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A B S T R A C T  

In  avian,  mur ine ,  and  h u m a n  cells fixed with glutaraldehyde,  cytoplasmic microtubules 180 
to 250 A in d iamete r  and  of unde te rmined  length were found. These cytoplasmic micro- 
tubules are similar to those described by Ledbet te r  and  Porter  in plant  cells after the same 
glutaraldehyde fixation. The  cytoplasmic microtubules  in an imal  cells are connected with 
the satellites of the centrioles and  are s imilar  to the mitot ic  spindle fibers. The i r  protein 
na ture  and  thei r  possible role in ma in ta in ing  the shape of the cells are discussed. The i r  
presence in all examined  an imal  cells as well as in plant  cells favors the hypothesis tha t  the)" 
are a pe rmanen t  componen t  of the cytoplasm. 

I N T R O D U C T I O N  

The  search for new fixatives allowing cytochemis- 
try in electron microscopy has led to the in t roduc-  
tion of glutaraldehyde fixative (33). This  has been 
found to be good not  only for eytochemistry but  
also for rout ine electron microscopy, revealing 
structures not  seen after osmium tetroxide fixation 
alone. Microtubules  scattered through the cyto- 
plasm have been observed in glutaraldehyde-fixed 
cells of different types, in the course of our electron 
microscopic cytochemical  study of avian tumors 
(1 I-13).  The  same cytoplasmic microtubules  were 

also found in normal  and  neoplastic tissues of 

mur ine  and  h u m a n  origin. 

These microtubules  are similar to those de- 

scribed in p lant  cells after g lutara ldehyde fixation 

by Ledbet te r  and  Porter  (22). More  recently Por- 

ter reported similar findings in the cytoplasm of 

liver cells (28). 

This report  will describe in an imal  cells the re- 
lations found between these microtubules and  the 

satellites of the centrioles, and  the similarity be- 

tween these microtubules  and  the mitotic spindle 
fibers. 

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

The avian material included tumors which had been 
induced by the avian myeloblastosis virus ;1 i.e., myelo- 
blastic leukemia maintained in vivo and zn vitro, kidney 
tumors, liver tumors, and ovarian tumors. Corre- 
sponding normal tissues and some Rous sarcomas were 
also examined. The mouse material included normal 
mammary gland and mammary tumors, cells of the 
ascites form of the Moloney leukemia (27) maintained 
in vivo, and the cells of the Rauscher leukemia (29) 
cultured in vitro. Some human  tumors and human 
leukemic cell preparations were also examined after 
glutaraldehyde fixation. 

The cells in suspension (ascites form or tissue cul- 
tures) were fixed with 2.5 per cent glutaraldehyde 
solution at pH 7.4 (33) for 30 minutes. The solid tis- 
sues were fixed with 5 per cent glutaraldehyde solution 
for 2 to 5 hours. All materials were then postfixed in 
osmium tetroxide and embedded in Epon 812 (16) or 
Epon-Araldite mixture (26). 

Ultrathin sections were cut with Dupont diamond 
knives on Porter-Blum and LKB microtomes, double 

1From the laboratory of Dr. J.  W. Beard, Duke 
University Medical Center, Durham, North Carolina. 
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stained with uranyl acetate (38) and with lead (21, 
30), then examined with a Siemens Elmiskop I using 
60 kv accelerating voltage and a 50 ~ objective 
aperture. 

R E S U L T S  

General Aspect 

It  appears that after double fixation (glutaral- 
dehyde-osmium tetroxide) (33) of cells more com- 
ponents are preserved than after osmium tetroxide 
fixation alone. The ground substance of the cyto- 
plasm between the ribosomes is filled with a fine 
fibrillar network (see Figs. l, 4, and 6). 

The mitochondria have an appearanace similar 
to that obtained after chrome-osmium tetroxide 
fxat ion (7). The mitochondrial matrix appears as 
a dense fibrillar network (Figs. l, 4, and 6), prob- 
ably resulting from the coagulation of proteins. 
However, the density of the mitochondrial matrix 
decreases the apparent contrast of the cristae. The 
chromatin, which is easily stained with uranyl and 
lead ions after aldehyde fixation, appears to be 
condensed at the periphery of the nucleus and 
around the nucleolus (Fig. 1). The visualization of 
the cytoplasmic microtubules after glutaraldehyde 
fixation seems to be one of the main differences 
between this fixation and fixation with osmium 
tetroxide alone. 

