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Abstract

Itis well known that in mice some pheromones modify reproductively important
features. But the genetic mechanisms underlying such changes remain insuffi-
ciently studied. Here we show that in laboratory mice (Mus musculus L.), volatile
signal 2,5-dimethylpyrazine excreted by donor stressed females increases the
level of structural chromosome aberrations and other meiotic disturbances in
spermatocytes of recipient males after nasal contact with the volatiles via sniff-
ing. These chemosignals (i.e. pheromones) also induce abnormalities of sperm
heads in the recipient mice. We assume that visible macro-damages at the
chromosome level in meiotic cells are marks of a more widely disturbing effect
(not only macro- but also micro-damages) of some olfactory signals in meiotic
cells. It is most probable that the effects of volatile cues are mediated by the
nervous system of the recipient organism. While gross chromosomal aberra-
tions lead mainly to death of damaged cells, some of them (micro-damages of
the chromosomes) might reach spermatozoa, and we detected part of them as
anomalous sperm heads. Such abnormalities can reduce the fertilizing capac-
ity of sperm. Moreover, some of the mutations induced by density-dependent
volatile chemosignals can reach the progeny and influence the quantity and ge-
netic quality of future generations. Possible microevolutionary consequences
are discussed.

Keywords: abnormal sperm heads, chromosome aberrations, house mouse,
microevolutionary consequences, pheromones, spermatocytes.

Introduction

Consequences of between- and within-individual variation in the genomic sta-
bility of germ cells induced by environmental factors still remain insufficiently
studied. Even less is known about the zoosocial factors which bring about such
genetic variation. Meanwhile, induced changes in the genome of germ cells are
the basis for the future microevolutionary events.

In mice and other small rodents some communicative chemosignals (i. e.,
pheromones) can act as stressors and hence have a mutagenic effect. They destroy
the genomic integrity in somatic cells as well as germ cells (Daev, 1994, 2007,
2010). Most of the well-known pheromone effects in mice and other animals are
signalling or primer changes (behavioural, hormonal, or even morphological) at
the level of the whole recipient organism (Koyama, 2004; Tirindelli et al., 2009).
Some previously described pheromone-induced alterations are connected with
the reproductive function of animals (Bronson and Coquelin, 1980; Vanden-
bergh, 1983). It has been shown that conspecific donor pheromones induce “neg-
ative” effects mainly in same-sex recipients but act in a “positive” manner in
animals of the opposite sex (Koyama, 2004). Small volatiles from unfamiliar
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male mouse urine induce a block of pregnancy (Bruce,
1959; Peele et al., 2003). There are some results also that
male urinary 17B-oestradiol is absorbed by pregnant
females and influences blastocyst implantation directly
in the endometrium (Guzzo et al., 2012). That is consis-
tent with previous data indicating steroid dependency
of the effect (Rajendren and Dominic, 1988). Chemi-
cal cues excreted in the urine of adult male prairie deer
mice (Peromyscus maniculatus bairdii) inhibit growth
of the testes and seminal vesicles of juvenile conspecifics
(Lawton and Whitsett, 1979). At the same time, conspe-
cific odors of the opposite sex donors are rather induc-
tive (for example, the Vandenbergh effect) with respect
to reproductive function in mice (Koyama, 2004). Nev-
ertheless, the natural pheromone 2,5-dimethylpyr-
azine, which is produced by grouped mouse females in
their urine only at high density, or when present syn-
thetically, delays puberty of growing house mice of both
sexes. The excretion of 2,5-dimethylpyrazine (DMP) in
mouse urine is adrenal dependent (Ma et al., 1998). In
CBA mice it has been shown that tester males and fe-
males avoid DMP in a T-maze (Daev et al., 2007). Smell-
ing DMP also induces immune suppression in mice: the
quantity of antibody-producing cells is reduced as under
physical stress, and the chromosome aberration level in
bone marrow dividing cells is increased (Daev et al.,
2007a). All these data, together with the DMP-depen-
dent inhibition of reproduction (Daev, 2003), indicate
the action of the pheromone as a powerful stressor in
mice. It is suggested that 2,5-dimethylpyrazine (DMP)
inhibits the maturation of juvenile mice in a popula-
tion and may function when the living conditions are
below the optimal level for reproduction (Jemiolo and
Novotny, 1994). These changes, if they occur in a wild
population, can influence its density and structure.
Some of the changes, such as puberty delay and accel-
eration in feral populations of house mouse by female/
male urinary cues, were shown by Massey and Vanden-
bergh (1980, 1981). While genetic events undoubtedly
underlie the majority of such effects (Brennan and Ke-
verne, 2004), the relationship between a pheromone’s
influence at the level of the whole organism and at the
intracellular changes in somatic and germ cells is poorly
understood.

