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ABSTRACT 

Epithelial cells cultured from the lung of the Northwest rough-skinned newt 
(Taricha granulosa granulosa) were subjected to brief (10-15 min) elevated 
temperature shocks of 33~176 during metaphase.  Electron microscope studies 
on these cells reveal that the spindle microtubules (Mts) are differentially stable to 
heat treatment.  The great majority of nonkinetochore Mts are destroyed within 
the first few minutes of the shock while kinetochore and adjacent Mts rearrange to 
form hexagonal closely packed structures before disassembling, the latter occur- 
ring only after prolonged heat treatment.  

The significance and theoretical implications of the formation of hexagonal 
closely packed Mt structures and of the differential stability of spindle Mts to 
heating are discussed. The data suggest the existence of one or more heat-sensitive 
structural component(s)  which maintain the individual minimum spacing seen 
between spindle Mts. To our knowledge, this is the first reported instance of the 
experimental rearrangement  of kinetochore Mts into reversible, hexagonal closely 
packed bundles. 

KEY WORDS hexagonal packed microtubules �9 
heat mitosis 

The controlled assembly-disassembly and spatial 
rearrangement of spindle microtubules (Mts) are 
basic features of every mitotic process. However, 
there is little information regarding the mecha- 
nism(s) regulating the rearrangement of spindle 
Mrs. 

A substantial amount of evidence shows that 
the polymerization of tubulin into Mts is a ther- 
mal-sensitive reaction and occurs at least partially 
through the hydrophobic bonding of dimer tubulin 
units with a concomitant release of bound water 
(5, 13, 28). The sensitivity of Mts to cold tempera- 
tures has been documented for Mts within the 
spindle (6, 11, 12, 15), cytoplasm (3), helizoa 
axopodium (44, 46), and nerve axons (24). Fur- 
thermore, the instability of the polymer at cold 

temperatures is being currently used in vitro to 
study the mechanics of Mt assembly-disassembly 
(5, 51). 

Elevated temperatures have been used to study 
the stability of flagellar (19, 41), cytoplasmic (3), 
and axonal (10) Mrs and the initiation and devel- 
opment of Mt patterns in the cytopharyngeal bas- 
ket of the ciliate Nassula (48). Furthermore, po- 
larized light studies (11, 12) show that elevated 
temperatures can also be used to reversibly abol- 
ish the birefringent component, i.e. Mts, of the 
spindle. We report here the fine structural effects 
of elevated temperatures on the rearrangement of 
spindle Mts in epithelial cells cultured from the 
lung of the newt, Taricha granulosa granulosa. We 
were primarily interested in determining how 
closely individual spindle Mts normally approach 
each other and whether this distance can be modi- 
fied experimentally. The answers to these ques- 
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tions should provide information concerning the 
lateral spacing between individual Mts within the 
spindle. 

M A T E R I A L S  A N D  M E T H O D S  

The method used to culture Taricha granulosa granulosa 
(Skilton) lung cells was essentially that of Seto and 
Rounds (32) modified by using 0.6 • Leibovitz medium 
(16) supplemented with 10% fetal calf serum, 5% whole 
egg ultrafiltrate, and antibiotics. Minced lung fragments 
(2 mm 2) were rinsed several times in 0.6 • Tyrode's salt 
solution and then transferred for 1 h to 5 ml of medium 
in a sterile petri dish. Fragments were then cultured in 
Rose chambers (25, 26) with cellophane strips and fed at 
weekly intervals. By the 8-10th day, divisions could be 
found in the epithelial monolayer. The initial mitotic 
index is about 2-3%, decreasing to less than 1% in 
cultures older than 2 wk. 

A temperature control slide (TCS), described else- 
where (15, 23), was used for experimental temperature 
shocks. The slide permits continuous light microscope 
observations during experiments and fixation, thus al- 
lowing precise correlation between light and electron 
microscope data. 

The temperature shifts were monitored by two therm- 
istors (Yellow Springs Instrument Co., Yellow Springs, 
Ohio): one (YSI 423) was mounted directly in the inflow 
of the perfusing water-ethanol (1:1) mixture, the other 
(YSI 421) was in direct contact with the top of the 
fixation chamber. Readings from the two thermistors 
were either visually monitored on a calibrated galvanom- 
eter, or printed out on a calibrated Heath chart recorder. 
The detailed methodology for delivering temperature 
shocks and calibrating the TCS is described elsewhere 
(15, 23). 

