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Running title: Laser-Scanning Cytometry on aneuploid sperm

Background: Laser-Scanning Cytometry (LSC) allows fast automated scoring of fluorescence signals directly on microscopic slides. Frequencies of spontaneous aneuploidies in murine and human sperm were evaluated by using this new LSC-technique. Rapid detection may be of great interest in reproductive toxicology as certain chemicals act as aneugens during meiosis increasing the production of aneuploid germ cells.

Methods: Selected chromosomes were detected by using fluorescence in situ hybridization (FISH) and fluorochrome-labeled DNA-probes. Sperm chromatin was counterstained with propidium iodide. By scanning across the slide, fluorescence signals within sperm nuclei were detected and counted.

Results: In murine sperm the frequencies of disomies for chromosomes 8 and X were 0.019% and 0.021%, respectively. The automated assessment in human sperm resulted in disomy frequencies of 0.061% and 0.090% for chromosomes 13 and X, respectively. These results were comparable to data obtained from the same samples by manual microscopic scoring and to literature data.

Conclusions: Frequencies of genotypically abnormal sperm were not significantly different between automated and manual scoring. In conclusion, sperm aneuploidy was reliably determined and disomic sperm were successfully relocated by LSC. Because of the rapid and reliable analyses LSC has the powerful potential to replace manual microscopic FISH analysis in molecular cytogenetics.
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Introduction
Missegregation of chromosomes during mitosis or meiosis, respectively, causes aneuploidy in daughter cells which can lead to severe adverse effects in humans, i.e. may cause cancer or hereditary diseases such as the Down Syndrome. Therefore, it is of great interest to rapidly and inexpensively detect aneuploid cells in specimen of interest. In our study, we focused on chromosomally aberrant male germ cells. Sperm were spread on slides and fluorescence-labeled employing digoxigenin-based immunodetection. Chromosomes of interest were detected by fluorescence in situ hybridization (FISH) with centromeric or locus-specific DNA-probes tagged with fluorochromes whereas the sperm chromatin was counterstained with propidium iodide (PI). Chromosome-specific fluorescence signals in sperm were evaluated by Laser-Scanning Cytometry (LSC) (Compucyte, Cambridge, MA). 

LSC as a diagnostic research tool automatically measures laser-excited fluorescence at multiple wavelengths (blue light up to infrared with 4 photomultipliers) on slides and allows relocation of every single cell (1). In many applications, LSC is utilized in cell biology and molecular genetics (2-4). However, aneuploidy assessment in germ cells of two species, mice and humans, was not performed previously using the LSC technique. To compare frequencies of spontaneous aneuploidy rates, FISH signals in epididymal sperm of young adult mice and in human sperm were manually evaluated by fluorescence microscopy (5) and automatically detected by LSC. In cytogenetics, mainly manual scoring for cell analyses is utilized which tends to be very time-consuming. A scorer has to evaluate a minimum of 10,000 sperm per individual manually under a fluorescence microscope using strict scoring criteria. Depending on the skill and experience of the scorer it will take 30-60 min to evaluate 1,000 sperm. Therefore automation of the detection of fluorescence signals in large numbers of cells would be an aspired and feasible improvement.

Materials and Methods

Preparation of sperm

The preparation technique for epididymal sperm from male (102/ElxC3H/El)F1 mice bred in the GSF mouse colony (age 10-14 weeks, weight 25-29 g) was based on a procedure previously described (6). Both caudae epididymes were dissected, prepared and incisions were made into the tissue. Epididymes were placed individually into Eppendorf cups filled with 300 µl fetal calf serum (FCS). The cups were placed on an Eppendorf incubator at 32(C for 30 min to allow the sperm to actively leave the epididymes. The tissues were removed from the cups and the unfixed sperm suspensions (10 µl) were pipetted onto clean dry glass slides. The cell suspensions were smeared across the slide. Likewise, semen of healthy men was smeared on clean glass slides without any pretreatment. Slides of mouse and human sperm were dried overnight and stored at ‑20°C in a nitrogen atmosphere until use (5,7) in order to avoid oxidative damage. 