It is well known from Hans Selye’s works (1936,
1946) that stress is characterized by drastic neuroen-
docrine, immunological, morphological and reproduc-
tively important changes inside a stressed organism.
Therefore, stressors change the homeostasis of the re-
cipient organism and its cells (Cannon, 1935). Numer-
ous primer and releasing effects of some pheromones
indicate that they can be considered stress factors in ro-
dents (Daev, 1994, 2007; Koyama, 2004). On the other
hand, since the time of Selye, the physiologic hypothesis
of mutation has been put forward (Kerkis, 1940; Loba-

shev, 1947). According to this hypothesis, disturbance of
the physiological balance inside the cell and the whole
organism might result in mutational changes.

Here we use a mouse model of olfactory-induced
stress to show the relationship between chromosome ab-
errations at the spermatocyte level, and abnormal sperm
heads frequency. Olfactory regulation of genome integ-
rity in germ cells is proposed as one possible mechanism
of density-dependent reproductive suppression in the
house mouse which could influence microevolutionary
events.

Materials and methods

Material. An inbred CBA/LacStoRap strain of mice
(hereinafter referred to as CBA) was obtained from the
Rappolovo Laboratory of Animal Breeding, Russian
Academy of Medical Sciences. Adult (3-month-old) fer-
tile male mice of the CBA strain were used for the ex-
periments. The animals were treated and housed in ac-
cordance with the rules of European Union Guidelines
on Animal Research (No. 86/609/EEC) and Rus-LASA
(No0.1117799015454, 08.08.2011). The study was ap-
proved by the Ethics Committee of St. Petersburg State
University in the field of animal research. Animals were
maintained in vivarium of the Faculty of Biology and
Soil Sciences of the Saint Petersburg State University
in standard polypropylene cages (30x20x13 cm) under
controlled conditions of temperature (20+2°C), humid-
ity and light (12 and 12 h of light and dark respectively).
Sawdust and shavings were used as a bedding material.
The animals were given a standard food ration and wa-
ter ad libitum. Ten days before the experiments, males
of the same weight (+1 g) were grouped by five or six
per cage. On the eleventh day groups of males were sub-
jected to particular experimental exposures.

Exposures and sampling procedures. Perforated
capsules with filter paper soaked with 1.5 ml of 0.01 %
aqueous solution of DMP (Aldirch, 98 %) were placed
on the wire mesh cover of corresponding experimental
cages. The direct contact with DMP excepting olfacto-
ry perception was excluded. When tested for abnormal
sperm head frequency (first experiment) tester animals
were exposed to daily renewed DMP solution (the same
as was mentioned above) for 17 days. The selected du-
ration corresponds to two cycles of the mouse seminif-
erous epithelium (from spermatocytes to spermatozoa)
(Oakberg, 1956, 1957). We believed that during this
time enough damages could accumulate to manifest
themselves at the level of the sperm head morphology.
Two independent replicas of the first experiment with an
interval of more than one month were conducted.

