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Introduction 

There is, at  the present time, a concurrent evidence to indicate 
that  genie act ivi ty is correlated with extension or unwinding of the 
chromosomal thread, the inactive chromosomal loci appearing as highly 
condensed or t ightly wound up. For instance, in interphase nuclei only 
the dispersed chromatin appears to be active in ribonucleie acid syn- 
thesis; the condensed ehromatin appears to be relatively inert. Hsv  
(1962) and M o ~ s I  and CRIPPA (1964) have shown tha t  in mouse somatic 
cells cultured in vitro incorporation of nridine-H 3 occurs only at those 
sites in the nueleoplasm where the chromatin has a diffuse appearance, 
whereas it is virtually absent in the heteropyenotic blocks or chromo- 
centers where the chromatin is highly condensed. FR~SSTE~, ALLF~Y 
and MII~SXY (1963) have shown tha t  the condensed chromatin (hetero- 
chromatin) isolated from calf thymus lymphocytes is much less active 
in messenger RNA synthesis than the extended chromatin (euehromatin). 
The condensed chromatin contains up to 80 per cent of the total  inter- 
phase DNA. This would, then, imply tha t  most cellular genes are 
"repressed" as far as genetic act ivi ty is concerned. These conclusions 
were eorffirmed by  electron microscopy autoradiography (MTTAV, ALL- 
F~nY, FnnNSTER, and MmsKr  1964). Another striking example of 
correlation between chromosome condensation and genetic inactivity 
concerns the X chromosome in somatic cells of the female in a variety 
of mammal ian  species. In  female somatic cells, one of the two X chromo- 
somes, which may  be of either paternal or maternal  origin, becomes 
genetically inactivated during early embryogenesis (LYo~ 1961, 1962; 
RVSSELL 1961; BSUTLE~, Y]~g and FAI~BA~:S 1962) and it appears 
morphologically as a prominent heteropycnotic body during interphase 
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( B A ~  and  C A ~  1960, 0HNO and  MAKINO 1961). The fai lure of the  
me taphase  chromosomes  to synthesize  R N A  both  dur ing  mitosis  (TAYLOR 
1960; P~]~SCOTT and  B E ~ D ~  1962; DAs 1963; FEINENDEGEN and 
BOND 1963; M o ~ s I  1964a, b;  M o ~ s I  and  CRIPPA 1964) and  dur ing  
meiosis (TAYLo~ 1958; HENDERSON 1964; Mo~]~SI 1964a, b;  MUCKEN- 
THAL~ 1964) was also i n t e rp re t ed  to  resul t  f rom the  i nab i l i t y  of the  
con t rac ted  chromosomal  t h r e a d  to  act  as a "template" for I~NA 
synthesis .  

Possibly,  the  most  r emarkab le  evidence of associa t ion be tween genie 
a c t i v i t y  and  umvinding  of the  chromosomal  t h r e a d  concerns the  s tudies  
on R N A  metabo l i sm in the  " l a m p b r u s h "  chromosomes of a m p h i b i a n  
oocytes  (GALL and  CALLAlX7 1962; IZAW& A L L F ~ Y  a n d  MIRSKY 1963) 
and  in the  g ian t  chromosomes of m a n y  d ip t e r an  la rvae  (see, as a review 
reference, B E ] ~ l ~ A ~  1963). These s tudies  have  shown t h a t  R N A  
synthesis  occurs only  or ma in ly  in cer ta in  regions of the  chromosomes  
where the  D N A  is uncoi led to form special  s t ruc tures  named ,  respect i -  
vely,  " loops"  and  "Ba lb ian i  r ings"  ("puffs") ,  whereas  i t  is absen t  or 
slow along the  chromosomal  axis where the  D N A  is t i gh t l y  coiled and  
folded into chromomeres .  

Since dur ing mos t  of male meiosis in the  mouse,  as well as in most  
an imal  species, the  sex chromosomes show posi t ive  he te ropycnos is  
re la t ive  to  the  autosomes,  i t  a p p e a r e d  of in te res t  to  inves t iga te  compara-  
t i ve ly  the  p a t t e r n  of r ibonucleic  acid  synthes is  in  the  au tosomes  and  
in the  sex chromosomes using t r i t i u m - a u t o r a d i o g r a p h y  and  squash 
p repara t ions  of i so la ted  tubules ,  t I ~ D n ~ S O N  (1964) has recen t ly  r epor t ed  
t h a t  the  X un iva len t  is inac t ive  in R N A  synthesis  dur ing  male meiosis 
in the  grasshopper  and  locust .  

