RESEARCH

DEVELOPMENTAL BIOLOGY

Intravital imaging of mouse embryos
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Embryonic development is a complex process that is unamenable to direct observation. In this
study, we implanted a window to the mouse uterus to visualize the developing embryo from
embryonic day 9.5 to birth. This removable intravital window allowed manipulation and
high-resolution imaging. In live mouse embryos, we observed transient neurotransmission

and early vascularization of neural crest cell (NCC)-derived perivascular cells in the brain,
autophagy in the retina, viral gene delivery, and chemical diffusion through the placenta. We
combined the imaging window with in utero electroporation to label and track cell division and
movement within embryos and observed that clusters of mouse NCC-derived cells expanded
in interspecies chimeras, whereas adjacent human donor NCC-derived cells shrank. This
technique can be combined with various tissue manipulation and microscopy methods to study
the processes of development at unprecedented spatiotemporal resolution.

ifferent methods are used to study em-

bryonic development in mice, a common

mammalian research model (7). How-

ever, each has its limitations. Histology

on fixed embryos does not capture de-
velopmental dynamics. Ultrasound or magnet-
ic resonance imaging has limited resolution
and does not take advantage of transgenic
strains with fluorescent reporters (2, 3). The
peri-implantation to early organogenesis stages
can be imaged by means of optical coherence
microscopy or light sheet fluorescence micros-
copy after removal of the mouse embryo from
the uterus and culture in medium for 24 to
48 hours (4-6). However, despite efforts to mi-
mic the intrauterine environment (7), cultur-
ing embryos past embryonic day 9 (E9), when
various organs form, remains difficult because
of the inability to recapitulate the feto-placental
nutritional exchange (8-10).
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Intravital imaging has been used to observe
organs at high resolution but not whole em-
bryos (11-16). We developed an implantable
window for imaging the mouse embryo from
E9.5 to birth. The window is circular, with a
10-mm inner diameter and 1.5-mm depth, and
is covered with a glass coverslip that can be
removed for manipulating the embryo (Fig. 1,
A and B). The embryo becomes easily identi-
fiable under a dissection microscope around
E9.5, when the allantois fuses with the cho-
rionic plate to form a labyrinthine layer that
separates fetal and maternal blood vessels and
provides a large surface area for gas and
nutrient exchange (17). We developed a surgi-
cal procedure (supplementary materials, mate-
rials and methods) to implant the window and
strip the decidua and uterine muscle, which
impedes the view of the embryo from E9.5 to
E12.5 (Fig. 1, C to E), without interfering with
embryo survival as indicated by a beating heart
(movie S1). To minimize motion from the dam’s
breathing, we sutured the uterine wall to the
dam’s abdominal muscle and the abdominal
muscle to the window and designed a 3D-
printed clip to stabilize the window (fig. S1A).
If an embryo was to be tracked beyond E13.5
(when it tended to retract somewhat into the
mother’s abdominal cavity), its position was
adjusted with a new window (fig. S1, B and C).
The survival rate of embryos was 65.6% (21 of
32) after window implantation.

After E12.5, the decidua diminished, and the
uterine wall became transparent (fig. S1D);
therefore, there was no need to strip the
decidua and uterine muscle (Fig. 1F). The
window allowed observation of the embryo
until birth; this view was reduced to partial
after the embryo outgrew the window (typi-
cally by E15.5) (fig. S2A). We 3D-printed a
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larger, elliptical-shaped window to image the
entire embryo at older stages, from E12.5 until
birth (Fig. 1, G and H, and fig. S2B). The sur-
vival rates of embryos underneath the circular
and elliptical windows were 81.9% (59 of 72)
and 84.1% (37 of 44:), respectively.

To test the effect of the window on the
growth of the embryos, we implanted circular
or elliptical windows at E11.5, E12.5, and E15.5
and weighed the embryos 3 days after im-
plantation. Embryo weight was reduced by
28.2, 11.7, and 12.0%, respectively, relative to
littermates that were not placed under a win-
dow (Fig. 1, I to K). Hematoxylin and eosin
staining showed no structural abnormalities
in the embryos underneath the window (fig.
S2, C to E), and there were no differences in
terms of complete blood components (fig. S2,
F to H). Dams showed no notable signs of in-
flammation or anemia after window implan-
tation (fig. S2I). All eight dams implanted with
the circular windows gave birth vaginally to all
pups (including the ones underneath the win-
dow), whereas only 2 of 7 dams with elliptical
windows gave birth naturally, owing to the
lack of abdominal contractions (fig. S2J and
movie S2). The dam fed the pups normally
(movie S3), and pups imaged embryonically
underneath the windows were indistinguish-
able from their littermates and grew without
noticeable abnormalities.

