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Abstract

The life-history theory suggests that parental experience of the environment is passed to offspring, which allows them to adapt to
prevailing conditions. This idea is supported from the mother’s side, but to a much less extent from the father’s side. Here, we

investigated the effect of immunising fathers on pre- and neonatal development and on immune and neuroendocrine phenotypes of
their offspring in C57BL/6) mice. Nine days before mating, fathers were intraperitoneally injected with the immunogenic protein
keyhole limpet hemocyanin (KLH). Females mated with immunised males had less pre-weaning mortality of newborns compared to
those mated with control males. Although the antibody response to KLH was similar for the male offspring of control and immunised
fathers, the mass indexes of their main immune organs and their androgen response differed significantly. The mass indexes of the
thymus and spleen in adult male offspring of immunised fathers were higher compared with the control offspring. The plasma
testosterone levels were significantly decreased after KLH administration in the male offspring of control but not of immunised
fathers. This was correlated with changes in sperm average path and straight-line velocities. Finally, excitatory neurotransmitters

prevailed over inhibitory ones in the amygdala of the progeny of immunised fathers, while in control offspring, the opposite occurred.
This is indicative of complex behavioural changes in the offspring of immunised fathers, including sexual ones. Therefore, the paternal
experience of foreign antigens modulates the immune and neuroendocrine systems of their progeny, suggesting possible survival and

reproductive adaptations to parasitic pressure.
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Introduction

According to the life-history theory, host populations
can respond to parasitic pressure by increasing their
reproduction effort (Stearns 1992, McNamara &
Houston 1996, Luu & Tate 2017). Effective reproduction
under these conditions requires the preservation of
reproductive potential despite the activation of innate
and adaptive immunity. However, the exposure of
males to non-replicating antigens, mimicking pathogen-
mediated immune-neuroendocrine responses, leads to
a decrease in their sexual attractiveness (Moshkin et al.
2002, Faivre et al. 2003, Zala et al. 2004, Arakawa
et al. 2010). At the same time, this may only hamper
the reproductive output of immunised males when a
free choice of mating partner exists. However, in natural
environments, the mating choice is constrained by a
social organisation and in the laboratory by experimental
design (Potts et al. 1991).

We previously found that despite a decrease in odour
attractiveness and sexual activity, immunised male mice
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showed a greater reproductive output when coupled with
intact females who had no mating choice (Gerlinskaya
et al. 2012), which resulted in an increased embryo
growth rate (Gerlinskaya et al. 2017). In other words, the
signalling and behavioural effects of antigenic stimuli do
not diminish the male’s reproductive abilities per se, and
they can be fully realised in the absence of free mating
choice. Therefore, as mating by antigen-stimulated
males is expected to prevail in host populations living
under parasitic pressure, we wondered if this paternal
experience and immune-reproductive benefits can be
passed on to the offspring.

Indeed, transgenerational transmission of paternal
experiences, either beneficial or not, has already been
reported in several studies. For instance, the offspring
of male mice who experienced defeats in the repeated
social conflicts prior to mating acquired anxiety and
depressive behaviours (Dietz et al. 2011). Similarly,
paternal olfactory fear conditioning with acetophenone
strengthened the startle response in their offspring
(Dias & Ressler 2014). Also, in mice whose fathers
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were stressed before mating, a smaller adrenocortical
response to immobilisation compared with the
progeny  of  control  fathers was  observed
(Rodgers et al. 2013, 2015).

In the present work, we coupled intact females with
antigen-treated and non-treated (control) males to
study the mating rate, prenatal development, postnatal
survival, and phenotypic characteristics of adult
offspring. The immunogenic protein keyhole limpet
hemocyanin (KLH) was used as an antigenic stimulus
in both fathers and offspring. The main principle of
addressing the transgenerational transmission of parental
experience consists of evaluating the adaptation and
response of offspring to the same stimuli that their
parents experienced prior to mating. Following this,
we analysed the progeny of antigen-stimulated males
for their immune response to the KLH injection and the
mass indexes of the main immunocompetent organs,
including the thymus and spleen. From the perspective
of the life-history theory, the immune traits might trade-
off with the reproductive traits in hosts under parasitic
pressure (Luu & Tate 2017). Thus, we investigated the
changes in plasma testosterone and spermatogenesis
after KLH administration in the male offspring of control
and KLH-immunised fathers. Using magnetic resonance
spectroscopy (MRS), we also studied the neurometabolic
profiles of the amygdala and cortex in both offspring.
The amygdala is a critical regulatory site for the control
of male sexual behaviour (Dominguez et al. 2001,
Gresham et al. 2016), which is modulated by a balance
between excitatory (glutamate/glutamine-GLX) and
inhibitory (GABA) neurotransmitters (Tzanoulinou et al.
2014, Adams & Rosenkranz 2016). Both of them can be
detected in vivo by MRS (Moshkin et al. 2014). Overall,
the immunisation of males with the foreign antigen
9-15 days before mating significantly affected the brain,
immune and reproductive traits of their sons.

