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ABSTRACT 

Primary spermatocytes of Peromyscus were examined to ascertain 

synaptonemal complex behavior, with special emphasis on the X-Y complex. 

Spermatocytes of presumed pericentric inversion heterozygotes were 

checked for evidence of inversion loops. Cells were prepared by a whole-

mount spreading technique and studied by light and electron microscopy. 

The following sequence of events was observed. The X-Y complex 

exhibited delayed pairing relative to the autosomes. The short arm, 

kinetochore and proximal region of the long arm of the X paired with the 

Y axis. Unpaired X and Y axes thickened, displaying multiple strands. 

Contraction occurred synchronously in the X and Y, while autosomes con

tracted asynchronously relative to the sex complex. Desynapsis of the 

X and Y occurred, however a small paired segment was retained until the 

complex disassembled. 

No inversion loops were observed in cells of presumed peri

centric inversion heterozygotes, however unpaired terminal regions were 

seen in some early pachytene cells. 

v i i  



INTRODUCTION 

Although many studies of synaptonemal complexes (SC's) and of 

Peromyscus chromosomes have been published in recent years, there are 

areas of interest which have not been examined. SC's of various 

mammals including mouse, human and hamster have been analysed (Dresser 

and Moses 1980, Moses, Counce and Paulson 1975, Spyropoulos et al. 

1982), but none of these studies refer to Peromyscus. The chromo

somal characteristics of Peromyscus are well known through mitotic 

analysis (Greenbaum, Baker and Bowers 1978, Robbins and Baker 1981) , 

however meiotic studies of this genus have not been made. Descrip

tions of the behavior of inversion SC's in mammalian meiosis have been 

presented recently (Chandley 1982, Davisson et al. 1981, Ashley, Stock 

and Pathak 1981). The evidence in these reports is contradictory3 

indicating that inverted chromosome segments in heterozygotes form 

pachytene loop configurations in some cases and not others. 

In the present study, synaptonemal complexes of Peromyscus 

in surface-spread two dimensional spermatocytes are examined, and 

synapsis and contraction patterns are presented. SC's in cells of 

presumed pericentric inversion heterozygotes are analysed in this 

study and observed pairing behavior of the inverted segments is 

documented. 

1 
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The Synaptonemal Complex 

A description of the synaptonemal complex was first published 

by Moses (1956), using electron micrographs of Procambarus clarkii. 

For the next 17 years SC's were studied by means of serial section 

reconstruction of meiotic nuclei. As an alternative to sectioning, 

Counce and Meyer (1973) devised a method whereby the nucleus is 

spread by surface tension on an aqueous solution and then picked up on 

a slide or copper grid, fixed and stained. The entire SC complement 

is visible at once in these preparations. Largely because of the ease 

of preparation and extreme clarity of the preferentially stained com

plexes offered by the Counce-Meyer technique, the synaptonemal complex 

has become an effective vehicle for the study of the events occurring 

in the pachytene stage of meiosis. 

Moens (1968) defined the components of the tripartite synapto

nemal complex as two outer ribbons termed lateral elements or axes, a 

less dense ribbon between the lateral elements termed the central 

element, and fine strands running from the lateral elements to the 

central element which are transverse filaments. A review by 

Westergaard and von Wettstein (1972) of SC's studied in over 50 

organisms shows highly conserved morphology of all elements. 

Each chromosomal bivalent is associated with an SC. An SC 

lateral element is continuous along the length of each homolog and 

ends at or near the nuclear envelope, with a thickening of the axes 

at the terminal sites of attachment to the nuclear membrane (Wettstein 

and Sotelo 1967). Surface spread preparations confirm the existence 
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of these terminal sites now called attachment plaques (Dresser and 

Moses 1980). 

In leptotene silver-stained lateral elements are first visible 

along the as yet unpaired homologs (Speed 1982). As the chromosomes 

pair, the lateral elements come together and remain paired throughout 

pachytene. According to Moses (1980) the complex disassembles in late 

pachytene in hamster, human and lemur and in early diplotene in mouse. 

Kinetochores can be identified in some cells as thickened 

areas in the lateral element or small silver-stained bodies (Dresser 

and Moses 1980, Speed 1982, Spyropoulos et al. 1982). In other cells 

the kinetochores are not apparent. Recognition of kinetochore areas 

is important in bivalent identification, and allows the juxtaposition 

of the chromosomes in the X-Y complex to be ascertained. 

Timed Studies 

Several timing techniques have been developed which allow the 

cellular events of pachytene to be placed in correct sequence. Speed 

(1982) prepared foetal mouse oocytes on successive days, monitoring 

the progression of prophase stages from day 13 of gestation to day 20. 

Dietrich and Mulder (1981) arrested spermatogenesis by administering 

hydroxyurea to male mice, followed by daily analysis of spermatocytes. 

Twelve stages from zygotene to diplotene were identified. In two 

other studies (Oud, de Jong and de Rooij 1979, Oud and Reutlinger 

1981), both hydroxyurea and triaziquone were used to reduce the sperma

tocyte population to a well-defined group of cells whose development 
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could be followed in succeeding days. Moses (1980) has identified the 

stages of prophase by cytological criteria found in mouse and Chinese 

hamster surface spread cells. For mouse he defines five substages of 

pachytene and two of diplotene using nucleolar morphology, SC conden

sation, X-Y synapsis and X-Y length, heterochromatic knobs and the 

prominence of kinetochores as timing guides. 