Unless otherwise stated, all cells were fixed during 
heat shock with 3.1% glutaraldehyde (pH 6.9, in 0.05 M 
Millonig's phosphate buffer) prewarmed to the same 
temperature as the cell. They were then postfixed in 1% 
OsO4 at room temperature and embedded in Epon. 
Sections were cut on an LKB microtome (LKB Instru- 
ments, Inc., Rockville, Md.), placed on Formvar-coated 
75-mesh grids, stained for 5 min in uranyl acetate fol- 

lowed by 5 min in lead citrate (22), and stabilized with 
evaporated carbon. Sections were then examined with a 
Philips 300 electron microscope operated at 60-80 kV. 

R E S U L T S  

Anaphase  ch romosome movements  in Taricha 
lung cells occur within a t empera tu re  range of 6 ~ 
32~ The  separat ion of cen t rosomes  is dis turbed 
and normal  p rometaphase  ch romosome  move- 
ments  are inhibi ted in prophase  cells elevated to 
tempera tures  above 32~ The  resul tant  configu- 
rat ion,  which resembles  a C-metaphase ,  is only 
stable for 1-2 h, after  which the chromosomes  
swell and form a resti tution nucleus. A detailed 
cin6 and electron microscope analysis of the ef- 
fects of elevated tempera tures  on spindle Mrs and 
the subsequent  desynchronizat ion of anaphase  
chromosome movements  is presented elsewhere 
(23). 

Metaphase  cells shocked from room tempera-  
ture (23~ to 33~ for 10-15 min and then fixed 
before chromat id  separat ion reveal k inetochore  
fibers under  phase  microscopy (cf. Fig. 1 to Figs. 
5 and 6). Such fibers are not  seen in room tem- 
pera ture  controls  fixed in room tempera tu re  
glutaraldehyde or in room tempera tu re  cells fixed 
with 33~ glutaraldehyde.  

Longitudinal  sections through ceils fixed after 
10 min at 33~ show that  the Mts of each kineto- 
chore fiber are closely associated with one ano the r  
for long distances (cf. Fig. 2 to Figs. 7 and 8). 
Individual Mts within these bundles  can be fol- 
lowed for up to 1 0 / z m .  In cross sections of these 
cells, three features are immediately apparent :  (a) 
there  are very few nonkine tochore  Mts in the 
heat - t rea ted spindle; (b) the k inetochore  fibers are 
no longer ar ranged around the per iphery of the 
hollow spindle (see reference 52) as in controls,  
but are scat tered at r andom th roughout  the spin- 
dle; and (c) the Mts of each kinetochore  fiber are 

FIGURES 1-4 Figs. 1-4 are from room temperature cells. 

FIGURE 1 Phase-contrast photomicrograph of a metaphase newt lung cell. Bar, 10/zm. • 1,350. 

FICURE 2 Longitudinal section through two kinetochore fibers showing the organization of kinetochore 
Mrs. Bar, 0.3 /zm. x 3,000. 

FmURE 3 Cross section through a kinetochore fiber close to the metaphase plate. Notice the spacing 
between neighboring Mts (cf. Figs. 9-11). Bar, 0.2 izm. • 52,000. 

FIGURE 4 Cross section through a half-spindle showing the distribution of spindle Mts. Kinetochore and 
nonkinetochore Mts intermingle and are indistinguishable from one another. Bar, 20 /zm. • 50,000. 
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arranged parallel to one another and are closely 
packed in a hexagonal array (cf. Figs. 2-4  with 
Figs. 7 and 9-11).  When compared to controls, 
the overall number of nonkinetochore Mts on a 
cross section is reduced. The number  of Mrs pres- 
ent depends on the duration and temperature of 
the shock and on the location of the section within 
the spindle, e.g.,  a section cut near the kineto- 
chores in one of the cells studied after 10 min at 
33~ revealed that 80% or more of the remaining 
Mts were hexagonally packed and could be identi- 
fied as kinetochore fiber Mts while 20% were in 
the process of packing or remained individual (see 
Fig, 11). 