Material and Methods 
C3H male mice, 12 to 14 weeks old, were used. Uridine-It 3 (The Radiochemical 

Centre, Amersham; specific activity 2.1 C/raM) was used as a precursor of RNA. 
Since it was previously observed that, when uridine-H 3 or cytidine-H a are injected 
intraperitoneally or intravenously, the labeling is confined to the peripheral tubules 
of the testis (MoNEsI 1964a, b), the precursor was now injected directly into the 
testis under the albuginea at a dose of 6/~c per testis. Preliminary autoradiographic 
experiments had shown that under these conditions the precursor diffuses very 
rapidly throughout the whole organ resulting in equal labeling of the peripheral 
and the central tubules. At various intervals after injection, the animals were 
killed, the testes were freed from the albuginea, placed in a Petri dish containing 
0.7 per cent hypotonic citrate solution, and the testicular tubules were teased 
apart. After 15--20 rain of hypotonic treatment, the isolated tubules were either 
(a) fixed for 10 rain in alcohol--acetic acid (3 : 1), stained for 20 rain with lactic- 
acetic orcein and squashed on slides, according to the procedure of W]~LS~O~S, 
GIBso~and SCANDLu (1962), then extracted with 5 per cent trichloroaee~ic acid 
(TCA) at 0~ to remove unincorporated precursor, washed two hours in running 
water and autoradiographed, or (b) they were fixed as described above, then squashed 
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on slides with the aid of few drops of 50 per cent lactic acid, extracted with cold 
TCA, autoradiographed and stained with hematoxylin through the autoradio- 
graphic emulsion after processing. A few samples were fixed in Orth's fixative, 
embedded in paraffin, sectioned at 2 #, and stained with periodic acid-Schfff and 
hematoxylin. The autoradiographs were prepared by using Kodak NTB2 liquid 
emulsion and were exposed in light-tight boxes at 40 C from 20 to 100 days. In order 
to test the specificity of isotope incorporation, some squashes were incubated 
with 0.1 per cent ribonuclease (Light, 5 • crystallized) in distilled water at 40~ 
for 4 hours, then washed in running water and autoradiographed. The enzymatic 
treatment removed practically all the label incorporated into meiotic cells and 
Sertoli cells. 

Observations 

The autosomes 

The autosomes actively synthesize I~NA during great par t  of meiotic 
prophase. The rate of uridine-H a incorporation, as judged by uridine-H s 
labeling 30 to 60 min after injection, varied, however, considerably 
during the course of the meiotic cycle. I t  was rather  low during the 
preleptotene resting stage - -  when DNA is synthesized (Mos~sI 1962) - -  
then ceased or fell to a very low level during early prophase until early 
paehytene. After these stages, the rate of incorporation increased rapidly to 
a maximum in middle pachytene, but declined again progressively during 
late paehytene, diplotene and dlaldnesis, as chromosome coiling progres- 
ses, and stopped completely during late diaMnesis, fh~st metaphase and 
anaphase. Secondary spermatocy~es were very little labeled during the 
short resting stage and completely unlabeled during metaphasc and 
anaphase (Figs. 1--14). 

In  pachytene nuclei, the silver grains were seen to overlie exclusively 
the chromosomal threads up to 2- -3  hours after injection (Figs. 10--12). 
I t  was about 3 to 4 hours after injection before a detectable amount  
of radioactivity appeared in the cytoplasm. With increasing times after 
labeling, the more and more of nuclear synthesized I~NA appeared in 
the nuclear sap and in the cytoplasm. However, the ribonucleic acid 
associated with the chromosomes at  diplotene is not retained by  them 
through division, but  is suddenly released to the cytoplasm as the cell 
enters diakinesis and metaphase. This is inferred by the observation 
tha t  (a) whereas at pachytene stage the labeling was exclusively chromo- 
somal up to 2- -3  hours after injection, at diplotene and dlakinesis a 
fair amount  of label was already in the cytoplasm 30 min after injection 
(Fig. 13), (b) at  longer post-injection intervals (4 to 12 hours), as labeled 
pachytene and diplotene nuclei develop to metaphase stage, this lat ter  
stage also appeared labeled but the silver grains were present almost 
exclusively over the cytoplasm, whereas in pachytene nuclei the labeling 
was still overwhelmingly chromosomal. As a result of this rapid discharge 
of chromosomal RNA to the cytoplasm during late meiosis, metaphase 
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chromosomes appear to contain little or no t~NA. Analogous evidences 
of a rapid dispersion of chromosomal I~NA into the cytoplasm at meta-  
phase were reported by a number of authors in mitotic cells (TAYLOR 
1960; PRESCOT~ and BENDEI~ 1962 and 1963; FEIN]~NDEGEN and BOND 
1963; MONESI 1964a, b; MoNwsI and CRIerA 1964). Since this rapid 
release of nuclear RNA to the cytoplasm at very late meiotic prophase 
takes place after the nuclear membrane has disappeared, it seems 
reasonable to conclude that  it may  involve a dissociation from the 
chromosomes rather than mere ly  depending upon the removal of the 
nuclear membrane as a barrier. 