Materials and methods
Animals and procedures

Specific pathogen-free (SPF) C57BL mice 12-14 weeks of age
were used in this study (55 males and 60 females). All animals
and experiments were handled and performed in accordance
with the regulations and guidelines of the Animal Care and
Use Committee of the Federal Research Centre Institute of
Cytology and Genetics operating under standards set by the
Federal Health Ministry (2010/708n/RF), NRC, and FELASA.
Mice were maintained in a controlled environment with the
following conditions: a photoperiod of 14 h light:10 h dark,
a temperature of 22-24°C, and a humidity of 40-50%. Food
(SNIFF, Germany) and water were given ad libitum. To induce
an immune response, males were intraperitoneally injected
with the immunogenic protein KLH (Native, Sigma, SRP6195)
in dose (50 pg per male in 100 pL saline).
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Experimental groups

(1) Twenty-five males were used to study immune and endocrine
responses to KLH. The dynamics of the immune response were
studied in five immunised males. Blood samples for anti-KLH
1gG assayed were taken from the retroorbital sinus 3, 9, 15,
and 21 days after the immunisation.

Immune and endocrine characteristics before mating were
assessed in ten immunised and ten control males. Nine days
after the injections of KLH or saline, males were euthanised
by decapitation. Trunk blood was collected and centrifuged
at 1000 g for 15 min. Blood plasma was stored at —80°C until
use. Seminal plasma was sampled by gentle massaging of the
seminal vesicles, immediately diluted with 500 pL of sterile
PBS, and centrifuged for 10 min at 10000g. The supernatant
was collected and stored at —80°C until use.

(2) In breeding experiments, males were divided into two
equal groups. Experimental animals were injected with KLH
(KLH group, n=15), and control animals were injected with
saline (control group, n=15). Nine days after the injection,
two virgin females were placed with each male immediately
after turning the lights off. In total, 60 females were randomly
distributed between the control and immunised males and
housed with them for 6 days, a time that is sufficient to reach
oestrous by every female of the C57BL/6J strain (Nelson et al.
1982, Byers et al. 2012). In this way, the number of females in
each experimental group (30) should minimise any effect of
asynchrony in their oestrous cycles. The next morning and for
the following 6 days, the females were examined daily for the
presence of a vaginal plug. The morning on which a vaginal
plug was detected was designated day 1 of pregnancy. Upon
the detection of mated females, they were moved to separate
cages. Six days after coupling (15 days after the injection of
KLH or saline), immunised and control males were euthanised
by decapitation. Blood plasma, seminal fluids, and epididymis
were collected. Pregnancies were detected in 21 out of 30
females in the control group and 25 out of 30 females in the
KLH group. The successful pregnancies were scored either
by an autopsy of females on day 16 after the detection of a
vaginal plug or by pup delivery.

(3) Pregnant females were separated into two subgroups.
Females from the first subgroup (12 from the control group and
15 from the KLH group) were euthanised by decapitation on the
16th day of pregnancy. Blood plasma was collected and stored
at —80°C until use. The pregnant females were autopsied, and
the amniotic membranes were cut to accurately collect the
amniotic fluid into a tube, which was stored at —80°C until
use. The fetuses and placentas were separated and weighed.
The remaining pregnant females (nine from the control group
and ten from the KLH group) delivered and fed their offspring.
During the feeding period, daily inspections of the litters
were performed.

(4) Three-week-old offspring were removed from their
mothers and kept by unisex groups, with no more than five
animals per cage. All offspring were weighed at the age of 3
weeks. At 12-14 weeks of age, male offspring were used for
magnetic resonance spectroscopy (MRS), as well as immune
and endocrine studies.
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Magnetic resonance spectroscopy

Brain metabolites were studied in the male offspring from control
(n=5)and immunised fathers (n=>5). Metabolite concentrations
were determined by MRS. A horizontal tomography with
a magnetic field of 11.7 T (Bruker, Biospec 117/16 USR,
Germany) and a 9-cm inner-diameter gradient (amplitude: 750
mT/m and slew rate: 6660 T/m/s) were used. The determined
metabolites and their concentrations were comparable with
the data of HPLC and NMR of brain homogenates (Zieminska
et al. 2018). Radiofrequency transmission and reception were
achieved with transmitter volume (500.3 MHz; distribution
72/89 mm) and receiver quadrature surface (500.3 MHz;
123%x64x31 mm) 'H radiofrequency coils (Bruker, Biospec,
Germany). All proton spectra of the amygdala and cortex were
recorded (see Moshkin et al. 2014 for a detailed description).

Immunisation of adult offspring

The offspring males from control (n=14) and antigen-treated
fathers (n=14) were divided into two equal groups. KLH (50
pg per male in 100 pL saline) and saline (100 pL per male)
were intraperitoneal injected. Nine days after the KLH or saline
injections, animals were weighed, killed by decapitation,
and the thymus, spleen, testicles, preputial glands, seminal
vesicles, and epididymis were removed and weighed. Trunk
blood was collected and centrifuged at 3000 rpm for 15 min.
Blood plasma was stored at —80°C until use.