Nonkinetochore Mts which run parallel to and 
are closely associated with the Mts of the kineto- 
chore fiber are occasionally incorporated into 
these closely packed structures (Figs. 7 and 8). 
Hexagonally packed kinetochore and associated 
Mts are of the same diameter  as Mts in control 
cells, i.e., 24 nm, with a wall-to-wall separation 
distance of 4 .5-5.5 nm, a center-to-center spacing 
of 28.5-29.5 nm (see Fig. 9), and are connected 
by occasional weakly staining cross bridges. Fur- 
thermore,  when only 5 Mts are present, they still 
assume a hexagonal close-packing symmetry and 
leave one space open (see Fig. 10). Although the 
heat-treated Mts seem to absorb more stain than 
Mts fixed at room temperature,  there is no reason 

to believe that they represent the transformed 
tubulin structures discussed extensively by Tilney 
(43). Sections of kinetochore fibers close to the 
metaphase plate show bundles containing up to 
25-30 Mts per fiber while those closer to the poles 
show fewer Mts per bundle. However ,  the number 
varies from cell to cell. As a result, it is not clear 
whether there is in fact a reduction of kinetochore 
fiber Mts, or, if there is such a reduction, how and 
where along the fiber it takes place. 

Only occasional single Mts can be detected in 
the spindle of cells shocked to 35~176 for 15-20 
min. The closely packed kinetochore fiber Mrs, 
which are seen in phase-contrast microscopy in 
cells fixed during the first few minutes of a 35 ~ 
36~ shock, are missing entirely after 15-20 min. 
The centrosomal area appears heavily vacuolated, 
and most of the astral Mts are also missing. 

Metaphase cells, elevated to temperatures be- 
tween 33~176 for 10 min and then allowed to 
cool slowly to room temperature over a 10-min 
interval, subsequently start and complete ana- 
phase. These cells may show heat-induced chro- 
mosome damage,  i.e., sticky chromosomes,  
bridges, and/or akinetic fragments,  but the move- 
ment of the chromosomes to the poles and the 
elongation of the spindle are similar in all respects 
to those of room temperature controls. The char- 
acteristic fine structural features of such meta- 

FIGURE 5 A metaphase spindle before the initiation of a 33~ heat shock. Bar, 10 p.m. x 1,200. 

FIGURE 6 Same cell as in Fig. 5, 10 rain after the initiation of a 33~ heat shock. The cell is fixed in 
glutaraldehyde. Notice the thin fibers (open arrows) and centrosomes within the spindle (cf. Figs. 1 and 5). 
Bar, 10/~m. • 1,200. 

FIGURE 7 Longitudinal section through a kinetochore fiber treated as in Figs. 5 and 6. Notice the close 
association of kinetochore Mts and the incorporation of some nonkinetochore Mts within the closely 
packed structure (arrow). Note the slight counter-clockwise twist of the kinetochore fiber. Bar, 0.3/~m. x 
35,000. 

FIGURE 8 Similar to Fig. 7. Notice the bending of some Mts incorporated into the bundle. Bar, 0.4/.tin. 
x 27,000. 

FIGURES 9-11 Figs. 9-11 are cross sections through the spindle pictured in Fig. 6. 

FIGURE 9 Section through a kinetochore fiber illustrating the hexagonal packing arrangement of Mts. 
Notice the close wall-to-wall spacing, and note that some Mts seem to be connected by indistinct bridges. 
Bar, 0.05 ~m. x 200,000. 

FIGURE 10 Notice the maintenance of hexagonal symmetry when only 5 Mts are present. Bar, 0.1 p.m. 
x 105,000. 

FIGURE 11 Typical morphology of kinetochore fiber Mts in the polar area after heat shock (cf. Fig. 4). 
Bar, 0.2 /~m. x 82,000. 
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phase and anaphase spindles are: (a) the kineto- 
chore fiber Mts are no longer hexagonally packed, 
and their morphology closely resembles that of 
room temperature and 32~ control cells; (b) 
nonkinetochore Mts can be detected between sep- 
arating anaphase chromosome groups; and (c) 
occasional short regions of hexagonally packed 
Mts may still be present close to the polar areas. 

