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Introduction

Since its first report in 1978, in vitro fertilization (IVF) has been
used in assisted reproductive techniques (ARTs) in humans (1). IVF
is often used when a woman’s fallopian tubes are blocked or when
a man has a low sperm count. Subsequent development of intra-
cytoplasmic sperm injection (ICSI) greatly expanded the applica-
tion of ARTs by direct microinjection of a spermatozoon into the
oocyte cytoplasm (2). Because ICSI requires only a small number
of sperm in testis or epididymis, it is now applied to several types
of male factor infertility, including azoospermia and globozoosper-
mia. However, because only 4 animals (2 rabbits and 2 calf) were
born as a result of ICSI trials before its clinical application (3), the
risk of ICSI has been debated for years (4). Although no association
with major congenital abnormalities was found, large epidemio-
logical studies showed increased risks of lower birth weight, minor
anomalies, and imprinting disorders (5-10). The risks of impaired
cognitive development, neurodevelopmental disorders, and met-
abolic health have remained inconclusive (11). However, little is
known about the effect of ICSI on subsequent generations because
of the long human reproductive cycle (12-15). Although one study
using mice showed increased apoptosis of spermatocytes, no study
showed abnormal phenotype using wild-type sperm (16). More
recently, spermatogonial stem cell (SSC) transplantation emerged
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In vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) are 2 major assisted reproductive techniques (ARTSs)
used widely to treat infertility. Recently, spermatogonial transplantation emerged as a new ART to restore fertility to young
patients with cancer after cancer therapy. To examine the influence of germ cell manipulation on behavior of offspring, we
produced F, offspring by a combination of two ARTs, spermatogonial transplantation and ICSI. When these animals were
compared with F, offspring produced by ICSI using fresh wild-type sperm, not only spermatogonial transplantation-I1CSI
mice but also ICSI-only control mice exhibited behavioral abnormalities, which persisted in the F, generation. Furthermore,
although these F, offspring appeared normal, F, offspring produced by IVF using F, sperm and wild-type oocytes showed
various types of congenital abnormalities, including anophthalmia, hydrocephalus, and missing limbs. Therefore, ARTs can
induce morphological and functional defects in mice, some of which become evident only after germline transmission.

asanew ART. Itis expected to restore fertility in boys who undergo
cancer therapy (17). When SSCs are lost owing to cancer treatment
in boys before puberty, infertility may be prevented by reintroduc-
tion of SSCs after cancer treatment.

Embryonic cells are sensitive to experimental manipulation.
For example, in vitro cultures of preimplantation embryos result
in “offspring syndrome” in animals, including in cattle and sheep
(18). These animals have excessive birth weight, large tongues,
umbilical hernia, hypoglycemia, and visceromegaly. These effects
result from dysregulation of a set of genes that are expressed only
from the maternally or paternally inherited chromosomes, called
imprinted genes (19). Cloned animals also exhibit abnormal
expression of imprinted genes (20). Proper allelic expression of
imprinted genes plays an important role in embryonic and neona-
tal growth, placental function, and postnatal behavior.

Given these results, it is possible that germ cell manipulation
influences offspring health. While the impact of embryo culture on F,
offspring has been established and its mechanism is gradually being
elucidated (21), few studies have evaluated the effect of SSC trans-
plantation. Here, we evaluated the impact of ARTs using mouse germ-
line stem (GS) cells, which are cultured spermatogonia with enriched
SSC activity (22). We initiated this study to examine the effect of
spermatogonia transplantation on offspring behavior and produced
offspring by ICSI. Analysis of offspring revealed that germ cell manip-
ulation causes transgenerational defects in subsequent generations.

Results

Production of F animals by ICSI. To examine whether SSC manip-
ulation affects ART outcome, we used GS cells from C57BL/6
Tgl4(act-EGFP)OsbY01(Green) mice that express Egfp gene
ubiquitously (B6-GS cells) (Supplemental Figure 1A; supple-
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mental material available online with this article; https://doi.
org/10.1172/JCI170140DS1). B6-GS cells appeared very similar
to GScellsina DBA/2background (DBA-GS cells), which produce
offspring by natural mating even after long-term culture (22).
Bisulfite sequencing analysis showed typical androgenetic DNA
methylation patterns with hypermethylation of HI9 and Meg3 IG
differentially methylated regions (DMRs) and hypomethylation
in Igf2r and Snrpn DMRs in both cell types (Supplemental Fig-
ure 1B). Real-time PCR analysis was consistent with the DNA
methylation patterns (Supplemental Figure 1C). B6-GS cells
were transplanted into the seminiferous tubules of congenitally
infertile WBB6F1-W/W" mice (W) to produce sperm (23). With-
in 3 months, B6-GS cells generated SYCP3* spermatocytes and
peanut agglutinin® (PNA*) haploid cells (Supplemental Figure 1,
D and E). To produce offspring, sperm or elongated spermatids
were used for ICSI (24). We also used sperm freshly prepared
from green mouse testes as a control (Figure 1A).

After Caesarean section, we found that significantly few-
er mice were born from W mice compared with mice born after
ICSI using fresh sperm (Supplemental Table 1). The most strik-
ing finding was the production of placenta-only offspring (5.2%
vs. 0.4%). Bodies and placentas from GS cell-derived mice were
larger than those of ICSI mice (Figure 1, B and C). Litter size and
body/placental ratio, which is a measure of placental efficiency,
were comparable between the two groups (Figure 1B and Supple-
mental Table 1). Because ICSI produces offspring with abnormal
imprinting and may influence body weight (25), we performed
combined bisulfite restriction enzyme analysis (COBRA). We col-
lected tail DNA and determined the DNA methylation levels of
DMRsin H19, Meg3 1G, Igf2r, and Snrpn. None of the mice showed
abnormalities (Supplemental Figure 2A). Bisulfite sequencing
confirmed these results (Supplemental Figure 3A).

Behavior analysis of F, animals. To examine the functional
effect on offspring, we conducted a battery of behavioral tests
(26). In this experiment, we used only male mice because no
obvious sexual differences in behavior were found in a previous
study using offspring born after spermatogonial transplantation
(27). We compared 3 groups of male mice: F, offspring produced
by ICSI using wild-type sperm (ICSI-F)) or sperm from GS cells
(GS-F) and control offspring sired by natural mating (control-F))
(Figure 1A). Although GS-F, mice were heavier, no difference was
found in the grip strength and wire hang tests, and they did not
exhibit abnormal sensitivity to a thermal stimulus in hot plate test
(Supplemental Figure 4, A-D).