Slide processing and analysis

Prior to in situ hybridization the thawed slides with murine sperm were heated for 5 min at 70(C on a hot plate to fix them on the glass surface, whereas slides with human sperm did not require heating after thawing at room temperature. Thereafter, the slides were incubated in a Coplin jar in 10 mM dithiothreitol (DTT, Sigma, Deisenhofen, Germany) for 30 min on ice followed by incubation in 4 mM lithium-3,5-diiodosalicylic acid (LIS, Sigma, Deisenhofen, Germany) for 30 min on ice. Slides with murine sperm were dried by heating for 5 min at 70(C on a hot plate as murine sperm tend to float very easily in the subsequent FISH-steps. Twice heating of murine sperm increases the attachment of the germ cells to the surface of the slide. This is not necessary and suitable for human sperm. Human sperm slides were just air-dried on the bench (5,7).

Preparation of the DNA probes

Chromosome-specific centromeric probes for mouse chromosomes 8 (8) and X (9) were used for the FISH procedure. Plasmid DNA for chromosomes 8 (clones 84 and 85e) and X (clone DXWas70) were isolated using the Qiagen Plasmid Maxi Kit (Qiagen, Chatsworth, MD). For human sperm analysis specific DNA-probes for chromosomes 13 (locus-specific, commercially available from Oncor, Heidelberg, Germany) and chromosome X (centromere-specific, by courtesy of H.-U. Weier, Berkeley, CA) were used. The probes were labeled by the Gibco Nick Translation System with dig-dUTP (Boehringer, Mannheim, Germany). 

FISH method

Hybridizations were performed according to a modified technique of Pinkel et al. (10,11). Labeled probes were mixed with Master Mix 2.1 (55% formamide, 10% dextran in 1x SSC) and denatured at 78(C for 8 min. Sperm slides were denatured in 70% formamide (in 2x SSC, pH 7.0) at 78(C for 5 min, dehydrated in an alcohol series (70%, 90%, and 100%, 2 min each) and dried on a slide warmer at 37(C for 3 min before application of the denatured hybridization mix. Hybridization was carried out for 24-48 h in a moist chamber at 37(C. Post-hybridization washing consisted of 2 steps: 30 min in 50% formamide (2x SSC, pH 7.0) at 45(C and 30 min in PN-buffer at 37(C. The probes were detected by anti-dig-FITC. The nuclei were counterstained with propidium iodide (5 µg/ml in PBS) for 10 min at room temperature and cover-slipped in Vectashield (Vector Labs., CA, USA). Slides were stored at 4(C in the dark or frozen at –20°C (11,12).

Scoring

A minimum of 5,000 sperm per slide (Fig. 1) were scored automatically by LSC. The LSC provides data equivalent to flow-cytometry but instead of passing the laser beam through a volume flow, cells are analyzed on microscopic slides. It consists of a laser unit (argon ion and a helium-neon lasers) connected to a microscope (Olympus DX50) with two CCD cameras (black-white and color) to record scatter and fluorescence signals on a pixel by pixel basis. Fluorescence signals emitted by the cells are collected by the objective lens and detected via photomultipliers (1). Since the positions of scanned cells are recorded in addition to the fluorescent signals, the cells can be relocated at any given time. The LSC visually displays the cells under analysis without destroying the sample. To operate the cytometer the software WincyteTM for Microsoft Windows version 3.1 or NT, respectively, was used. For evaluation of the relocated possible disomic sperm as well as for the previously obtained manual results strict scoring criteria according to Baumgartner et al. (5) were used. 

LSC profile settings

After defining the scan area on the slides, two profile settings for the instrument (*.pro) and for the display (*.dpr) were completed and adapted before scanning the FISH slides. Within the ‘instrument settings’ menu, the argon-ion laser (5 mW) was selected. The parameter “offset” was set for green fluorescence and red fluorescence to values between 1800-2000 and the parameter “gain” was set for green and red each to 255. For the background settings, pixels from integration contour to inner or outer background contour were set to 2 and 4, respectively. Most importantly, within the ‘set sensors’ menu the tension voltage of the respective photomuliplier (PMT) was adjusted for each single slide to avoid saturation effects.