A control experiment was performed to deter- 
mine whether the close packing of kinetochore 
Mts might be induced by fixing the experimental 
cells with heated fixative. Normal room tempera- 
ture metaphase ceils were fixed with 34~ glutar- 
aldehyde. The fine structure of these cells resem- 
bles that of the room temperature and 32~ con- 
trois. Kinetochore fibers were normally arranged, 
contained 25-30 Mts per fiber, and nonkineto- 
chore Mts could be easily detected. All three types 
of metaphase controls (room temperature, 32~ 
and room temperature fixed in 34~ glutaralde- 
hyde) contain kinetochore Mts which show a mini- 
mum center-to-center separation distance of 40- 
50 nm (see Fig. 3). Hexagonal closely packed Mt 
structures were never encountered in these cells. 

DISCUSSION 
Heat shocks have been previously used to study 
the structural stability and polymerization of flag- 
ellar Mts (3, 19, 41), the regrowth of axonal Mts 
(10), and the development of the Mt arrangement 
in the cytopharyngeal basket of the ciliate Nassula 
(48). Very little is known, however, about the in 
vivo thermal sensitivity of spindle Mts to elevated 
temperatures. Behnke and Forer (3) studied the 
effects of a 15-min 50~ heat shock in the crane fly 
and found that spindle Mts were destroyed while 
flagellar Mts were differentially stable. 

The data presented here are the first to indicate 
that spindle Mts are differentially stable to ele- 
vated temperatures. The great majority of nonki- 
netochore Mts are destroyed within the first few 
minutes of the shock while kinetochore and adja- 
cent Mts form hexagonal closely packed structures 
before depolymerizing. The data also confirm the 
finding of Inou6 (11, 12) which indicates that the 
effects of short duration heat shocks on the spindle 
are reversible. 

The differential stability of Mts to various physi- 
cal (cold, heat, and pressure) and chemical agents 
is well documented. One or several interrelated 
factors may be involved in confirming a greater 
stability to heat-induced hexagonally packed Mts. 
This differential stability has been hypothesized to 

be the result of such factors as: (a) the number of 
free ends and/or the presence or absence of ten- 
sion (28-30); (b) linkage formation and/or the 
interaction between Mts (1, 3, 15, 27, 44, 45, 48); 
(c) physical-chemical differences in tubulin sub- 
units (6, 41, 42) which may result in differing 
equilibrium constants between different Mts (6, 
28, 29); (d) the presence or absence of a dynamic 
equilibrium between different Mts of the same cell 
(31); or (e) differing cellular responses to the ex- 
perimental treatment (2, 3). The presence or ab- 
sence of an outer component (2, 40, 45) and/or a 
Mt-associated protein (MAPS, 33, 34), or a com- 
bination of these factor(s), may be responsible for 
the observed differential stability between kineto- 
chore and nonkinetochore Mrs reported in this 
study. 

The rearrangement and subsequent hexagonal 
close-packing of kinetochore Mts may confer a 
greater stability to those Mts and possibly repre- 
sents their lowest possible energy state under the 
experimental conditions. Further heating of these 
structures results in energy levels which are too 
high to maintain the polymer, and the structures 
disassemble. That the regular parallel arrange- 
ment of Mts may confer a greater stability to 
spindle Mts is also suggested by experiments with 
pressure (30) and cold (6, 15). Under these condi- 
tions, the most persistent Mts are those of the 
kinetochore fiber which undergo spatial rear- 
rangement and form bundles of associated Mts. It 
may be, however, that these Mrs are differentially 
stable to the experimental treatment before their 
rearrangement and consequent packing. 

At present, this study does not allow us to single 
out any of the above reason(s) why kinetochore 
Mts show a greater stability than nonkinetochore 
Mts to heat shock. The results do indicate, how- 
ever, that the differential stability of the kineto- 
chore Mts can be correlated with a change of 
kinetochore Mt arrangement from one of diver- 
gence to one of hexagonal close-packing. 

Apart from the hexagonal packing of Mt para- 
crystals induced by various drugs (37-39) and 
those Mt-like structures reported in insect nuclei 
(36) and prokaryotes (4, 14), reports of Mt hex- 
agonal packing are generally confined to systems 
which show a high degree of inherent Mt ordering. 
Some of these systems are stabilized by cross 
bridges (18, 35, 46) while others seem to be 
formed and maintained by space limitations (21; 
see references 43 and 44). 