Several tests showed reduced locomotor activity of GS-F,
mice. GS-F, mice showed reduced distance traveled in the light/
dark transition test (Supplemental Figure 4E). Activity level was
significantly lower in 24-hour cage monitoring (Supplemental Fig-
ure 4F). An open-field test, which is used to assay general loco-
motor activity levels, anxiety, and exploration activity, showed a
tendency toward less activity in GS-F, mice (Supplemental Figure
4G). GS-F mice showed reduced vertical behavior, spent less time
in the center area compared with other types of mice, and had low-
er stereotypic counts.

The most notable characteristic of GS-F, mice was their star-
tle response (Figure 2A). Prepulse inhibition of the acoustic startle
response is an index of sensorimotor gating. The startle responses
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to acoustic stimulation at 110 and 120 dB in GS-F, mice were sig-
nificantly impaired compared with control mice, suggesting a hear-
ing deficit in GS-F, offspring. However, a weak auditory stimulus
at 74 and 78 dB inhibited the startle response more significantly in
GS-F, mice, indicating that they do not have a hearing deficit.

Although the tail suspension test showed reduced mobility of
GS-F, mice (Supplemental Figure 4H), the Porsolt forced swim test,
another test for depressive behavior, showed enhanced immobility
and reduced distance traveled (Supplemental Figure 41). However,
because this test also depends on locomotor activity, the result may
simply reflect their low locomotive activity. ICSI-F, mice did not
show differences in the immobility (i.e., distance traveled); howev-
er, several abnormalities were common between ICSI-F, and GS-F,
mice. The 3-chamber social approach test (assessing sociability)
revealed decreased social behavior in both types of mice (Figure
2B). The sociability test, which compares the behavior around an
empty cage and a cage with a stranger mouse (stranger 1), showed
that ICSI-F, mice spent less time around the stranger side. More-
over, ICSI-F, and GS-F, mice traveled shorter distance, and the aver-
age speed of GS-F, mice was reduced. Although abnormalities in
social behavior in GS-F, mice were evident in the social interaction
test in a new environment (Supplemental Figure 4]), this test did not
show abnormalities in ICSI-F, mice. However, in the elevated plus
maze test, which reflects anxiety-like behavior, GS-F, and ICSI-F,
mice entered into open arm significantly less frequently (Figure
2C). Therefore, ICSI-F, and GS-F, mice exhibited abnormalities in
social behavior and increase in anxiety response.

ICSI-derived F, offspring have impaired memory function
(28). To confirm this, we performed several tests. First, the T-maze
test, which examines working memory, did not show a defect in
ICSI-F, mice (Supplemental Figure 4K). Second, the Barnes maze
test, which assesses spatial learning and memory, showed that
ICSI-F, mice spent significantly less time around the target hole in
probe tests performed 1 month after the last training session and
the rate of omission error was significantly increased, suggesting
impaired memory retention (Supplemental Figure 4L). A cued and
contextual fear conditioning test showed an increase in freezing
response and decrease in distance traveled in GS-F, mice in the
training session (Figure 2D). GS-F, mice no longer showed abnor-
malities in the retention test. These results confirmed that ICSI-F,
mice have impaired memory.

Implantation failure and congenital malformation in F, off-
spring. To examine whether abnormalities are transmitted to the
F, generation, we performed IVF using F, sperm and wild-type
oocytes (Supplemental Table 1). After Caesarean section, we
found that body and placenta weights of GS-F, mice were sig-
nificantly increased (Figure 1B). Moreover, the implantation rate
was significantly reduced in ICSI-F, mice (Supplemental Table 1).
The frequency of placenta-only offspring increased by approxi-
mately 16.8-fold when compared with that of ICSI-F, mice. The
combined numbers of dead and placenta-only offspring was
higher for ICSI-F, offspring, which accounted for approximately
29.6% of newborn offspring. Notably, 8.5% and 1.7% of ICSI-F,
offspring exhibited hydrocephalus and anophthalmia, respec-
tively (Figure 1D). Hydrocephalus was also found in 1 GS-F,
offspring. Litter size and body/placental ratio were comparable
among the 3 groups (Figure 1B and Supplemental Table 1).
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Figure 1. Congenital abnormalities in ICSI-derived offspring. (A) Experimental outline. (B) Body and placental weight at the time of birth (n = 31

for ICSI-F;; n = 37 for GS-F; n = 63 for young control-F; n = 50 for young ICSI-F,; n = 109 for young GS-F,; n = 25 for aged control-F,; n = 103 for aged
ICSI-F,; n = 34 for control-F,; n = 45 for ICSI-F; n = 49 for GS-F,). (C) F, offspring produced by ICSI and SSC transplantation. (D) Congenital deformi-
ties found in F, offspring produced by IVF using sperm from young (15 months) or aged (25 months) F, mice. (E) Congenital deformities found in F,
offspring produced by IVF using sperm from F, mice. (F) Congenital deformities found in F, offspring produced by natural mating between F, mice.

*P < 0.05, 2-tailed Student’s t test.

We performed another set of IVF using approximately
25-month-old control-F, and ICSI-F, mice to confirm whether
ICSI per se causes abnormalities. After Caesarean section, we
found that 17.6% of ICSI-F, mice were either dead or placenta
only, compared with 3.8% for control-F, mice. Overall, 11.2% of
ICSI-F, offspring exhibited congenital malformation. Along with

J Clin Invest. 2023;133(22):e170140 https://doi.org/10.1172/)CI170140

hydrocephalus (1.7%) and anophthalmia (2.6%), offspring were
born with small or open eyes (3.4%), skull defect (0.9%), and
umbilical hernia (0.9%) were born (Figure 1D).

Unexpectedly, 15.4% of control-F, offspring, which were pro-
duced by IVF using sperm from control-F, mice and wild-type oocytes,
showed similar congenital deformities (Figure 1D). Offspring with
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Figure 2. Abnormal behavior of F, offspring. (A) Acoustic response and prepulse inhibition test. (B) Three-chamber social approach test (Crawley version). In the
sociability test, time spent in or around the chamber with an empty cage, the center cage, and the chamber with a stranger mouse (stranger 1) were recorded.

