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Microtubule organization in mouse oocytes after 
micro-injection of sea urchin sperm heads, 

midpieces and centrosomal complexes 

S A R A S T E F F E N Z O R A N , C A L V I N R S I M E R L Y and G E R A L D S C H A T T E N 

Depar tment of Zoology, Universi ty of Wisconsin-Madison, Madison , U S A 

The centrosome, typically composed of a centriole pair and the pericentriolar 
material, is responsible for microtubule nucleation, forming a bipolar spindle, 
determining cleavage axes, and cell locomotion. It is crucial that only one 
centrosome, or a single pair after replication, is present per cell. Evolutionarily, 
fertilization posed a particular problem because two cells, each with their own 
centrosome, would unite to form a single zygote. During gametogenesis, this 
problem is resolved by either eliminating a complete centrosome in one gamete 
(sperm or egg) while maintaining a complete centrosome in the other gamete. An 
alternative means would be to reduce the centrosome in each gamete by exactly 
half. 

In this study we examined the experimental case where multiple centrosomes of 
differing origin co-exist in the same cytoplasm. Specifically, what are the effects of 
two dominant centrosomes co-existing in the same cytoplasm? Do the effects 
change as the cell cycle changes? Is there a temporal effect? To answer these 
questions, sea urchin sperm heads with intact centrosomes and distal centrioles 
were isolated and microinjected into metaphase II arrested mouse oocytes or 
pronucleate stage eggs. After different culture periods, some groups were treated 
with ethanol, cold, or nocodazole in order to view the cell at a particular stage in 
the cell cycle. Cells were then fixed, processed for immunocytochemistry, and 
analyzed by various microscopic methods. Results show that microinjected sperm 
heads induce different patterns of microtubule organization at or near the sperm 
head in a meiotic and mitotic cell but not in an interphase cell. Furthermore, the 
type of microtubule pattern changes over time. The microtubule organizing centers 
nucleating these microtubules are suggested to be of mouse and sea urchin origin 
initially and of mouse origin after an extended culture period. Finally, the 
imported sea urchin sperm chromatin does not undergo the decondensation! 
condensation cycle in tandem with the mouse oocyte chromatin. These results 
suggest that a supernumerary centrosome can function within a foreign, host 
cytoplasm and will follow the known "rules" concerning microtubule nucleation. 
This is only a temporary situation, however, and the extra centrosome will 
eventually degrade so as to return the cell to the normal number of centrosomes. 

Key words: centrosomal polyploidy, centrosome isolation, microinjection, 
microtubule nucleation, microtubule organizing centers. 

INTRODUCTION replication and function are not completely 
u n d e r s t o o d . M a z i a ( 1 9 8 4 ) e n v i s i o n s the 

T h e c e n t r o s o m e is a v e r y c o m p l e x and centrosome as a flexible, beaded string with 
i m p o r t a n t o r g a n e l l e w h o s e c o m p o s i t i o n , t he b e a d s b e i n g p o t e n t i a l s i t e s fo r 
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microtubule (MT) nucleat ion or microtubule 
nuc lea t ion centers ( M T N C s ) . He sugges ts 
t h i s s t r i n g c a n b e fo lded i n t o d i f fe ren t 
c o n f i g u r a t i o n s , e ach l e a d i n g to di f ferent 
three d imens iona l pat terns of the M T N C s 
and thus a different microtubular structure. 
Recent ly, a new tubulin isoform, y-tubulin, 
h a s b e e n ident i f ied and loca l i zed to the 
cent rosome (Oakley et al, 1990; Stearns et 
al, 1991; Zheng et al, 1991; Joshi et al, 1992; 
Palácios et al, 1993; Gueth-Hal lonet et al, 
1993). y-Tubulin is thought to be crucial for 
M T nucleat ion and may be a fundamental 
c o m p o n e n t of M a z i a ' s " b e a d s " . T h i s , 
h o w e v e r , f o r c e s q u e s t i o n s a b o u t t h e 
m o l e c u l a r n a t u r e of y - t u b u l i n b i n d i n g 
proteins. 

T h e t r a d i t i o n a l t h e o r y of c e n t r o s o m a l 
i n h e r i t a n c e , as s e e n in m a n y s p e c i e s 
including the sea urchin and frog, suggests 
t h a t c e n t r o s o m e s d e g e n e r a t e d u r i n g 
oocy togenes i s whi le r emain ing intact and 
functional dur ing spermatogenesis (Boveri , 
1901) . E x c e p t i o n s , howeve r , such as the 
mouse , were noted where the centrosomal 
inheri tance appeared to be reversed. Schatten 
et al (1985; 1986; 1991) and Maro (1985) 
strengthened this observat ion by showing the 
existence of centrosomal material in mouse 
oocytes and the absence of centrosomal ma
terial in sperm. The inheri tance pattern may, 
h o w e v e r , be one in which the compos i t e 
cen t rosome is blended from both maternal 
and paternal sources as suggested by Holy 
a n d S c h a t t e n ( 1 9 9 1 ) . B o t h t h e o r i e s 
acknowledge that mos t cells cannot tolerate 
c e n t r o s o m a l p o l y p l o i d y and g a m e t e s 
therefore have devised a means by which the 
n o r m a l c e n t r o s o m a l p l o i d y c a n be 
maintained at fertilization. 