Cytoplasmic Microtubules 

Figs. 1 to 3, and 7 to l l  show straight, appar- 
ently rigid microtubules in the cytoplasm of 
glutaraldehyde-fixed cells. These formations are 
commonly found in the "central  area" of the cyto- 
plasm (Golgi zone and centriole) (Fig. 1). They 
are also present, but to a lesser extent, in the pe- 
riphery of the cytoplasm (arrows, Figs. 1 and 2). 
These microtubules often seem to radiate from the 
area of the centriole toward other areas of the cyto- 
plasm, including the nuclear envelope (Fig. 1). 
However,  no definite connections could be found 

with either nuclear pores or with any cytoplasmic 
organelles. 

The over-all diameter of the tubules varies from 
180 A to 250 A. Their  length is undetermined but 
can be traced for several microns in some sections 
(Figs. 1, 7, and 10). They possess a 40 to 60 A 
thick wall, the constitution of which seems to be 
more fibrillar than membranous (Fig. 5). Their  
inside diameter measures around 100 to 120 A. 
In cross-section (Figs. 4, 5, and 8) no internal 
density can be seen, but in longitudinal section 
the inside of the cylinder is denser than the cyto- 
plasmic background, probably due to the fact 
that the entire thickness of a microtubule can be 
seen in one ultrathin section. 

Relations with the Centriole 

A close association between the microtubules 
and the centrioles was frequently observed (Figs. 
1, 7, 8, 10, and 11). The microtubules were never 
in contact with the centriolar cylinder itself, but 
were attached to the dense paracentriolar forma- 
tions (see Figs. 7 to 11), which have been termed 
"massules," "satellites," or "procentrioles" by 
Bessis and Breton-Gorius (4), Bernhard and de 
Harven (3), and Gall (17), respectively. These 
different terms appear to refer to similar forma- 
tions since the tubular elements described by Gall 
in the procentrioles (see Fig. 23 in reference 17) 
are also suggested in the present material (see 
arrows in Figs. 8 and 12), although these struc- 
tures have been somewhat overstained. Fig. 7 
shows numerous satellites or procentrioles to which 
microtubules are attached. 

The microtubules appear to radiate in different 
directions from the satellites (Fig. 9). In some cases 
small parts of such microtubules can be observed 
near the satellites of material fixed with osmium 
tetroxide alone (Fig. 12). 

Connections between satellites and centriole 
were described as "bridges" by Bessis and Breton- 

All lnicrographs are of tissues fixed with glutaraldehyde and postflxed with o3mium tetrox- 
ide except Fig. 1~ which is of tissue fixed only with osmium tetroxide. 

FIGURE 1 Survey view of a leukemic ascites cell (Moloney). In the central part of the 
cytoplasm are seen microtubules (tu) radiating from centriolar formations in all directions. 
Many of these microtubules are near the nuclear membrane on the left, but no connec- 
tions can be seen with the well delineated nuclear pores (np). Segments of microtubules 
can also he seen in the periphery of the cell (arrows). The mitochondria (M) have a dense 
matrix. Fibrillar structures (f) are similar to those described by de Petris et al. (14). G, 
Golgi area; nu, nucleolus. X ~7,000. 
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Gorius (4). In some instances (Figs. 11 and 12) 
these bridges seem double, joining each satellite 
to two neighboring triple fibers of the centriole. 
The tubular nature of these bridges (4) is possible 
(Fig. 12) but not clearly seen. 

Aspect During Mitosis 

The spindle fibers of the mitotic apparatus after 
osmium tetroxide fixation have been described as 
fibrils (19) or tubules (32) with a diameter of 
150 A, and in some cases as tubules 200 A in di- 
ameter  (10, 20). After glutaraldehyde fixation 
(Figs. 13 and 14) they clearly appear as tubules 
(see also reference 22) with a diameter varying 
between 180 A and 220 A. When seen in cross-sec- 
tion the spindle fibers appear identical with the 
cytoplasmic microtubules of the cell in interphase 
(compare Fig. 13 with Figs. 4 and 5). 