Determination of the KLH-specific immunoglobulin
G (IgG)

The plasma and seminal fluid content of anti-KLH IgG were
determined using an ELISA. The plasma of saline-treated males
was used as a negative control. ELISA plates were coated with
KLH (50 pL) at a concentration of 10 mg/mL in phosphate
buffered saline (PBS), incubated overnight at 4°C. Plates were
washed twice with PBS containing 0.01% Tween-20 (PBS-T)
and blocked with 1% BSA in PBS-T at room temperature for 2 h
and washed with PBS-T. The anti-KLH IgG level was measured
in diluted 1:200 blood plasma and undiluted seminal fluid
samples. Blood plasma or seminal fluid (100 pL) was added to
the KLH-coated wells. Plates were incubated for 3 h at 37°C
and washed with PBS-T. Secondary biotinylated anti-mouse
IgG antibodies (100 pL, 1:10000, BD Biosciences) were added
and incubated for 1 h at 37°C. The plates were then washed,
and 100 pL of the conjugate (streptavidin-peroxidase 1:5000)
was added. After incubating for 1 h at 37°C and washing,
100 pL of the ABTS substrate (Sigma-Aldrich) was added and
incubated at room temperature for 30 min. The colour reaction
was stopped with 10% H,SO,. The OD,;, (optical density)
was measured using a plate reader (iMarkTM, Bio-RAD). The
OD,5, values of the plasma and seminal fluid of saline-treated
males did not exceed the blank values.

Characteristics of spermatozoa

For the analysis of spermatozoa, the cauda of the epididymis
was transferred into tubes containing 500 pL of prewarmed
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(37°C) Hanks solution (Sigma) without Mg?* or Ca**. Five to
six sectional cuts were made, and the samples were incubated
for 20 min at 37°C. Spermatozoa concentration, 10° sperm/
mL; size (pm?); mean head size (pm?); elongation sperm head
(% of head width to head length); motility (% of total sperm
moving at path velocity >30 um/s and progressive velocity
>15 pm/s); VAP, average-path velocity (um/s); VSL, straight-
line velocity (pm/s); VCL, curvilinear velocity (um/s); BSF, beat
cross frequency (Hz); STR, straightness (%, VSL/VAP); and
LIN, linearity (%, VSL/CL) were measured using an automatic
Mouse-Traxx semen analyser (Hamilton Thorne, USA). In each
sample, five fields (20 pm deep Micro Cell Counting chamber)
were examined at x4 magnification.

Immunoassay

An ELISA was used to determine the concentration of
hormones and cytokines in blood plasma, amniotic fluids,
and seminal fluids. Measurements were conducted according
to the manufacturer’s instructions and as previously
described (Gerlinskaya et al. 2017). The minimal testosterone
concentration, which could be reliably detected, was 0.087 ng/
mL, and the intra- and inter-assay coefficients of variations (CVs)
were 8.2 and 5.6%, respectively (Testosterone-IFA Kit, HEMA
Ltd.). The minimal detectable progesterone concentration
was 0.15 ng/mL, and the intra- and inter-assay CVs were 7.6
and 4.3%, respectively (Progesterone-IFA Kit, HEMA Ltd.).
Granulocyte-macrophage colony-stimulating factor (GM-CSF)
concentrations were measured in the amniotic fluid using a
mouse GM-CSF ELISA Kit (BD Bioscience). The intra- and inter-
assay CVs were 5.2 and 3.9%, respectively. Blood GM-CSF
levels were below the detection limit. Tumour necrosis factor
(TNF) concentrations were measured in the seminal fluid using
a mouse TNF-alpha ELISA Kit (eBioscience, USA). The intra-
and inter-assay CVs were 7.4 and 9.5%, respectively.

Statistical analysis

Following the Kolmogorov-Smirnov test, parametric or non-
parametric statistics were used. To elucidate the statistical
significance of the paternal effect and effects of offspring
immunisation, parametric and non-parametric (Friedman
test) two-way ANOVA (ANOVA) tests were used. To analyse
the data obtained from the offspring, each individual was
treated as a separate unit. Paternal effects on offspring body
mass were analysed by the analysis of covariance (ANCOVA)
with the immunisation of the father and sex of offspring as
the factors and litter size before weaning as the covariate. We
used the Student’s t-test to compare means of the normally
distributed traits. The non-parametric Mann-Whitney U test
was conducted for plasma and amniotic testosterone, 1gG in
blood and seminal plasma, and TNF in the seminal fluid to
evaluate the statistical differences between groups. Pearson’s
correlation coefficients () were calculated for spermatozoa
characteristics and plasma testosterone. The difference
between the sum of progeny delivered by the females mated
with the control and KLH-treated males was assessed by the
chi-squared (y?) test. Statistical significance was considered at
P<0.05. Data are presented as the mean s.£.M.(5.E.).
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Results

Immune and endocrine responses to KLH in male
mice (fathers)

The plasma concentration of anti-KLH 1gG in isolated
males was significantly increased on day 9 after the
intraperitoneal injection of KLH, and then it remained
unchanged up to day 21 (Fig. TA). This suggests that
males coupled with intact females between days 9
and 15 after the immunisation were in the steady state
of antibody formation. The OD,s, values reflecting
the levels of anti-KLH 1gG in the blood and seminal
plasma did not differ in immunised males before
and after mating (Fig. 1B). The concentrations of anti-
KLH IgG were positively correlated between the blood
and seminal plasma (r=0.54, P<0.005, n=25).