In a second experiment tester-males were exposed
to the pheromone for 24 hrs. After that the material was
fixed for further spermatocyte analysis.
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In both experiments identical capsules with the
same amount of distilled water were used for control
groups. To synchronize the experiments the single expo-
sure for 24 hrs in the second experiment was conduct-
ed in parallel with the last exposure on the 17 day of
the first experiment (27 replica). For the spermatocyte
analysis and sperm head abnormalities test (SHAT) all
animals were killed simultaneously by neck dislocation
24 hrs or on the 18 day after the beginning of the expo-
sure with DMP, correspondingly.

We predicted that primary spermatocytes, at the
diakinesis stage and during subsequent meiotic divi-
sions, are sensitive to sharp hormonal imbalance dur-
ing stress-response. There are also data which suggest
spermatocytes of rats and mice at diakinesis-metaphase
I stage are sensitive to some chemical substances (Brook
and Chandley, 1986; Lahdetie et al., 1997).

For the SHAT, sperm were collected from caudal
epididymides on the 18" day after the beginning of the
experiment. In accordance with the duration of mouse
spermatogenesis, this period is needed for primary sper-
matocytes to differentiate into mature spermatozoa and
reach caudal epididymis (Adler, 2000). Epididymides
were excised and minced in isotonic saline solution and
the suspension was filtered to remove pieces of tissue.
The diluted suspension was smeared on slides (Wyrobek
and Bruce, 1978). After drying at room temperature for
2-3 days slides were stained with freshly filtered 4 % ace-
tic orcein stain.

For the cytogenetic analysis of primary spermato-
cytes at the metaphase I stage and spermatocytes II at
the ana-telophase stage, testes were removed 24 hours
after the beginning of exposure. Squashed slides were
prepared by the standard method (Page et al., 1998) with
our modifications. Pieces of seminiferous tubules were
gently minced with tweezers and then treated in hypo-
tonic solution (0.56% KCIl, 37°C, 6-10 min) and fixed
in Clarke’ fluid (3 parts absolute ethanol: 1 part glacial
acetic acid). The fixed material was stored at 4°C until
analysis. For the temporary slides’ preparation extra lig-
uid was removed with filter paper and slides with the
material were stained with fresh 4% Giemsa or filtered
4% acetic orcein stain. Then extra stain was removed
with filter paper and the pieces were squashed under a
cover slip in a drop of 45 % acetic acid. This allowed us
to obtain a sufficient number of metaphase and ana-telo-
phase spreads suitable for the analysis without using col-
chicine. Slides were analysed immediately with a Jenaval
or AxioScope Al microscope under 1000 magnification.

In both experiments, germ cells of the mouse males
at the beginning of the exposure were at the sensitive
stages of differentiation.

Assessment of samples and statistics. For SHAT at
least 500 spermatozoids with intact tail threads were
analyzed per animal. Different types of head abnormali-

ties (banana-shaped, amorphous, without hook, thread-
like and others) were determined (Wyrobek and Bruce,
1978; Koch et al., 1989; Amer et al., 2003).

For spermatocyte analysis, at least 75 well-spread
metaphase I plates or ana-telophases II per animal were
analyzed. Disturbances such as different multivalent as-
sociations, autosomal univalents and isochromatid frag-
ments were taken into account (Amer et al., 2012) for
the metaphase analysis. At ana-telophase II stage the fre-
quency of bridges and fragments was calculated.

For small samples it is difficult to correctly deter-
mine the type of distribution, so we used nonparametric
tests to analyze the results. To estimate the homogeneity
of the results inside variants and the difference between
variants, the analysis of the Chi-square contingency ta-
bles was used (or Fisher’s exact test for small samples).
Statistical analysis of data was performed using Graph-
Pad software version 4.00 (GraphPad Software, San Di-
ego California, USA). For better presentation total fre-
quencies of corresponding disturbances for each group
were calculated.

Results
SPERM HEAD ABNORMALITIES

No significant individual variability was discovered. The
homogeneity of data obtained allowed us to merge them
inside and between groups of CBA males of correspond-
ing variants (Chi-square test, df=5; P>0.3). There were
no differences between the first and second replicas of
the first experiment (Chi-square test, df=1, P>0,58).
Therefore, the respective data have been combined also
(Table 1). Altogether, the two control groups and two ex-
perimental groups of animals included 24 animals.