In the social novelty preference test, time spent in or around the chamber with a stranger mouse (stranger 1), the center cage, and the chamber with a novel
stranger mouse (stranger 2) were recorded. (C) Elevated plus maze test. (D) Cued and contextual fear conditioning test. The number of mice analyzed is as
follows: (A and B) n = 13 for control, n = 14 for ICSI-F,, and n = 14 for GS-F,; (€) n =13 for control, n =15 for ICSI-F,, and n =14 for GS-F ; and (D) n = 13 for control, n =
14 for ICSI-F,, and n = 13 for GS-F,. *P < 0.05, 1-way ANOVA (mouse type) or 2-way repeated measures ANOVA (mouse type, 2-way interaction [e.g., mouse type
time interaction]). CS, conditioned stimulus; UCS, unconditioned stimulus. See Supplemental Methods and Supplemental Tables 4 and 5 for details.

anophthalmia (3.8%), hydrocephalus (3.8%), and small eyes (3.8%)
were born. However, the phenotype was not exactly the same because
we found 2 offspring with tanned skin (7.7%). Because such abnormal-
ities were not found in control-F, offspring from young control-F, mice
(Supplemental Table 1), these results suggested that IVF using aged
sperm increases the frequency of congenial malformation.

To determine whether F, female mice can sire abnormal off-
spring, we performed IVF using ICSI-F, oocytes and wild-type
sperm and found an F, offspring with hydrocephalus (Supplemen-

J Clin Invest. 2023;133(22):e170140

tal Table 1). These results showed that congenital abnormalities
can occur through the female germline. Based on the increased
body weight of GS-F, offspring, we carried out COBRA for all
F, offspring (Supplemental Figure 2B); however, no significant
abnormalities were found. Bisulfite sequencing confirmed these
results (Supplemental Figure 3B).

Behavioral abnormalities in F, offspring. To determine wheth-
er behavioral abnormalities persist in the F, generation, male F,
offspring were subjected to a battery of behavioral tests. Overall,

https://doi.org/10.1172/)CI170140
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Figure 3. Abnormal behavior of F, offspring. (A) Acoustic response and prepulse inhibition test. (B) Three-chamber social approach test (Crawley version).
(C) Elevated plus maze test. (D) Cued and contextual fear conditioning test. The number of mice analyzed is as follows: (A, B, and D) n =18 for control-F,,
n =14 for ICSI-F,, and n =16 for GS-F, and (C) n =17 for control-F,, n = 14 for ICSI-F,, and n = 17 for GS-F,. *P < 0.05, 1-way ANOVA (mouse type) or 2-way
repeated measures ANOVA (mouse type, 2-way interaction [e.g., mouse type time interaction). CS, conditioned stimulus; UCS, unconditioned stimulus.

See Supplemental Methods and Supplemental Tables 4 and 5 for details.

the phenotype of GS-F, mice was stronger than that of ICSI-F,
mice. All 3 types of mice had comparable body weights, and no
differences were found in a grip strength test and a wire hang test
(Supplemental Figure 5, A-C). However, GS-F, mice were more
sensitive to heat than control-F, mice (Supplemental Figure 5D).
GS-F, mice exhibited many of the defects of GS-F, animals.
They showed low activity in the light/dark transition test (Sup-

J Clin Invest. 2023;133(22):e170140 https://doi.org/10.1172/)CI170140

plemental Figure 5E). Although no abnormalities in 24-hour cage
monitoring was found (Supplemental Figure 5F), an open-field
test showed lower activity (Supplemental Figure 5G). Abnormal-
ities in acoustic startle response and prepulse inhibition clearly
persisted in GS-F, mice (Figure 3A). Despite the lack of a signif-
icant differences in the tail suspension test (Supplemental Fig-
ure 5H), we found abnormalities in the Porsolt forced swim test
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(Supplemental Figure 5I). The 3-chamber social approach test and
social interaction test in a new environment indicated defective
social behavior in GS-F, mice (Figure 3B and Supplemental Figure
5]). Abnormalities in elevated plus maze test also suggested anxi-
ety-like behavior (Figure 3C).

We observed new phenotypes in GS-F, mice. In addition to
thermal sensitivity, GS-F, mice showed abnormalities in social
novelty preference test (Figure 3B). They also showed a superior
response in the T-maze test (Supplemental Figure 5K). Moreover,
GS-F, mice showed significant reductions in distance traveled and
in number of errors in the Barnes maze test (Supplemental Figure
5L). Therefore, although GS-F, mice exhibited many of the same
abnormalities of the GS-F, mice, their memory was significantly
improved in the next generation.

The phenotype of ICSI-F, mice was mild. However, they
showed abnormalities in the 3-chamber social approach test
of social novelty preference (Figure 3B). Control-F, and GS-F,
mice spent more time in and around the cage with a new strang-
er mouse (stranger 2) than in the cage with the familiar mouse
(stranger 1), while ICSI-F, mice did not show such a preference.
Like GS-F, mice, ICSI-F, mice also exhibited phenotypes not
found in ICSI-F, mice. ICSI-F, mice showed a reduction in dis-
tance traveled in the dark (Supplemental Figure 5E), showing low
locomotive activity. They also showed reduced travel speed in
3-chamber social approach test (Figure 3B). Neither the T-maze
test nor Barnes maze test showed abnormalities (Supplemen-
tal Figure 5, K and L). However, ICSI-F, mice exhibited a longer
freezing time and shorter distance traveled in the condition-
ing session (Figure 3D). Although the effect of reduced activity
needs to be considered, abnormalities were also found in context
testing and cued testing with altered context. When fear memo-
ry was assessed after 1 month, ICSI-F, mice still showed defects
in context testing, suggesting poor learning ability and memory
retention (Figure 3D). Therefore, behavioral abnormalities are
propagated by germline transmission.

Congenital deformity in F_ offspring. We produced F, offspring
using sperm from F, mice and wild-type oocytes. After Caesarean
section, we found that GS-F, offspring were heavier than control-F,
mice (Figure 1B). Litter size and body/placental ratio were com-
parable among the 3 groups (Figure 1B and Supplemental Table
1). Anophthalmia and hydrocephalus were similarly observed in
ICSI-F, mice (1.8%; Figure 1E). Moreover, ICSI-F, and GS-F, oft-
spring showed severe defects, with missing head and limbs (Fig-
ure 1E). Anophthalmia was found in control-F, offspring (Figure
1E). To examine whether natural mating can erase abnormalities,
we crossed ICSI-F, male and female mice with normal appear-
ance. However, natural mating produced 1 mouse with microph-
thalmia and 1 with hydrocephalus (Figure 1F). COBRA of tail DNA
did not show apparent abnormalities in DNA methylation levels
(Supplemental Figure 2C). These results suggested that congenital
abnormalities occur in the subsequent generations.