The evidence presented in timed studies is in agreement on the 

sequence of the synaptic process in which one end of the lateral 

elements is the last to pair. Speed (1982) reports pairing of the 

lateral elements with the centromeric ends remaining desynapsed until 

the end of zygotene. Moses (1980) states that assembly begins at the 

ends on the nuclear envelope and proceeds interstitially. Both Moses 

(1980) and Speed (1982) report rapid contraction of the SC's in early 

pachytene. Oud et al. (1979) mention a rapid contraction of chromo

somes during this time, followed by elongation. In contrast to the 

pairing process, desynapsis in diplotene has been found to begin in 

the interstitial region of the complex. Dietrich and Mulder (1981) 

saw unpaired elements only in diplotene when the complexes formed 

balloon-like configurations with the attachment plaques often still 

in association with each other. This typical diplotene figure is 

confirmed in Speed's preparations. 

Changes in nucleolar morphology are especially helpful in 

determining cell stage. In zygotene and very early pachytene, the 

nucleolar body is comet shaped with a dense rounded head and a 

diffuse tail of granular material (Dresser and Moses 1980). Comet 
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heads are usually associated with axial elements at this stage. As 

pachytene progresses the tails attenuate and become more filamentous 

and heads lose the rounded comet appearance. At late pachytene the 

structures become granular and begin to disperse, finally disappear

ing at the end of pachytene. The three nucleolar stages could be 

clearly identified in Peromyscus spermatocytes. 

The X-Y Complex 

Pairing in the X-Y complex is known to occur at the distal 

ends of the X and Y long arms in the laboratory mouse, Mus musculus 

(Solari 1974). Pairing may involve the two short arms of the sex 

chromosomes as in human (Moses et al. 1975). In two species of 

Palearctic hamster, Phodopus roborovskii and JP. sungorus, and the 

Chinese hamster, Cricetulus griseus, the long arm of one sex chromo

some pairs with the short arm of the other (Spyropoulos et al. 1982, 

Moses 1977b). Spyropoulos et al. have found the X and Y kinetochores 

are aligned in Phodopus sungorus, however this is an exception to the 

general trend in the mammals studied. 

In two eutherian mammals, the sand rat, Psammomys obesus 

(Solari and Ashley 1977) and the pigmy mouse, Baiomys musculus (Pathak 

Elder and Maxwell 1980) no synaptonemal complex has been found between 

the sex chromosomes. This condition appears to be common among mar

supials (Sharp 1982). 

Characteristic features of the X-Y complex are thickening of 

the unpaired regions of both axes, hairpin loops or twists in the un

paired region of the X axis (Pathak and Hsu 1979) and a gradual 
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desynapsis of the complex. A sheath of darkly staining material 

surrounds the unpaired X axis in Chinese hamster by late pachytene 

(Moses 1977b). In mouse by mid pachytene the entire desynapsed X and 

Y are associated end-to-end in a darkly staining area of the nucleus 

(Pathak and Hsu 1979). Delay in pairing of the X-Y relative to the 

autosomes is well documented in Chinese hamster and mouse (Moses 1977b, 

Dietrich and Mulder 1981). 

Autosomal SC's have been found to retain their relative lengths 

in spite of pachytene contraction (Jhanwar and Chaganti 1981, Pathak 

et al. 1976). The contraction and elongation of the mouse X-Y elements 

are variable in relation to the autosomal complexes (Moses 1980). No 

comparison of the contraction patterns has been made. 

In all Peromyscus used in this study, the short arm of the X 

chromosome is heterochromatic. The heterochromatic content of the Y 

chromosome is variable (Greenbaum et al. 1978, Robbins and Baker 1981, 

Saxe 1977). The long arm of the X in all species is euchromatic and 

shows the highly conserved G-band morphology typical of mammals 

(Robbins and Baker 1981). 

Pericentric Inversions in Peromyscus 

The Peromyscus ancestral karyotype has been hypothesized to 

be acrocentric for all chromosomes except 1, 22, 23, X and Y 

(Greenbaum and Baker 1978). Biarmed chromosomes have evolved both 

by pericentric inversions and by the addition of heterochromatic 

short arms (Duffey 1972, Pathak, Hsu and Arrighi 1973, Arrighi, Stock 

and Pathak 1976). 
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Some loss in fertility could be expected in a pericentric 

inversion heterozygote in which the inverted regions paired homolo-

gously in a typical inversion loop, as recombination within the loop 

would result in unbalanced gametes. Despite this, there is evidence 

that polymorphisms for chromosomal. rearrangements occur frequently 

in natural Peromyscus populations (Robbins and Baker 1981, Greenbaum 

et al. 1978). In a population of P.. b^. glasselli on Isla San Pedro 

Nolasco in the Gulf of California a pericentric inversion of chromo

some 9 has been retained at a constant frequency (q = .16) over a 

period of six years (Ward, unpublished). 

Pericentric and paracentric inversions have been analysed 

using the surface spreading technique. Chandley (1982) experimented 

with paracentric inversion-bearing mice and found a correlation be

tween inversion loop formation and the size and position of the 

inversion. Inversion loops were found in 47% of cells in mice 

bearing a long (47cM) interstitial inversion, but no loops occurred 

in mice bearing a shorter distally placed inversion. Inversion 

loops in a mouse heterozygous for a pericentric inversion in

volving 34% of the chromosome length were analysed by Davisson et al. 