A non-parametric two-way ANOVA (Friedman
test) revealed statistically significant effects of
the immunisation (F, ,,=4.21, P=0.046), mating

(F) 46=5.20, P=0.027), and of the interaction between
these two factors (F; ,,=13.30, P<0.001) on plasma
testosterone (Fig. 1C). Before mating (9 days after
the immunisation), plasma testosterone was slightly,
but insignificantly, lower in the immunised fathers
compared with the control. After mating (15 days
after the immunisation), the immunised males showed
higher plasma testosterone in comparison with the
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Figure 1 Injection of adult males (fathers) with KLH activates humoral
immune response and modulates androgen response to mating with
intact females. (A) Dynamics of the anti-KLH IgG in plasma,
expressed as OD,5,. Letters indicate statistically significant
differences (P <0.05) according to LSD test. The time of mating after
the KLH treatment is indicated by grey bar. (B) Concentration of the
anti-KLH 1gG in plasma and seminal fluid before (grey bars) and after
(black bars) the mating. The levels of anti-KLH IgG correlated
positively in blood and seminal plasma (r=0.54, P<0.005, n=25).
(C) Plasma testosterone in control and immunised males before and
after the mating. Statistically significant differences according to
Mann-Whitney U test: *P<0.025 for comparison of immunised and
control males after the mating, and *P=0.037 for comparison of
immunised males before and after the mating. (D) TNF in the seminal
fluid of control and immunised males before and after the mating. No
statistically significant differences were detected.
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control males. Specifically, plasma testosterone was
significantly increased after mating in the immunised,
but not in the control males (Fig. 1C). The anti-KLH
IgG level in seminal fluid was positively correlated
with plasma testosterone (r=0.56, P=0.027, n=15)
after mating. According to a non-parametric two-
way ANOVA (Friedman test), the concentration of
TNF in the seminal fluid was independent from the
immunisation, mating, and the interaction of these two
factors (Fig. 1D). Both immunisation and mating did not
significantly affect the characteristics of spermatozoa
(data not shown).

Mating rate and pre- and postnatal development of
the offspring

Within 6 days (9-15 days after the immunisation)
of mating, the control males fertilised 21 females
(70.0 £8.4%), and the antigen-stimulated males fertilised
25 females (83.3 +£5.0%). The difference between these
groups was not statistically significant. At the same time,
the rate of cumulative reproductive output, estimated
as the proportion of progeny produced from the start of
mating, was significantly different between the control
and KLH groups (Fig. 2A). In particular, the proportion
of progeny conceived after 2 days of coupling in the
control group was 55.4+4.1%, and in the KLH group,
only 35.8+3.6% was conceived after 2 days (t=3.6,
df=322, P<0.001, Student’s t-test). However, in the
following days (3-6) the proportions were opposite
with 44.6 £4.1% in the control group and 64.2 +3.6%
in the group of immunised males (t=3.6, df=322,
P<0.001, Student’s t-test). In terms of absolute numbers,
the number of progeny produced in the first 2 days
was not significantly different between control and
antigen-stimulated males (Fig. 2A). Between days 3
and 6, the immunised males conceived more progeny
than the control males (y*=6.04, P=0.014) (Fig. 2A).
In addition, the immunised males who successfully
fertilised two females had a higher level of anti-KLH
IgG in the blood and seminal plasma than the males
who fertilised only one female (Table 1). As a result, the
total number of progeny conceived by immunised males
was significantly correlated with the concentration of
anti-KLH 1gG in the seminal fluid (r=0.67, P=0.006,
n=15), and almost significantly correlated with the
concentration of anti-KLH IgG in the blood plasma
(r=0.44, P=0.098, n=15). The concentration of TNF
in the seminal fluid did not differ between males who
mated either one or two females (Table 1).

The average number of live embryos per female
(control group: 7.78+0.36; KLH group: 7.92+0.26),
as well as traits of embryonic development, including
foetal mass, placenta weight, and fetoplacental index,
were not significantly different between the groups (Fig.
2B). Nonetheless, the individual variations in immune
responses to the KLH injection were correlated with
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Figure 2 Immunisation of fathers delays the fertile mating and results
in higher concentration of testosterone in amniotic fluid. (A)
Cumulative curve for proportion of progeny conceived by the control
(grey line) or the KLH-treated (black line) males at different times
from the moment of mating with two mature females. Time after
injection with the KLH or saline is indicated on x-axis above.
Student’s t-test (df=322), ***P<0.001 for comparison of the control
and immunised males. Insets: circle diagrams showing the number of
live embryos (sum of progeny) conceived by the control (grey
segments) or KLH-treated (black segments) males at the first (1-2
days) and the second (3—6 days) stage of the mating. The number of
embryos produced by the control males did not differ from that of the
immunised males (y>=1.38, P=0.24) at days 1-2. In the following
days (3—6), immunised males conceived more progeny than control
males (x>=6.04, P=0.014). (B) Fetal mass, mass of placenta and
fetoplacental ratio at day 16 of the pregnancy for the control (grey
bars) and KLH-treated (black bars) fathers. (C) Concentrations of
hormones (progesterone and testosterone) and GM-CSF cytokine in
the amniotic fluid at day 16 of the pregnancy in females mated by the
control or KLH-treated males. Mann-Whitney U test, *P=0.035,
indicates significant differences in amniotic testosterone levels.
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the placenta weight (r=0.28, P=0.004 for anti-KLH
IgG in plasma, and r=0.22, P=0.02 for anti-KLH
IgG in seminal fluid, n=108) and fetoplacental index
(r=-0.21, P=0.03 for anti-KLH IgG in plasma, n=108).
The concentrations of progesterone and testosterone
in the blood plasma were similar in each group (data
not shown). Progesterone and GM-CSF in the amniotic
fluid (Fig. 2C) were also similar between groups. At
the same time, the level of amniotic testosterone was
higher in the females mated by the antigen-stimulated
males compared with the females mated by the control
males (Fig. 2C).