Analysis of spermatogenesis and SSCs in F, mice. To understand
the mechanism of transmission of abnormal phenotype, we per-
formed immunostaining of ICSI-F, and control-F, mouse testes
(Figure 4A). We used antibodies against the regions of histone
H3 containing the dimethylated lysine 4 (H3K4me2), dimethyl-
ated lysine 9 (H3K9me?2), dimethylated lysine 27 (H3K27me2),
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trimethylated lysine 27 (H3K27me3), demethylated lysine 36
(H3K36me?2), and dimethylated lysine 79 (H3K79me2). Immu-
nostaining pattens were similar to results reported in previous
studies (29-31). However, there were no obvious differences in
staining patterns between the 2 groups.

To study gene expression in the germline directly, we derived
GS cells from ICSI-F, and control-F, mice. GS cells were derived by
collecting CD9-expressing spermatogonia from mature testes by
magnetic cell sorting. These cells are enriched for SSCs (32). The
morphology and growth characteristics of ICSI-F, and control-F,
GS cells did not show apparent differences. To study the genomic
imprinting in both types of GS cells, we performed COBRA. How-
ever, all of them showed the same androgenetic DNA methylation
patterns (Supplemental Figure 2D).

We then used the reduced representation bisulfite sequenc-
ing method to verify the overall genomic methylation (Figure
4B). Of the 237,680 covered CpG sites, our analysis identified 143
(0.06% of commonly covered sites) hypermethylated sites and 19
(0.008% of commonly covered sites) hypomethylated sites in the
ICSI-F, versus the control-F, GS cells (>20% change, R? = 0.9581)
(Supplemental Table 2). Gene ontology analysis failed to detect
significant association with specific biological functions. More-
over, we were not able to find significant differences in DNA meth-
ylation patterns for imprinted genes (Supplemental Figure 6).

We performed RNA-Seq of GS cells for changes in gene expres-
sion profiles (Figure 4C and Supplemental Table 3). Comparison
between ICSI-F, and control-F, GS cells revealed no differentially
expressed genes, including DMR genes (FDR < 0.05). Real-time
PCR analysis confirmed comparable levels of imprinted gene
expression in both types of F, GS cells (Figure 4D). These results
are consistent with the RNA-seq data that showed comparable
expression levels of imprinted genes between the 2 cell types.

Discussion

We found several defects in GS cell-derived F, offspring. Although
the animals did not show congenital defects, their bodies were
larger, and they exhibited several behavioral abnormalities. In a
recent study, several types of behavioral reflexes were analyzed in
SSC-derived offspring produced by natural mating using DBA/2
mice (27); however, none of them showed abnormalities in both
F, and F, generations. Because SSCs were similarly cultured in
that study, abnormalities found in the current study might have
been due to difference in genetic background or ICSI. In addition,
MHY1485, which was used to drive self-renewal of B6-GS cells in
vitro, may also be responsible. Considering that normal offspring
were born after spermatogonial transplantation in that study,
transplantation procedure per se probably does not play a signif-
icant role in inducing abnormalities.

We then found F, offspring produced by IVF using sperm
from ICSI-F, mice were abnormal. These results were unexpect-
ed because F, offspring appeared normal. However, congeni-
tal abnormalities appeared only after germline transmission.
Although ICSI-induced transcriptional changes disappear by 8
weeks in somatic cells (33), germ cells of ICSI-F, mice might have
undergone irreversible damages, resulting in an increased inci-
dence of abnormalities. For example, whereas the spontaneous
rate of hydrocephalus in wild-type B6 mice is 0.029% (ref. 34), the
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Figure 4. Analysis of spermatogenesis and GS cells derived from F, mice. (A) Immunostaining of F, testes using antibodies against H3K4me2, H3KSme2,
H3K27me2, H3K27me3, H3K36me2, and H3K79me2. One hundred cells in 5 tubules of 3 mice were analyzed per group. Each antigen was assessed using a
single antibody. Signal intensity in PNA* cells was measured. H3K9me2 was omitted for quantification because PNA* cells did not show H3K9me2 signals.
Scale bar: 30 um. (B) A scatter plot with a list of genes, showing correlation of the DNA methylation data at individual CpG sites in gene promoters (n = 4).
Methylation statuses at 237,680 CpG sites were covered. The numbers of identified hypermethylated sites and hypomethylated sites in ICSI-F, compared
with control-F, GS cells are shown in red and blue, respectively, along with the percentage of commonly covered sites. Red or blue lines indicate 20%
increased methylation levels or 20% decreased methylation levels in ICSI-F, GS cells, respectively. The dashed line indicates the linear regression line. Up,
upregulation; Down, downregulation. (C) A scatter plot of gene expression by RNA-Seq (n = 4). (D) Real-time PCR analysis of F, GS cells (n = 3). See Supple-
mental Tables 6 and 7 for details.
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rate of hydrocephalus in F, offspring (~4.0%) was approximately
137.9-fold higher. Although we did not find a statistically signifi-
cant increase in congenital abnormalities in F, offspring, this was
because control-F, offspring, which were produced by 2 rounds of
IVF, showed similar defects. Therefore, we currently cannot com-
pletely exclude the possibility that congenital abnormalities per-
sist in subsequent generations.

The most likely candidate responsible for inducing abnormal
phenotype is acrosome. It has been suggested that incorporation
of acrosome into the oocyte by ICSI is hazardous to embryos
because acrosome contains an array of hydrolyzing enzymes (35).
After fertilization, such enzymes may damage proteins that nor-
mally protect DNA. However, because we also observed abnor-
mal offspring after IVF using aged sperm, acrosome alone cannot
sufficiently explain the defects. We speculate that atmospheric
oxygen may be primarily responsible for the observed phenotype.
The concentration of oxygen in vivo varies between 2% and 8%
in the oviduct and uterus (36). The atmospheric oxygen is injuri-
ous through the generation of free oxygen radicals. Indeed, when
pronucleate mouse oocytes were exposed to 20% oxygen for only
1 hour before being cultured in 5% oxygen, there was pronounced
inhibition of development (37). Besides oxygen, genetic back-
ground may play a role, because our routine ICSI experiments
using B6 sperm and B6 x DBA/2 F, (B6D2F1) oocytes do not cause
such frequent abnormalities (38).