(1981). In contrast, the inverted segments of a pericentric inver

sion in the sand rat remained unpaired throughout pachytene even 

though the inversion involves over 50% of the chromosome (Ashley et al. 

1981). 
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Objectives of this Study 

In general, the goal of this study is to document the 

behavior of Peromyscus SC's and to relate these observations to what 

has been found in other mammals. The specific objectives of this 

study are 

1) To establish patterns of contraction of the autosomal 

and the X-Y complexes. Do the X and Y axes contract 

synchronously, and is their contraction in phase with 

that of the autosomes? 

2) To determine the extent of X and Y desynapsis which 

occurs during pachytene. 

3) To identify the kinetochore positions of the X and Y 

and thereby determine which arms of these chromosomes 

form the common paired segment. 

4) To examine SC's of pericentric inversion heterozygotes 

for the presence of typical inversion loops or other 

configurations which would indicate the relative 

alignment of inverted regions during pachytene. 



MATERIALS AND METHODS 

Origin of Animals 

Both laboratory bred and wild-caught Peromyscus males were used 

in this study. Peromyscus boylii glasselli were trapped on Isla San 

Pedro Nolasco, Sonora, Mexico. One of the two males studied was known 

by prior capture records to be over three years old. The karyotype of 

this animal, prepared from an ear culture, showed him to be hetero

zygous for a pericentric inversion of chromosome 9. The other 

£. b_. glasselli male had a standard karyotype (Committee 1977). 

The- one P_. rowleyi used in this study was trapped in the 

Santa Catalina mountains north of Tucson, Arizona. Two P.. maniculatus 

males were laboratory bred at the University of Arizona. The two 

P.. leucopus were obtained from Dr. R. J. Baker, The Museum, Texas 

Tech University, and were the progeny of crosses between northern and 

southern races as described by Baker et al. (in press). In the 

northern race, chromosome pairs 5 and 11 are biarmed and chromosome 

pair 20 is acrocentric, while in the southern race chromosome pairs 

5 and 11 are acrocentric and pair 20 is biarmed. The J?, leucopus used 

in this study, therefore, are presumed to have been heterozygotes for 

pericentric inversions in these 3 chromosomes. 

Eight Mus musculus males were of laboratory bred stock DBA-/2J. 

9 



Surface Spreading 

Surface spreading of a testicular suspension followed exactly 

the technique of Moses (1977a) with the following modifications. Cells 

were suspended in Eagle's minimal essential medium with glutamine 

(Gibco #R543106). A 10% solution of formalin made up in 0.1% sucrose 

was used as fixative. 

In preparation for electron microscopy, slides were coated with 

a film of 0.5% plastic in chloroform. A chip from a plastic Optilux 

petri dish (Falcon #1005) was dissolved in chloroform and slides were 

coated with the solution according to the method of Felluga and 

Martinucci (1976). To ensure that the film remained in place during 

processing, the edges were painted with clear nail polish containing 

nylon. For light microscopy, uncoated slides were used. 

Several microdrops of cell suspension were released on the 

convex surface of a 0.5% solution of NaC.1. Slides were touched to the 

surface, then air-dried. They were fixed in the formalin solution for 

3-5 minutes, then dipped in a 0.4% solution of Photoflo, and again 

air-dried. 

Staining 

Two methods of silver staining were used. First, the Ag-1 

method (Bloom and Goodpasture 1976) requiring incubation at 37°C for 

48 hours or longer was used for the SC preparations on uncoated light 

microscope slides. Long incubation and extended exposure to moisture 

tended to damage the plastic film, so the plastic coated slides were 

stained using the quick developer method as follows. Formalin was 
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added to 50% aqueous AgNOg to a final concentration of .02%. This 

solution was placed on a coverslip, which was then picked up on an in

verted slide. The slide was immediately placed on a heated surface 

(60°C) for 5-8 minutes. Frequent monitoring was required for correct 

stain intensity. The coverslip and excess stain were careful!/ washed 

off with distilled water. This procedure was suggested by the pro

tective colloidal developer method (Howell and Black 1980), however it 

was found that inclusion of gelatin caused the plastic film to adhere 

permanently to the slide. The above method, although requiring longer 

heat treatment, produced satisfactory results. 

Preparation of Electron Microscopy Grids 

Stained plastic coated slides were scanned on the light micro

scope to determine high density areas of SC-bearing cells. The reverse 

of the slide was marked, then the film was perforated along all four 

edges and floated off the slide onto a water surface. Copper grids 

(Pelco, 200 mesh, 3HGC200) were gently placed onto the floating film 

which was then picked up with a strip of filter paper and dried. Grids 

were aligned on the slide and analyzed for SC-bearing cells by light 

microscopy, so that electron microscope time was minimized. 

Microscopy, Photography and Drawings 

Wild model M20 research light microscopes were used, with a 50X 

or 100X oil immersion objective. Photographs were taken with a Wild 

photoautomat MKa4 using Kodak Panatomic X 35mm film. Exposure time was 

controlled automatically. 



Drawings of cells were made using a Wild drawing tube. One 

group of cells was drawn using a magnification of 1.225X on the drawing 

tube, a 40X bright field objective and 10X eyepiece giving a final 

magnification of 490X= Another group was drawn at 1.5X on the tube, 

the 40X objective and 10X eyepiece for a final magnification of 600X. 