Transgenic mice with cell lineage-specific
expression of fluorescent reporter proteins
are commonly used to study development
in live organisms (4). We used two types of
microscopy—stereoscopic microscopy and two-
photon microscopy—to observe embryos in
Wntl-Cre-tdTomato mice. In this transgenic
strain, Wntl-Cre is expressed in the dorsal
neuroepithelium from E8.5, which leads to
lineage labeling of neural crest cells (NCCs)
and their descendants as well as the dorsal
central nervous system (18-20). We crossed
WnitI-Cre mice with ROSA26-CAG-tdTomato
mice to create the transgenic strain and placed
the optical windows on dams at E11.5. The
midbrain of F; embryos was clearly visible
through the window and was imaged contin-
uously for 6 hours with a stereoscopic micro-
scope (Fig. 2, A and B, and movie S4).

Two-photon microscopy was then used to
image the tdTomato-labeled cells in the mid-
brain from E10.5 to E11.0, with the decidua
and uterine muscle stripped (Fig. 2C and fig.
S3, A to E). We next implanted the window at
E13.5. Using the vasculature on the surface of
the uterus and in the embryonic brain as a
roadmap, we were able to track the tdTomato™
cells in the mouse embryonic brain for 24 hours
(Fig. 2, D and E, and fig. S4, A to C). We further
observed tdTomato™ cells in a mesh-like, 200-
to 300-um-deep fluorescent layer in the E13.5
embryo (fig. S4D). To identify these cells, we
fixed the whole embryos and stained for
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various markers and discovered that these
mesh-like cells overlapped with blood vessels
marked by CD31" endothelial cells and had
differentiated into platelet-derived growth
factor receptor-p* (PDGFR-B") perivascular

Window Frame

cells (fig. S4, E and F). Because previous re-
ports showed that NCCs differentiate into
perivascular cells in the thymus by E13.5 in
mice (21), this observation indicated that
NCCs also differentiate into perivascular

Clip
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cells to form vasculature in the brain as early
as E13.5.

We then imaged embryos in transgenic mice
that harbor the autophagy reporter CAG-RFP-
eGFP-LC3, in which a CAG promoter drives
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Fig. 1. Intravital imaging of mouse embryos. (A and B) Schematic illustration of (A) side view and (B) top view of the embryonic window. (C) lllustration of a mouse
embryo at E9.5. UW, uterine muscle; De, decidua; PYS, parietal yolk sac; VYS, visceral yolk sac; Am, amnion. (D) Overview of the stripping surgical protocol.

(E) Embryo growth from £9.5 to E10.0. (F) Embryo growth from E12.5 to E13.5. (G and H) An elliptical window used for imaging later stages. (G) Schematic illustration
of the elliptical window. (H) View of the elliptical window at E16.5. (I to K) Embryo weights at (I) E14.5, 3 days after stripping surgery; (J) E15.5 and (K) E18.5,

3 days after nonstripping surgery. Data are mean + SD; n = 3 dams, **P < 0.01. (L) Timeline of embryo development and imaging procedures.
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expression of red fluorescent protein (RFP), en-
hanced green fluorescent protein (eGFP), and
the phagosome marker LC3. Because RFP (pK,
4.5, where K, is the acid dissociation constant)
is more stable than eGFP (pK, 5.9) at low pH,
this strain reports intracellular pH and can be
used to distinguish different phagocytic cellu-
lar compartments. Both eGFP and RFP are ex-
pressed in phagosomes and autophagosomes,
whereas eGFP is quenched in autolysosomes
(which are more acidic) (22). The presence of

Two-photonin
vivoimaging

overlapping RFP and eGFP signals indicates
autophagosomes in the retina of E15.0 em-
bryos (Fig. 2, F and G), which was confirmed
ex vivo by fixed embryos (fig. S5A) (23, 24). We
also imaged Lgr5™ stem cells in the developing
intestine using the LGR5-DTR-EGFP strain
(fig. S5B) (25).

Genetically encoded calcium indicators
(GECIs) such as GCaMP have been used to
monitor neuronal activity (26, 27). We used
GCaMP6 transgenic mice to image neuronal

activity in the developing brain (Fig. 2H). We
implanted the optical window into GP4.3 (ThyI-
GCalIP6s) mice at E15.5 and observed neuro-
transmission among three cells, as shown in
movie S5 (Fig. 2, I and J).

The placenta is a barrier that impedes pas-
sage of chemicals such as drugs into the em-
bryo, but the diffusion rates for molecules are
difficult to assess (28, 29). As a proof of con-
cept, we assessed the permeability of the pla-
centa to fluorescein by injecting fluorescein

Fig. 2. Tracking live embryo development in transgenic mice. (A and

B) Light-field view and 6-hour continuous fluorescence imaging, respectively,

of a Wntl-cre:tdTomato E11.5 mouse embryo. Neurons in the midbrain are labeled
with tdTomato, as indicated with the arrows. Scale bar, 2 mm. (C) Schematic of
in vivo two-photon microscopy. (D and E) Light-field view and 24-hour imaging of the
marked brain region, respectively, of an E14.5 Wntl-cre:tdTomato mouse embryo.