The finding of absence or great depression of RNA synthesis during 
early meiotic prophase, when the chromosomal threads are largely 
uncoiled, followed by intense synthesis during pachytene, concomitantly 
with a progressive increase in chromosome condensation, was unexpected 
since in mitotic chromosomes the rate of RIgA synthesis is high during 
early prophase and then gradually declines as the process of chromosome 
coiling progresses (TAYLOR 1960; PRESCOTT and BENDER 1962; FEIX~*EN- 
DEGEN and BOND 1963; IVIONESl 1964a, b; MONESI and CRrPFA 1964). 
Leptotene and zygotene nuclei were even less labeled than the contracted 
bivalents at late pachytene and diplotene (Figs. 4, II, 12). In a previous 
research carried out on tissue sections (MoNwsl 1964a, b), it was observed 
that meiotic RIgA synthesis ceases or reaches an insignificant level 
soon after the completion of premeiotic DIgA synthesis for a period of 
about 140 hours, that is for about one half of the total length of meiosis, 
as judged from the duration of the seminiferous cycle (0AKBV.RG 1956). 
A similar drop of RIgA synthesis during early meiotic prophase was 
not reported to occur in the grasshopper and locust (H]~NDERSON 1964, 
MUCKENTHALER 1964) and in plants (TAYLOR 1959, HOTTA and STERN 
1963). However, in Tulbaghia violaceae mierosporocytes a cessation or 
a drop of RNA synthesis was reported to occur at  the t ime of DNA 
replication and at the zygotene pairing stage (TAYLOR 1958). 

The sex chromosomes 

During most of male meiosis in the mouse, as well as in other species, 
the sex chromosomes are allocyclic relative to the autosomes. They 
are t ightly coiled up and positively heteropycnotic throughout leptotene, 
zygotcne and most of pachytene stages. During these stages they are 
enclosed within the so called sex vesicle which appears as a positively 
heteropycnotic body applied to the nuclear membrane. At early diplotene 
the vesicle gradually disintegrates, and the sex chromosomes clearly 
appear as two separate bodies connected end-to-end (MATTHEY 1953, 
ORNO, KAI'LAN and KINOSlTA 1959, GEYEI~-DUSZY%ISKA 1963). At 
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Figs.  1 - -3 .  3 ~ sections of seminiferous tubules labeled for 1 hour wi th  ur idine-H 3 and  s ta ined wi th  
periodic-acid Schiff and  hematoxyl in .  Focus on the  grains.  Abbrev ia t ions :  A type  A spcrmatogonia .  
L leptotene.  M meiot ic  metaphaae .  P paehytene .  $2, ,58, $I4, spe rmat ids  a t  var ious  steps of spermio-  
genesis. Z zygotene.  - -  The var ious  genera t ions  of ge rm cells are a r ranged  f rom the ba semen t  m e m -  
brane (at  the bo t tom of the  figures) to the lumen of the tubule (at  the top of the  figures) aecording to 
the i r  age. - -  Fig .  1, s tage V I I I ,  ca. 800. Fig.  2 s tage X I I ,  ca. 1200. Fig .  3, s tage I I ,  ca. 1200. - -  Note 
(a) the absence of R N A  labeling in the genera t ion of young  spermatoey tes  a t  leptotene (Fig.  1), zygotene 
(Fig .  2), and  early paehytene  (Fig.  3) s tages  a t  the  per iphery  of the  seminiferous tubule,  (b) the presence 
of a s ignif icant  :R:N'A labeling in the  older genera t ion  of p r i m a r y  spermatoey tes  a t  middle  paehytene  in 
the  center  of the  tubule  in Fig .  1, and  (c) the  absence of label over  meiot ic  me taphase  f igures in Fig .  2. 
Figs .  4 - - 8  are squashes  of p r ima ry  spe rma toey te  nuclei labeled for 1 hour wi th  ur id ine- I t  a. Laet icacet ie  
oreein or  hematoxyl in ,  ca. 1500. X,  the  X chromosome;  Y,  the  Y chromosome;  X Y ,  the  X and  u chro- 
mosomes.  - -  Fig.  4, zygotene  or v e r y  early paehytene,  v e r y  little labeled. Figs.  5 - -8 ,  paehytene,  heavi ly  