Measurements for the two groups were converted to microns before being 

combined for statistical analysis. 

SC measurements were taken from 101 P.. leucopus cells by meas

uring a string laid along the drawn axis. Five lengths were measured; 

the X axis, the Y axis, the paired X-Y region, the longest autosome 

(chromosome 1) and the shortest autosome (chromosome 23). Measurements 

were taken twice on separate days and any discrepancies were rechecked 

to verify correct measurement. 

Electron microscope observations were made using a JEOL trans

mission electron microscope. EM glass image plates were used for 

micrographs at magnifications of 6600X and 26,OOOX. 



RESULTS 

Selection of Material for Analysis 

Of approximately 1300 P_. leucopus spermatocytes which were 

reviewed, 101 cells with 23 autosomal complexes and a clearly recog

nizable X-Y complex were selected and drawn. Lengths of the SC's in 

these cells formed the basis for statistical analysis. 

Spermatocytes from Peromyscus boy! ii glasselli, j\ b^. row!eyi 

and P.. maniculatus were studied and about 15 cells were drawn. As 

the lengths and heterochromatic content of the sex chromosomes of 

these species differ slightly from F\ leucopus, these data were not 

included in the statistical analysis. The major emphasis of this 

study is centered on JP. leucopus, however observations from the other 

Peromyscus species were considered in forming conclusions. 

Spermatocytes from eight Mus musculus were also analysed for 

comparative purposes. 

Timing Rationale 

A goal of this study was to establish the sequence of events 

occurring over pachytene in Peromyscus. Cells were analysed for 

three criteria which exhibit characteristic changes during pachytene: 

nucleolar morphology, prominence of kinetochores and autosomal synap

sis. A general classification of pachytene substage (early, mid or 

late) was made on the basis of these criteria. Although the cells 

13 
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exhibited a high level of variability, two facts became evident as 

hundreds of spermatocytes were examined; first that the SC's were more 

contracted at later stages, and second, that the length of the paired 

area between the X and Y decreased as pachytene progressed. 

To illustrate this decrease, in an early pachytene cell almost 

50% of the length of the X is paired and about 75% of the Y (Fig. 1). 

Nucleolar bodies in this cell resemble dense-headed comets with 

trailing ends. Early pachytene cells are often characterized by un

paired ends of autosomal axes. Kinetochore regions are often not 

discernible in silver stained preparations, as in the cell shown in 

Fig. 1, however when they are visible, they are most prominent at the 

beginning of pachytene. 

By mid-pachytene the kinetochore region is not as distinct as 

seen in earlier cells (Fig. 2). Nucleolar structures have become more 

compact and fibrous. 

A cell at the end of pachytene is characterized by dispersing 

nucleolar bodies, and the kinetochore region is no longer discernible. 

The paired area between the X and Y is reduced in length by late 

pachytene, comprising as low as 6% of the length of the X axis (Fig. 3), 

In this cell the smallest autosome. (23) has become unpaired intersti

tial ly although the telomeric ends are still synapsed (Fig. 12). 

Length of the paired X-Y axis provided a time-line for statis

tical analysis, with longer paired length in the early stages. Cells 

were grouped into classes according to paired length to facilitate 

study of the behavior of the autosomal SC's as well as the sex complex. 



Figure 1. X-Y synaptonemal complex in early pachytene. X and Y 
attachment plaques (AP) are visible at the end of the paired X-Y 
region. The dense comet-shaped head of a nucleolus (N) is in 
association with an autosome which crosses the paired region. 
Light micrograph 3110X. 

Figure 2. X-Y complex in mid pachytene. The kinetochore 
(arrowhead) of the Y is identifiable as a thickening in the 
lateral.element. The X kinetochore is concealed within the 
densely staining unpaired region. 
Electron micrograph 14,000X, 

Figure 3. X-Y complex in late pachytene. The sex chromo
somes have desynapsed leaving less than 10% of the X paired. 
Light micrograph 3300X. 
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Changes in SC's occurring from zygotene to diplotene could be 

followed. 

Condensation by Length of Paired X-Y 

Over 75% of all cells studied were in mid-late to late pachy

tene, shown in the two right-most columns of Table 1, indicating that 

these substages are longest in duration,, 

Only one spermatocyte was counted in the earliest class, a 

cell with a very long paired area typical of the short, early pachy

tene period (left-most column, Table 1). While the usefulness of one 

observation is certainly limited, the lengths exhibited in this cell 

suggest that an initial decrease occurs in the paired area while the 
i 

X, Y and autosomes remain the same. Lengths of both the X and chromo

some 1 fall within the confidence limits of the next class, and the 

Y value approaches the next range. 

SC lengths show high variability, especially that of autosome 

1. By mid to late pachytene, when complexes are most contracted, 

variation has decreased and the mean values are distinct. Autosome 1 

has overlapping values for the early stages, indicating that if any 

contraction is occurring it is gradual. A definite contraction is 

shown in the final, late pachytene class, however. 

The ratios of paired X-Y:X and paired X-Y:Y decrease over 

pachytene. Desynapsis can be seen most clearly in a sharp drop in 

these ratios in the final, late pachytene class. At this stage the 

length of the paired area decreases at a higher rate than the whole 

X or Y axis, indicating desynapsis. 