While these candidate factors need to be tested for potential
involvement, our analysis of ICSI offspring and GS cells failed to
provide strong evidence for imprinting defects. Because abnor-
mal genomic imprinting can occur after ICSI (25), we focused
on imprinted gene expression patterns throughout our analyses.
However, none of the imprinted genes showed apparent abnor-
malities. Moreover, we failed to find significant changes in mRNA
expression among F, GS cells. However, more studies are neces-
sary to exclude the possible epigenetic defects; it is possible that
in vitro cultures might have influenced epigenetic changes due to
exposure to high concentration of oxygen. Considering the many
reports on epigenetic defects after animal and human ICSI, we
still cannot discount epigenetics as a source of the abnormal phe-
notype, and analysis of placentas may hopefully provide a clue.
Although we failed to show significant differences in the body/
placental ratio in newborn offspring, placentas are sensitive to epi-
genetic abnormalities, and placenta-only offspring are quite often
found after nuclear cloning experiments (39). In addition, the
possibility of genetic mutations needs to be pursued. It is gener-
ally considered that ICSI does not alter mutation frequency (40),
and this point is now being analyzed in human samples (41, 42).
However, studies using inbred mice may solve this problem more
easily. Future studies are required to determine the mechanism of
transgenerational defects.

ICSI-induced behavioral abnormalities of F, offspring have
been reported in mice (28, 43). Our results were similar, if not
identical, to those of these studies. In the current study, we exam-
ined the behavior of F, offspring. Although we expected that
abnormalities of F, offspring would disappear in F, mice, some
abnormalities continued while different phenotypes appeared,
despite germline transmission. For example, several abnormali-
ties found in GS-F, mice (anxiety- or depressive-like behavior and
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social activity), which may reflect their low locomotive activity,
continued in the F, generation. However, GS-F, mice showed
enhanced spatial learning and working memory, which were
not found in GS-F, mice. Moreover, unlike ICSI-F, mice, ICSI-F,
mice showed low locomotive activity. Such differences may
occur because the F, phenotype reflects ICSI-induced damages
in somatic cells. It is not surprising that potentially damaged F,
germ cells may produce offspring with distinct properties in the
F, generation. It also should be noted that the F, phenotype may
reflect the effect of additional IVF.

Our experimental model will be useful to study the science of
ART. To date, few models exist to study ICSI-induced damages.
We currently do not know whether our results using mice reflect
human ARTSs because the human acrosome is small and the human
oocyte is large compared with those of mice (44, 45). Therefore,
the human oocyte may tolerate potential damages caused by acro-
somal enzymes. However, the current model using B6 oocytes will
provide a useful system to allow improvements of culture condi-
tions and manipulation protocols to minimize ICSI-induced dam-
ages. In addition, transgenerational effects of IVF need to be ana-
lyzed using larger sample sizes because we found similar defects
when we used aged sperm. For application of SSCs, more studies
are clearly required. Because offspring derived from GS cell cul-
tures exhibited unique defects (i.e., large body size and startle
response), it is likely that GS cell cultures have induced abnormal
phenotype. However, it is also possible that offspring production
by natural mating may overcome such problems. Because mice
have a short generation time with defined genetic backgrounds,
such studies will delineate potential hazardous factors and con-
tribute to improve the safety of human ARTSs.

Methods
Further information can be found in Supplemental Methods.

Animals and transplantation procedure. We used green mice to
derive GS cells (gift from M. Okabe; Osaka University, Osaka, Japan)
(46). DBA-GS cells were previously described (22). For analysis of GS
cells from F, mice, SSCs were enriched by magnetic cell sorting using
anti-CD9 antibody (KMC8; BD Biosciences as previously described
(32). For spermatogonial transplantation, B6-GS cells were dissoci-
ated with trypsin and microinjected into the seminiferous tubules of
4-to 6-week-old W mice (Japan SLC, Shizuoka, Japan) via the efferent
duct (47). Approximately 4 x 10° cells were transplanted into the sem-
iniferous tubules. Each injection filled approximately 75%-85% of the
seminiferous tubules.

IVF and ICSI. IVF was carried out using human tubal fluid (HTF)
medium supplemented with 1.25 mM reduced glutathione, as described
previously (48-50). In brief, spermatozoa from epididymis were prein-
cubated in HTF medium at 37°C under 5% CO, in air for 1-2 hours, and
a small drop of sperm suspension was added to HTF drops containing
cumulus-oocyte complexes. Eggs were collected from C57BL/6N mice,
and washed for 4-6 hours after insemination. ICSI was carried out in
HEPES (10.1 mM)-CZB medium using a piezo-micropipette-driving
unit, as described previously (24, 51). Sperm were collected from tes-
tes of recipient W mice and untreated green mice, which were the con-
trol. Embryos were cultured for 24 hours in CZB medium at 37°C in an
atmosphere of 5% CO, in air and transferred into the oviducts of day 1
pseudopregnant mothers after sterile mating with vasectomized males.
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All embryo cultures in the present study were performed for 24 hours.
Recipients were injected subcutaneously with 2 mg progesterone in the
evening on days 18 and 19 to prevent natural delivery. On the morning
(09:00-12:00) of day 20, the recipient female mice were examined for
the presence of live fetuses by Cesarean section. All analyses were car-
ried out in a nonblinded fashion.

Statistics. Significant differences between means for single compari-
sons were determined by 2-tailed Student’s ¢ test. Embryonic development
was analyzed using the y? test. For behavioral tests, either 1-way ANOVA
(mouse type) or 2-way repeated measures ANOVA (mouse type, 2-way
interaction [e.g., mouse type x time interaction]) was applied. P< 0.05 was
considered to be significant. Data are shown as the mean + SEM.

Study approval. The Institutional Animal Care and Use Commit-
tees of Kyoto University and Fujita Health University approved all ani-
mal experimentation protocols.

Data availability. Reduced representation bisulfite sequencing
and RNA-Seq data have been deposited in the Gene Expression Omni-
bus (GSE229929 and GSE214649, respectively).

RESEARCH ARTICLE

Author contributions

MKS and TS designed research studies. MKS, YS, NO, KI, SH, KM,
NW, AH, KM, TM, and AO conducted experiments. MKS, YS, NO,
KI, SH, KM, NW, AH, KM, TY, TM, AO, and TS acquired data.
MKS, YS, and TS wrote the manuscript. MKS and YS contributed
equally to data acquisition.

Acknowledgments

We thank R. Yanagimachi and N. Osumi for discussion. We also
thank Single-Cell Genome Information Analysis Core in ASH-
BI for the RNA-Seq analysis. Financial support for this research
was provided by MEXT (JP 22H04922, 19K22512, 19H05750,
18H05281,16H06276, JPMXP0618217663, JPMXP0621467949).

