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Abstract

We developed a simple, noninvasive artificial insemination technique to study epigenetic germline inheritance in mice.
This technique avoids interfering factors introduced by superovulation, surgery, in vitro culture or mating that can confound
the transmission of acquired epigenetic information through the germline. Using a stress model, we demonstrate that our
method is suited to test the causal involvement of the male germline in transmitting acquired information from father to
offspring.
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Introduction

Defying the dogma of classic genetic inheritance, evidence is
mounting that parental experiences can have heritable effects
on subsequent generations [1, 2]. However, it remains challeng-
ing to provide causal proof for this concept and demonstrate
that acquired traits can be passed to the offspring via the germ-
line. Breeding males to generate patrilines is often used to show
transmission through germ cells. However, the interaction be-
tween male and female during mating, and the paternal influ-
ence on the intrauterine environment or on postnatal maternal
care can be important confounding factors [1, 3]. A way to avoid
these confounds is to employ assisted reproductive techniques
(ARTs) to eliminate interactions between male and female.
In vitro fertilization [4] and sperm RNA injection into fertilized
oocytes [5] have thus been used to demonstrate the germline-
dependence of environmentally induced effects in rodents.

However, these methods are laborious and require technical ex-
pertise and setups, which limit their routine use in many labs.
Further, the required in vitro culture conditions and ovarian
stimulation can alter the epigenome of the developing embryo
and induce long-term biological alterations [6]. Thus, the results
obtained from animals derived from these methods can be diffi-
cult to interpret. When the transgenerational phenotype under
study is not reproduced, it remains unclear if the effect is germ-
line-independent or if technical confounding factors have inter-
fered with transmission [4].

To circumvent these shortcomings, we developed a simple
and minimally invasive artificial insemination protocol in mice
ideally suited to study nongenetic germline inheritance.
Artificial insemination is rarely used in mice, and the available
protocols are labor intense and involve similar confounding fac-
tors as other ARTs, introduced by superovulation, surgery or
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restraint during insemination, or breeding with vasectomized
males [7–9]. Here, we present an improved method for artificial
insemination in mice that avoids these confounds and simpli-
fies the procedure. Ovulation is induced naturally by exposing
group-housed females to male odors. Insemination is con-
ducted rapidly in nonrestrained females using a nonsurgical in-
jection procedure that delivers sperm through the cervix into
the uterine horns. A balloon catheter and cotton tampon mim-
icking the male ejaculatory response and mating plug, respec-
tively, are used to replace the need of mating to a vasectomized
male following insemination. The method is efficient and reli-
able, and we demonstrate that it gives rise to healthy offspring
with no obvious developmental or behavioral alterations. Using
an established model of paternal stress that induces metabolic
changes in the offspring [10], we demonstrate that the method
allows to causally test the involvement of the germline in mod-
els of transgenerational epigenetic inheritance.

Results
Sperm Collection

Sperm from adult male mice was collected from the cauda epi-
didymis in 150 ml of 9.5% milk [8] and maintained at 35�C using
a heating pad. On average, 13.7 6 1.3 million sperm cells were
harvested from young adult males (n¼ 8), and 12.2 6 0.7 million
cells from middle-aged (12 months) males (n¼ 9) (Fig. 1a). This
high cellular yield allows artificial insemination of multiple

females (up to 6) with the sperm of one male, and males of a
broad age-range can be used for the generation of offspring.

Induction of Ovulation

In a pilot experiment, we established artificial insemination fol-
lowing hormonal induction of ovulation. Mice maintained on a
reverse 12/12 h light-dark cycle (light on at 08:30) received 5U
pregnant mare serum gonadotropin (PMSG) (G4877, Sigma) by
i.p. injection at 21:00 (light phase) followed by 5U human cho-
rionic gonadotropin (HCG) (CG10-1VL, Sigma) 48 h later. The
next morning, sperm was collected at 9:00 and females were in-
seminated between 10:00 and 11:00 (dark phase). This gave rise
to offspring in 3 out of 8 inseminated females (¼ 37.5% success
rate). Litter size ranged from 8 to 12 pups, with a total of 17
males and 12 females.