The average number of newborns was nearly
equal in the females mated by control (7.80+0.55)
and antigen-treated (7.44+0.34) males (Fig. 3A).
Interestingly, however, the percentage of newborns
that died before weaning was significantly higher
in the females of the control group (39.74 +5.54%)
compared with that in the females of the KLH group
(17.90+4.68%) (t=2.31, df=143, P<0.05, Student’s
t-test). These differences were due to a combination
of two effects, including (a) the withdrawal of feeding
was detected in three females from the control and
one female from the KLH group, and (b) the death
of newborns, which was 16.1+4.9% in the control
group and 8.1+3.6% in the KLH group (Fig. 3B).
These pre-weaning mortalities and whole litter losses
were comparable with other studies of C57BL/6) mice
(Cooper et al. 2007, Whitaker et al. 2009, Weber
et al. 2013). The average number of pups fed by the
females mated by the control males (6.71+0.86) did
not differ from that mated by the antigen-stimulated
males (6.88 +0.35).

The body mass of the offspring at weaning (3 weeks
of age) was higher in the control group compared
with the KLH group (Fig. 3C). Since the litter size just
before weaning was negatively correlated with the
body mass of 3-week-old progeny (r=-0.59, P<0.001,
n=102), the ANCOVA was used to assess the statistical
significance between-group differences. ANCOVA
with the litter size as the covariate revealed a reliable
influence of the father’s immune status (control/KLH) on
the body mass of the progeny (f; 4,=38.88, P<0.001).
The effects of sex and sexxgroup interaction were
statistically insignificant. Therefore, the data obtained
from the offspring of both sexes were combined (Fig.
3C). Of note, in those litters in which partial losses of
progeny were recorded, the body weight of the fed
pups was significantly higher (9.58+0.23, n=27) than
in the litters with no losses during the suckling period
(8.12+0.12, n=75). The statistical significance of these
differences was confirmed by a three-way ANOVA,
in which the F criterion had the following values: for
the factor of feeding (complete feeding vs incomplete
feeding) — F, 4,=30.18, P<0.001; experimental group
(control/KLH) — F; 4,=24.92, P<0.001; and the sex of
the progeny — insignificant.
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Table 1 Differences in immune response to the injection of KLH for males, which successfully fertilized either one or two females.
Number of fertilized females, mean+s.t.

Traits One (n1=6) Two (n=9) Mann-Whitney test
Anti-KLH 1gG in seminal fluid, OD 0.52+0.17 1.23+0.18 P=0.021*
Anti-KLH 1gG in plasma, OD 0.22+0.03 0.45+0.07 P=0.011*
TNF in seminal fluid, pg/mL 18.96+9.49 68.16+46.36 NS

*P<0.05; NS, non-significant.

MRS of neurometabolites in the amygdala and cortex
of male offspring

The MRS of the amygdala in adult male offspring (Fig. 4A)
revealed that the sons of immunised fathers had lower
levels of gamma-aminobutyric acid (GABA), alanine,
creatine, and phosphocreatine (Cr+ Pcr) compared with
the male progeny of control fathers (Fig. 4B). In contrast,
the amounts of glutamate and glutamine (GLX) were
significantly higher in the offspring of the KLH group
than in the control group (Fig. 4B). As a result, there was
a significant shift in the ratio of inhibitory over excitatory
neurotransmitters (GABA/GLX), which was 12.81+2.78
in the offspring of control fathers and 0.34+0.19 in the
offspring of antigen-stimulated fathers (t=3.95, df=8,
P=0.005, Student’s t-test). In contrast to the amygdala,
the profile of neurometabolites in the cerebral cortex
was the same among the progeny of these two
groups (Fig. 4C).