Reports concerning the close packing of spindle 
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Mts are scarce. Lambert and Bajer (15) report a 
55-65 nm center-to-center spacing of closely 
packed Mrs in Haemanthus endosperm shocked to 
4~ or below. Tippit et al. (47) report the close 
rectangular packing of central spindle Mts in Me- 
losira which is also a characteristic feature of many 
other diatoms (17). In this case, each Mt is sur- 
rounded by four neighbors which maintain a sepa- 
ration distance of at least 1 Mt diameter, i.e., 20- 
25 nm. 

The data presented here represent the closest 
(4.5 nm wall to wall) individual hexagonal packing 
yet induced from Mts of the spindle. Some possi- 
ble implications of such an arrangement are dis- 
cussed below. 

A substantial body of evidence suggests that the 
clear zone, found around some Mts (2, 40), may 
contain MAPS. Weingarten et al. (50) and others 
(5, 7, 9) have shown that accessory proteins are 
needed for Mt initiation and elongation in vitro. It 
is unknown whether these proteins constitute clear 
zone components. However, Mts assembled in the 
presence of some of these proteins can be deco- 
rated with other protein(s) which co-purify with 
Mts isolated and purified by in vitro assembly- 
disassembly. These proteins (MAPS) are distinct 
from the initiation proteins, have a high molecular 
weight and are not needed for the in vitro assem- 
bly of Mts. Mts assembled in the presence of 
MAPS show trypsin-sensitive (49) filamentous 
decorations and do not pack so tightly during 
centrifugation as do those assembled in the ab- 
sence of MAPS (8). 

Mts can also be decorated with a variety of 
cationic substances (2, 40). The electron-transpar- 
ent halo seen in thin sections contains structural 
elements which can be visualized by histochemical 
means. The composition of these element(s) is not 
known with certainty, but glycoproteins are 
thought to be at least partly involved (2, 31, 40). 
Furthermore, such structural components may be 
found only on some, or some parts of, Mts com- 
posing a particular Mt system. 

The hexagonally packed Mts induced by heat in 
our experiments show an approximate 10-fold de- 
crease in their wall-to-wall packing distance when 
compared with the minimum separation distance 
in controls. This suggests that there may be an 
associated heat-labile structural element(s) on 
these spindle Mts. It is irrelevant in this connec- 
tion how these structural element(s) are distrib- 
uted along the Mt. It is clear, however, that they 
keep Mts a certain minimum distance apart. Our 

data do not allow us to distinguish whether this 
structural element(s) is reversibly inactivated, 
disassembled, or undergoes a conformational 
change producing a contractive force (20). Tilney 
(44) suggests that Mts are brought together either 
by physical and/or mechanical forces, or by exter- 
nal compression applied to the system (as in the 
tip of the frog cilia [21]). The shape of the bundles 
in the present experiments (see also reference 15) 
is consistent with the former but not the latter 
explanation. The ordering of Mts around a sixfold 
axis of symmetry, even when only 5 Mts are pres- 
ent, suggests that attractive forces between Mrs 
play a role in forming and maintaining the closely 
packed structure. Regardless of their nature, the 
forces causing this heat-induced hexagonal pack- 
ing are strong enough to bend Mts. 

The structural factor(s) under consideration 
here are reversibly affected by heating the cell. 
During the recovery from the shock, existing 
closely packed Mts must either: (a) separate and 
splay out into a kinetochore fiber of normal mor- 
phology; (b) depolymerize and regrow from the 
kinetochore; or (c) move poleward and be re- 
placed by Mts of normal divergence growing from 
the kinetochore. Since our electron microscope 
observations are consistent with all of these inter- 
pretations, none can be ruled out, and all are 
possible courses of kinetochore fiber recovery. 
However, the presence of hexagonally packed Mt 
bundles in the polar area of recovering cells sug- 
gests that recovery proceeds from the kinetochore 
towards the pole. 