D I S C U S S I O N  

Cytoplasmic microtubules have been visualized 
in animal cells after glutaraldehyde fixation. These 
microtubules are very similar to those reported in 
plant cells by Ledbetter  and Porter (22) and in 
hepatic cells by Porter (28) after glutaraldehyde 
fixation. Slautterback (34), using osmium tetrox- 
ide fixation, has also reported the presence of cyto- 
plasmic microtubules in Hydra. 

Comparison with Other Known Structures 

Certain specialized structures seen after fixation 
with osmium tetroxide are somewhat similar to 
the microtubules observed after glutaraldehyde 
fixation. These structures include the tubules as- 

sociated with myofibrillogenesis (2), the tubular 
fibers of the marginal band of the nucleated red 
cell (15), the cytostomal fibers in Trypanosoma 
mega (35), the cytoplasmic tubules arising from 
some parabasal bodies (18), the tail fibrils of 
spermatogenic cells (5), and perhaps the tubules in 
spermatozoids of fern described by Manton (24), 
or the striations found in shadowed preparations 
of Trypanosoma Cruzi (25). However, at variance 
with such particular formations, the microtubules 
described herein have been found in all animal 
cells examined after glutaraldehyde fixation. 

The similarity between these microtubules and 
the spindle fibers of the mitotic apparatus suggests 
that they represent the same structures, for the 
spindle fibers are also tubular (10, 20, 32). The 
apparent differences in diameter can be accounted 
for by the differences in technique utilized by the 
various authors. The persistence of spindle struc- 
tures during interphase has been suggested by 
Lettr~ and Lettr~ (23). The observations reported 
here confirm their hypothesis, although definite 
connections between the microtubules and the 
nuclear pores were not found. 

Nature and Origin of the Microtubules 

The protein nature of these microtubules is very 
probable, since " the  dialdehydes are excellent 
cross-linking agents that react rapidly, especially 
with active hydrogen, amino, and imino groups 
in p ro te in . . .  This cross-linking property results 
in the in situ insolubilization of many proteins and 
gives what can be regarded as a relatively undis- 
torted fixation of cellular s t ruc tu res , . . ,  especially 

:FIGUIIE ~ Peripheral portion of a spindle-shaped Rous sarcoma cell, showing many 
cytoplasmic microtubules (arrows) all oriented in the long axis of the cell. vp, virus parti- 
cle. )< 4£,000. 

FIOURE 3 Tangential section of an avian nucleated red cell, showing similar parallel 
microtubules (arrows).)< 9~,000. 

FIGURE 4 Periphery of the cytoplasm of an ascites tumor cell, showing cross-sections of 
three microtubulcs (arrows) and mitochondria with a dense matrix made up of a fibrillar 
network. The cell membrane (cm) appears composed of 3 layers (Robertson's unit mem- 
brane, see reference 31). )< l~,000. 

:FIGURE 5 Higher magnification of a cross-section of a cytoplasmic microtubule where 
no membranes are visible. )< 350,000. 

FIGURE 6 Mitoehondria of an avian leukemic myeloblast, showing a dense matrix with 
some small granules also visible after chrome-osmium tetroxide fixation. Note the fine 
fibrillar network of the cytoplasm between the ribosomes. )< 86,000. 
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in the case of g lu ta ra ldehyde .  ~.." (33). This co- 
agulative property of glutaraldehyde might  also 
account  for the dense fibrillar network of the mito- 
chondria l  mat r ix  and  of the cytoplasmic ground 
substance. 

The  na ture  of the mitotic appara tus  has been 
studied in amebae  by Ro th  and  Daniels (32) who 
concluded " t h a t  spindle fibrils are composed of 
polymerized, oriented protein molecules tha t  are 
in equi l ib i rum with and  ba thed  in non-oriented 
molecules of the same prote in ."  