Immunity of the male offspring

The body weight and the mass indexes of the main
immunocompetent organs (thymus and spleen) were
measured in both groups of the male adult offspring,
who were either treated with KLH or untreated. From
the results of a two-way ANOVA (Supplementary
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Figure 3 Mating by immunised males does not affect litter size, but
reduces postnatal mortality and body mass of newborns. (A) Average
number of newborns per female. (B) Average percentage of pups died
from the delivery to the weaning. Student’s t-test (df=143), **P<0.01
for comparison of the groups of females mated by the immunised and
control males. (C) Average body mass of the pups at weaned time.
Statistically significant differences between the groups (offspring of
the control and immunised fathers), ¥ <0.001 according to the
ANCOVA with the group and gender as the factors and the number
of embryos as the covariate (F; 4,=38.88, P<0.001).
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Table 1, see section on supplementary materials given
at the end of this article), neither immunisation of the
fathers (group-of-progeny) nor immunisation of the
sons had statistically significant effects on body weight,
which was 23.4+0.5 g in the control group (n=14)
and 23.1+0.5 g in the KLH group (n=14). At the
same time, the offspring of antigen-stimulated fathers
had significantly higher mass indexes of the thymus
and spleen than the offspring of the control group
(Supplementary Tables 1 and 2). Since the effects of the
immunisation of offspring and the interaction of factors
(group-of-progeny x immunisation) were insignificant,
the data on mass indexes of immunocompetent organs
in offspring who were treated with KLH or untreated
were combined (Fig. 5A). Despite the large size of the
thymus and spleen, the progeny of the control and KLH-
treated fathers showed the same values of the specific
immunoglobulin (IgG), which were determined in blood
plasma samples 9 days after the KLH injection (Fig. 5B).

Androgens, gonad system, and spermatozoa of the
male offspring

A two-way ANOVA of mass indexes showed a significant
effect of the male offspring group on the size of preputial
glands (Supplementary Table 3), which were larger in
the progeny of antigen-stimulated fathers (Fig. 6A and
Supplementary Table 4). This result was consistent
with the observed intergroup difference in plasma
testosterone, which was significantly higher in the
progeny of antigen-stimulated fathers (18.9 +3.4 ng/mL)
compared with the progeny of control fathers (7.7 +2.6
ng/mL) (Z=2.78, P=0.016, Mann-Whitney U test). The
interaction of factors (group-of-progeny x immunisation)
also significantly influenced testosterone variations (Fig.
6B). Immunisation (injection with KLH) of the offspring
of control fathers caused a significant decrease in
testosterone concentration (Z=2.04, p=0.04, Mann-
Whitney U test), while immunisation of the progeny of
antigen-stimulated males tended to increase it, although
this result was insignificant.

All characteristics of spermatozoa were comparable
with the literature (Fiedler etal. 2013). Despite statistically
significant differences in the plasma testosterone of the
male offspring of control and immunised fathers before
and after the KLH administration (Fig. 6B), these groups
had rather similar characteristics of sperm morphology,
count, and motility (Fig. 7 and Supplementary Table
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Figure 4 Prevalence of excitatory (glutamate/glutamine - GLX) over inhibitory (GABA) neurotransmitters in the amygdala of the adult offspring of
immunised fathers. (A) The positions of the voxels in cortex and amygdala on the axial section of mouse brain (A;) and the typical in vivo MRS
spectrum from the mouse amygdala (A,). Ins, myo-inositol; Cr, creatine; Glu, glutamate; GlIn, glutamine; Tau, taurine; NAA , N-acetylaspartate;
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cerebral cortex (C) of the adult offspring of control (grey bars) and immunised (black bars) fathers. Student’s t-test (df=8), *P<0.05 for
comparison of the offspring conceived by immunised and control males.
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Figure 5 Mating by immunised males increases mass indexes of the
thymus and spleen in adult offspring, but does not affect their
antibody response to a foreign antigen. (A) Mass indexes (mg/g) of the
thymus and spleen in the offspring of immunised and control fathers.
Two-way ANOVA revealed significant effect of the progeny group
(Fy,4=11.038, P=0.003). Since, there were no significant effects of
injection of the male offspring with the KLH and interaction of these
two factors (Supplementary Table 1), the data of mass indexes of the
KLH treated and non-treated offspring were combined. Student’s
t-test (df=26), **P<0.01 for the differences between the offspring of
immunised and control fathers. (B) Plasma concentration, expressed
as OD,5,, of the anti-KLH in the offspring of immunised and control
fathers challenged with the foreign antigen (the KLH).
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Figure 6 Offspring of immunised fathers maintain testosterone levels
after the injection with KLH and have higher mass index of preputial
glands in comparison with the control. (A) Mass indexes (mg/g) of
androgen dependent organs in the offspring of control and
immunised fathers. Since there were no significant effects of the
injection with KLH and interaction of the progeny group
(Supplementary Table 3), the data of mass indexes were combined for
KLH treated and untreated offspring. Significant effect of the progeny
group (control and immunised fathers) was confirmed by the
two-way ANOVA (F, ,,=4.335, P=0.048). Student’s t-test (df=26),
*P<0.05 for the differences between the offspring of immunised and
control fathers. (B) Plasma testosterone in the offspring of control and
immunised fathers injected with the saline (Control) or challenged
with the KLH (Immunisation). Non-parametric two-way ANOVA
(Friedman test) revealed significant effects of the progeny group
(Fy24=7.725, P=0.010), and interaction of the progeny group and
immunisation of offspring (F, ,,=6.116, P=0.021). Effect of the
offspring immunisation was insignificant (F, ,,=0.097, P=0.757).
Mann-Whitney U test, “P=0.04 for comparison of the testosterone
levels before and after the immunisation in the offspring of

control fathers.
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5). However, bidirectional testosterone responses to
the antigenic stimulus in the offspring of immunised
and control fathers (Fig. 6B) subsequently affected
the spermatozoa VAP and VSL. These were slightly
decreased in the progeny of control fathers and modestly
increased in the progeny of immunised fathers after
the KLH administration (Fig. 7C). A two-way ANOVA
showed statistical significance for the effect of factor
interaction (group-of-progeny and immunisation) on
VAP and VSL (Supplementary Table 5). The analysis
of correlations between plasma testosterone and
sperm characteristics confirmed the dependence of
spermatozoa concentration and velocity indexes on the
level of androgens in the blood (Table 2).