labeled over  the  autosolnes and  completely unlabeled over  the heteropyenot ic  sex cbxomosomes 
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Figs. 9--14.  The dis t r ibut ion of RNA labeling a t  various stages of male meiosis 80 to 60 rain after injection of 
nridine-tIL Lactic-acetic oreein or hematoxyl in  staining, ca. 1500. For abbreviat ions see Figs. 4--8 .  - -  Figs.  9 
and 10, pachytene. Figs. 11 and 12, late pachytene. Fig.  13, diakinesis. Fig.  14, first metaphase figures. - -  :Note 
(a) the absence of label over the sex chromosomes a t  all stages of meiosis and over the autosomes a t  metaphase, 

and (b) the presence of abundant  cytoplasmic labeling a t  diakinesis. 

Figs.  15 and 16, are paehytene nuclei labeled for 1 hour wi th  arginine-H ~. Hematoxyl in .  ca. 1500.--- Note the 
presence of label over both  the autosomes and the sex chromosomes 

Fig. 17. Nucleus of a Sertoli cell labeled for 1 hour wi th  uridine-tt".  1-Iematoxylin. ca. 1500. Note the high 
density of grains over the nucleolus (N) and l i t t le  or no labeling over the heteropycnotic chromocenters or 

karyosomes (K) f ianking the nucleolus 
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diakinesis and metaphase I and I I  the sex bivMent becomes isopycnotie 
to the autosomes. Although clearly visible only beginning with the 
diplotene stage, the end-to-end association of the X and Y chromosomes 
is already well established during paehytene, as revealed by ribonuclease 
digestion ( 0 ~ o ,  K~PLa~ and KINOSlTA 1959). 

In contrast to the autosomes which were labeled throughout the 
second half of meiotic prophase, the heteropycnotie sex chromosomes 
were invariably unlabeled at all stages of the meiotic cycle. They  remained 
unlabeled also dm'ing diplotene and diakinesis, whell they become 
isopyenotie to the autosomes, whereas the autosomes at these stages 
still exibited a certain amount of labeling (t~igs, 5--14). I t  is noteworthy 
that ,  m~like I~NA precm'sors, amble acids-H ~ were incorporated also 
in the sex chromosomes at all stages of meiosis (Figs. 15, 16). 

Discussion 

The failure of the heteropycnotic sex chromosomes to incorporate 
1RNA precursors at all stages of meiosis is interpreted to indicate that  
the sex chromosomes are inactive in messenger RNA synthesis 
during male meiosis. This finding is, then, in line with the current 
view that  only dispersed chromatin is active in the production of mes- 
senger I~NA. In this connection, it is d in*crest to no~e ~,hat *he sup- 
porting Sergoli cells were always found to be heavily labeled over the 
nueleolus and the nucleoplasm except over the two highly condensed 
chromocenters on each side of the nucleolus (Fig. 17). 

I t  seems, however, tha t  the degree of chromosome contraction as 
,such is not the only condition which governs the rate of t lNA synthesis 
during meiosis, since in the mouse the autosomes were found to be 
either inactive or very little active in RNA synthesis during early 
prophase (leptotene to eaHy pachytene), when the chromosomes are 
largely uncoiled, and progressively more active during middle pachytene 
in spite of a great increase in chromosome coiling. During late pachytene 
to diakinesis, as the chromosome eoiting becomes *he more and more 
complete, the rate of synthesis decreases rapidly to eventually stop 
at metaphase, bat  even the contracted bivalents at late pachytene and 
diplotene were more labeled than *he dispersed chromatin at leptotene 
and zygotene stages. 