To avoid undesired epigenetic confounds induced by super-
ovulation [6], we established a protocol for natural induction of
ovulation. We took advantage of the fact that group-housed fe-
male mice suppress each other’ estrous cycle [11]. Synchronous
estrous can be induced in such acyclic females through exposure
to male pheromones present in male urine [12, 13]. For this, we
added dirty male bedding to a cage of virgin females group-
housed (4 per cage) since weaning and not previously exposed to
any male odor. In a pilot study, we collected vaginal smears to as-
sess the stage of estrous cycle 72 h after exposure to dirty male
bedding. Vaginal cytology showed that 10 out of 12 females were
in estrus 3 days after adding male bedding, as indicated by

Figure 1. Sperm collection and natural induction of ovulation. Large amounts of sperm cells can be harvested from young adult (n¼8) and middle-aged (n¼9) males

(a), sufficient to inseminate up to six females with the sperm of one male. Seventy-two hours after adding dirty male bedding to group-housed females, most females

(10/12) had vaginal cytology characterized by cornified epithelial cells typical of estrous (b), whereas only a single female had round nucleated and cornified cells (c), in-

dicative of late proestrus. A simple balloon catheter (d), which can be inflated (e), was used to induce pseudopregnancy following noninvasive artificial insemination

(AI) (f)
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vaginal smears dominated by cornified epithelial cells typical of
estrous in mice (Fig. 1b) [14]. For one mouse, insufficient cells
were collected to determine the cycle stage, and one mouse was
in late proestrus/early estrus (high number of round, well-formed
nucleated cells as well as cornified cells, Fig. 1c). These results in-
dicate that timed estrous can be naturally induced using expo-
sure of group-housed females to male bedding.

Artificial Insemination

We then tested whether artificial insemination can be success-
ful following natural induction of ovulation, and whether the
resulting offspring is physiologically and behaviorally compara-
ble to naturally conceived offspring. We focused our analyses
on features known to be sensitive to paternal environmental ex-
posures [1]. After natural induction of ovulation, females were
inseminated (3–4 females with the sperm of a single male) and
treated with a balloon catheter (Fig. 1d and e) and cotton tam-
pon (to substitute for mating with vasectomized males) as de-
scribed in the Methods section. Artificial insemination was
carried out without restraint using a rapid, noninvasive tech-
nique (Fig. 1f, see Methods for details). Of 22 inseminated female
mice, eight had litters (36.4% success rate). This was repeated in
a separate batch of animals with similar success rate (5/15 fe-
males successfully inseminated). In parallel, 19 females were
naturally mated by pairing with males for 24 h after natural in-
duction of ovulation. Of these, eight had litters (42% success
rate). Litter size after artificial insemination or natural breeding
was similar (Fig. 2a), with a slight but not statistically significant
reduction in number of male pups after artificial insemination
[F(1,26)¼ 2.78, P¼ 0.11; Fig. 2b]. Each litter was culled to 6–8 pups
on the first postnatal day (PND1) to equalize the number of
pups per litter, and body weight was regularly measured until
early adulthood. Birth weight was similar between groups in
males and females (Fig. 2c), and there was neither difference in
body weight during development and adulthood (Fig. 2d and e),
nor in body size or anogenital distance (Fig. 2f and g), parame-
ters known to be sensitive to paternal environmental challenges
[10, 15–17].