TABLE 1 

Pachytene synaptonemal complex lengths 

relative to the length of paired X-Y 

40 -

Length of paired X-Y (mu) 

32.1 32 - 24.1 24 - 16 .1 16 - 8.1 8 - 0  

# Cells 1 7 14 51 28 

Length of Paired X-Y 37 26 ± 1.80a 19 ± .60 11 i .60 4 ± .68 

Length of X 85f } 77 ± 9.60 4 6 + 6  .21 39 ± 3.88 21 + 3.76 

Length of Y 53 42 + 8.90 25 + 2 .11 19 + 1.29 10 + 1.58 

Length of 1 151 136 t 15.43 100 ± 13 .54 89 ± 7.61 70 ± 9.09 

Paired X-Y/X 0435 .378 .413 .282 .190 

Paired X-Y/Y .698 .619 .760 .579 .400 

Y/X .624 .545 .543 .487 .476 

Paired X-Y/l .245 .191 .190 .124 .057 

X/l .563 .566 .460 .438 .300 

a Mean lengths + 

2 b Contingency X 

2 S.Eo 

for X,Y values = .761, 4 df, P = .95 



In early pachytene 43.5% of the X is paired (Table 1). In some 

individual cases, pairing as high as 55% or as low as 27% was observed 

in the two earliest substages. The relative paired length of the X 

decreases to 19% by the end of pachytene, with particular cells as low 

as 6%. The Y pairs for an average of 69.8% of its length in early 

pachytene, decreasing to 40% at the end of the phase. Values as high 

as 86% and as low as 12% have been observed in individual cells. 

The ratio of Y:X at the beginning of pachytene is .624. It 

then shows a steady decrease to a low of .476, indicating more con

traction in the Y than the X. The difference is not significant, 

however. A contingency chi-square of .761 gives a probability of .95 

that the X and Y contractions are independent. 

Contractions in the axes of the sex chromosomes follow each 

other closely, indicating synchronous behavior (Fig. 4). The fully 

paired autosomes contract more gradually than does the partially paired 

sex complex. 

In mitotic metaphase, the X chromosome of P. leucopus is 

approximately 70% of the size of the largest autosome. When first 

recognizable at the beginning of pachytene, the ratio is .563 and at 

the most contracted point, the ratio has dropped to .300 (Table 1). 

Condensation by Length of Autosome 

To provide a different perspective on the contraction patterns 

of the autosomes as opposed to the sex complex, the data were classed 

by length of the longest autosome. The sudden decrease in the X and Y 

axes relative to the autosome can be clearly seen (Fig. 5). Desynapsis 



Figure 4. Percent reduction of pachytene synaptonemal complexes 
relative to the length of the paired X-Y 

Autosome 1 

O 

± 
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Length of paired X-Y (rou) 



Figure 5. Percent reduction of pachytene synaptonemal 
complexes relative to the autosoraal length 

Paired X-Y 

60 80 140 120 100 

Length of autosome 1 (mu) 



is indicated by a slight departure of the paired area curve from other 

curves at the lower right of the graph. 

Kinetochores 

Twenty-four cells were found in which a distinct thickening of 

the lateral elements appeared, typical of the kinetochore region 

(Figs. 6a and 6b). The kinetochores of the two chromosomal axes were 

aligned in all cases in which separate X and Y axes could be discerned. 

Both the X and Y were measured from the attachment plaque at 

the end of the common paired area to the kinetochore region. Centro-

meric indexes (p/p+q) of .214 for the X and .461 for the Y were 

calculated (Table 2). As both centromeric indexes are less than .5, 

it appears that the short arm of both the X and Y are paired. This 

conclusion must be tentative for the Y as it is so nearly metacentric. 

Accurate mitotic measurements of P.. leucopus sex chromosomes 

were not available and no ear culture preparations were performed 

on the £_. leucopus used in this study, however relative arm lengths 

as shown in published photographs (Arrighi et al. 1976, Robbins and 

Baker 1981), provided a rough comparison for the meiotic ratios. The 

mitotic ratio for the X was calculated to be .280 and for the Y .425. 

Mitotic measurements indicate the short arm of the X chromosome 

is usually slightly longer than that of the Y (p^/pY^1 -1), however the 

heterochromatic short arm of the X is reported to be highly variable 

between individuals in the populations from which these P_. leucopus 



Figure 6. X-Y complexes displaying kinetochore thickening or 
knobs on the lateral elements (arrowheads). In Fig. 6b the 
unpaired Y is folded across the X. Light micrographs 
6a 1900X, 6b 2460X. 

Figure 7. X-Y complex showing lack of synapsis distally. Light 
micrograph 2780X. 
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TABLE 2 

Centromeric Index (C.I.) for X and Y as 
determined from SC kinetochore position 

p arm (my) p+q (rmi) 
(C.I.) 

p/p+q N 

X 10.4 ± 3.31a 48.6 ± 12.64 .214 24 

Y 10.3 + 3.31 22.4 ± 5.30 .461 24 

a Mean value ± 2 S.E. 
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were bred (Baker et al. in press). This excess length appears to be 

partially resolved in 35% of the cells in which the X extends distally 

slightly beyond the Y (Fig. 2, Fig. 6b). Excess length in the X short 

arm may be adjusted by differential coiling of heterochromatin. 