Concerning the origin of the microtubules,  the 
conclusion of Ledbet ter  and  Porter  is tha t  "centr i -  
oles are apparent ly  not  essential to thei r  develop- 
ment ,  for they are absent in Pelomyxa as in plant  
cells" (22). O n  the contrary,  Slaut terback de- 
scribes the microtubules  arising from the periphery 
of a very special centriolar formation in Hydra 
(34). In the micrographs of Bernhard  and de 
Harven  (3), of Gibbons (18), and  of Gall (17), 
among others, portions of microtubules similar to 
those described herein can be seen in close relat ion 
with the centriolar  formations. In  the present 
mater ia l  the satellites appear  to be the site of at- 
t achment  of the microtubules.  2 However,  in he- 
patic cells where similar microtubules are present  
(28, 8), centrioles are rarely seen. In cells which 
have no centrioles, the origin of microtubules might  
be in structures which represent  the points of 
a t t achmen t  of the mitotic fibers. 

I t  seems not  unreasonable  to suggest tha t  the 
synthesis of the constitutive proteins of the micro- 
tubules might  take place within the satellites of 

2 Note aqded in proof: While this paper was in press, 
confirmation of the attachment of the spindle fibers 
to the satellites of the centriole was given by J. Andr~ 
and W. Bernhard at the l l t h  International Congress 
for Cell Biology, Providencce, Rhode Island, August 
89 to September 5, 1964, in their presentation on "The 
centrio]e and the centriolar region." 

the centrioles, under  the control of the r ibonucleic 
acid present in the centriolar  formations (1, 9, 37). 

Protein synthesis has been shown to occur in 
isolated mitotic appara tus  (36) and  on spindle 
fibers of cells infected with reovirus (6) where a 
protein coat comparable  with tha t  of the viral  
capsid appears on the spindle fibers. On  the other  
hand,  the diameters  of bo th  the microtubules and 
the centr iolar  e lementary tubules are similar (10), 
suggesting tha t  the centriolar  tubules may  be the 
"mode l"  for the synthesis of the microtubules or 
spindle fibers. 

Role of  these Micro tubu les  

I t  is not  known at  the present t ime whether  
these microtubules are only rudiments  or rem- 
nants  of the mitotic fibers having  no role dur ing  
interphase,  or whether  they play an  active role in 
de termining  the shape of the cells, as suggested in 
p lant  cells (22). In  animal  cells, we have found 
few examples of microtubules ending near  or at  
the cell m e m b r a n e  (see Fig. 3). O n  the other  hand,  
spherical ascites cells have radia t ing microtubules  
(Fig. 1), whereas elongated fibroblasts or flat- 
tened red cells have microtubules parallel to the 
axis of the cell (Figs. 2 and 3). ~fhese microtubules 
are perhaps  involved in the movements  of the 
cytoplasmic organelles or in the movements  of the 
entire cell. 
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FIGURE 7 Ascites cell, showing longitudinal and cross-sectlon of two centrioles surrounded 
by many "satellites" (8) or procentrioles, pc, (17). Note that  microtubules (tu) arise from 
some of them. The microtubules and centriolar tubules have a similar diameter. ;< 85,009. 

FIGURE 8 Ascites cell, showing cross-section of a centriole surrounded by at least two 
satellites (pc) and many cross-sections of microtubules (tu). At left, cross-sections of 
tubular structures are suggested in the upper satellite (double arrows). M 109,000. 

FIGURE 9 Part  of a centriole area showing, at  upper left cytoplasmic mierotubules radi- 
ating from one locus (arrow) into different directions. To the right are two satellites (pc), 
the lower with possible tubular structures. )< 1~0,000. 
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FIGURE 18. Mitosis of ascites cell, showing cross-section of mitotic spindle fibers (tu, 
and arrows). The size and appearance of such fibers (clearly seen as tubules) are similar 
to those of the cytoplasmic microtubules. Between the ribosomes a fine fibrillar network 
can be seen. ear, chromosome. X 160,000. 

FIOURE 14 Mitotic figure of an avian leukemic myeloblast showing, in longitudinal view, 
spindle fibers as tubules which are very similar to the cytoplasmic microtubules. The 
dense material present at  the cell membrane is a lead phosphate deposit resulting from 
the incubation of the cell in the Wachstein and Melsel medium (see reference 13). vp, 
myeloblastosis virus particle showing ATPase activity at  its envelope; car, chromosomes; 
ce, eentriole. X 53,000. 
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