We also tested the behavior of the offspring resulting from
artificial insemination or natural breeding. Since anxiety and
social behaviors are known to be altered transgenerationally by
adverse environmental conditions [4, 5, 18, 19], we first tested
the animals on an open field test (OFT) and an elevated plus
maze (EPM), which assess behavioral responses to adversity. On
OFT, mice from both groups had similar overall activity (Fig. 3a)
and spent a similar amount of time in the aversive center of the
open field (Fig. 3b). On EPM, mice from both groups had a strong
preference for the closed arms, and spent a similar amount of
time on the more aversive open arms (Fig. 3c and d). We then
tested social behaviors using a three-chamber social preference
task. Mice from both groups preferred a conspecific partner over
a novel object, and exploration of the conspecific/object was
similar between groups (Fig. 3e and f). Overall, these results sug-
gest that animals generated by artificial insemination are
healthy, develop normally, have normal general activity in an
open field, and behave normally in novel/aversive environ-
ments and in social contexts.

We next tested the potential of our method for probing and
confirming the germline-dependence of an environmentally in-
duced phenotype. We used a mouse model of adult stress in
which exposure of an adult male to a single stressful event a
few weeks before breeding, alters the offspring’s body weight
[10]. We first established this model in our lab by exposing 8-

week-old male mice to a foot-shock, and after 2 weeks of recov-
ery, pairing each male with a naı̈ve, age-matched female for 7
days (n¼ 10/group). Breeding pairs were then separated and the
resulting offspring was weighed 1 day after birth, at weaning,
and every 2 weeks until adulthood. Body weight of sires or
dams was similar between groups (Fig. 4a and b) and there was
no difference in litter size and body weight at birth (Fig. 4c and
d). However, body weight was significantly lower in both males
and females after weaning, and remained lower until adulthood
[males: F(1,77)¼ 7.22, P¼ 0.009, females: F(1,65)¼ 9.34, P¼ 0.003,
Fig. 4e and f)]. To test whether this effect is transmitted through
the germline, independent of any interaction between male and
female during mating, we repeated the stress paradigm in an in-
dependent group of males but generated offspring using artifi-
cial insemination with the sperm of stress-exposed or control
fathers, instead of natural breeding. Body weight of sires or
dams before breeding was similar between groups (Fig. 4g and
h), and dams of both groups gave birth to litters of similar size
and body weight (Fig. 4i and j). However, the male offspring gen-
erated with the sperm of stress-exposed males had a signifi-
cantly lower body weight than the offspring generated with the
sperm of control males at weaning and when adult
[F(1,42)¼ 10.01, P¼ 0.003, Fig. 4k]. The female offspring had no
difference in body weight [F(1,56)¼ 0.64, P¼ 0.43, Fig. 4l]. These
results demonstrate that sperm from stressed males is suffi-
cient to reproduce a reduced body weight in the male offspring,
which confirms that the effect of stress exposure is transmitted
to the offspring by the germline. At the same time, it suggests
that in the female offspring, transmission of the effect is germ-
line-independent, suggesting the involvement of in utero effects
or maternal care. Therefore, artificial insemination is an effi-
cient method to causally test germline-dependence of environ-
mentally-induced heritable traits.

Discussion

This study presents an improved method for artificial insemi-
nation in mice that can be easily used without prior expertise in
reproductive biology and without requiring any specialized
equipment. Methods for artificial insemination in the mouse
are available but involve either surgical procedures under anes-
thesia [8, 9, 20] or highly stressful restraint in awake mice [7].
Our method builds on previously reported noninvasive tech-
nique for embryo transfer and artificial insemination [21, 22]
but provides several major improvements to these techniques.
It replaces hormone-induced superovulation [7, 21] by natural
induction of ovulation [12], eliminates the need for mating with
vasectomized males by using a balloon catheter and cotton
tampon [7, 23], and removes the need for expensive commercial
tools [21]. Natural induction of ovulation circumvents epige-
netic confounds associated with superovulation [6, 24, 25], and
limits unnecessary stress of the animals due to repeated i.p. in-
jections known to activate stress-pathways [26]. Replacing the
need for vasectomized males by using a catheter and cotton tam-
pon effectively reduces the number of mice needed and animal
suffering induced by surgical vasectomy, fully in line with the 3Rs
guidelines to replace, reduce, and refine the number of animals in
research [27, 28]. Additionally, the new method greatly simplifies
experimental design because (i) the insemination procedure can
be performed by a trained experimenter in <2 min, (ii) no vasec-
tomy and recovery time are needed for males, and no extra days
are required for mating and plug-checking, which considerably
saves time, and (iii) the natural induction of ovulation avoids
strenuous timing of hormone injections which are usually
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performed both early in the morning and late at night [29]. Hence,
for ethical, experimental and financial considerations, the newly
designed method for artificial insemination is superior to previ-
ously established methods in the mouse.