Address correspondence to: Takashi Shinohara, Department of
Molecular Genetics, Graduate School of Medicine, Kyoto Univer-
sity, Yoshida Konoe, Sakyo-ku, Kyoto 606-8501, Japan. Phone:
81.75.751.4160; Email: tshinoha@virus.kyoto-u.ac.jp.

—_

. Steptoe PC, Edwards RG. Birth after the
reimplantation of a human embryo. Lancet.
1978;312(8085):366.

ICSI offspring: the first results. Hum Reprod.
2016;31(12):2811-2820.
15. Arendt LH, et al. Semen quality and reproductive

27. Serrano JB, et al. Impact of restoring male fer-
tility with transplantation of in vitro propagated
spermatogonial stem cells on the health of

w

»

o

. Palermo G, et al. Pregnancies after intracyto-

plasmic injection of single spermatozoon into an
oocyte. Lancet. 1992;340(8810):17-18.

Iritani A. Micromanipulation of gametes for
in vitro assisted fertilization. Mol Reprod Dev.
1991;28(2):199-207.

Schultz RM, Williams CJ. The science of ART.
Science.2002;296(5576):2188-2190.

Hansen M, et al. The risk of major birth
defects after intracytoplasmic sperm injec-
tion and in vitro fertilization. N Engl ] Med.
2002;346(10):725-730.

. Romundstad LB, et al. Effects of technology

or maternal factors on perinatal outcome after
assisted fertilisation: a population-based cohort

hormones in sons of subfertile couples: a cohort
study. Fertil Steril. 2022;118(4):671-678.

16. Yuy, et al. Microinjection manipulation resulted

in the increased apoptosis of spermatocytes in
testes from intracytoplasmic sperm injection

(ICSI) derived mice. PLoS One. 2011;6(7):e22172.
17. Kubota H, Brinster RL. Spermatogonial stem

cells. Biol Reprod. 2018;99(1):52-74.

18. Young LE, et al. Large offspring syndrome in cat-

tle and sheep. Rev Reprod. 1998;3(3):155-163.

19. Surani MA. Reprogramming of genome func-

tion through epigenetic inheritance. Nature.
2001;414(6859):122-128.

20. Humpherys D, et al. Abnormal gene expression

in cloned mice derived from embryonic stem cell

28.

29.

30.

their offspring throughout life. Clin Transl Med.
2021;11(10):e531.

Lewon M, et al. Assessment of operant learning
and memory in mice born through ICSI. Hum
Reprod. 2020;35(9):2058-2071.

Tatehana M, et al. Comprehensive histochemical
profiles of histone modification in male germline
cells during meiosis and spermiogenesis: Com-
parison of young and aged testes in mice. PLoS
One. 2020;15(4):¢0230930.

Iwamori N, et al. The testis-enriched histone
demethylase, KDM4D, regulates methylation

of histone H3 lysine 9 during spermatogenesis
in the mouse but is dispensable for fertility. Biol
Reprod. 2011;84(6):1225-1234.

study. Lancet. 2008;372(9640):737-743. and cumulus cell nuclei. Proc Natl Acad Sci U S A. 31. Li Z, et al. H3K36me2 methyltransferase

7.Belva F, et al. Neonatal outcome of 724 children 2002;99(20):12889-12894. NSD2 orchestrates epigenetic reprogramming
born after ICSI using non-ejaculated sperm. Hum 21. Rhon-Calderon EA, et al. The effects of assisted during spermatogenesis. Nucleic Acids Res.
Reprod. 2011;26(7):1752-1758. reproductive technologies on genomic imprint- 2022;50(12):6786-6800.

8. Bonduelle M, et al. Prenatal testing in ICSI preg- ing in the placenta. Placenta. 2019;84:37-43. 32. Kanatsu-Shinohara M, et al. CD9 is a surface
nancies: incidence of chromosomal anomalies in 22. Kanatsu-Shinohara M, et al. Long-term prolif- marker on mouse and rat male germline stem
1586 karyotypes and relation to sperm parame- eration in culture and germline transmission of cells. Biol Reprod. 2004;70(1):70-75.
ters. Hum Reprod. 2002;17(10):2600-2614. mouse male germline stem cells. Biol Reprod. 33. Kohda T, et al. Intracytoplasmic sperm injection

9. Vermeiden JP, Bernardus RE. Are imprinting 2003;69(2):612-616. induces transcriptome perturbation without any
disorders more prevalent after human in vitro 23. Nocka K, et al. Molecular bases of dominant transgenerational effect. Biochem Biophys Res
fertilization or intracytoplasmic sperm injection? negative and loss of function mutations at the Commun. 2011;410(2): 282-288.

Fertil Steril. 2013;99(3):642-651. murine c-kit/white spotting locus: W37, Wv, W41 34. The Jackson Laboratory. Hydrocephalus in
10. Wisborg K, et al. In vitro fertilization and preterm and W. EMBO J. 1990;9(6):1805-1813. laboratory mice. https://www.jax.org/news-and-
delivery, low birth weight, and admission to the 24. Kimura Y, Yanagimachi R. Mouse oocytes insights/2003/july/hydrocephalus-in-laborato-
neonatal intensive care unit: a prospective fol- injected with testicular spermatozoa or round ry-mice. Accessed October 5, 2023.
low-up study. Fertil Steril. 2010;94(6):2102-2106. spermatids can develop into normal offspring. 35. Morozumi K, Yanagimachi R. Incorporation of
11. Esteves SC, et al. Intracytoplasmic sperm injec- Development.1995;121(8):2397-2405. the acrosome into the oocyte during intracyto-
tion for male infertility and consequences for 25. de Waal E, et al. Primary epimutations intro- plasmic sperm injection could be potentially haz-
offspring. Nat Rev Urol. 2018;15(9):535-562. duced during intracytoplasmic sperm injection ardous to embryo development. Proc Natl Acad
12. Jensen TK, et al. Fertility treatment and repro- (ICSI) are corrected by germline-specific epigen- SciUSA.2005;102(40):14209-14214.
ductive health of male offspring: a study of 1,925 etic reprogramming. Proc Natl Acad Sci US A. 36. Bavister B. Oxygen concentration and preim-
young men from the general population. Am | 2012;109(11):4163-4168. plantation development. Reprod Biomed Online.
Epidemiol. 2007;165(5):583-590. 26. Shoji H, Miyakawa T. Age-related behavioral 2004;9(5):484-486.
13. Ramlau-Hansen CH, et al. Parental infertility changes from young to old age in male mice of 37. Pabon JE, et al. The toxic effect of short expo-

14.

and semen quality in male offspring: a follow-up
study. Am ] Epidemiol. 2007;166(5):568-570.
Belva F, et al. Semen quality of young adult

J Clin Invest. 2023;133(22):e170140 https://doi.org/10.1172/)CI170140

a C57BL/6] strain maintained under a genetic
stability program. Neuropsychopharmacol Rep.
2019;39(2):100-118.

sures to the atmospheric oxygen concentration
on early mouse embryonic development. Fertil
Steril. 1989;51(5):896-900.