A possible explanation of this unusual behavior may be suggested 
from the experiments on I~NA metabolism in the "lampbrush" chromo- 
somes of amphibian ooeytes at diplotene stage. Incorporation studies 
have shown that  in the chromosomes of newt ooeytes RNA synthesis 
is very intense in the lateral loops and is absent or slow in the dense 
chromosomal axis (GALL and CALLAN 1962, IZAWA, ALLF~]~Y and 

Ci~romosom~ (Ber[.~,~ tld. 17 ~. 
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M~s~:u 1963). Kinetics studies of deoxyribonuelease-induced breaks 
(G~LL 1963) and enzymatic digestion experiments (MAcoREGOU and 
CALLAN 1962) have led to the concept that the lampbrush chromosome 
is equivalent to two closely apposcd DNA double helices tightly coiled 
and folded into ehromomeres along the axis and stretched out into 
paired loops laterally. These studies have led to the view that the 
"looping out" of the DNA molecule from the dense chromosomal axis 
is the mechanism allowing RNA synthesis to occur in a given chromo- 
somal locus. Although the presence of DNA lateral projections from 
the main chromosomal axis has been clearly demonstrated only in 
amphibian oocytes, in virtue of their great size, it is conveivable that 
this ]ampbrush organization of the chromosomes is a general feature 
in mitotic and meiotic chromosomes whenever a chromosomal locus 
undergoes RNA synthesis. In this sense, the "looping out" of primer 
DNA would be a general prerequisite to allow RNA synthesis. Lateral 
projections similar to the loops of amphibian oocytes chromosomes 
have been, for instance, repeatedly described in grasshopper spcrmato- 
cytes (R~s 1945, HEnDERSOn 1964). In mammalian chromosomes, lateral 
projections are more difficult to be observed. However, late prophase 
chromosomes in mammalian male meiosis frequently exibit a fuzzy 
outline (Fig. 16; see also Figs. 2--5 in 0HNO, KAPLAN and KINOSITA 
1959). Furthermore, electron microscopic observations (MosEs 1960, 
1963; SeVIlLe and T~UJILLO-CEN6Z 1960) have shown that the bivalent 
chromosomes of rat and insect primary spermatocytes exibit numerous 
kinked microfibrils radiating from the chromosome axis, that might 
well be loop structures, as suggested by MosEs (1964). The frequent 
occurrence of RNA labeling over the chromosomal margins during male 
meiotic prophase in the mouse (Figs. 10--12) may also be interpreted 
to result from the presence o~ lateral projection of DNA loops. 

The degree of lampbrush organization of the chromosomes seems to 
be, to a certain extent, independent of the general process of chromo- 
some contraction per se. In fact, maximal lampbrush organization of 
the chromosomes in newt oocytes (CALLAN and LLOYD 1960) and in 
orthopteran spermatocytes (HEND~,~SON 1964) is attained at diplotene 
stage, when the chromosomes are highly condensed. Then, a measure o/ 
chromosome activity would be the extent o] loop organization rather than 
the degree o] coiling o/the main chromosomal axis. In fact, the biochemical 
studies of DAVIDSON, ALLFREY and Mms~r (1964) have demonstrated 
that most of the RNA produced during oogenesis in Xenopus laevis 
is synthesized daring the diplotene lampbrush stage. 

On the basis of these evidences, it may be suggested, as a working 
hypothesis, that in the mouse primary spermatocytes DNA loops are 
absent from early prophase chromosomes and that a lampbrush organi- 
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zation develops late in prophase. Leptotene and zygotene chromosomes, 
in spite of the low level of chromosome coiling, would thus be incapable 
of RNA synthesis ; syalthetic act ivi ty would commence and progressively 
increase later during the pachytene stage, eoncomitantly with the 
appearance and development of loop structures. This hypothesis would 
also account for the persistance of a certain level of I~NA synthesis in 
the contracted bivalents at diplotene and diakinesis (our observations 
and HOTTA and STEI~ 1963, tt]~N])m~SON 1964), as well as in early 
metaphase chromosomes of mouse spcrmatogonia ( M o ~ s I  196~ta, b) 
and mammalian somatic cells cultured in vitro (Ko~I~AI) 1963, MoN~sI 
and CnrePA 1964). 

Summary 
1. Ribonucleic acid synthesis was studied in the autosomes and sex 

chromosomes during male meiosis in the mouse using uridine-H 3 labeling 
and autoradiography. 

2. In the autosomes, the incorporation of uridine-II a into RNA 
ceased or fell to an insignificant level during early meiotic prophase 
until early pachytene. After these stages, the rate of incorporation 
increased rapidly to a maximum in middle pachytene, but declined 
again progressively during late pachytene, diplotene and diakinesis, as 
chromosome coiling progresses, and stopped completely during meta- 
phase and anaphase. Secondary spermatocytes were very little labeled 
during the short resting stage and completely unlabeled during meta-  
phase and anaphase. 

3. In  eontrast to the autosomes, the hetcropyenotie XY bivalent 
was invariably unlabeled throughout the meiotic cycle. 

4. A working hypothesis is forwarded to account for the absence 
or scarcity of RNA synthesis during early meiotic prophase. 
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