In an at tempt to evaluate the response of a 
cell having more than one centrosome, we 
asked what would happen if two "dominan t" 
centrosomes from two different sources were 
combined within the same cytoplasm. One 
might predict that if a gamete , which had 
a l ready c o m p l e t e d the pa r t i t ion ing of its 
c e n t r o s o m e and was g iven an addi t ional 
centrosome, might try to selectively repress 
the extra cen t rosome. At tempts to answer 
this ques t ion were m a d e by isola t ing sea 
urchin sperm heads with centriole-containing 
cen t rosomes and microinject ing them into 

m e t a p h a s e II a r re s t ed m o u s e o o c y t e s o r 
pronucleate stage mouse eggs . Both of these 
g a m e t e s a re b e l i e v e d to c o n t r i b u t e t h e 
"dominan t" cent rosome at fertilization. W e 
are specifically interested in the tolerance of 
the o o c y t e to a s e c o n d c e n t r o s o m e , t h e 
activity of these cen t rosomes , the possible 
cell-cycle dependence of the activity, and the 
effect of t ime. 

MATERIALS AND METHODS 

Sea Urchin Sperm Head Isolation 

S p e r m h e a d s w i t h b a s a l b o d i e s in t h e 
c e n t r i o l a r f o s s a w e r e p r e p a r e d u s i n g a 
protocol from Mailer et al (1976) . Sperm 
f rom e i t h e r Lytechinus pictus o r 
Strongylocentrotus purpuratus w e r e 
c o l l e c t e d by 0 .55 M KC1 i n t r a c o e l o m i c 
stimulation. The sperm were shed " d r y " into 
Petr i d i shes on ice . Spe rm w e r e w a s h e d 
twice in 4°C Artificial Sea Water (ASW) and 
centrifuged at 1,500 g for 5 min. The pellet 
was resuspended in 4°C, 2.0 M sucrose with 
10 m M C a C l 2 and 0 . 1 % Tri ton X-100 and 
h o m o g e n i z e d for 2 m i n o n i ce w i t h a 
W h e a t o n h o m o g e n i z e r ( p e s t l e A ) . T h e 
homogena te was layered on a 4 °C , 10 ml 
cushion of 1.7 M sucrose, 10 m M C a C l 2 and 
centr i fuged at 10,000 g for 2 0 min . T h e 
pellet, which contained heads , residual tails 
and mi tochondr ia , was rinsed 3 t imes by 
r e suspend ing in cold 1.2 M suc rose and 
cen t r i fug ing at 1,500 g. T h e f inal pe l l e t 
conta ined most ly sperm heads wi th intact 
basal bodies in the centriolar fossae and a 
r e s i d u a l a m o u n t of c o n t a m i n a n t s 
(membranous vesicles and axonemes) . T h e 
f ina l p e l l e t w a s r e s u s p e n d e d in a 
Microinject ion Buffer which conta ined 20 
m M NaCl , 115 m M KC1, 1 m M M g C l 2 , and 
10% Polyv iny lpyr ro l idone-40 (PVP) (w/v) 
pH 7.0 or was processed for Transmiss ion 
Electron Microscopy (TEM). 

TEM Analysis 

Analysis of the final pellet by T E M involved 
fixing the pellet in 2 . 5 % glutaraldehyde in 10 
m M PIPES and post-fixing in 1% osmium 
t e t r o x i d e f o l l o w e d b y d e h y d r a t i o n in a 
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graded ethanol series, r insing in propylene 
oxide , and infiltration wi th Araldi te resin. 
Si lver and gold sections were cut with a glass 
knife on a Por ter-Blum M T 2 ul t ramicrotome 
and stained with 2 % aqueous uranyl acetate 
and Reynolds lead citrate. The sections were 
viewed with a JEOL-100S T E M at 60 KV. 

Mouse Sperm Head Isolation 

Sperm from the caudal epididymis of an ICR 
o u t b r e d m o u s e ( S p r a g u e D a w l e y , 
Ind ianapo l i s , IN) were col lec ted into M 2 
cul ture m e d i u m (Fulton and Whi t t ingham, 
1978). Sperm were homogenized on ice for 7 
min and then subjected to sonication for 1.5 
m i n u t e s to b r e a k the sperm at the head / 
midpiece junct ion. Tai ls were removed by 
repeated l ight centrifugations (200 g for 10 
min) in a buffer containing 0.3 M gluconate , 
0.3 M glycine, 2 m M MgCl , and 10 m M 
N a C l . T h e f inal pe l l e t , w h i c h c o n t a i n e d 
heads and residual tails, was resuspended in 
Microinject ion Buffer. 

Mouse Oocyte and Zygote Collection 

ICR ou tbred mice were superovula ted by 
injections with 7.5 IU P M S G followed 48 hr 
l a t e r b y a 5 . 0 IU i n j e c t i o n of h C G . 
Metaphase II arrested oocytes were collected 
from the ampullar oviduct of unmated mice 
beginning at 19 hr post hCG. Twen ty to 27 
hr post h C G , midstage pronucleate eggs were 
collected from the ampul lar oviduct of mated 
mice . Cumulus cells were removed by 0 . 1 % 
hyaluronidase treatment in H E P E S buffered 
M 2 c u l t u r e m e d i u m ( F u l t o n and 
W h i t t i n g h a m , 1978) and z o n a p e l l u c i d a 
i n t ac t o o c y t e s and e g g s w e r e p l aced in 
culture med ium at 37° C 

Microinjection 

M i c r o i n j e c t i o n of s p e r m h e a d s was 
performed by front-loading a beveled, 5.0 
um microinject ion pipette with 1-5 heads or 
a small vo lume of centriole isolate. The zona 
pel lucida was then punctured, cytoplasm was 
d rawn up into the pipette and then expelled 
back into the oocyte along with the sperm 
h e a d ( s ) o r c e n t r i o l e i s o l a t e . A f t e r 
microinject ion, oocytes and fertilized eggs 

were cultured for var ious lengths of t ime and 
treated as indicated in Table I. Par thenogenic 
a c t i v a t i o n of m i c r o i n j e c t e d o o c y t e s was 
achieved by a 7 min exposure to 7 % ethanol 
in M 2 culture medium (Cuthbertson, 1983). 
In s o m e c a s e s , o o c y t e s s p o n t a n e o u s l y 
a c t i v a t e d a f t e r b e i n g p r i c k e d b y t h e 
m i c r o i n j e c t i o n p i p e t t e . T h e s e c o n d i t i o n s 
were chosen so as to observe the effects of 
impor ted cen t rosomes and chromat in on a 
foreign cytoplasm at different stages, that is, 
meiosis , interphase, and mitos is , as well as to 
observe if the effects change with increased 
exposure to the mouse oocyte cytoplasm. 