Lambert and Bajer (15) have shown that spin- 
dle Mts in normal and cold-shocked Haemanthus 
endosperm maintain an individual Mt spacing of 
55-65 nm. In cells which have been exposed to 
sub 4~ temperatures, some nonkinetochore Mts, 
especially those which pass through the chroma- 
tin, may bend sharply and cluster together with 
the packed kinetochore Mts. This "bending" of 
Mts can also be seen in room temperature control 
cells. The same phenomenon was observed in this 
study (Fig. 8), suggesting that the force(s) which 
bring Mts together in heat-shocked cells are quan- 
titatively similar to those at work in normal and 
cold-shocked cells. However, the possibility exists 
that elevated temperatures induce or release a 
new force within the spindle. 

The authors would like to thank the following people for 
their constructive criticism and comments: Dr. R. Hard, 
Dr. J. Mol6-Bajer, and C. Cypher. One of us (C. 

RI~I~E~ Asr~ BMER Reversible Hexagonal Packing of Spindle Microtubules 723  



Rieder) would like to especially thank Susan Nowo- 
grodzki for her patience and understanding throughout 
the duration of this work. 

This work was carried out under grant support from 
the National Institutes of Health, GM 21741 to A. 
Bajer. 

Portions of this work were submitted by Mr. Rieder in 
partial fulfillment of the requirements for the Doctor of 
Philosophy degree at the University of Oregon. 

Received for publication 9 February 1977, and in revised 
form 23 May 1977. 

R E F E R E N C E S  

1. BA~ER, A. S., J. MOLi~-BAJER, and A. M. LAMBERT. 
1975. Lateral interaction of microtubules and chro- 
mosome movements. In Microtubules and Microtu- 
bule Inhibitors. M. Borgers and M. de Brabander, 
editors. Noord-Hollandsche Uitj. Mij., Amster- 
dam. 393-423. 

2. BEHNKE, O. 1975. Studies on isolated microtu- 
bules. Evidence for a clear space component. Cyto- 
biologie. 11:366-381. 

3. BEHNKE, O., and A. FORER. 1967. Evidence for 
four classes of microtubules in individual cells. J. 
Cell Sci. 2:169-192. 

4. BISALPUTRA, T., B. R. OAKLEY, D. C. WALKER, 
and C. M. SHIELDS. 1975. Microtubular complexes 
in blue-green algae. Protoplasma. 86:19-28. 

5. BORISY, G. G., K. A. JOHNSON, and J. M. MAR- 
CUM. 1976. Self-assembly and site-initiated assem- 
bly of microtubules. In Cell Motility. R. Goldman, 
T. Pollard, and J. Rosenbaum, editors. Cold Spring 
Harbor Conf. Cell Proliferation. 3:1093-1108. 

6. BRINKLEY, B. R., and J. CARTWRIGHT. 1975. Cold 
labile and cold stable microtubules in the mitotic 
spindle of mammalian cells. Ann. N. Y. Acad. Sei. 
253:428-439. 

7. BRYAN, J., B. W. NAGLE, and K. H. DOENGES. 
1975. Inhibition of tubulin assembly by RNA and 
other polyanions: evidence for a required protein. 
Proc. Natl. Acad. Sci. U. S. A. 72:3570-3574. 

8. DENTLER, W. L., S. GRANE~r, and J. L. ROSEN- 
BAUM. 1975. Ultrastructural localization of the high 
molecular weight proteins associated with in vitro 
assembled brain microtubules. J. Cell Biol. 65:237- 
241. 

9. GP, AtqETT, S. E., R. D. SLOaODA, and J. L. ROSEN- 
aAUra. 1975. Requirement for non-tubulin proteins 
for initiation of in vitro brain microtubule assembly. 
Neurosci. Abstr. 1:338. 

10. HINKLEY, R. E. 1974. The effects of an elevated 
temperature, colchicine, and vinblastine on axonal 
microtubules of the crayfish (Procambarus clarkii ). 
J. Exp. Zool. 188:324-336. 

11. INouf~, S. 1952. Effect of temperature on the bire- 
fringence of the mitotic spindle. Biol. Bull. (Woods 
Hole). 103:316. 

12. INouL S. 1964. Organization and function of the 
mitotic spindle. In Primitive motile systems in cell 
biology. R. D. Allen and N. Kamiya, editor. Aca- 
demic Press, Inc., New York. 549-498 pp. 

13. INOU~, S., J. FUSELER, E. SALMON, and G. ELLIS. 
1975, Functional organization of mitotic microtu- 
bules. Biophys. J. 15:725-744. 