It was shown that daily exposure to DMP for 17 days
increased the total frequency of sperm head abnormali-
ties in males by 1.7 times in comparison with the level
in control animals. Because the data met the conditions
of normality according to Kolmogorov-Smirnov (but no
more precise other criteria), for better clarity, the values
of mean, standard deviation (95%SD) and confidence
interval (99 %CI) are given. (Table 1). The effect of DMP
is comparable with the genotoxic effect of crotonalde-
hyde (CAS No. 123-73-9, MW 70.09, molecular formula
C4H60) on the 21* day after single intraperitoneal in-
jection of 8 ul/kg b.w. in male Swiss albino mice (Jha and
Kumar, 2006).

Spectrum analysis showed that in the control group,
variant portions of amorphous heads and abnormal
hooks among abnormal spermatozoids accounted for
55% and 29 %, respectively. The fraction of tread-like
and banana-like heads was 11% and the rest (minor
part) of other types of abnormalities accounted for 5 %.
After the exposure to DMP, the spectrum of abnor-
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Table 1. Total frequency of abnormal sperm heads in
caudal epididymis of CBA males after exposure with
2,5-dimethylpyrazine

Table 2. Total frequency of spermatocytes | with
chromosomal abnormalities at metaphase | stage
in meiosis of CBA males after exposure with
2,5-dimethylpyrazine

Number of
Variant Nun:nber of | spermatocytes I: Frequency of
animals abnormal cells, %
normal | abnormal
Control 6 461 42 8,3
DMP 6 505 105 17,2*

Note: designations are the same as in the table 1.

Table 3. Total frequency of spermatocytes Il with
chromosomal abnormalities at ana-telophase Il
stage in meiosis of CBA males after exposure with
2,5-dimethylpyrazine

Number Number of Number of Frequency
. abnormal | of abnormal
Variant of analyzed
animals | spermatozoids sperm sperm heads
heads (%)
15t trial
Control 6 3000 141 4,70
DMP 6 3000 223 7,43%
2 trial
Control 6 3000 131 4,37
DMP 6 3000 228 7,60%
The combined data (M+95 %SD) or 99 %Cl
Control 12 6000 272 4,53 (4,5+0,36)
424,549
DMP 12 6000 451 7,52 (7,5+0,53)
717,580%

Note: DMP — exposure with 0,01 % water solution of 2,5-dimethylpyr-
azine; * — significant differences (Chi-square test, P<0,0001).

malities changed: the portion of abnormal sperm with
amorphous heads (66 %) was higher (Fisher’s exact test,
P=0.0027) and with hook anomalies (18 %) was lower
(Fisher’s exact test, P=0.0011) than in controls. The rea-
sons for such changes in the spectrum remain to be re-
solved. No other differences in the spectra of abnormali-
ties among variants were found.

MEIOTIC DISTURBANCES IN SPERMATOCYTES

There were no differences between animals within cor-
responding groups during cytogenetic analysis of pri-
mary spermatocytes (Chi-square test, df=5, P>0.63).
Therefore, the data obtained were merged inside each
group. The exposure of mouse males to DMP for 24 hrs
elevated the total frequency of meiotic disturbances by
2.1 times compared to the control level (Table 2). No
differences in the spectrum of aberrations were shown.
Among aberrant metaphase plates the frequency of mul-
tivalent associations was 21-23 %; the rest were autoso-
mal univalents and other rare damages.

Intragroup homogeneity was shown for each vari-
ant of both trials (Chi-square test, df=4, P>0.54 for the
first trial and df=5, P>0.64 for the second trial). Analy-
sis of the frequency of aberrant spermatocytes II in both
trials showed consistent results, so the data were joined
together. The exposure to DMP for 24 hours significant-
ly increased the level of disturbed ana-telophases II in
the mouse male meiosis (Table 3).