:


https://doi.org/10.1172/JCI170140
mailto://tshinoha@virus.kyoto-u.ac.jp
https://doi.org/10.1016/S0140-6736(78)92957-4
https://doi.org/10.1016/S0140-6736(78)92957-4
https://doi.org/10.1016/S0140-6736(78)92957-4
https://doi.org/10.1016/0140-6736(92)92425-F
https://doi.org/10.1016/0140-6736(92)92425-F
https://doi.org/10.1016/0140-6736(92)92425-F
https://doi.org/10.1002/mrd.1080280214
https://doi.org/10.1002/mrd.1080280214
https://doi.org/10.1002/mrd.1080280214
https://doi.org/10.1126/science.1071741
https://doi.org/10.1126/science.1071741
https://doi.org/10.1056/NEJMoa010035
https://doi.org/10.1056/NEJMoa010035
https://doi.org/10.1056/NEJMoa010035
https://doi.org/10.1056/NEJMoa010035
https://doi.org/10.1016/S0140-6736(08)61041-7
https://doi.org/10.1016/S0140-6736(08)61041-7
https://doi.org/10.1016/S0140-6736(08)61041-7
https://doi.org/10.1016/S0140-6736(08)61041-7
https://doi.org/10.1093/humrep/der121
https://doi.org/10.1093/humrep/der121
https://doi.org/10.1093/humrep/der121
https://doi.org/10.1093/humrep/17.10.2600
https://doi.org/10.1093/humrep/17.10.2600
https://doi.org/10.1093/humrep/17.10.2600
https://doi.org/10.1093/humrep/17.10.2600
https://doi.org/10.1016/j.fertnstert.2013.01.125
https://doi.org/10.1016/j.fertnstert.2013.01.125
https://doi.org/10.1016/j.fertnstert.2013.01.125
https://doi.org/10.1016/j.fertnstert.2013.01.125
https://doi.org/10.1016/j.fertnstert.2010.01.014
https://doi.org/10.1016/j.fertnstert.2010.01.014
https://doi.org/10.1016/j.fertnstert.2010.01.014
https://doi.org/10.1016/j.fertnstert.2010.01.014
https://doi.org/10.1038/s41585-018-0051-8
https://doi.org/10.1038/s41585-018-0051-8
https://doi.org/10.1038/s41585-018-0051-8
https://doi.org/10.1093/aje/kwk035
https://doi.org/10.1093/aje/kwk035
https://doi.org/10.1093/aje/kwk035
https://doi.org/10.1093/aje/kwk035
https://doi.org/10.1093/aje/kwm117
https://doi.org/10.1093/aje/kwm117
https://doi.org/10.1093/aje/kwm117
https://doi.org/10.1093/humrep/dew245
https://doi.org/10.1093/humrep/dew245
https://doi.org/10.1093/humrep/dew245
https://doi.org/10.1016/j.fertnstert.2022.06.035
https://doi.org/10.1016/j.fertnstert.2022.06.035
https://doi.org/10.1016/j.fertnstert.2022.06.035
https://doi.org/10.1371/journal.pone.0022172
https://doi.org/10.1371/journal.pone.0022172
https://doi.org/10.1371/journal.pone.0022172
https://doi.org/10.1371/journal.pone.0022172
https://doi.org/10.1093/biolre/ioy077
https://doi.org/10.1093/biolre/ioy077
https://doi.org/10.1530/ror.0.0030155
https://doi.org/10.1530/ror.0.0030155
https://doi.org/10.1038/35102186
https://doi.org/10.1038/35102186
https://doi.org/10.1038/35102186
https://doi.org/10.1073/pnas.192433399
https://doi.org/10.1073/pnas.192433399
https://doi.org/10.1073/pnas.192433399
https://doi.org/10.1073/pnas.192433399
https://doi.org/10.1016/j.placenta.2019.02.013
https://doi.org/10.1016/j.placenta.2019.02.013
https://doi.org/10.1016/j.placenta.2019.02.013
https://doi.org/10.1095/biolreprod.103.017012
https://doi.org/10.1095/biolreprod.103.017012
https://doi.org/10.1095/biolreprod.103.017012
https://doi.org/10.1095/biolreprod.103.017012
https://doi.org/10.1002/j.1460-2075.1990.tb08305.x
https://doi.org/10.1002/j.1460-2075.1990.tb08305.x
https://doi.org/10.1002/j.1460-2075.1990.tb08305.x
https://doi.org/10.1002/j.1460-2075.1990.tb08305.x
https://doi.org/10.1242/dev.121.8.2397
https://doi.org/10.1242/dev.121.8.2397
https://doi.org/10.1242/dev.121.8.2397
https://doi.org/10.1242/dev.121.8.2397
https://doi.org/10.1073/pnas.1201990109
https://doi.org/10.1073/pnas.1201990109
https://doi.org/10.1073/pnas.1201990109
https://doi.org/10.1073/pnas.1201990109
https://doi.org/10.1073/pnas.1201990109
https://doi.org/10.1002/npr2.12052
https://doi.org/10.1002/npr2.12052
https://doi.org/10.1002/npr2.12052
https://doi.org/10.1002/npr2.12052
https://doi.org/10.1002/npr2.12052
https://doi.org/10.1002/ctm2.531
https://doi.org/10.1002/ctm2.531
https://doi.org/10.1002/ctm2.531
https://doi.org/10.1002/ctm2.531
https://doi.org/10.1002/ctm2.531
https://doi.org/10.1093/humrep/deaa167
https://doi.org/10.1093/humrep/deaa167
https://doi.org/10.1093/humrep/deaa167
https://doi.org/10.1371/journal.pone.0230930
https://doi.org/10.1371/journal.pone.0230930
https://doi.org/10.1371/journal.pone.0230930
https://doi.org/10.1371/journal.pone.0230930
https://doi.org/10.1371/journal.pone.0230930
https://doi.org/10.1095/biolreprod.110.088955
https://doi.org/10.1095/biolreprod.110.088955
https://doi.org/10.1095/biolreprod.110.088955
https://doi.org/10.1095/biolreprod.110.088955
https://doi.org/10.1095/biolreprod.110.088955
https://doi.org/10.1093/nar/gkac533
https://doi.org/10.1093/nar/gkac533
https://doi.org/10.1093/nar/gkac533
https://doi.org/10.1093/nar/gkac533
https://doi.org/10.1095/biolreprod.103.020867
https://doi.org/10.1095/biolreprod.103.020867
https://doi.org/10.1095/biolreprod.103.020867
https://doi.org/10.1016/j.bbrc.2011.05.133
https://doi.org/10.1016/j.bbrc.2011.05.133
https://doi.org/10.1016/j.bbrc.2011.05.133
https://doi.org/10.1016/j.bbrc.2011.05.133
https://www.jax.org/news-and-insights/2003/july/hydrocephalus-in-laboratory-mice
https://www.jax.org/news-and-insights/2003/july/hydrocephalus-in-laboratory-mice
https://www.jax.org/news-and-insights/2003/july/hydrocephalus-in-laboratory-mice
https://doi.org/10.1073/pnas.0507005102
https://doi.org/10.1073/pnas.0507005102
https://doi.org/10.1073/pnas.0507005102
https://doi.org/10.1073/pnas.0507005102
https://doi.org/10.1073/pnas.0507005102
https://doi.org/10.1016/S1472-6483(10)61630-6
https://doi.org/10.1016/S1472-6483(10)61630-6
https://doi.org/10.1016/S1472-6483(10)61630-6
https://doi.org/10.1016/S0015-0282(16)60688-X
https://doi.org/10.1016/S0015-0282(16)60688-X
https://doi.org/10.1016/S0015-0282(16)60688-X
https://doi.org/10.1016/S0015-0282(16)60688-X

