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Abstract 

Microtubules - immunofluorescence - evolution - antibody - sperm 
Antibody against tubulin from porcine brain was used to evaluate the immunological cross 

reactivity of tubulin from a variety of animal and plant cells. Indirect immunofluorescence 
microscopy revealed microtubule-containing structures including cytoplasmic microtubules, 
spindle microtubules, cilia and fIagella. Thus tubulin from diverse species of both mammals 
and plants show immunological cross-reactivity with tubulin from porcine brain. Results 
obtained by immunofluorescence microscopy are whenever possible compared with previously 
known ultrastructural results obtained by electron microscopy. 

1) Prof. DR. KLAUS WEBER, Max-Planck-Institut fUr Biophysikalische Chemie, Am FaRberg, 
D-3400 Goningen/Germany. 
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Figs. 1 a to h. Demonstration of tubulin contall1l11g structures in mammalian cells grown in 
culture (c to f present cells of the rat line RMCD, a, b, g and h show examples of mouse 
3 T 3 cell s) by immunofluorescence microscopy with antibody to porcine brain tubulin. a shows 
cytoplasmic microrubules in an interphase cell. Most microtubules radiate from a juxtanuclear 
focus in the perinuclear region (cytocenter). The arrows in b denote the margins of the 
mitotic cell during meta- to early anaphase. Note the absence of cytoplasmic fluorescence 
outside the spindle. c to f show the concentration of the cellular tubulin in the mitotic 
apparatus (c, d meta to early anaphase; elate anaphase-to-telophase; f telophase). Note the 
positive reaction: chromosomal fibers (c, d ), continuous (pole-to-pole; d, e ) spindle fibers; polar 
Scales 10 f.lm. - a 1500 X . - b 1200 X . - c 1350 X . - d 1600 X . - e, f 1500 X . - g 1100 X . -
caps (e), and region of the bridge between the daughter cells, the mid-body (arrows in f to h ). -
h 2500 X . 

In trod uction 

Microtubules are fibrous structures unique to and characteristic of eukaryotic cells. 
The major protein constituent of microtubular structures is the globular tubulin molecule 
which consists of two similar but not identical polypeptides of an approximate molecular 
weight of 55000 [4,9, 18, 19,23,27,32,35 to 38, 42, 43, 48, 62]. 

Immunological studies have indicated that the tubulin contained in cytoplasmic micro­
tubules as well as in various types of more complex microtubular arrays such as cilia, 
flagella, axopodia, centrioles, cytasters, mitotic apparatus, mid bodies, and the vinca 
alkaloid-induced paracrystals share at least one antigenic determinant, resulting in 
immunological cross-reaction within a species, with antibodies to a given isolated 
tubulin ([2, 6, 7, 22, 23, 44, 52, 56 to 59]; for earlier work using antibodies to isolated 
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vinblastine-induced paracrystals see [11, 12, 41]). Immunological procedures have also 
suggested that tubulins from different species also share antigenic determinants ([2, 6 to 
8, 14,20, 22, 23, 44, 49, 56 to 59] ; for reports on differences between different echino­
derms see [23]). Such immunological similarities have been noted even among evolu­
tionarily quite distant species. This cross-species similarity of tubulin is supported by 
biochemical studies including the determination of partial amino acid sequences of 
tubulins from different sources [35,37,38,43,53]. 

In the present study we confirm and extend the observations on the conservation of 
antigenic determinants of tubulin from different sources and demonstrate that different 
microtubular structures from a variety of plant and animal cell s bind an antibody to 
porcine brain tubulin. 

Materials and methods 

Cells 

(a) M o use 3 T 3 cells were grown as previously described [30, 44] . 
(b) Cells of an established line originally derived from a n experimenta ll y induced rat mam ­

mary carcinoma (RMCD cells) were grown and a ll owed to attach to cover slips as o utlined 
elsewhere [46,51,60]. 

(c) Bull sperm was obtained from bulls (4, 6 and 12 years o ld ) of two breeds ("Canadian 
Holstein-Friesian" or "Nordbadisches Fleckvieh" ) as fresh ejaculates which were stored in 
phosphate buffered saline (PBS; 0.14 M NaCI, 2.7 mM KCl, 8 mM Na2HP04, 1.5 mM KH2P04). 
Bull testes were obtained from the local slaughterho use within 20 minutes post mortern. 

Epididymal or testicul ar sperm was collected with a pipette after dissection of the specific 
tissue in PBS. 

(d ) Human sperm was o bta ined as froze n preparations or fresh ejacul ates (in PBS) from 
2.5 to 40 year old volunteers of demonstra ted fertility. 