An important concern with ARTs is whether the method itself
induces physiological or behavioral alterations in the offspring
[24, 30, 31]. Recent data have raised the possibility that ARTs in
human are associated with neurodevelopmental and neuropsy-
chiatric disease risk [30, 32, 33]. Although the concern is more rel-
evant for hormone treatment and in vitro conditions involved in
vitro fertilization [6], it is particularly important in the context of
epigenetic inheritance to ensure that artificial insemination does

not induce confounding factors that impact the offspring’s devel-
opment. To our knowledge, this study represents the first sys-
tematic assessment of neurobehavioral function in the offspring
generated by artificial insemination in any species. Our data indi-
cate no gross physiological or behavioral difference between off-
spring generated by artificial insemination or natural conception.
Importantly, epigenetic alterations associated with superovula-
tion and in vitro culture conditions, which are normally associated
with ARTs, are circumvented by our method. This reduces the
likelihood to introduce epigenetic confounds in studies of nonge-
netic transgenerational inheritance [1, 6]. However, future studies
should systematically assess the epigenetic consequences of

Figure 2. Artificial insemination results in healthy offspring which develops normally. Litter size (a, b) and birth weight (c) of pups is similar after AI (n¼8 dams) and

natural breeding (n¼8 dams). There is no difference between groups in body weight (d, e), body length (f) and AD (g) during development or in adulthood (n¼20–31

mice per sex per group). All values are mean 6 SEM. ANOVAs were used for all analyses. ****P<0.0001
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ARTs, e.g. by profiling DNA methylation [34], to develop a better
understanding of the epigenome-wide effects potentially associ-
ated with the different techniques.

A key challenge in studies of transgenerational epigenetic
inheritance remains to provide a causal proof of germline-
dependence, particularly to rule out alternative routes of

transmission such as the interaction between male and female
during mating [1, 3, 35]. We show that artificial insemination
can be used to provide causal proof for germline-dependence.
We reproduce previous findings that exposure to brief trau-
matic stress prior to mating can reduce body weight in the off-
spring when adult [10]. Using artificial insemination, we

Figure 3. Offspring generated by AI is behaviorally normal. Offspring of both groups show similar overall activity (a) and anxiety level (b) on OFT. Both groups prefer the

protected closed arms on an EPM over the exposed open arms, with no difference between groups (c, d). Offspring of both groups similarly prefer a social conspecific

over an innate object in the three-chamber social preference test (e, f). For behavior tests, 10–13 mice per sex per group were used. All values are mean 6 SEM. ANOVAs

were used for all analyses. ****P< 0.0001
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Figure 4. Inheritance of stress-induced alterations depends on the germline. Before mating, body weight of stress-exposed and control sires (a) or of dams (b) was simi-

lar (control: n¼10; stress: n¼10). After natural mating, offspring litter size (c) and birth weight (d) are similar in mice sired by stress-exposed or control males. After

weaning, male (e) and female (f) offspring of stress-exposed males gain significantly less weight than controls (n¼32–41/group). Repeating the experiment with AI in-

stead of natural breeding, body weight of parents was again similar (g, h; control: n¼8; stress: n¼9). Dams deliver similar size litters (i) with no difference in birth