An unusual occurrence noted in about 5% of the P.. leucopus 

cells was lack of pairing at the distal end of the short arm (Fig. 7). 

This is indirect evidence for a lack of homology in the distal 2/3 of 

the short arms. The highly heterochromatic content of the X short 

arm as opposed to the euchromatic Y short arm supports this evidence. 

Pericentric Inversions 

The animal that provided most of the spermatocytes studied was 

purported to be heterozygous for three pericentric inversions in 

chromosomes 5, 11 emd 20 (see Materials and Methods, above). Length 

measurements of the inverted regions have not been made, however all 

three inversions are pericentric and involve the terminal region of the 

chromosome. 

In order for the inverted regions to synapse homologously in 

heterozygotes, inversion loops should be formed in the chromosomes and 

in the synaptonemal complexes. In a very large inversion, the inverted 

region might pair homologously, and the standard regions remain 

unpaired. 

Loops were observed occasionally and could nearly always be 

resolved as simple foldovers of the complex. There were some am

biguous cases in which the pathways of the two axes were not distinct. 



No cases were observed which could be identified as typical inversion 

loops. 

Evidence suggestive of inversions was seen in unpaired terminal 

regions of some early pachytene autosomal SC's. The angle formed at 

the point where the two lateral elements diverge makes these cases 

distinct, from normal zygotene unpaired ends in which the lateral ele

ments curve apart gradually at one end. In one early pachytene cell 

two autosomes were partially unpaired (Fig. 8). All SC's of this cell 

were measured and tentatively identified by relative length. The com

plex identified as 20 is unpaired over 32.8% of its length, and the 

one which appears to be 11 is unpaired over 13.3% of its length. Com

plex 5 (not shown) is fully paired. These observations are too 

fragmentary to allow for any conclusions concerning the behavior of 

non-homologous regions, however it does appear that rather than 

looping the heterologous areas delay in pairing. 

The two partially paired complexes are clustered in the same 

region of the cell as the synapsing X-Y, suggesting an affinity of the 

unpaired axes. 

Nucleolar Bodies 

A nucleolar structure in early pachytene shows a character

istic comet shape (Fig. 9). The head, which is associated with the 

nucleolar organizing region (NOR) of the chromosome is dense and 

compact. Trailing out from the nucleolar head is fibrous material 

forming a spreading diffuse tail. 



Figure 8. Cell in late zygotene or very early pachytene. X and 
Y show delay in synapsis, with the two paired sections (P) 
separated by an unjoined region. Two autosomes tentatively 
identified as 20, at left, and 11, lower center are partially 
unpaired (arrows). A nucleolar body (N) appears to be associated 
at the point of bifurcation in autosome 11. Light micrograph 2650X. 

Figure 9. A nucleolar structure in association with the centro-
meric end of an autosomal SC. Light micrograph 2035X. 





The NOR count for £_. leucopus has not been determined, however 

up to six nucleoli per cell have been observed in these spermatocytes. 

All nucleoli have shown terminal association with one exception. In 

the cell described above a nucleolus appears to be associated inter-

stitially with a presumed inversion chromosome (Fig. 8). 

Thickening and Elongation of Lateral Elements 

In Peromyscus leucopus a multiple longitudinal duplication of 

the unpaired axes in early pachytene is observed (Fig. 10). In this 

typical early X-Y complex at least 4 strands are visible in the X axis 

and 4 in the Y axis. The strands are thickened and surrounded by 

darkly staining material and all terminate abruptly, forming a wide, 

blunt end. 

Cells in this phase are rare, contain comet-like nucleolar 

bodies and have SC's that are only slightly condensed. Later in pachy

tene the strands cannot be distinguished as the unpaired axes contract 

and become denser. 

At its most contracted point, the X-Y complex has a fairly 

uniform thickness as the unpaired segments lose their excessive width 

(Fig. 11). These configurations occurring in late pachytene emit a 

reddish glow when silver stained, often obliterating other SC's in the 

vicinity. 

An elongation of lateral elements of all the complexes just 

before the onset of diplotene has been observed in a few cases (Fig. 3). 

The elongation is not shown statistically due to the small number of 

cells isolated at this stage. 



Figure 10. Multiple-stranded lateral elements in the X-Y 
complex of an early pachytene cell. Light micrograph 2300X. 

Figure 11. X-Y complex in its most contracted form. The X 
is less than 1/3 the length of the long autosome at the left. 
The sex complex, when silver stained, emits a reddish glow 
at this stage. Light micrograph 2600X, 
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DISCUSSION AND CONCLUSIONS 

The X-Y complex is easy to identify in pachytene preparations. 

From the time the ends begin to pair up until the SC disassembles, the 

sex bivalent is distinct from the autosomes. The axes are of unequal 

lengths, with the X being about twice the length of the Y. Very early 

in pachytene the unpaired axes become thickened and heavily stained, 

making them easily distinguishable even at low magnification on the 

light microscope. 

Observations of £. leucopus spermatocytes indicate the follow

ing sequence of meiotic prophase events. 

1) Homologous autosomes synapse along the length of the 

lateral element, with one or both ends pairing last. 

2) The p arms, kinetochores and proximal regions of the q arms 

of the X and Y synapse. The distal segments of both q arms 

remain unpaired. The kinetochores are aligned with each 

other, with excess length of the X short arm frequently 

extending distally beyond the Y. 