Oocyte Fixation and Immunolabelling 

S h o r t l y b e f o r e f i x a t i o n , t h e c e l l s w e r e 
denuded of their zona pellucida by a rapid 
t r e a t m e n t ( 1 0 - 3 0 sec ) w i t h M 2 c u l t u r e 
medium at pH 2 .5 , placed onto poly-L-lysine 
coa ted cove r s l i p s (Maz i a et al, 1975) in 
calcium-free and protein-free M 2 at pH 7 .3 , 
e x t r a c t e d w i t h a m i c r o t u b u l e s t a b i l i z i n g 
buffer, Buffer M ( 2 5 % glycerol , 50 m M KC1, 
0.1 m M E D T A , 1 m M E G T A , 0.5 m M 
M g C l 2 , 1 m M 2-mercap toe thano l , and 50 
m M i m i d a z o l e h y d r o c h l o r i d e , p H 6 .7 ) 
(Bershadsky et al, 1978), 1% Tri ton X-100, 
and 10% methanol for 5 min and post-fixed 
in 100% cold methanol for 10 min. Cells 
were placed into phosphate buffered saline 
( P B S ) o v e r n i g h t b e f o r e b e g i n n i n g i m -
munocytochemis t ry or electron microscopy 
protocols. 

All g roups were label led wi th e i ther a 
m o n o c l o n a l a n t i b o d y d i r ec t ed aga ins t p-
t u b u l i n ( E 7 ) f rom h y b r i d o m a c u l t u r e 
m e d i u m , d i l u t e d 1:10 ( D e v e l o p m e n t a l 
Studies Hybr idoma Bank) or affinity-purified 
rabbit-anti- tubulin IgG directed against a -
tubulin at a concentrat ion of 50 ug/ml for 50 
min ai 37° C. The cells were rinsed in P B S 
and labelled with a secondary antibody goat-
a n t i - m o u s e I g G - F I T C ( f l u o r e s c e i n 
isothiocyanate) or goat-anti-rabbit IgG-FITC 
(both from Zymed Labora tor ies Inc.) or -
T R I T C ( t e t r a m e t h y l r h o d a m i n e i s o t h i o 
cyanate; Sigma Chemical Co.) for 45 min at 
37° C. In some cases , the cells were also 
labelled with an au to immune ant ibody, SPJ, 
against human centrosomal antigen (diluted 
1:100) ( B a l c z o n and W e s t , 1 9 9 1 ) . T h e 
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T A B L E I 

Exper imental design for microinjection of sperm heads into 
metaphase II arrested oocytes and pronucleate stage eggs . 

Number with % of Cells with 
Stage at Post Injection 37° C Number Sperm Heads Number with Sperm and MT 

eriment Microinjection Culture Length (hrs) Treatment injected (x sperm/eel!) M T Organization organization 

I Metaphase II 1 21 18 (1.5) 8 44 

n Metaphase II 4 31 20 (2.4) 13 65 

ni Metaphase II 3 90 minute cold treatment 
plus 2 minute recovery 

6 4 (0.66) 2 50 

IV Metaphase II 1-4 Spontaneous activation 17 15 (1.25) 3 20 
V Metaphase II 4 Activation and culture 

for 1 hr 
11 6(1 .7) 2 33 

VI Pronucleate 22 minutes 12 11 (1.5) 0 -
vn Pronucleate 1 90 minute cold treatment 

plus 10 minute recovery 
17 12(1.2) 0 -

vni Pronucleate 11 10 m Nocodazole 
overnight. 30 minute 

recovery 

14 5 2 40 

rx Pronucleate Through mitosis 
(13 hrs) 

9 0 

X Pronucleate 4 Overnight cold treatment 
plus recovery through 

19 (4 completed 
mitosis) 

15(2) 0 

mitosis 

s e c o n d a r y an t ibody for SPJ, b io t iny la ted 
ant i -human (Vector Laboratories , Inc.), was 
applied for 50 min at 37°C and the antigen 
was visualized by then applying 1.5 mg/ml 
s t rep tavid in conjugated to F I T C (Jackson 
L a b o r a t o r y ) . F i n a l l y , t he D N A w a s 
f luorescent ly labe led wi th 5 |Og/ml DAPI 
( 4 , 6 - d i a m i n d i n o - 2 - p h e n y l i n d o l e , S i g m a 
C h e m i c a l C o . ) for 15 m i n at r o o m 
temperature. 

S p e c i m e n s w e r e v i e w e d wi th a Ze i s s 
Axiophot microscope using a Plan Neofluar, 
1 0 0 x / 1 . 3 0 , oi l i m m e r s i o n o b j e c t i v e and 
a p p r o p r i a t e f i l t e r s e t s fo r f l u o r e s c e i n , 
r h o d a m i n e a n d D A P I . D i f f e r e n t i a l 
Interference Contrast (DIC) was also used. 
Photographs were taken using Kodak Tri-X 
black and white or Ektachrome color film. 