e

RESEARCH ARTICLE

38. Kanatsu-Shinohara M, et al. Myc/Mycn-mediated
glycolysis enhances mouse spermatogonial stem cell
self-renewal. Genes Dev. 2016;30(23):2637-2648.

39. Ogura A, et al. 25th anniversary of cloning by
somatic-cell nuclear transfer: epigenetic abnor-
malities associated with somatic cell nuclear
transfer. Reproduction. 2021;162(1):F45-F58.

40. Caperton L, et al. Assisted reproductive technolo-
gies do not alter mutation frequency or spectrum.
Proc Natl Acad Sci U S A. 2007;104(12):5085-5090.

41. Smits RM, et al. De novo mutations in children
born after medical assisted reproduction. Hum
Reprod. 2022;37(6):1360-1369.

42. Wong WS, et al. New observations on maternal
age effect on germline de novo mutations. Nat
Commun. 2016;7:10486.

43. Fernandez-Gonzalez R, et al. Long-term effects
of mouse intracytoplasmic sperm injection with
DNA-fragmented sperm on health and behavior of
adult offspring. Biol Reprod. 2008;78(4):761-772.

44. Darson A, et al. Differences and similarities: the
richness of comparative sperm physiology. Physi-
ology (Bethesda). 2020;35(3):196-208.

45. Santos RR, et al. Usefulness of bovine and por-
cine IVM/IVF models for reproductive toxicolo-
gy. Reprod Biol Endocrinol. 2014;12:117.

46. Kanatsu-Shinohara M, et al. Reversible inhibi-
tion of the blood-testis barrier protein improves
stem cell homing in mouse testes. ] Reprod Dev.
2018;64(6):511-522.

47. Ogawa T, et al. Transplantation of testis germinal
cells into mouse seminiferous tubules. Int | Dev

The Journal of Clinical Investigation

Biol. 1997;41(1):111-122.

48. Hasegawa A, et al. Optimization of a protocol for
cryopreservation of mouse spermatozoa using
cryotubes. ] Reprod Dev. 2012;58(1):156-161.

49. Bath ML. Inhibition of in vitro fertilizing capac-
ity of cryopreserved mouse sperm by factors
released by damaged sperm, and stimulation by
glutathione. PLoS One. 2010;5(2):€9387.

50. Quinn P, et al. Improved pregnancy rate in human
in vitro fertilization with the use of a medium
based on the composition of human tubal fluid.
Fertil Steril. 1985;44(4):493-498.

51. Chatot CL, et al. An improved culture medi-
um supports development of random-bred
1-cell mouse embryos in vitro. ] Reprod Fertil.
1989;86(2):679-688.

J Clin Invest. 2023;133(22):e170140 https://doi.org/10.1172/)CI170140


https://doi.org/10.1172/JCI170140
https://doi.org/10.1101/gad.287045.116
https://doi.org/10.1101/gad.287045.116
https://doi.org/10.1101/gad.287045.116
https://doi.org/10.1073/pnas.0611642104
https://doi.org/10.1073/pnas.0611642104
https://doi.org/10.1073/pnas.0611642104
https://doi.org/10.1093/humrep/deac068
https://doi.org/10.1093/humrep/deac068
https://doi.org/10.1093/humrep/deac068
https://doi.org/10.1038/ncomms10486
https://doi.org/10.1038/ncomms10486
https://doi.org/10.1038/ncomms10486
https://doi.org/10.1095/biolreprod.107.065623
https://doi.org/10.1095/biolreprod.107.065623
https://doi.org/10.1095/biolreprod.107.065623
https://doi.org/10.1095/biolreprod.107.065623
https://doi.org/10.1186/1477-7827-12-117
https://doi.org/10.1186/1477-7827-12-117
https://doi.org/10.1186/1477-7827-12-117
https://doi.org/10.1262/jrd.2018-093
https://doi.org/10.1262/jrd.2018-093
https://doi.org/10.1262/jrd.2018-093
https://doi.org/10.1262/jrd.2018-093
https://doi.org/10.1262/jrd.11-097N
https://doi.org/10.1262/jrd.11-097N
https://doi.org/10.1262/jrd.11-097N
https://doi.org/10.1371/journal.pone.0009387
https://doi.org/10.1371/journal.pone.0009387
https://doi.org/10.1371/journal.pone.0009387
https://doi.org/10.1371/journal.pone.0009387
https://doi.org/10.1016/S0015-0282(16)48918-1
https://doi.org/10.1016/S0015-0282(16)48918-1
https://doi.org/10.1016/S0015-0282(16)48918-1
https://doi.org/10.1016/S0015-0282(16)48918-1
https://doi.org/10.1530/jrf.0.0860679
https://doi.org/10.1530/jrf.0.0860679
https://doi.org/10.1530/jrf.0.0860679
https://doi.org/10.1530/jrf.0.0860679

	Graphical abstract