weight between groups (j). Male offspring of stress-exposed fathers gain less weight than controls (k) but females show normal weight gain (l, n¼20–31 per sex per

group). *P<0.5, **P<0.01 following Fisher’s post hoc test after ANOVAs
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demonstrate that this effect is passed to the male but not female
offspring through sperm, allowing for a dissociation of germline-
dependent and germline-independent mechanisms in a sex-de-
pendent manner. Complex differences between sexes have often
been reported in studies of nongenetic transgenerational inheri-
tance [36–40], although the cause for these differences is unclear.
As the effects of acute stress exposure on germ cells remain
poorly understood, the mechanisms involved in the observed
transmission are also unknown. However, it has been shown
that several days of injections with the glucocorticoid receptor
agonist dexamethasone can induce global changes in DNA meth-
ylation in sperm cells [41], offering one potential route via which
germ cells may be sensitive to the effects of stressful experi-
ences. Chronic exposure to stressful conditions, such as paternal
or maternal exposure to traumatic stress in early postnatal life,
induces profound transgenerational effects in mice, affecting
physiology and behavior across generations [42–45]. These ef-
fects are associated with alterations in DNA methylation in
sperm [36, 42, 44], and recent work has identified sperm RNAs as
causal vectors of transmission of stress-induced changes to the
offspring [5]. Paternal exposure to early life trauma alters emo-
tional behaviors and metabolic functions, in a way that can be re-
capitulated in the offspring by injection of sperm RNAs into
fertilized oocytes. The inherited metabolic alterations include
hypermetabolism, characterized by a reduction in body weight
despite an increase in caloric intake [5]. Therefore, future work
will need to assess whether the observed decrease in body
weight in the current model is associated with changes in overall
food-intake or energy expenditure [46], and whether sperm RNAs
are involved in transmission.

It is generally thought that early life is a particularly sensi-
tive period during which gametes may be more vulnerable to
nongenetic (or epigenetic) changes induced by environmental
factors [47]. However, recent evidence also shows that chronic
stress in adolescence and adulthood can have heritable conse-
quences [4, 48], and the present results suggest that germ cells
are even sensitive to brief environmental impacts in adulthood.
Similar to our data, it was previously shown that a single expo-
sure of sires to 24-h fasting several weeks before mating reduces
offspring body weight and markedly disrupts glucose metabo-
lism [49]. This raises several questions concerning the sensitiv-
ity of germ cells to environmental factors and the consequences
for the offspring. First, the continuously renewing germ cell
population is tightly protected by the blood-testis barrier and
the blood-epididymis barrier in the adult [50], and the mecha-
nisms that allow environmental factors to penetrate these bar-
riers remain unknown. Promising candidate mechanisms
include exosome signaling in the epididymis, Sertoli-cell medi-
ated effects, or direct action of systemic signals through various
receptors expressed on sperm cells [51–53] (see [1] for review).
Second, it remains to be determined at which stage of sperma-
togenesis the traumatic experience can impact sperm cells. We
chose a 2-week delay between stress exposure and mating, the
time required for mature spermatogonia released into the lu-
men of the seminiferous tubes to travel through the epididymis
and reach the cauda epididymis [54, 55]. This suggests mature
sperm cells stored in the cauda or spermatozoa traveling along
the epididymis can be impacted by the stressful event. Previous
work has demonstrated an effect of traumatic stress on off-
spring body weight after a 6-week delay between stress and
mating but the effect was only observed in female offspring [10].
Notably, we show here that the effect on female offspring seems
to be transmitted through a germline-independent mechanism,
but through unknown mechanisms. Thus, it will be interesting

to determine whether the germline-dependent effect on body
weight of male offspring is transmitted also after a longer delay
between stress exposure and mating, which would suggest that
systemic, longer-lasting changes have occurred that also impact
sperm cells that were at earlier developmental stages during pa-
ternal stress exposure. Finally, it will be necessary to determine
whether the sensitivity of spermatogonia to stress depends on
the modality of stress, or whether different stress paradigms
can trigger similar heritable effects. If stress hormones or in-
flammatory signals are associated with the induction of epige-
netic changes in germ cells, then different stressors and
environmental factors could exert similar effects [56, 57].