(e) Rat sperm was o bta ined either fro m shock ejaculates (after throttling) or, more frequently, 
as testicul ar or epididymal sperm aspira ted with a pipette from th e tes ti cu lar or epididymal 
fluids after di ssection of the ti ssues in PBS. 

(f) Di ssociated ciliated epitheli al cells were obtained from scrapings (in PBS) of the nose 
epithelium of Sprague-Dawley rats of bo th sexes (details in [51]). 

(g) Newt sperm was obtained from three species (Tr iturus alpestris, Triturus cristatus, and 
Pleurodeles waltli; cf. [51]). Testes were dissected in PBS, a nd liberated sperm suspensions 
were collected with a pipette. 

(h) Spermatozoa of the sea urchin , Echinus esculentus, were kindly provided by DR. PETZELT 
(Germa n Cancer Resea rch Center). Sperm suspensions in sea water were obtained after injec­
tion of 0.5 M KCI into the bod y cavity of the a nim als via the " peri stomal membrane" 
(cf. [24]). 

Fig. 2. Indirect immunofluorescence microscopy with an tibody to porcine brain tubulin of 
freshly ejaculated bull sperma tozoa. A specific positive reaction is seen only in the sperm tail. 
The mid-piece region often appears somewhat less intensely stained, probably because the 
microtubules in this region are less accessi ble to the an tibody due to a shea th of densely 
packed mitochondria in this region. Note the a bsence of sta ining o utside the sperm tails. -
Scale 10 ~ml. - 1400 X . 
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(i) Cultures of the ciliate Tetrahymena pyriformis, a micro-nucleate strain GL, were obtained 
as previously described [15] and were used at concentration of 15 000 cells per m!. Cell 
suspensions were washed for 5 to 10 minutes in PBS and were collected by centrifugation at 
approximately 500 g for 5 to 10 minutes prior to fixation in formaldehyde. Crude fractions 
enriched in cilia fragments were obtained as described in detail elsewhere [51] and were 
washed after resuspension in PBS by centrifugation at 800 g, prior to the application to cover 
slips (see below). 

Antibodies and antisera 

The monospecific antibody against 6 S tubulin from pig brain has been described previously 
[57, 61]. This antibody preparation was made monospecific by subjecting the IgG fraction of 
the rabbit serum to affinity chromatography on tubulin covalently bound to Sepharose 4 B 
(Pharmacia, Uppsala, Sweden; cf. [61]). It has also been shown that expression of structures 
decorated by this antibody in animal cells is sensitive to mitotic drugs and low temperature 
[44, 57, 61]. Controls used included (a) the omission of the first antibody, (b) the replacement 
of the tubulin antibody by a serum containing antibodies to actin, (c) the replacement of the 
tubulin antibody by an IgG fraction from incompetent rabbit serum at concentrations equal 
to, or ten times higher, than the concentration of the monospecific tubulin antibody used, 
(d) the replacement of the tubulin antibody by complete incompetent rabbit serum (cf. [51]). 

Indirect immunofluorescence microscopy 

The procedures used for indirect immunofluorescence microscopy of cells grown on cover 
slips have been described in detail elsewhere [51, 56, 57, 58, 59]. Cells in suspension were 
placed on a round cover slip in a small drop of PBS or sea water, allowed to attach briefly to 
the glass (avoiding drying), and were then fixed with 3.7 Ofo formaldehyde in PBS. In some 
instances the objects were treated either in suspension or after attachment to the cover slip 
with a nonionic detergent (0.33 Ofo Triton X-lOO, in PBS containing 3 mM MgCI2 ) in order to 
enhance the disintegration of the plasma membrane. After 2 to 3 minutes of treatment the 
detergent was removed by repeated washing in PBS containing 3 mM MgCb and the specimens 
fixed with formaldehyde as described above. Antibodies against rabbit globulins labelled with 
fluorescein were purchased from Miles Co. (Elkhart, Indiana, USA) as 1 Ofo solution. This 
antibody preparation was diluted tenfold prior to use. Micrographs with epifluorescence 
and with phase contrast were made with the Zeiss microscope using the appropriate filter 
arrangements and sensitive films (for details see [51,56 to 59]). 