RESULTS 

Characterization of the Sperm Head Isolate 

T h e e n r i c h m e n t p rocedu re for the sperm 
cent rosome involves decapitat ing the sperm, 

rinsing away the sperm tails and collect ing 
the sperm heads wi th an intact cent r io le . 
Figure l a is an electron micrograph of intact 
sperm before homogen iza t i on . T h e sperm 
head, midpiece, and tail are connected and a 
d i s t a l c e n t r i o l e is p r e s e n t w i t h i n t h e 
c e n t r i o l a r fossa . F i g u r e l b s h o w s s p e r m 
heads after breaking and removing the tails. 
H o m o g e n i z a t i o n d i s l o d g e s t h e m i d p i e c e 
from the sperm head and repeated washing 
removes it from the isolate. T E M analysis 
reveals sperm heads lacking acrosomal , nu
c l e a r , and p l a s m a m e m b r a n e s a n d t h e 
midp iece mi tochondr ion whi le re ta ining a 
firmly condensed nucleus and attached distal 
basal body in the cen t r io la r fossa. S o m e 
l o o s e c e n t r i o l e s , p r e s u m a b l y p r o x i m a l 
centrioles were also occasional ly seen. Very 
few contaminat ing axonemes were present . 

Sperm Heads Microinjected into a 
Meiotic Cytoplasm 

After me taphase II arres ted oocy tes were 
microinjected, they were cultured for either 1 
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Fig 1. Sea urchin sperm head isolate characterization. (A) 
Whole sperm prior to homogenization: note the presence of 
chromatin, membranes, acrosomal ves ic le , axonemes, 
midpiece mitochondrion, and basal bodies in the centriolar 
fossa (5,000x). (B) TEM of sperm heads with intact distal 
centrioles/basal bodies (arrowheads) and loose ceninoles, 
possibly the proximal centriole (inset) after homogenization 
and detergent extraction. Midpieces, nuclear and plasma 
membranes, and axonemes are absent (8,500x). 

or 4 hr at 37° C. Seventy-three percent of the 
m i c r o i n j e c t e d o o c y t e s in t h i s g r o u p 
contained at least 1 sperm head as seen by 
D A P I staining. The remaining 2 7 % served as 
sham-inject ion controls . Forty-four percent 
of the 1 h r cul ture and 6 5 % of the 4 hr 
c u l t u r e g r o u p s h a d s o m e t y p e o f M T 
o r g a n i z a t i o n assoc ia ted wi th the injected 

sperm head while the sham-inject ion controls 
had no such M T organizat ion other than the 
normal cytasters. 

In the 1 hr cul ture g roup , there was a 
d i s t i n c t and r e p e a t a b l e M T p a t t e r n 
r e s e m b l i n g n u c l e a t i o n of M T s f rom the 
sperm itself (Fig 2) . Th i s pa t te rn will be 
referred to as a Type I aster-like pattern. This 
pattern has a M T focal point at or near the 
sperm head base, where the cent rosome is 
l o c a t e d , and e n v e l o p e s the s p e r m h e a d . 
Al though in some cases the focal point of the 
aster is removed from the sperm head base, it 
is possible that the cent rosome and proximal 
centriole have dislodged from the centriolar 
fossa and migra ted into the cy top lasm as 
occurs in normal sea urchin fertilization. 

In the 4 hr culture group, there were three 
d i f fe ren t M T p a t t e r n s . O n e p a t t e r n was 
ident ical to that seen in the 1 hr cul ture 
group. A second pattern of "min i - sp ind les" 

Fig 2. Meiaphase II arrested oocytes microinjected with 
sperm heads and cultured for 1 hr. Oocytes in this group 
were extracted, fixed, and stained with a tubulin antibody 
(E7) and DAPI after microinjection and culturing. Forty-four 
percent of the oocytes with a microinjected sperm had a 
similar, aster-like, pattern of microtubules enveloping the 
sperm head. None of the sham-injected oocytes had any 
microtubule nucleation other than the normal cytasters. Bar 
= 7 |jm. 
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(Type II) was observed in at least 5 4 % of the 
cases w h e r e M T s were o rgan i zed near a 
sperm head (Fig 3A) . These spindles were 
g e n e r a l l y 2 /3 the l e n g t h of the m e i o t i c 
spindle , bipolar , anastral , fusiform in shape, 
and symmetr ical ly oriented about the sperm 
head. This suggests that the mini-spindles 
were not formed by random stabilization of 
cytaster M T s onto the sperm D N A . A third 
p a t t e r n ( T y p e I I I , F i g 3 B ) r e s e m b l e d 
stabilization of cytaster M T s onto the sperm 
chromat in , possibly at the kinetechores . A 
cell wi th mul t ip le injected sperm did not 
exhibit more than one type of M T pattern. 
Fu r the rmore , none of these pat terns were 
seen in sham-injected oocytes . 

Activation of Microinjected Metaphase 11 
Arrested Oocytes 

T o d e t e r m i n e if the m i n i - s p i n d l e s would 
progress through mi tos is when the oocyte 
was activated, the oocytes were treated with 
a brief 7 min exposure to e thanol in the 
cul ture m e d i u m and cul tured for an hour 
after the initial 4 hr culture period. Six of 11 

injected oocytes contained sperm heads . Of 
the 6, 2 had M T s organized near the sperm 
head. Al though in these two instances M T 
p a t t e r n s s i m i l a r to t h o s e m e n t i o n e d 
p r e v i o u s l y a p p e a r e d , in n o c a s e did the 
spindle change to a typical anaphase spindle 
(not s h o w n ) . In 17 in s t ances , the o o cy t e 
spontaneously activated after pr icking by the 
m i c r o i n j e c t i o n p i p e t t e . F i f t e e n of t h e s e 
oocytes had sperm heads and 3/15 (20%) 
con ta ined M T s o r g a n i z e d at or n e a r the 
sperm head. 