In summary, this study establishes a simple and rapid
method of artificial insemination that gives rise to healthy off-
spring and can be applied to studies of epigenetic inheritance in
mice. Reports of inter- and transgenerational effects induced by
environmental factors have rapidly accumulated over the last
couple of years and rigorous standards in study design are nec-
essary to determine which of these effects are germline-depen-
dent [1]. We believe that routine use of artificial insemination
will help resolve this question by excluding germline-indepen-
dent factors that currently limit the interpretation of many
studies.

Methods
Mice

Male and female C57Bl/6J mice were purchased from Janvier
(France) and used to set up an in-house breeding colony. For all
experiments, we used adult males aged 2.5–5 months (unless oth-
erwise stated), and virgin females aged 2.5–4 months. Artificial in-
semination in females younger than 2.5 months is more difficult,
as the insertion of the larger speculum is problematic due to their
smaller body size. However, if experimentally necessary, a
smaller speculum can be used for insemination of younger mice
(of reproductive age). All males and females were sexually naı̈ve
before natural breeding or sperm collection/artificial insemina-
tion. All procedures were carried out in accordance to Swiss can-
tonal regulations for animal experimentation under license
numbers 55/2012 and 57/2015.

Sperm Isolation

A 9.5% milk solution was boiled for 10 min. After cooling to
room temperature, 150 ll of boiled milk were pipetted into a sin-
gle well of a 12-well cell culture dish and maintained at 35�C us-
ing a heating pad. After euthanasia (by cervical dislocation
followed by decapitation), an incision was made in the abdo-
men of a male and testes were exposed by pulling the scrotal
fat. Cauda epididymis was dissected from each testicle and
transferred to the well containing the milk solution. Using 22G
injection needles, several cuts were made in the cauda to re-
lease sperm cells into the solution. After at least 10 min of incu-
bation, the leftover tissue was carefully removed from the well.
Using a 1 ml pipette, the sperm solution was gently mixed by
pipetting. This solution can be used immediately for insemina-
tion or kept for at least 1 h.

To determine how many sperm cells can be obtained per
male, 10 ll of the sperm solution collected from individual adult
males was diluted 1:100 in ddH2O before counting cells in a he-
macytometer under �20 magnification. We routinely use 2–3
million sperm cells in 25 ll of sperm solution to inseminate
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a single female, thus up to six females can be inseminated with
the sperm of one male (collected in 150 ll solution).

Insemination

After sperm collection, 25 ll of the sperm solution are loaded
into a western blot loading tip (Biorad, #223-9915) attached to a
200 ll pipette. A small cotton tampon is prepared, moistened in
0.9% saline solution and compressed between thumb and fore-
finger to reduce its size (10 mm length, 4 mm width). A female
mouse is placed on an angled wire cage top and slightly pulled
up by the tail with thumb and index finger, while the body of
the female is gently pushed onto the wire grid using middle-
and ring finger, as described previously [22]. Two different sizes
of Teflon tubing are used as speculums and cut to different
length (small speculum: 13 mm; large speculum: 10 mm). First,
the small tubing/speculum (inner diameter, 3.28–3.58 mm, wall
0.38 mm, e.g. AngstþPfister AG, Switzerland, Product number
0110350008) is gently inserted into the vaginal opening until
slight resistance is felt (cervix). The speculum is removed and
the larger speculum fully inserted [Teflon tubing (inner diame-
ter, 2.06–2.31 mm, wall 0.38 mm), e.g. AngstþPfister AG,
Switzerland, Product number 0110350012]. Once in place, the
plastic pipette containing the sperm solution is guided through
the speculum, and when the cervical opening is found after gen-
tle probing, the pipette tip is inserted for a total of 2 cm (Fig. 1f).
The sperm solution is released and the pipette withdrawn. A
small lamp (e.g. surgery light) can be used to visually locate the
cervix through the speculum, although with little experience, this
can easily be done without visual aid. Inseminations were rou-
tinely performed under dim red light during the active phase of
the mice. It is noteworthy that females, also when never handled
before and behaviorally naı̈ve, do not show any signs of distress
during this procedure and hold very still, particularly once the
larger speculum has been inserted.