3) Multiple strandedness in the unpaired elements becomes 

apparent. Strands are visible as separate structures. 

4) The paired region of the X and Y complex decreases followed 

by a sharp decrease in the unpaired axes. Autosomal SC's 

contract gradually over this period. The unpaired X and Y 

29 
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regions become more compact laterally and stain heavily 

making individual strands indistinguishable. 

5) Contraction continues in all SC's. At the point of greatest 

contraction the X is 30% of the length of autosome 1. 

6) The X and Y desynapse beginning in mid pachytene, however a 

small segment of common paired area is retained for as long 

as the synaptonemal complex remains intact. 

7) All SC's as well as the unpaired X and Y segments appear to 

elongate slightly immediately before diplotene begins. 

8) Synaptonemal complexes disassemble at the end of pachytene 

before desnyapsis of the autosomes occurs. 

With a few interesting exceptions, these results are in general 

agreement with meiotic events which have been documented for other 

species; mouse (Speed 1982), Chinese hamster (Dresser and Moses 1980) 

and human (Moses et al. 1975). Unusual behavior was observed in 

Peromyscus in the "buttoning-up" process of X-Y synapsis, the unpairing 

at the distal end of the common area, the extreme proliferation of 

lateral element strands in the unpaired X and Y axes, and the alignment 

of kinetochores. These are discussed below. 

In the P_. leucopus specimens studied, 10 of the 23 autosomes 

are submetacentric, 10 are acrocentric and, as mentioned, 3 are pur

portedly heterozygous for pericentric inversions. In Mus musculus, 

which has all acrocentric chromosomes, pairing lags at the centromeric 

ends as opposed to the telomeric end (Speed 1982). In the current 

study the individual autosomes were not identified in most cells, and 



acrocentrics were not distinguished from submetacentrics except in the 

most obvious cases. The observation that the ends of lateral elements 

pair last in JP. leucopus agrees with Speed's data, but no attempt was 

made to substantiate that delayed pairing occurs in the centromeric 

end of acrocentric chromosomes. 

According to Moses (1977b), X and Y begin synapsing in mouse 

when the two attachment plaques of the common end are paired. He goes 

on to state that SC formation initiates at this point arid proceeds 

along the axes. 

Evidence was found to indicate that pairing occurs by a 

"buttoning-up" process in P_. leucopus rather than proceeding linearly 

from the attachment plaques (Fig. 8). Instead of an orderly progres

sion of synapsis as has been postulated for mouse, a system of 

intermittent pairing occurs in P_. leucopus in which gaps are resolved 

as synapsis is completed. In other early cells such as the ore shown 

in Fig. 1, the two axes often are not clearly separate at the point 

of bifurcation. 

In JP. leucopus cells the unpaired segments of the X and Y 

appear to repel each other, and are usually widely spread. In JP. boy! ii 

rowleyi on the contrary, the unpaired segments show affinity for each 

other. Hairpin loops are common in the unpaired X axis in P. b. 

glasselli and maniculatus. 

Lack of pairing at the distal end of the common 1-1 area 

in early pachytene is something not seen in other studies, and along 

with the lack of alignment of terminal attachment plaques in some cell s 



may be affected by the heterochromatic content of the X chromosome 

short arm. 

In Peromyscus leucopus the evidence strongly suggests that the 

arms which pair are the short arms of the X and Y, and that pairing 

continues past the kinetochore to include the proximal part of the 

long arms. Alignment of the X and Y kinetochores has also been found 

in Phodopus sungorus (Spyropoulos et al. 1982). Pairing of the short 

arms of the X and Y in humans has been well-documented; however, in 

humans, kinetochores are not aligned. 

Many studies contend that an obligatory chiasma occurs between 

the )( and Y of mammals to ensure correct disjunction (Burgoyne 1982, 

Ohno, Kaplan and Kinosita 1959, Solari 1974). The pairing behavior 

seen in this study, and the negative effect of heterochromatin on the 

formation of chiasma observed by Miklos and Nankivell (1976) suggest 

that the chiasma region in P_. leucopus is located in the proximal 

euchromatic area of the q arms of both the X and Y. 

Contraction of the synaptonemal complexes during pachytene is 

common to all mammals. The following elongation at the end of pachy

tene has been mentioned by Oud et al. (1979) as occurring in mouse. 

Precocious desynapsis of the X and Y is a common feature of 

mammalian meiosis. In mouse the X and Y SC's desynapse completely by 

mid-pachjtene. In contrast, the sex bivalent of P.. leucopus, 

P.. boyli i and P.. maniculatus does not completely desynapse during 

pachytene, rather a small segment of the distal ends of the X and Y 

short arms remain paired until the SC disassembles. 



The SC axes disassemble at the end of pachytene in hamster, 

human and lemur, but after the beginning of diplotene in mouse (Moses 

1980). In these Peromyscus preparations no widely desynapsed con

figurations were seen, indicating that the SC's were dispersed prior to 

the onset of diplotene. In only one observation, the smallest autosome 

(23) showed the beginning of interstitial desynapsis (Fig. 12). 

This method of desynapsis is in agreement with the timed study 

of Oud et al. (1979) in which he defines the earliest diplotene stage 

in mouse as the separation of homologous chromosomes with the centro

meres and frequently telomeres still paired. 