Thus, olfactory contact with DMP for 24 hours in-
creases the frequency of meiotic disorders detected in

Number of
Variant N : rr::r?::i :f spermatocytes Il aELe:rl;;:ICze?lfs,
normal | abnormal %
15t trial
Control 5 474 3 0,63
DMP 5 541 13 2,35%
2"d trial
Control 6 762 3 0,39
DMP 6 521 14 2,62*
(15t trial + 2nd) trials
Control 11 1236 6 0,48
DMP 11 1062 27 2,48*

* — significant differences (Fisher's exact test or Chi-square test for
merged data, P<0,04).

spermatocytes I and II. The frequency of anomalous
sperm heads is increased correspondingly by the 18th
day after the beginning of the exposure to the phero-
mone.

Discussion

Induction of abnormal sperm heads in CBA males after
DMP exposure for six days has been reported previously
(Daev and Dukelskaya, 2003). In spite of differences in
absolute values there and here, the effect was similar: the
frequency of abnormalities in treated males was approxi-
mately twice that of the control group. Thus, an additional
11 days of exposure does not induce extra morphological
abnormalities during the late differentiation stages of the
germ cells in males. Probably, these stages are less sensi-
tive to the DMP action or animals have adapted to long-
lasting exposure to the volatile stressor. The last sugges-
tion is supported by previous data about changes in the
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Fig. 1. Proposed mechanism of the induction of genetic heterogeneity in the house mouse populations. It is assumed that some density-
dependent pheromonal cues in mice can modulate genetic integrity of male germ cells. Following changes of a quantity and genetic quality of
the progeny could serve as a base for the future microevolutionary events.

X-ray-induced level of meiotic disturbances after single
or multiple exposures of young CBAB6F1 mouse males to
the excretions of adult CBA males (Tzapigina et al., 1981).
It has been shown that the stress state induced by phero-
mones of adult males increases the effect of irradiation.
Adaptation to a pheromonal stressor after multiple expo-
sures, vice versa, reduces the damaging action of X-rays
(Tzapigina et al., 1981).

The induction of abnormalities in primary sper-
matocytes obtained here demonstrates that diakinesis
and metaphase I are sensitive to the pheromonal treat-
ment. The increased frequency of meiotic abnormalities
reflects induced destabilization of the germ cell genome,
i.e., mutagenic influence of the volatile stressor (DMP)
through changes in the state of the central nervous sys-
tem of recipient animals. No doubt, the cytogenetically
visible macro-damages at the chromosome level are only
a part of a wide spectrum of different types of other dis-
turbances. These could be invisible mutations such as
microdeletions or single nucleotide changes, etc. (ge-
nomic microinjuries). If the macroinjuries are the lead-
ing cause of cell death, microinjuries of DNA (if we take
into account the duration of germ cell differentiation)
can serve as a reason, at least partly, for shape abnor-
malities of sperm heads and other more delayed damag-
ing effects. Therefore, the increased level of sperm head
abnormalities is likely the result of the microdamaging
mutagenic action of DMP-induced stress on meiotic
spermatocytes.

This is especially important since it is known that
DMP and some other pheromonal treatments of the re-
cipient mouse males induce lethality in their progeny
after mating with intact females (Daev, 2003, 2008). The
reproductive ability of stressed males was checked by
mating with intact females 36-42 days after the expo-
sure to pheromones or 18-22 days after the exposure to
DMP. All periods between the start of the exposures and
mating with intact females were determined according
to durations of mouse spermatogenesis (Oakberg, 1956,
1957). The increased lethality level in progeny of the re-
cipients shows sensitivity of the genome of germ cells at
definite stages of differentiation to a pheromonal stress-
or. The induction of lethality in the progeny of DMP-
treated mouse males supports the hypothesis that DMP-
initiated genetic damages in germ cells of males obtained
here are the mechanism of their fertility decline after
DMP sniffing at high population density (Daev, 2007).