Balloon Catheter and Cotton Tampon to Mimic
Copulation

We used a balloon catheter that can be inserted into the vagina
and when inflated, applies gentle pressure on the vaginal walls
similar to the male mouse penis during the ejaculatory re-
sponse, stimulating pseudopregnancy as described previously
[58]. It can be simply and inexpensively built in any lab, only
with the use of a rubber balloon, a 1 ml syringe, silicone paste
and dental floss [58], and is shown deflated in Fig. 1d. Briefly, a
sharp object is used (e.g. pliers) to carve a thin ridge into the
plastic tip of a 1 ml plastic syringe (2–3 mm from the tip of the
syringe). The syringe is filled with 500 ll glycerol (water can also
be used but reduces the lifespan of the catheter) and air bubbles
are removed. The rubber is stretched over the tip of the syringe
and tied to the syringe using dental floss, so that the thread lies
inside the carved-out ridge. Before use, the syringe is marked to
indicate how far the plunger has to be depressed to inflate the
rubber balloon to a diameter of 7–8 mm (Fig. 1e). After insemina-
tion, the speculum is removed, the balloon catheter is immedi-
ately inserted and gently inflated to the marked position. It is
held in place for 10 s then removed. The moistened tampon is
carefully inserted into the vagina using a wooden applicator
stick or a blunt metal probe to mimic the mating plug that nor-
mally forms after copulation. To avoid injury, the cotton tam-
pon was inserted with several gentle and brief pushes.
Typically, mice remove the tampon within a few hours after in-
semination. The day after insemination, all mice should be

inspected briefly to ensure the tampon was removed. In rare in-
stances, the tampon is still inserted 24 h after insemination, in
this case it can be gently removed using blunt-tip forceps.

Gestation

Pairs of gestating females were maintained in individual cages
in a quiet facility. Since cannibalism is common in C57BL/6
dams, exposure of females to any noise or stress was avoided
(disturbance only by cage change once a week). Single housing
is not recommended since social isolation during gestation in-
creases cannibalism.

Natural Induction of Ovulation and Vaginal Cytology

To induce ovulation, females were exposed to male odor
by adding dirty bedding from males in a cage of group-housed
females (4 per cage) at 14:00 on Friday, then females were in-
seminated on Monday between 10:00 and 13:00. Vaginal cytol-
ogy was determined using a 100 ll pipette to gently flush the
opening of the vaginal canal several times with autoclaved
ddH2O, and collecting the liquid on a glass slide. After staining
with 1% cresyl violet (Sigma-Aldrich, Product # C5042), vaginal
cytology was assessed under a light microscope at 20-fold mag-
nification. Vaginal cytology was determined as described previ-
ously [14, 59].

Body Size and Anogenital Distance

Body size and anogenital distance (AD) were measured in 6-
week-old mice under light isofluorane anesthesia. Body size
was measured with a ruler, anogenital distance was measured
using a caliper [60].

Open Field Test

The open field apparatus (70� 70� 30 cm) consists of gray
Polyvinyl chloride (PVC) walls and a white Plexiglas floor. The
room was dimly lit (around 1 lux in the center of the field) and
the arena was lit from below with infrared light invisible to the
mice. Each mouse was placed in a corner of the arena facing the
wall at the start of the test. Using an infrared camera, the ses-
sion was video-recorded and the animal automatically tracked
(Viewpoint, France). The movement of the mouse and duration
in the center square (25% area of the arena) were recorded [36].