14. JENSEN, T., and R. P. AYALA. 1976. The fine 
structure of striated microtubules and sleeve bodies 
in several species of Anabaena. J. Ultrastruct. Res. 
57:185-193. 

15. LAMBERT, A. M., and A. S. BAJER. 1977. Microtu- 
bule distribution and reversible arrest of chromo- 
some movements induced by low temperature. Cy- 
tobiologie. In press. 

16. LEiaovrrz, A. 1963. The growth and maintenance 
of tissue-cell cultures in free gas exchange with the 
atmosphere. Am. J. Hyg. 78:173-180. 

17. MANTON, I., K. KOWALLIK, and H. A. VON STOCH. 
1970. Observations on the fine structure and devel- 
opment of the spindle at mitosis and meiosis in a 
marine centric diatom ( Lithodesmium undulatum ). 
III. The later stages of meiosis 1 in male gameotoge- 
nesis. J. Cell Sci. 6:131-157. 

18. MCINToSH, J. R. 1974. Bridges between microtu- 
bules. J. Cell Biol. 61:166-187. 

19. NAGANO, T. 1963. Fine structural changes in the 
flagellum of the spermatid in experimental cryptor- 
chidism of the rat. J. Cell Biol. 18:337-344. 

20. OOSAWA, F. 1971. Polyelectrolytes. Marcel Dek- 
ker, Inc., New York. 160 pp. 

21. REESE, T. S. 1965. Olfactory cilia in the frog. J. Cell 
Biol. 25:209-230. 

22. REYNOLDS, E. S. 1963. The use of lead citrate at 
high pH as an electron-opaque stain in electron 
microscopy. J. Cell Biol. 17:208-212. 

23. RIEDER, C., and A. S. BAJER. 1977. The effect of 
elevated temperatures on spindle microtubules and 
chromosome movements in newt lung cells. Cyto- 
biDs. In press. 

24. RODRIQUEZ, E. L., and R. S. PIEZZI. 1968. Micro- 
tubules in the nerve fibers of the toad Bufo arena- 
rum Hensel. J. Cell Biol. 39:491-497. 

25. ROSE, G. G. 1954. A separable and multipurpose 
tissue culture chamber. Tex. Rep. Biol. Med. 
12:1074-1083. 

26. RosE, G. G. 1958. A cellophane-strip technique for 
culturing tissue in multipurpose culture chambers. J. 
Biophys. Biochem. Cytol. 4:761-764. 

27. ROTH, L. E., P. PIHLAJA, and Y. SHIGENAKA. 
1970. Microtubules in Heliozoan axopodium. I. 
The gradion hypothesis of allosterism in structural 
proteins. J. Ultrastruct. Res. 30:7-37. 

28. SALMON, E. D. 1975. Pressure-induced depolymer- 
ization of spindle microtubules. II. Thermody- 
namics of in vivo spindle assembly. J. Cell Biol. 
66:114-127. 

29. SALMON, E. D. 1976. Pressure-induced depolymer- 
ization of spindle microtubules. Production and reg- 

724  THE JOURNAL OF CELL BIOLOGY" VOLUME 74, 1977 



ulation of chromosome movement. In: Cell Motil- 
ity. R. Goldman, T. Pollard, and J. Rosenbaum, 
editors. Cold Spring Harbor Conf. Cell Prolifera- 
tion. 3:1329-1341. 

30. SALMON, E. D., D. GOODS, T. K. MAUOEL, and D. 
B. BONAR. 1976. Pressure-induced depolymeriza- 
tion of spindle microtubules. III. Differential stabil- 
ity in HeLa cells. J. Cell Biol. 69:443-454. 

31. SAMSON, F. E. 1971. Mechanism of axoplasmic 
transport. J. Neurobiol. 2:347-360. 

32. SETO, T., and D. ROUNDS. 1968. Cultivation of 
tissues and leukocytes from amphibians. In Methods 
in Cell Physiology. D. M. Prescott, editor. Aca- 
demic Press, Inc., New York. 3:75-94. 

33. SLOBODA, R. D. 1975. Accessory proteins required 
for in vitro microtubule assembly. J. Cell Biol. 67(2, 
Pt. 2):405a. (Abstr.). 