Discussion

Although the main limitation of this study is the use of
a model antigen (KLH) to induce an immune response,
these results suggest that the immunisation of male
mice before mating modulates their reproductive
characteristics. In particular, we noted distinct dynamics
in the rate of cumulative reproductive output for
immunised fathers. During the first days of mating, the
immunised males produced less progeny compared
with the control fathers, but in the following days, they
outperformed. An initially low reproductive output might
be associated with reduced behavioural responses of the
immunised male mice to intact females (Moshkin et al.
2010). In the later stages of mating, an increase in the
reproductive output of immunised males was consistent
with increasing levels of plasma testosterone. For
example, the androgen response to the immunisation
was positively correlated with the humoral immune
response, and in particular, with the concentration of
anti-KLH 1gG in the seminal fluid. Immunoglobulins
modulate cytokine composition of the seminal fluid
(Pillay et al. 2018), and thus, can exert multiple effects
on the female reproductive tract mediating embryo
implantation, growth, and immune response against
foetal (paternal) antigens (Chaouat et al. 2007, Rametse

et al. 2018, Robertson et al. 2018, Maslennikova et al.
2019).

Mating with immunised males led to an increase in
testosterone levels in the amniotic fluid, a reduction in
newborn mortality during nursing, and a decrease in the
body mass of weaned pups. It should be noted that in
the litters with partial losses of progeny, the body mass
of the remaining pups was significantly higher than in
the litters without losses. Thus, newborn deaths were
not associated with a lactation deficit. Together, this
indicates that the transmission of paternal antigenic
stimuli, evidenced here by the anti-KLH IgG level in the
seminal fluid, can have a positive impact on pregnancy
and nursing. Other changes in the cellular and humoral
composition of the seminal fluid of immunised fathers
might also be responsible for the observed effects
(Schjenken & Robertson 2015).

In addition to reproductive output, a one-time
immunisation of fathers modulated the phenotype of
their adult offspring. This manifested as changes in the
amygdala neurometabolic profile, the size of immune
organs, plasma testosterone, and spermatogenesis. A
paternal effect on brain metabolism was detected in the
amygdala, but not in the cortex. Some of the phenotypic
changes in the progeny of immunised fathers might
be interrelated. For example, the predominance of
excitatory  (glutamate/glutamine)  neurotransmitters
over inhibitory (GABA, alanine) ones in the amygdala
may be a factor that contributes to the higher level of
androgens in the offspring of immunised fathers. Indeed,
mice with a knockout of the metabotropic glutamate
receptor subtype 7 gene are characterised by a lower
blood testosterone level compared with wild-type
mice (Masugi-Tokita et al. 2018). Likewise, prenatal
testosterone affects the development of the amygdala,
which has been shown in both experimental and clinical
studies (Kerchner et al. 1995, Lombardo et al. 2012). The
action of androgens on brain structures might be sensed
through a family of androgen and oestrogen receptors,
which are expressed in the amygdala of embryos and
mature individuals (Sarkey et al. 2008, Filovd et al. 2013,

Figure 7 Mating by immunised males does not

offspring: muntreated mKLH-treated

>
(@)

offspring: muntreated WKLH-treated

affect sperm morphology and concentration in

704 204

w
&
]

60

@
g
&
F

Elongation
N ow s
388
il
VAP, pum/sec
» w
% 8
f I
VSL, um/sec
9

LY

10

Size, um
6 kN ow s ow oo
A A

Fath

2

offspring: muntreated WKLH-treated
80 q 604

W

e N
& 3
@
3

“«
N
3
5
STR = VSL/VAP x 100
w
8

Spermatozoa, 10¢/ml
5
Motile, %
&
&
BCF, Hz

o0
Father: Control  KLH-treated

0- 20 - 8-
r: Control KLH-treated  Father: Control KLH-treated || Father: Control KLH-treated  Father: Control KLH-treated

0- 0- 0-
Father: Control  KLH-treated Father: Control  KLH-treated Father: Control  KLH-treated

704 offspring, but modulates a response of sperm
velocity to the immunisation. (A) Average size
and shape (elongation) of spermatozoa head
in the offspring of control and immunised
fathers before (grey bars) and after (black bars)
their immunisation. (B) Concentration and %
of motile spermatozoa in caudal epididymis.
(C) Velocities and trajectories of movement of
spermatozoa. Effects of the progeny group and
immunisation of offspring were analyzed by
two-way ANOVA (Supplementary Table 5).
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Table 2 Correlations of sperm characteristics with the plasma
testosterone in male offspring.