Elevated Plus Maze

The maze consists of a platform with two open (no walls) and
two closed (protected by walls) arms (dark gray PVC, 30� 5 cm),
elevated 60 cm above the floor [36]. Testing was performed in a
dimly lit room with an opaque 25 W light bulb mounted directly
above the maze (around 30 lux on the open and closed arms).
Each mouse was placed in the center of the maze facing a closed
arm and allowed to explore the maze for 5 min while being re-
corded via video camera. Total distance moved and time spent
in open/closed arms were automatically recorded by a video-
tracking system (Viewpoint, France).

Three-Chamber Social Test

The testing apparatus was placed in a dimly lit room (light in
arena �2 lux) and consisted of clear Plexiglas walls and a white
Plexiglas floor. The floor was lit from below by infrared light in-
visible to the mice for animal tracking. The arena consists of
two square partitions (30� 30� 30 cm) each connected to a
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center area (15� 30� 30 cm) through a 10 cm wide opening. A
round Plexiglas container (10 cm diameter) is placed in the
center of the two square areas to hold the target mouse or the
innate object. Small airholes (10 mm diameter each) in the con-
tainer allowed for olfactory and physical contact. Round metal
weights were placed on top of cylinders to prevent movement.
Same-sex target mice were habituated to the Plexiglas con-
tainers for 20 min to arena 1 day before testing. On test day,
each mouse was habituated for 10 min to the arena including
empty cylinders. After 10 min, the mouse was carefully led to
the center and the entrance to both left/right compartments
were blocked using gray PVC plastic dividers. A target mouse
was then placed in one cylinder, and a round unfamiliar object
inside the other cylinder. The dividers were removed and the
mouse was allowed to explore the arena including target mouse
and innate object for another 10 min. Time spent on each side
of the arena was recorded using automated infrared video
tracking software (Viewpoint, France).

Effect of Paternal Stress on Offspring Body Weight

Male mice, 7 weeks of age, were singly housed for 1 week. At 8
weeks of age, half of the mice were exposed to a single strong
foot-shock (1.5 mA for 2 s) in a fear conditioning chamber (TSE,
Germany). Simultaneously, control mice were placed into an
identical chamber without receiving any foot-shock. After expo-
sure, males were kept in single-housing for 2 weeks. Then, each
male mouse was weighed and paired with a naı̈ve, age-matched
female for 7 days. After this time, males were separated from fe-
males and pregnant dams were left undisturbed during gesta-
tion (except for weekly cage changes). The resulting pups were
weighed immediately after birth and at weaning on PND21.
Weaned mice were ear clipped to allow tracking across age, and
weight was measured every 2 weeks thereafter. The experiment
was repeated in an independent cohort of mice with artificial
insemination instead of natural breeding. Three days before ar-
tificial insemination, dirty bedding from male cages was added
to the female cages and 3 days later (14 days after males had re-
ceived the foot-shock or control treatment), male sperm was
harvested and females were inseminated as described earlier.
The females therefore never interacted with the males whose
sperm was used for insemination.

Study Design and Statistical Analyses

Sample size was chosen based on our previous work and on lit-
erature [5, 10]. Male mice were pseudorandomly assigned to
stress or control groups. From cages of 4–5 group housed, males
were randomly picked and assigned alternatingly to either con-
trol or stress group. Experimenters were blind to group assign-
ment during all measurements. Variance was not significantly
different between groups. Unpaired t-tests were used to com-
pare two groups. Appropriate ANOVAs were used to compare
four groups, significant main effects or interactions were fol-
lowed up by Fisher’s post hoc test. A detailed list of all statistical
tests used for each measure and statistical results are shown in
Supplementary Table S1.
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