Immunofluorescent Staining of the MTOCs 

It is important to dist inguish if the M T s are 
o r g a n i z e d by m o u s e o r s e a u r c h i n 
c e n t r o s o m e s o r b o t h a n d , t h e r e f o r e , 
immunocytochemis t ry was employed using 
mouse-specif ic centrosomal antibodies (SPJ). 
SPJ w i l l r e c o g n i z e a l l m o u s e M T O C s 
(spindle and cytaster) but will not recognize 
sea u rch in M T O C s . At the 4 h r cu l tu re 
period, mouse specific cent rosomal antibody 
labelled some M T O C s which organized the 
"sperm asters" (Type I) and "min i - sp ind les" 

Fig 3. Metaphase II arrested oocytes microinjected with sperm heads and cultured for 4 hr. Oocytes in this group were 
extracted, fixed, and stained with E7 and DAPI. Three microtubule patterns were evident (A,B and that seen in Fig 2). One 
pattern (A), seen in 54% of the cases, was that of an anastral, fusiform, bipolar "mini-spindle". Bar = 6 (am. The third pattern, 
seen only once (B), appeared to be stabilization of mouse cytaster microtubules onto sperm chromatin. Bar = 6 um. 
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(Type II) (Fig 4) . In some cases, however , 
the M T O C region did not stain at all (14% of 
the mini-spindles and 4 4 % of the asters; data 
n o t s h o w n ) . P e r h a p s s o m e M T s are 
organized by sea urchin M T O C s or by mouse 
M T O C s too small to be detected by SPJ. 
S i n c e t h e r e is s u c h a s m a l l a m o u n t of 
cen t rosomal ant igen present in the sperm, 
this technique may not be sensitive enough 
to detect sea urchin specific cen t rosomes . 
C o n t r o l e x p e r i m e n t s w e r e p e r f o r m e d in 
which sperm were stained with either mouse-
specific SPJ o r sea urchin-specific Ah6, a 
m o n o c l o n a l a n t i b o d y r a i s e d a g a i n s t 
Drosophila i n te rmedia te f i lament prote ins 
but which stains sea urchin centrosomes in a 
m a n n e r i d e n t i c a l to o t h e r c e n t r o s o m a l 
an t ibod ie s such as 5051 (Scha t t en et al, 
1987). Sea urchin sperm showed negat ive 
staining with SPJ and positive staining at the 
centriolar fossa with Ah6 (data not shown). 

Sperm Heads Microinjected into an 
Interphase Cytoplasm 

P r o n u c l e a t e s tage m o u s e eggs were also 
microinjected with cen t rosome- containing 

sea urchin sperm and cultured for ei ther 22 
min or 2 hr. In no case did M T s nucleate at 
or near the sperm head (Fig 5A) . Prel iminary 
results show that microin jec t ion of sperm 
heads into a mouse germinal vesicle (GV) 
oocyte also does not result in M T nucleat ion 
at or near the sperm head (data not shown) . 

In a n o t h e r s e r i e s of e x p e r i m e n t s , 
microinjected pronucleate eggs were al lowed 
to p rogress th rough mi tos i s to the 2-cell 
stage to observe the behavior of the sperm 
heads in another interphase cytoplasm. Three 
of the nine microinjected cells comple ted 
mitosis and no M T patterns formed at or near 
the sperm heads. Cytokinesis resulted in two 
n o r m a l - l o o k i n g , e q u a l - s i z e d , b l a s t o m e r e s 
( F i g 5 B ) . T h e r e f o r e , m i t o s i s , w h e n it 
occurred, was apparently unaffected by the 
supernumerary, foreign sperm head. 

Sperm Heads Microinjected into a Mitotic 
Cytoplasm 

To view the eggs at mitosis and observe if 
M T s organized near sperm heads in another 
rapid-MT-turnover-cytoplasm, microinjected 
pronuc lea te eggs were cul tured in 10 uM 

Fig 4. Metaphase II arrested oocytes microinjected with sperm heads and cultured for 4 hr before extraction, fixation, and 
triple-labelling of tubulin (E7), mouse centrosomes (SPJ), and DNA (DAPI). (A) A mini-spindle that stained with SPJ at both 
poles (arrowhead). The meiotic spindle poles also stained but are out of focus. Bar = 6 \sm. (B) SPJ stained at one intense dot 
at the focal point of the aster (arrowhead). Bar = 7 )jm. 
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Fig 5. Microinjection of pronucleate eggs. (A) Pronucleate eggs were microinjected with sperm heads and cultured for 22 
minutes before extraction, fixation, and labelling with E7 and DAPI. No MTs were organized about the sperm head. (B) 
Pronucleate eggs were microinjected with sperm heads and cultured until cytokinesis before extraction, fixation, and labelling 
with E7 and DAPI. The 2-cell embryo has normal appearing, equal sized blastomeres despite the presence of the 
supernumerary sperm. No MT organization was detected near the sperm head. Bar = 6 |Jm. 

Nocodazo le overnight and allowed to recover 
for 30 min . Figure 6 shows an egg treated in 
this manner . Of the 14 microinjected eggs, 5 
received heads and 2 of these (40%) had an 
organized M T pattern near the sperm head. 
In s o m e c a s e s , a mi to t i c sp indle formed 
around each pronucleus as is somet imes seen 
wi th nocodazole treated eggs (Schatten et al, 
1991). 