Figs. 3 a to c. Indirect immunofluorescence microscopy of rat sperm cells (epididymal sperm 
cells) with antibody to porcine brain tubulin as revealed by epifluorescence (a, c) and by phase 
contrast (b). The preparations shown here have been selected in order to demonstrate the 
heterogeneity of the reaction even among adjacent sperm tails. While the tubulin antibody is 
bound strongly by some sperm tails shown in a others react only weakly (for example, the 
sperm cell denoted by the arrows pointing, from top to bottom, to head, mid-piece, and main­
piece). - band c show the end piece of the same rat spermatozoon in phase contrast (b) and 
in fluorescence (c), illustrating the enhanced reaction of the sperm tail microtubules at the 
very end where the plasma membrane is ruptured and the microtubules are fraying and flat­
tening out (transition point is indicated by the arrow). This demonstrates the importance of 
antigen accessibility in immunofluorescence microscopy of intracellular structures. - Bars 
10 ftm. - a 1300 X. - b, c 1100 X. 
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Results 

Mammalian cells grown in culture 

Mammalian and avian cells grown as cell lines in vitro have been studied previously 
by immunofluorescence microscopy using three different preparations of tubulin anti­
body [6, 7, 22, 44, 56 to 59]. We show here examples of cytoplasmic microtubules in 
mouse 3 T 3 cells and of mitotic microtubules in 3 T 3 cells and other cells obtained 
with the mono specific antibody against porcine brain tubulin which is the antibody 
preparation which was used in our detailed studies on microtubules in a variety of 
animal and plant cells (see below). 

Interphase mouse 3 T 3 cells are characterized by a well developed system of fragile 
cytoplasmic microtubules (Fig. 1 a). Many of these cytoplasmic microtubules are 
oriented in such a way that they radiate from a juxtanuclear center, obviously the 
centrosphere or cytocenter (for details see [44]). This complex system of fibers is 
rearranged with the onset of mitosis (for details see [6, 7, 56 to 58]) and already during 
pro-metaphase and metaphase one can clearly note the absence of cytoplasmic micro­
tubules outside the mitotic spindle (Fig. 1 b). Centrioles are often recognizable and the 
typical perinuclear cytaster arrays located at the nuclear poles can be recognized in 
prophase (see also [7, 47, 56 to 58]). During the transition from pro-metaphase to 
telophase the tubulin becomes concentrated in the mitotic apparatus. Both chromosomal 
(pole-to-kinetochore) and interpolar (pole-to-pole) fibers are well stained and the polar 
regions also stain strongly (Figs. 1 c to f; see references quoted above). The "stem­
body" and the narrow cytoplast isthmus between the daughter cells, the "Flemming 
body", bind the antibodies very strongly (Fig. 1, g and h; see references quoted above). 
This agrees with electron microscopic studies showing that microtubules are very 
densely packed in these regions [10, 39]. The center of the cytokinetic bridge usually 
appears as a dark or very faintly stained band in the midbody (Fig. 1, g to h; see also 
[6, 7, 57, 58]). It is known from electron microscopical studies that microtubules run 
through the midbody and that they are cemented in a dense osmiophilic and sudano­
philic matrix in this region [39]. The decreased staining of the midbody is probably 
due to the inability of the antibody to penetrate this dense matrix. 

Mammalian sperm 

Ejaculated spermatozoa from men, bulls (Fig. 2) and rats (Fig. 3) as well as epididymal 
and testicular spermatozoa from bovine and murine testes react strongly and specifically 
with the antibody against porcine brain tubulin. Staining of the main and distal portions 
of the tails is especially intense. The staining appears somewhat reduced in some sperm 
cells in the mid-piece (Fig. 2). The intensity of the fluorescence can differ among 
adjacent spermatozoa (Fig. 3 a), and even in different regions of the same sperm tail 
(Fig. 3 b, c). This obviously reflects local heterogeneities in the ability of the antibody 

Fig. 4. Survey micrograph showing indirect immunofluorescence of the tubulin antibody on 
testicular sperm cells from the alpine newt, Triturus alpestris. Binding of the antibody to 
porcine brain tubulin is confined to the most distal portion of the "undulating membrane", 
which contains the microtubules in a normal flagellar "9 doublets plus 2 singles" pattern [17] 
and is absent from the veil of the undulating membrane as well as from the axial cord and the 
sperm head (for details of newt sperm organization see text). - Bar 10 [lm. 
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to penetrate the sperm tail probably due to differences in the degree of disintegration 
of the plasma membrane. This interpretation is strengthened by observations on the 
artificially induced frayed ends of some spermatozoa. These ends (for electron micros­
copic observations see [45, 63]) in which the plasma membrane has been at least 
partially solubilized, and in which outer doublets and/or individual microtubules have 
been liberated, react very strongly, even in tails which otherwise were negative for most 
of their length (Fig. 3 c). Up to seven individual fibers could be detected, suggesting 
that individual microtubules (or outer doublets) can be revealed by this procedure. In 
general, the treatment of the sperm cells with nonionic detergent was quite helpful in 
many experiments (for the effects of Triton X-lOO on the sperm ultrastructure see 
[34, 63]) in contrast to the cultured cells in which such pretreatment was not necessary. 