The parameters “red integral” and “green integral” as well as “green maximum pixel” were registered for each sperm and the data displayed as dot plot or histogram.

Results and Discussion

In meiosis four haploid sperm (1n, 1c) arise from one diploid precursor cell called primary spermatocytes (2n, 4c). The two sex-chromosomes X and Y within the cell’s genome are individually and equally distributed to the sperm. Among 69,908 analyzed sperm, the LSC data showed no significant differences from the expected ratio of 1:1 between normal mouse sperm carrying chromosomes X or Y, respectively. As no suitable spot-probe for the murine Y-chromosome is available, the frequency of Y chromosome-bearing sperm is derived indirectly by assuming that sperm without a fluorescent signal of the X-chromosome represent Y sperm. Manual scoring results of three-color FISH studies (chromosomes X and Y, and one autosome detected) showed that even in mice treated with aneugenic chemicals no relevant deviation from the theoretical sex ratio was seen (6, 12, 13).

The left diagram of Figure 1 shows a dotplot (red integral against green integral) of murine sperm with FITC-tagged X-chromosomes, the right diagram in Figure 1 shows a distribution of the parameter “green maximum pixel” that is proportional to the maximum intensity of the green fluorescence in each sperm. This histogram was used to discriminate between sperm with high green fluorescence (containing the FITC-tagged X-chromosome, region 2) and low green fluorescence (region 1, sperm containing no X-chromosome) using the regions shown in this Figure (the limit between region 1 and 2 was defined as the minimum between both peaks). This limit was also verified by relocation of the respective sperm. The few sperm with two X chromosomes in region 3 (disomic sperm) are not visible on the plot with the scale used. After replotting the data as shown in Fig. 1 left, two colored clouds of sperm can be seen: the green cloud shows sperm containing the FITC-tagged X-chromosome, the red cloud represents sperm with unlabeled Y-chromosomes. The absolute numbers of disomic sperm found in region 3 showed that the observed frequencies of disomic mouse sperm obtained by LSC were 0.019% for chromosome 8 and 0.021% for the X chromosome. The corresponding frequencies obtained previously by manual microscopy (12) were 0.018% and 0.015%, respectively (see Tab. 1).

In human sperm, the rates of disomic sperm evaluated by LSC were 0.061% for chromosome 13 and 0.090% for the X chromosome (see Fig. 2, the parameters in this figure are similar as described for Figure 1). The equivalent frequencies previously obtained manually by fluorescence microscopy (12) were 0.049% and 0.044%, respectively (Tab. 2). Thus, the comparison between manually obtained data and automated scoring by LSC showed similar results. Additionally, the automated scoring results of this study were in the same range as manual literature data (5, 7, 13-15) (Tab. 3). The human results were slightly elevated, however, only one individual was assessed.

The automated scoring of fluorescence-labeled sperm of both species was sensitive enough to detect sperm with two spot signals that represent aberrant sperm genotypes with an extra sex-chromosome or an extra autosome. For both species, these disomic sperm could be relocated by the LSC. Pictures were made to verify the fluorescent phenotype of the sperm detected as disomic for the sex-chromosomes or the autosome (Fig. 3). Even though the LSC detected sperm with two signals within the counterstained area of the sperm nucleus, the relocation revealed that some of those sperm did not fit the manual scoring criteria. For instance, the two observed signal domains have to be separated by at least half of the diameter of one domain and have to be similar in size and intensity. Only if this criterion was fulfilled the respective sperm was scored as a disomic sperm, otherwise it was excluded. The number of false positive genotypes, less than 10% in total, recognized by LSC was subtracted from the scored disomic sperm. 