According to a recent paper by Gorbsky et 
al (1990) , M T s in the mouse oocyte meiot ic 
sp ind le t u rnove r m u c h m o r e rapidly than 
t h o s e of t h e m i d b o d y at t e l o p h a s e and 
interphase. This suggested that perhaps there 
were indeed M T nucleat ion sites donated by 
t h e s p e r m b u t l o w m o n o m e r i c t u b u l i n 
p o p u l a t i o n , r e s u l t i n g from s t a b l e M T s , 
resulted in no M T formation. To test this 
hypothesis , pronucleate stage microinjected 
e g g s w e r e s u b j e c t e d to a 9 0 m i n co ld 
t reatment to break d o w n existing M T s and 
a l l o w e d to r e c o v e r . A l t h o u g h 1 2 / 1 7 
mic ro in j ec t ed p r o n u c l e a t e eggs con ta ined 
sperm heads , none formed any M T pattern 
(not shown) . Conversely , 2/5 metaphase II 
oocytes had organized M T s associated with 
the sperm head (not shown) . These results 
s u g g e s t tha t the l ack of a c t i v i t y in the 

interphase cytoplasm is not due to the lack of 
availability of monomer ic tubulin. 

Microinjection of Mouse Sperm 

In an a t t e m p t to d e c i p h e r if t h e s e M T 
pa t te rns were m o u s e cy tas t e r M T s be ing 
stabilized by the sea urchin sperm chromat in 
or if there truly was cent rosomal directed 
M T nucleat ion, we microinjected D N A from 
another source - m o u s e s p e r m - which does 
not appear to organize M T s in vivo and does 
not cross react with cent rosomal antibodies 
(Schatten et al, 1986). Metaphase II arrested 
m o u s e o o c y t e s w e r e m i c r o i n j e c t e d and 
cultured for 1 hr at 37° C. All 4 oocytes 
spon taneous ly act ivated. Only 1 of the 4 
contained a sperm head and no M T s were 
associated with it. Also, the chromat in did 
not swell (data not shown) . 

Effects of the Mouse Cytoplasm on the 
Foreign Chromatin 

It is interesting to note that the sea urchin 
sperm chromat in began to swell slightly after 
1 hr of culture and even more after 4 hr of 
culture within the mouse meiot ic cytoplasm. 
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Fig 6. Microtubule formation from microinjected sperm 
heads in a mitotic cytoplasm. Pronucleate eggs were 
microinjected with sperm heads, cultured for 11 hr and then 
transferred to 10 |JM Nocodazole overnight to block the cell 
at metaphase of first mitosis. Cells were then allowed a 30 
minute recovery before extraction, fixation, and labelling 
with E7 and DAPI. MTs were seen to envelope the injected 
sperm head. Bar = 7 um. 

T h e head still remained intact but became 
more of a rounded cone. In no instance did 
the sperm ch roma t in swel l to the typical 
round p r o n u c l e a r shape . In an in te rphase 
cy top lasm, however , the sperm chromat in 
r e m a i n e d in an i n t a c t , u n s w o l l e n , c o n 
figuration for the durat ion of the experiment . 

DISCUSSION 

Demembrana ted , cent rosome/cent r io le con
t a i n i n g s e a u r c h i n s p e r m h e a d s w e r e 
mic ro in j ec t ed into m e t a p h a s e II a r res ted 
mouse oocytes or pronucleate s tage eggs and 
cultured for var ious lengths of t ime . This 
allowed us to dissect out differences be tween 
meiotic , mitotic, and interphase cytoplasmic 
influences on the impor ted cen t rosome as 
well as to observe changes over t ime. It was 
expected that the centrosome may have some 
activity initially and that the centriole would 
still be intact. As exposure to this cytoplasm 
(that does not normal ly contain centr ioles 
and supernumerary cent rosomes) increases, 
however , it was expected that the ' cen t r io le 
would degenerate , as suggested by Szõllósi 
et al (1986) , and possibly also would its 
centrosomal activity. 

Isolations 

T h e s p e r m head i s o l a t i o n r e s u l t e d in a 
p r e p a r a t i o n t ha t had g o o d s t r u c t u r a l 
preserva t ion and low con tamina t ion . It is 
crucial, however , to establish if these isolated 
structures are still functional. Mai ler et al 
(1976) demonst ra ted that sperm treated in 
this manner appear to maintain a functional 
centrosome since they will induce cleavage 
f u r r o w s , s p i n d l e f o r m a t i o n , a n d p a r 
t h e n o g e n e s i s a f t e r m i c r o i n j e c t i o n i n t o 
Xenopus laevis o o c y t e s . T h e s e e f fec t s 
a p p e a r to be s o l e l y a t t r i b u t a b l e to the 
centrosome since disruption of the chromatin 
by v igo rous ag i t a t ion or salt and E D T A 
treatment resulted in a similar response. Very 
few contaminat ing axonemes were present in 
this preparat ion. Any M T formation from 
axonemes would likely have resulted in a 
biased, bidirectional M T pattern and would 
be clearly dist inguishable from the aster-like 
patterns which were observed. 

Oocytes Microinjected with Sperm Heads 

Many meiotic or mitotic (but not interphase) 
m o u s e o o c y t e s o r e g g s tha t h a v e b e e n 
microinjected with a sea urchin sperm head 
and centrosome are induced to form several 
different M T patterns in associat ion with the 
s p e r m h e a d . U p o n m i c r o i n j e c t i o n and 
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s u b s e q u e n t incuba t ion of oocy te s , dras t ic 
differences were seen in the M T pat terns 
a round the micro in jec ted sperm in a cell 
cycle dependant fashion. An average of 5 3 % 
of the meiot ic cytoplasms and 4 0 % of the 
m i t o t i c c y t o p l a s m s , bu t n o i n t e r p h a s e 
cytoplasms, supported M T nucleation. None 
of the sham-injected oocytes had any M T 
nuc lea t ion . T h e r e m a i n i n g oocy te s wh ich 
exhibited no activity could be explained if 
the sperm head lacked a centrosome or the 
cent rosome was damaged during processing 
or microinjection. 

