 22 °C control. To minimize possibility of clotting, 

samples at 22 °C were incubated with slow rotation (which also prevents sedimentation), 

while samples at 0 °C were incubated in ice slurry with occasional (every ~ 20 minutes) 

turning to keep cells suspended. At the completion of incubation, samples were fixed in 

2% paraformaldehyde in 3% saline. 10 pg/ml nocodazole (0.5% DMSO) in 3% NaCl was 

used for some cooling experiments.
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