The software for the operation of the LSC offers a large variety of settings concerning the microscopic field, background parameters, thresholds and laser settings. Additionally, various standard profiles can be chosen. Selecting the FISH-profile, many preset parameters have to be altered at the beginning of the study to adjust the software to the slides. Best results were gained when the signal sensitivity setting was optimized depending on the strength of the fluorescent signals and the counterstain for every slide.

It can be concluded that LSC analysis has the powerful potential to replace manual microscopic FISH analysis of aneuploidy in sperm. In fact, rapid LSC was able to reduce the time-consuming manual scoring of fluorescent spots among 10,000 sperm per slide from an average of 8 hours to marginal 30 minutes. Furthermore, because of its rapid assessment and capability of relocating suspected disomic cells the LSC facilitates detailed studies of aneuploidy induction in male meiosis caused by aneugenic chemicals or confounding factors such as smoking or age. At present, manual scoring of fluorescent signals in sperm allows the recognition of three differently labeled chromosomes simultaneously. Further improvements of the LSC method to score sperm aneuploidies are necessary to recognize multicolor fluorescent domains.
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Table 1: Frequencies of aneuploid sperm in mice.
	
	Mice

	
	Manual *
	LSC

	
	
	
	

	Scored sperm cells
	50,075
	41,284
	69,908

	Number of individuals
	5
	4
	4

	
	
	
	

	Hyperhaploidies
	
	
	

	
	
	
	

	Autosomal
disomy 8
	9 

(0.018% ( 0.002)
	8 

(0.019% ( 0.008)
	-

	

	
	
	

	Gonosomal 
disomy X
	8 

(0.015% ( 0.001)
	-
	15 

(0.021% ( 0.010)

	
	
	
	


*
see (12). For both mice and humans, 10,000 sperm per individual were manually scored.

Table 2: Frequencies of aneuploid sperm in humans.
	
	Humans

	
	Manual *
	LSC

	
	
	
	
	

	Scored sperm cells
	20,278
	63,582
	9,816
	6,610

	Number of individuals
	2
	4
	1
	1

	
	
	
	
	

	Hyperhaploidies
	
	
	
	

	
	
	
	
	

	Autosomal
disomy 13
	10 

(0.049% ( 0.014)
	-
	6 

(0.061%)
	-

	

	
	
	
	

	Gonosomal 
disomy X
	9 

(0.044% ( 0.004)
	33 

(0.055% ( 0.030)
	-
	6 

(0.090%)

	
	
	
	
	


*
see (5, 12). For both mice and humans, 10,000 sperm per individual were manually scored.

Table 3: Literature data on spontaneous aneuploidy frequencies of chromosomes 8, 13, and X.
	
	Mice
	Humans

	Hyperhaploidies
	
	

	
	
	

	Autosomal
disomy 8
	0.013 – 0.040% a
	-

	

	
	

	
disomy 13
	-
	0.010 – 0.520% b

	
	
	

	Gonosomal 
disomy X
	0.014 – 0.033% a
	0.020 – 0.080% c

	
	
	


a see (7, 13, 14). Only control and young animals were taken into account.

b see (15).  

c Baumgartner et al. (5) gives a survey over 10 previous studies. 
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Legend to Figures:

Figure 1:
Dotplot (red integral against green integral) and histogram (green maximum pixel) of mouse sperm with chromosome X probe (FITC-labeled). Sperm chromatin is counterstained with PI (red integral). Region 1 contains sperm with Y-chromosome, region 2 sperm with X-chromosome. Region 3 contains disomic sperm with two X-chromosomes.

Figure 2:
Dotplot (red integral against green integral) and histogram (green maximum pixel) of human sperm with chromosome X probe (FITC-labeled). Sperm chromatin is counterstained with PI (red integral). Region 1 contains sperm with Y-chromosome, region 2 sperm with X-chromosome. Region 3 contains disomic sperm with two X-chromosomes.

Figure 3:
Pictures made with the CCD camera by LSC; left: disomic human sperm with two chromosomes 13, right: disomic mouse sperm with two X-chromosomes.
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