34. SLOBODA, R. D., S. A. RUDOLPH, J. L. ROSEN- 
BAUM, and D. GREENGARD. 1975. Cyclic AMP- 
dependent endogenous phosphorylation of a micro- 
tubule-associated protein. Proc. Natl. Acad. Sci. U. 
S. A. 72:177-810. 

35. SMITH, D. S., U. JARLFORS, and B. F. CAMERON. 
1975. Morphological evidence for the participation 
of microtubules in axonal transport. Ann. N. Y. 
Acad. Sci. 253:472-506. 

36. SMITH, U., and D. SMITH. 1965. Microtubular 
complex in the epidermal nucleus of an insect, Car- 
ausius morosus. J. Cell Biol. 26:961-967. 

37. STARLING, D. 1976. The effects of mitotic inhibitors 
on the structure of vinblastine-induced tubulin para- 
crystals from sea-urchin eggs. J. Cell Sci. 20:91- 
100. 

38. STARLING, D. 1976. Two ultrastructurally distinct 
tubulin paracrystals induced in sea-urchin eggs by 
vinblastine sulphate. J. Cell Sci. 20:79-89. 

39. STARLING, D., and R. G. BURNS. 1975. Ultrastruc- 
ture of tubulin paracrystals from sea-urchin eggs, 
with determination of spacings by electron and opti- 
cal diffraction. J. Ultrastruct. Res. 51:261-268. 

40. STEBBINGS, H., and C. E. BENETr. 1975. The 
sleeve element of microtubules. In Microtubules 
and Microtubule Inhibitors. M. Borgers and M. de 
Brabander, editors. Noord-Hollandsche Vitj. Mij., 
Amsterdam. 35-45 pp. 

41. STEPHENS, R. E. 1970. Thermal fractionation of 
outer fiber doublet-microtubules into A and B 
subfibre components: A and B tuhulin. J. Mol. 
Biol. 47:353-363. 

42. STEPHENS, R. E. 1972. Studies on the development 
of the sea urchin Strongylocentrotus droebachienis. 
II. Regulation of mitotic spindle equilibrium by en- 
vironmental temperature. Biol. Bull. (Woods Hole). 
142:145-159. 

43. TILNEY, L. G. 1971. Origin and continuity of mi- 
crotubules. In Origin and Continuity of Cell Organ- 
elles. J. Reinert and H. Ursprung, editors. Springer 
Verlag, Berlin. 222-260 pp. 

44. TILNEY, L. G. 1971. How microtubule patterns are 
generated. The relative importance of nucleation 
and bridging of microtubules in the formation of the 
axoneme of Raphidiophrys. J. Cell Biol. 51:837- 
854. 

45. TILNEY, L. G., and J. GIBB1NS. 1968. Differential 
effects of antimitotic agents on the stability and 
behavior of cytoplasmic microtubules. Protoplasma. 
65:167-179. 

46. TILNEV, L. G., and K. R. PORTER. 1967. Studies on 
the microtubules in heliozoa. II. The effect of low 
temperature on these structures in the formation and 
maintenance of axopodia. J. Cell Biol. 34:227-243. 

47. TiPVrr, D., K. McDONALD, and J. D. PICKET- 
HEAPS. 1975. Cell division in the centric diatom 
Melosira Parians. Cytobiologie. 12:52-73. 

48. TUCKER, J. 1970. Initiation and differentiation of 
microtubule patterns in the ciliate Nassula. J. Cell 
Sci. 7:793-821. 

49. VALEE, R. B., and G. G. BORISV. 1977. Removal 
of the projections from cytoplasmic microtubules in 
vitro by digestion with trypsin. J. Biol. Chem. 
252:377-382. 

50. WEIr~GARTEN, M., A. LOCKWOOD, S. Hwo, and M. 
KIRSCHNER. 1975. A protein factor essential for 
microtubule assembly. Proc. Natl. Acad. Sci. U. S. 
A. 72:1858-1862. 

51. WEISENBERG, R. 1972. Microtubule formation in 
vitro in solutions containing low Ca ++ concentra- 
tions. Science (Wash. D. C.). 177:1104-1105. 

52. WILSON, E. B. 1928. The Cell in Development and 
Heredity. MacMillan, Inc. New York. 3rd edition. 

RmDER AND BAJER Reversible Hexagonal Packing o f  Spindle Microtubules 725 