Traits r P
Size 0.262 NS
Elongation 0.028 NS
Spermatozoid concentration 0.423 0.025*
Percent of motile 0.102 NS
VAP 0.386 0.042*
VSL 0,503 0.006**
VCL 0.294 NS
BSF -0.037 NS
STR 0.279 NS
LIN 0.402 0.034*

*P<0.05, **P<0.01, NS, non-significant.

Cisternas et al. 2015). In addition, the predominance of
excitatory neurotransmitters over inhibitory ones in the
amygdala might modulate the social behaviour of the
male offspring of immunised fathers, including sexual
activity and the ability to dominate in social competition
with other males (Watanabe & Yamamoto 2015, Dulka
et al. 2018).

The paternal effect on gonadal function was most
evident under the antigenic challenge of the progeny.
The KLH injection caused a decrease in plasma
testosterone in the offspring of control fathers. However,
in the offspring of antigen-stimulated fathers, there was
an opposite trend. The differences in androgen response
to the antigenic challenge in the studied offspring
groups were paralleled with the changes in sperm
velocity parameters, which was in agreement with
other observations (Guvvala et al. 2016, Dardmeh et al.
2017). Thus, the ability of the adult progeny of antigen-
stimulated fathers to maintain high levels of androgens
after the immunisation preserves spermatozoa velocity
parameters under the antigenic challenge. Finally,
higher levels of plasma testosterone and excitatory
neurotransmitters in the amygdala might promote
increased sexual activity in the progeny of immunised
fathers (Tzanoulinou et al. 2014, Adams & Rosenkranz
2016). These suggest that the offspring of immunised
fathers might trade-off some of their somatic maintenance
to reproductive investment if antigenic pressure prevails
in the environment.

Changes in the offspring phenotype of immunised
fathers can be attributed to either epigenetic modification
of male gametes, the seminal fluid transmission of
the paternal signals, or both. Indeed, the time when
immunised fathers were mated in this study (9-15
days after the immunisation) coincides with the time of
sperm maturation (Khil et al. 2004). Sperm maturation
involves massive histone-to-protamine reassembly of
the paternal genome, and this process might be affected
by the father’s immune response (Hazzouri et al. 2000,
Moriniere et al. 2009, Shirakata et al. 2014). Likewise,
the cellular and humoral composition of the seminal
fluid, which directly modulates the female reproductive

https://rep.bioscientifica.com

Phenotype of the progeny of immunised fathers 125

tract, is likely to react to immunisation (Collodel et al.
2015, Robertson & Sharkey 2016). The significance of
the seminal fluid in the determination of the pre- and
postnatal phenotype has been convincingly shown in
experiments involving the removal of seminal vesicles.
This leads to a decrease in fertility, placental hypertrophy,
and metabolic disorders, mainly in the male offspring
(Bromfield et al. 2014). Furthermore, the paternal
experience of defeating in social conflicts is passed to
offspring via natural, but not in vitro fertilisation (Dietz
et al. 2011). The humoral composition of seminal
fluid significantly changes under exposure to various
stressors (Meuleman et al. 2015, Dobrakowski et al.
2017, Haimovici et al. 2018). Here, we showed a
significant correlation between placental mass and the
concentration of anti-KLH IgG in the blood and seminal
plasma. Together, these substantiate a pivotal role of
seminal fluid in the transgenerational transmission
of paternal experiences, although epigenetic signals
cannot be excluded.

The paternal effects on the mother’s side can be
realised through the changes in immune and endocrine
support of her pregnancy. We found that the levels of
amniotic testosterone were higher in pregnant females
mated by the immunised males. The effect of amniotic
testosterone on the offspring phenotype has been
demonstrated by numerous studies (Sarkar et al. 2008).
In particular, males prenatally exposed to androgens had
increased circulating testosterone concentrations during
adult life (More et al. 2016). This is in agreement with
the observed differences in plasma testosterone in the
offspring of control and antigen-stimulated fathers in this
study. Variations in testosterone in prenatal development
might also affect brain structures, including the amygdala
(Kerchner et al. 1995, Lombardo et al. 2012), which is
consistent with our results.

The adaptive significance of transgenerational
transmission of paternal experiences has been widely
discussed (Dietz et al. 2011, Rodgers et al. 2013, 2015,
Dias & Ressler 2014). In the framework of the life-
history theory, this implies the adaptation of offspring to
prevailing conditions experienced by their fathers and
mothers through the reallocation of available resources.
Thus, following this logic, it makes sense to investigate
the immune-reproductive trade-off in the offspring of
immunised fathers as part of their adaptation strategy.
Even though the progeny of antigen-stimulated fathers
had higher mass indexes of the thymus and spleen, their
humoral response to KLH did not differ significantly
from the control. However, contrary to the control,
these offspring maintained high androgen levels after
the antigenic challenge with KLH. In other words, the
offspring of immunised fathers are capable of equally
supporting both immune and reproductive capacities
under the antigenic pressure, while the offspring of
inexperienced fathers reduce their reproduction effort.
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