T h r e e types of pa t t e rns were seen; an 
as ter - l ike pa t te rn (Type I) , a min i - sp ind le 
(Type II) and Type III which appeared to be 
a stabilization of mouse cytaster M T s onto 
the sperm chromat in . The differences in M T 
nucleat ing ability be tween a meiotic/mitotic 
cytoplasm and an interphase cytoplasm are 
no t con t r i bu to ry to M T tu rnove r rate o r 
a v a i l a b i l i t y of m o n o m e r i c t u b u l i n as 
suggested by the cold treatment exper iments . 
T h e d i f fe rences may , h o w e v e r , ref lect a 
change in the phosphorylat ion state of the 
c e n t r o s o m e . T h i s s u g g e s t i o n is fu r the r 
s u p p o r t e d by t h e r e s u l t s s e e n in 
microinjected oocytes that were at anaphase 
after activation (spontaneous or artificial). In 
these cases, M T patterns were seen in 20-
3 3 % of the cases (spontaneous and artificial 
a c t i v a t i o n , r e s p e c t i v e l y ) versus 4 4 - 6 0 % 
(mitotic and meiot ic , respectively) if the cell 
was in metaphase . This could be due to the 
dephosphoryla t ion of the cen t rosome as it 
enters anaphase . 

I n c r e a s e d e x p o s u r e to t h e o o c y t e 
cytoplasm leads to a change in M T patterns. 
As the cul ture period after microinject ion 
increased, there was a change in the type of 
M T pat tern formed. Type I pat terns only 
were seen in short culture periods. As the 
culture length increased, approximately half 
Type I and half Type II patterns were seen. 
T h i s c h a n g e in M T p a t t e r n c o u l d be 
reflect ive of a change in the cent rosomal 
activity. 

M T O C s within microinjected oocytes that 
a r e in a n a p h a s e o r t e l o p h a s e h a v e a 
dec reased abil i ty to o rgan ize M T s in the 
p r o x i m i t y o f e x o g e n o u s s p e r m h e a d s , 
r e g a r d l e s s o f t h e m o d e of a c t i v a t i o n 
( s p o n t a n e o u s o r by e t h a n o l ) . A f t e r 

microinject ion of sperm heads and a 4 hr 
culture, some metaphase II arrested oocytes 
were artificially activated with ethanol and 
f ixed at t e l o p h a s e I I . S o m e o o c y t e s 
spontaneously activated from pricking by the 
mic ro in jec t ion p ipe t t e . R e g a r d l e s s of the 
activation method, an average of 2 6 % of the 
s p e r m - h e a d c o n t a i n i n g o o c y t e s h a d M T 
organizat ion (20% for spontaneous activation 
and 3 3 % for ar t i f ic ial ac t iva t ion) . T h e s e 
results, in addit ion to those at metaphase of 
either meiosis or mitosis and at interphase, 
suggest that the cent rosomes are behaving in 
a c e l l - c y c l e d e p e n d e n t m a n n e r ; M T 
nuc l ea t i ng ac t iv i ty b e i n g h i g h e s t in m e 
t a p h a s e , d e c r e a s i n g at t e l o p h a s e , and 
m i n i m a l at i n t e r p h a s e . T h e c e l l c y c l e 
d e p e n d e n t p r e s e n c e of M T s sugges t s the 
foreign cent rosomes may be regulated by the 
m o u s e o o c y t e c y t o p l a s m - p o s s i b l y b y 
phosphorylat ion. 

M T O C s responsible for nucleat ing these 
M T pat terns may well be of dual or igin. 
Centrosomal staining (and lack of staining) 
s u g g e s t s o m e M T O C s a re e n d o g e n o u s 
( m o u s e ) and o t h e r s are e x o g e n o u s ( sea 
urchin). Fur thermore, the presence of an aster 
suggests these M T O C s are functional in their 
ability to nucleate MTs . The aster-l ike pattern 
is reminiscent of a sea urchin sperm aster 
seen during normal fertilization suggest ing 
the M T O C is sea urchin in origin. On the 
o ther hand, min i - sp ind les ( 8 6 % of wh ich 
stain with SPJ) are reflective of a typical M T 
pattern seen in mouse meiot ic oocytes , that 
is, a spindle. It is feasible that the mouse 
oocyte detected chromat in that was not in
corporated into a meiotic spindle and moved 
to correct the "problem". It is interesting that 
the M T pattern changes from aster-like to 
mini-spindle as exposure to the cytoplasm 
increases. Also, SPJ staining is seen in 86% 
of the mini-spindles and only 4 4 % of the 
aster-like patterns. From this we infer that 
SPJ-positive M T O C s (i.e., mouse M T O C s ) 
are responsible for mos t of the mini-spindle 
f o r m a t i o n w h i l e S P J - n e g a t i v e M T O C s 
(inferred sea urchin M T O C s ) are responsible 
for m o s t of the a s t e r - l i k e p a t t e r n s . W e 
suggest that the decrease in the percentage of 
aster-like patterns with the passage of t ime 
reflects a degradat ion or down regulation of 
sea urchin M T O C s over t ime. 
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Effects on the Exogenous Chromatin 