Ciliated mammalian epithelia 

Ciliated cells from rat nose epithelium (for details of preparation see [51]) showed a 
selective and positive staining of cilia, similar to that recently reported for cilia in chick 
tracheal epithelium [2]. 

Amphibian sperm 

Amphibian sperm cells are especially interesting objects for the location of tubulin by 
immunofluorescence microscopy. They have a complex tail structure involving a thick 
axial cord and an "undulating membrane" which consists of a fold of the plasma mem­
brane including some cytoplasmic material and a distally located "axonemal complex" 
containing a flagellar microtubule arrangement of 9 doublets and 2 single tubules and 
the marginal fiber (a review of the ultrastructure of amphibian sperm is given in 
ref. [17]). As shown in Figures 4 and 5 antibodies to porcine tubulin are bound only 
in the microtubule-containing region and not the thick axial cord, illustrating the high 
specificity of the method. 

Sea urchin sperm 

The microtubules in the tails of sea urchin sperm bind the antibody against 6 S porcine 
brain tubulin strongly and specifically (Fig. 6). No binding is observed to the acrosomes, 
nuclei, and the mitochondria containing outpocketings of the head portion (as to the 
anatomy see [28]). These sperm were rather labile but could be prepared satisfactorily 
for indirect immunofluorescence microscopy when the application to the cover slips, 
and the fixation, was carried out in sea water. 

Figs. 5 a to c. Details of the preparation described in the previous figure, showing a phase 
contrast micrograph (a) and an epifluorescence picture (b) of the same specimen of newt 
sperm cell decorated with antibody to porcine brain tubulin as revealed by indirect immuno­
fluorescence microscopy. Note the specificity of the reaction in the microtubule-containing 
most distal portion of the undulating membrane (H denotes sperm head). The specificity is 
also demonstrated in c by the negative reaction of this part of the sperm in control prepara­
tions in which tubulin antibody was replaced by the total IgG fraction from incompetent 
rabbit sera at a concentration ten times higher than the concentration of the monospecific 
tubulin antibody used in Figure 5 b (for details see text). The picture of the control specimen 
(c) was purposely overexposed to reveal some recognizable structure. - Bars 10 [tm. - 1300 X. 
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Tetrahymena pyriformis 

These ciliates are classic objects in the research on microtubules and tubulin. The 
antibody bound to the cilia (Fig. 7 a), the basal bodies (Fig. 7 b), and the mouthfield 
of these cells (Fig. 7 b). This correlates well with the abundance of microtubular struc­
tures in these cortical structures [1]. The strong positive reaction of the ciliary micro­
tubules was also seen in fractions containing ciliary fragments which indicates the 
usefulness of this method for identification of specific components in cell fractions. The 
macronucleus of Tetrahymena pyriformis which has been shown to contain individual 
microtubules [16] did not stain significantly (cf. [51]). This could be due to the low 
concentration of microtubules in the macronucleus or to their inaccessibility to the 
antibody in the presence of the relatively large amount of cytoplasm and the pellicle. 
Our observation contrasts with an observation of faint and spotty immunofluorescence 
reaction in isolated macronuclei of Tetrahymena using antibodies made against ciliary 
tubulin from the same species [54]. 

Heliozoa and algae 

The axopodia of Heliozoa (for review see [55]), including those of the common 
species Actinophrys sol are prominent microtubule-rich structures. Tu bulin antibody 
bound to these axopodia as well as to some spot-like regions in the peripheral cyto­
plasm. The axopodial staining was on occasion interrupted, possibly due to local 
breakdown of microtubular structures in the course of the preparation (for details 
see [51]). 

As a representative of the green algae we chose the gametes of Acetabularia mediter­
ranea (for details see [51]). We observed an intense staining of the two flagella and some 
indistinct fluorescence in the anterior portion of the algae. This agrees with the recent 
report [81 that the flagella and the rootlet system of the quadriflagellate green alga 
Polytomella agilis (Volvocales) bind antibodies to purified chicken brain tubulin. 