In contrast to the lack of diplotene figures in Peromyscus, 

widely desynapsed complexes were apparent iii about 2% of the mouse cells 

which were studied (Fig 13). This suggests that Peromyscus falls into 

the first of Moses' categories above in which the SC's disassemble at 

the end of pachytene. 

A pericentric inversion is the most plausible explanation for 

a change in number of euchromatic chromosome arms. As mentioned 

earlier, pericentric inversions are major characteristics of Peromyscus 

karyotype evolution, accounting for most of the variation in existing 

species' karyotypes. A problem for population geneticists has been the 

frequent and widespread occurrence of inversion polymorphisms in 

natural populations of Peromyscus despite an expected loss of fertility 

in the heterozygotes. The maintenance of the inversion polymorphisms 

indicates either no decline in fertility or a compensating gain in 

heterozygote fitness. 



Figure 12. Part of a cell at the end of pachytene. Autosome 23 
(arrow) is enlarged in the inset to show the beginning of inter
stitial desynapsis. Attachment plaques are still paired. 
Light micrographs 1275X, inset 3250X. 

Figure 13. Diplotene autosome of Mus musculus. Lateral 
elements have begun to balloon apart but attachment plaques 
remain paired. Light micrograph 3000X. 





Over 1000 pachytene spermatocytes of presumed and known 

inversion heterozygotes were reviewed in this study, in which all auto

somal bivalents were fully paired. This observation suggests that in 

all pachytene substages, except possibly the very earliest one, the 

inverted regions pair heterologously. 

Synaptic adjustment as proposed by Moses and Poorman (1981) is 

a gradual pairing of non-homologous regions of chromosomes bearing 

rearrangements. An inversion loop or other figure starts to equalize 

as soon as pachytene begins, and in the latter half of pachytene the 

entire bivalent is synapsed and indistinguishable from other SC's. 

The findings of this study suggest that inverted segments of 

homologs remain.apart at early pachytene, then pair heterologously by 

synaptic adjustment. This absence of pairing could have important 

evolutionary consequences if it spans the period in which recombination 

is initiated. If crossing over is suppressed in these areas, no re

duction in fertility of heterozygotes would be expected, and the genes 

within the inverted region would be acted upon by selection as a 

linkage group. 

Numbers of NOR's in Perom.yscus vary by species up to as many 

as nine pairs. All NOR's studied to date have been terminal rather 

than interstitial. There is no instance discovered in Peromyscus of 

primary association between a nucleolus and the X-Y bivalent as 

described by Solari (1974). In the current study, nucleolar bodies 

were seen as expected, in association with the ends of autosomal SC's 

but not with the sex complex. 



In one case, a nucleolus was associated interstitially with an 

autosome which is presumed to bear an inverted segment (Fig. 8). This 

suggests that a terminal NOR has been shifted to an intercalary region 

by the inversion. No nucleolus is associated with either of the un

paired ends, although the acrocentric homolog presumably has a terminal 

NOR. 

To recapitulate the conclusions of this study, synaptonemal 

complexes in Peromyscus follow a general pattern of synapsis and con

traction common to other mammals, however several out of the ordinary 

observations have been made. 

In X-Y synapsis, spaced segments draw together, leaving gaps 

to be resolved. This is a process not seen in other mammalian studies. 

The proliferation of lateral element strands in early pachytene 

exceeds that noted for other mammals. F\ leucopus exhibits an unusual 

lack of pairing at the distal ends of the short arms of the sex com

plex. Finally, the alignment of kinetochores in the sex axes is the 

exception rather than the rule among mammals studied to date. 

No inversion loops were seen in primary spermatocytes of 

pericentric inversion heterozygotes. It is proposed that the inverted 

segments delay in pairing, then synapse heterologously. ' 

Tasks which still need to be done in this area include the 

identification of NOR-bearing chromosomes and the measurement of the 

inverted regions in the two races of £. leucopus. C-banding of 

meiotic preparations would provide evidence concerning the X and Y 

short arm pairing as proposed in this study. 



Controlled mating studies are needed to determine the extent 

of sterility in inversion heterozygotes. 



APPENDIX A 

PERCENT REDUCTION TABLES 
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TABLE A-l 

Percent reduction in pachytene synaptonemal 
complex lengths relative to the length of paired X-Y 

Length of paired X-Y (my) 

32 - 24.1 24 - 16.1 16-8.1 8-0 

# Cells 7 14 51 28 

% Reduced Paired X-Y .297 .486 .703 .891 

% Reduced X .094 .459 .541 .752 

% Reduced Y .207 .528 .642 .811 

% Reduced 1 .099 .338 .411 .536 

CO to 



TABLE A-2 

Percent reduction in pachytene synaptonemal 
complex lengths relative to the autosomal length 

Length of autosome 1 (my) 

165 - 138.1 138 - 111.1 111 - 84.1 84 - 57.1 57 - 30 

# Cells 9 18 23 37 14 

Length of 1 149 122 95 69 50 

Length of Paired X-Y 20 16 12 8 5 

Length of X 66 49 43 30 24 

Length of Y 35 25 22 16 11 

% Reduced 1 - .181 .362 .537 .664 

% Reduced Paired X-Y - .200 .400 .600 .750 

% Reduced X - .258 .348 .545 .636 

% Reduced Y mm .286 .371 .543 .686 
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