Therefore, in addition to the well-known pregnancy
blocking described by H. Bruce (1959) and other phero-
monal effects (Koyama, 2004), we have a newly recog-
nized harmful chain sequence phenomena. Pheromone
2.5-DMP, produced only by overcrowded adult mouse
females (Jemiolo and Novotny, 1994) induces:

1) meiotic disturbances in germ cells of the recipient
mouse males;

2) sperm head abnormalities in the recipient mouse
males, correspondingly, 18 days after the beginning
of the treatment;
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3) dominant lethals in the progeny of recipient males,
correspondingly, 18-22 days after the beginning of
exposure (16).

Evidently, there is an interrelation between an in-
crease in the frequency of meiotic disturbances, abnor-
mally shaped heads of spermatozoids and dominant
lethals after pheromonal exposure. This permits us to
suggest that damage of the genetic material in germ cells
in response to a zoosocial stressor is a primary reason
of further reproductively important events (Daev and
Dukelskaya, 2005). Induction of chromosomal aber-
rations and other meiotic disturbances by pheromonal
stressors has been shown here for spermatocytes, as
well as earlier for spermatogonial cells (Daev, 1983).
Pheromones of unfamiliar adult mouse males also in-
duce dominant lethals in the progeny of exposed males
(Daev, 1983; Daev et al., 1988). Therefore, data obtained
for spermatocytes reflect the mutagenic action of stress
induced by some mouse pheromones, and that can be
detected as an increased level of abnormal spermato-
zoa and lethality during corresponding time intervals.
The stressor nature of 2,5-DMP action is supported by
data about norepinephrine disappearance in one hour
after sniffing the substance (Daev et al., 2000) and some
other hormonal changes (Glynin, 2018). Similar effects
of yet unidentified pheromonal cues from urine of ma-
ture mouse males were shown for recipient males of dif-
ferent genotypes such as CBA, CBAB6F1, F1(CBAxC-
C57Br) (Daev, 1994). But similar cytogenetic effects of
DMP were shown for different strains (CBA, BALB/c
n C57BL/6) in bone marrow cells only (Daev et al,
2008).

The inhibition of reproduction in the house mouse
by DMP could serve as a model of self-regulatory mech-
anism by which these small animals control their popu-
lation density and genetic structure through changes at
the genome level in germ cells (Fig. 1).

The level of genetic damages which arose after the
appearance of some new pheromonal cues (or merely
increasing their concentration) reflects the growing ge-
netic heterogeneity of germ cells. In spite of the death
of cells with macro-damage and decreased abnormal
sperm fertilizing capacity, some of genetically modi-
fied sperm are able to fertilize oocytes but this results in
embryonic lethality. One could also suggest that some
mutations pass through the process of embryonic de-
velopment and change (or not) some characteristics of
their carriers. In any case, the quantity of the progeny
of stressed males will be decreased. It seems very prob-
able that the genetic quality of progeny will be changed
also, since it was shown earlier that cytogenetic effects
of pheromones are genotype-specific, i.e., depend on in-
bred strains of mice of donor and recipient (Daev, 1994).
That effect should disappear at low population density

and reappear again as the population density increases.
The cytogenetic effects considered here, together with
the results of other studies (Daev, 1994, 2007), may
demonstrate the work of a pheromonal mechanism of
self-regulation of the density and genetic structure of
the house mouse populations. Genetic changes induced
in germ cells by density-dependent stress-factors such
as some pheromones may be of great importance for
the microevolutionary process. Our findings are closely
connected with the concept of stress as a regulator of bi-
odiversity (Fugere et al., 2012; Gessner and Hines, 2012;
Creel et al., 2013) and make evident (at least in mice)
the involvement of the genome of germ cells in the pro-
cess of response to zoosocial stimuli. Thus, usage of our
model fills one more gap in our knowledge (Boonstra,
2013) about genome sensitivity to some zoosocial fac-
tors and show a possible link between genome destabili-
zation, stress and fitness of populations of mice.

It can be assumed that a similar mechanism may
operate in some other species of social animals, prefer-
entially with a well-developed olfactory system.
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