The golden-green alga Poteriochromonas (syn. Ochromonas) is an especially well 
characterized alga both in terms of biochemical and ultrastructural studies [5]. As in 
the green algae, the tubulin antibody (cf. [51]) decorated the flagella, a portion of the 
cytoplasm and, in some cases, also the stalk, which is known to contain micro­
tubules [50]. 

Mitosis of higher plant, Leucojum aestivum 

The mitotic apparatus of the endosperm cells of this monocotyledonous plant showed 
an intense and specific binding of the antibody against porcine brain tubulin, and 
individual spindle fibers could be visualized by immunofluorescence microscopy (for 
details see [21]). 

Figs. 6 a and b. Suspension of spermatozoa of the sea urchin, Echinus csculentus, stained in 
indirect immunofluorescence microscopy with antibody to porcine brain tubulin, as revealed 
with phase contrast optics (a) and in epifluorescence (b). Note that the binding of the tubulin 
antibody is confined to the sperm tails and is absent from acrosome, nucleus, and the 
mitochondria-containing portion of the sperm head. For details see text. - Bars 10 ~lm. -
1300 X. 
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Discussion 

Our data extend the previous indications of an extensive protein chemical conserva­
tion of tubulin(s) and of a cross-reactivity between the tubulin(s) contained in the 
microtubules of functionally different structures (see Introduction). We did not find 
significant differences in the cross-reaction between evolutionary distant species as 
detected by indirect immunofluorescence microscopy with an antibody against porcine 
brain tubulin. For example, the decoration of the mitotic apparatus of the plant 
endosperm examined with antibody against porcine brain tubulin was as strong as that 
of the mammalian mitotic apparatus (cf. also [21]). This antigenic similarity of 
tubulin(s) in different functional structures, and in different species, is also in agreement 
with experiments showing that porcine brain tubulin is incorporated into the meiotic 
spindle apparatus and asters after injection into the oocytes of an annelid worm, 
Chaetopterus [26]. The conservation of tubulin is also suggested from the experiments 
of HEIDEMANN and KIRSCHNER [25] who found that purified basal bodies of a green 
alga, Chlamydomonas reinhardi, and a ciliate, Tetrahymena pyriformis (after injection 
into the egg of a vertebrate animal, the amphibian Xenopus laevis) induce asters and 
cleavage furrows. 

Differences in the intensity of staining of microtubular structures with antibody 
against a specific tubulin might not be a priori explained by true differences in antigenic 
determinants but can also reflect different degrees in the accessibility and preservation 
of the specific microtubular structure. The problem of accessibility is illustrated in this 
study by the difficulty in staining the mid-region of the sperm tail (Fig. 2), by the 
enhanced reaction of the "frayed ends" of the rat spermatozoon (Fig.3) and by the 
inability to stain the Flemming body in mitotic cells in tissue culture (Fig. 1 hand 
see [7, 56 to 59]). Electron microscopic examinations of the cell preparations used for 
indirect immunofluorescence (OSBORN, FRANKE, WEBER, and GRUND, manuscript in 
preparation) have indeed shown differences in the stability of microtubular structures: 
Microtubules of sperm tails and cilia, for example, were usually better preserved than 
cytoplasmic microtubules and microtubules of the spindle apparatus (cf. also [20]). 
However, even in cases in which the microtubules showed local interruptions and 
distortions in the electron microscope large parts of their tubulin is still present in situ 
and recognized by immunofluorescence, most probably due to the association with 
other, high molecular weight protein components of microtubules or the microtubular 
sheath [3, 13, 20, 29, 31, 33, 40]. However in general, as shown above, structures 
which are known to contain microtubules from electron microscopy stain with the 
antibody to tubulin. These structures include flagella, cilia and mitotic apparatuses. 
The visualization of individual outer doublets in the frayed ends of spermatozoa 
illustrates the resolution of the method and strengthens the idea [6, 56, 57, 59] that in 
tissue culture cells in interphase one can under favorable circumstances reveal the 
original display of individual cytoplasmic microtubules. Thus the antibody seems to 
provide a fast and relatively easy way to monitor tubulin containing structures in a wide 
variety of cells and organisms under different experimental conditions. 

Acknowledgement. We thank H. J. KOITZSCH and T. BORN for expert technical assistance. 
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Figs. 7 a and b. Indirect immunofluorescence microscopy of Tetrahymena pyriformis cells 
after reaction with antibody to porcine brain tubulin shows a strong positive reaction in the 
ci lia (a) and in the ci li ary basal bodies (b ). A positive reaction was also noted in the cyto­
pharynx but not in the macronucleus (for 'details see text) . - Bars 10 flm. - a 1800 X. -
b 1300 X . 
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