The fate of the sperm chromatin varies in a 
manner dependent on the cytoplasmic state; 
decondens ing slightly in a meiotic cytoplasm 
and not at all in an interphase cytoplasm. The 
chromatin will decondense slightly over time 
in a m e i o t i c c y t o p l a s m bu t wi l l r e m a i n 
highly condensed and in a cone-shaped form 
in an i n t e r p h a s e e g g . F u r t h e r m o r e , the 
fo re ign s p e r m s e e m s to be iner t du r ing 
mitosis because two, equal-sized blastomeres 
result after cytokinesis . It is interesting that 
the sperm D N A does not cycle with the 
mouse D N A ; it is neither excluded from the 
cell nor incorporated into the nucleus. The 
sea urchin sperm may be so phylogenetically 
distant from the mouse oocyte that the sperm 
D N A cannot recognize cell cycle signals to 
decondense or condense . Fur thermore, since 
two, equal-sized blas tomeres resulted after 
c y t o k i n e s i s , it a p p e a r s t ha t the e x t r a 
cen t rosome has also become inert by this 
t ime. This further supports the theory that the 
sea urchin centrosome, while active initially, 
has degraded. 

Other Microinjection Studies 

In at tempting to interpret these results, we 
turned to similar experiments such as those 
by M a i l e r et al ( 1 9 7 6 ) , H e i d e m a n n and 
Kirschner (1975) and Karsenti et al (1984). 
A l l a r e s i m i l a r in t h a t t h e y i n v o l v e 
m i c r o i n j e c t i o n of a c e n t r i o l e / c e n t r o s o m e 
fraction (alone or associated with some type 
of nuc le i ) in to a h e t e r o l o g o u s (Xenopus 
laevis) oocyte or egg. However , in no case 
was the host cell of mammal ian origin and. 
f u r t he rmore , the n u m b e r of c e n t r o s o m e s 
microinjected far outnumbered the amount 
in jec ted in these e x p e r i m e n t s . It is also 
d i f f i c u l t to e x t r a p o l a t e f rom t h e s e 
e x p e r i m e n t s b e c a u s e e a c h had s l i g h t l y 
varying results using material from differing 
species. The results of Mailer et al (1976) 
and He idemann and Kirschner (1975) agree 
with each other and with ours in that only 
metaphase II oocytes microinjected with a 
centriole or basal body fraction, and not a 
purified nuclei fraction, would form asters. 
Karsenti et al (1984) claimed that it was only 
the activated oocytes and not the metaphase 

II oocy te s that were c a p a b l e of fo rming 
a s t e r s a f te r m i c r o i n j e c t i o n w i t h n e u r o 
b l a s t o m a c e n t r o s o m e s . C o - i n j e c t i o n of 
cen t ro somes and ka ryop la s t nucle i led to 
as ter fo rmat ion in ac t iva ted o o c y t e s and 
spindle formation in metaphase II arrested 
oocytes while injection of nuclei a lone led to 
spindle formation in metaphase II oocytes 
only. They concluded that the cent rosomes 
w o u l d i n d u c e M T p o l y m e r i z a t i o n in an 
interphase state - a state where the tubulin 
critical concentrat ion was l o w - , but not in a 
m e i o t i c s t a t e - w h e r e t h e c r i t i c a l 
concen t r a t ion for tubu l in is h i g h - un less 
D N A w a s n e a r b y to " i n f l u e n c e " t h e 
centrosome behavior. 

Implications 

We s u g g e s t the f o l l o w i n g as p o s s i b l e 
interpretations of these results. It is possible 
that the M T patterns observed were caused 
by a stabilization of free M T s on the sperm 
c h r o m a t i n or by s o m e in f luen t i a l fac tor 
associated with the chromatin, as suggested 
by Karsenti et al (1984) . This , however , 
does not exc lude the poss ib i l i ty that the 
mouse oocyte, being able to tolerate only one 
cent rosome, selectively degrades or down-
r e g u l a t e s the s u p e r n u m e r a r y sea u r c h i n 
sperm centrosome. It appears, however , that 
this mouse oocyte reaction is not immediate . 
Initially, the sperm centrosome is functional 
and follows the rules for centrosome activity, 
that is, its M T nucleat ing capacity is greatest 
at m e t a p h a s e of m e i o s i s a n d m i t o s i s , 
decreases dur ing anaphase and t e lophase , 
and is minimal at interphase. As exposure to 
the mouse cytoplasm increases, so too does 
the down-regulat ion or degradat ion of the sea 
urchin centrosome. This gradual degradat ion 
is manifested in two ways: a change in M T 
patterns from aster-like to mini-spindles and 
c y t o k i n e s i s r e s u l t i n g in n o r m a l 2 - c e l l 
embryos . 

It is interesting that the cent rosome of an 
i n v e r t e b r a t e c a n be r e g u l a t e d by a 
m a m m a l i a n c y t o p l a s m , s u g g e s t i n g t h e 
conse rva t i on of crucia l r egu la to ry m e c h 
anisms. Another aspect of this study which 
should not be overlooked is that while the 
mouse oocyte is typically thought of as a 
static cell because it is arrested in metaphase 
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II of meios i s , it is still quite capable and 
e f f i c i e n t a t m o n i t o r i n g a n d r e g u l a t i n g 
cen t rosome function and number . 

T h e results demonst ra ted herein provide 
addit ional evidence for centrosomal function 
in an "al ternate in vivo" environment . This 
system provides a novel means of s tudying 
the c e n t r o s o m e in the e n v i r o n m e n t of an 
intact cell where the number of functional 
c e n t r o s o m e s is k n o w n as o p p o s e d to an 
e x t r a c t s y s t e m w h e r e t h o u s a n d s of 
c e n t r o s o m e s or c e n t r o s o m a l c o m p o n e n t s 
m a y be present . 
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