Huang et al., Science 368, 181-186 (2020) 10 April 2020

Scale bar, 100 um. (F and G) Light-field view and fluorescent imaging, respectively,
of the marked eye region of a CAG-RFP-EGFP-LC3 mouse embryo (RFP, right;
eGFP, middle; overlay, left). Scale bar, 100 um. (H) Schematic illustration of the
imaging setup. (I and J) Light field view and GCaMP6s signal, respectively, in
the marked brain region in a Thyl-GCaMP6s embryo at E15.5. White arrows
indicate neurotransmission. Scale bar, 25 um.
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-« umbilical cord

IUE at E13.5-14.5

Fig. 3. Imaging chemical diffusion, embryonic AAV transduction, and cell
movements after in utero electroporation. (A) View of an embryo at E15.5.
(B) Diffusion of fluorescein into an embryo after dam retro-orbital injection.
Scale bar, 2 mm. (C) Light-field view of an E14.5 embryo, 72 hours after AAV8g9-
pTR-CBh-scGFP and AAV8g9-pTR-CBA-tdTomato co-injection. (D) GFP and
tdTomato expression in the marked region in (C). Scale bar, 100 um. (E) Ratio of

through the dam’s orbital vein and monitoring
its passage through the umbilical cord and sub-
sequent diffusion into the embryo. Fluorescein
passed through the umbilical cord 1.5 min
after injection and diffused into the whole
embryo 30 min after injection (Fig. 3, A and
B, and movie S6).

Adeno-associated viruses (AAVs) are used as
vehicles for gene therapy (30, 31), but the Ki-
netics by which AAVs permeate the placenta
and express exogenous genes in embryos have
not been studied. We injected AAV serotypes 8

Huang et al., Science 368, 181-186 (2020)

and 9 (AAVS8 and AAV9) carrying a GFP reporter
into the tail vein of dams at E11.5 and observed
GFP expression in embryos at E14.5, 72 hours
after injection (fig. S6, A and B). We confirmed
similar GFP expression in the embryos from
injected dams without the window (fig. S6C)
and GFP expression in the placenta (fig. S6D).
To assess the speed of viral transduction into
the embryo, we injected a single-stranded AAV
vector (sSAAV8-eGFP) and a self-complementary
AAV vector (scAAV8-tdTomato) (32) into the
tail vain of dams at E11.5. We started imaging

10 April 2020
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Ratio of tdTomato* cells compared
with GFP* cells
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tdTomato* and GFP* cells. Data are mean + SD; n = 3 dams, **P < 0.01.

(F) Schematic of in utero electroporation. (G) Light-field view of an E14.5 embryo,
1 day after electroporation of pCAG-mCherry. (H) Movement of cells in the
region marked in (G). Scale bar, 50 um. (I) Light-field view of an E15.5 embryo,
1 day after electroporation of pCAG-EGFP. (J) Twenty four-hour imaging of the
brain region marked in (1) showing cell migration. Scale bar, 100 um.

the embryos at E14.5, 72 hours after injection.
We initially detected more GFP signal than
tdTomato signal, although the difference in
expression diminished within 16 hours (Fig. 3,
Cto E). This experiment demonstrates the use
of intravital imaging of AAV gene delivery and
suggests that different AAV vectors have dif-
ferent transduction dynamics, an important
consideration when targeting a specific em-
bryonic stage.

In utero electroporation (IUE) can be used
to introduce DNA into embryos to study
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Fig. 4. Imaging chimeric embryos. (A) Schematic of imaging a

chimeric embryo grown from blastocysts microinjected with labeled mESCs.
(B) A blastocyst chimeric embryo, injected with GFP* cells, at E14.5 and
E15.5. Scale bar, 2 mm. (C) Imaging from E14.5 to E15.5 (24 hours) of the
region marked in (B). Scale bar, 100 um. (D) Chimeric embryo are co-injected

development and disease. This technique
allows the fluorescent labeling of a sparse
population of neural cells in the cerebral
cortex (33). We combined our window surgery
with IUE to track electroporated cells. We
introduced CAG.mCherry plasmid DNA at
E13.5 in utero in the ventricle and electro-
porated the embryos to sparsely label cells in
the cerebral cortex (Fig. 3F). One day after
electroporation, we implanted the embryonic
window on top of the electroporated embryo
and observed two cells separating after a
recent division (Fig. 3, G and H, and movie S7).
We also used CAG.eGFP to track cell migration
(Fig. 3, I and J, and movie S8) and used CAG.
mCherry.CAAX to label neuronal membrane
(fig. S7).

We used blastocyst injection to introduce
foreign cells into an embryo to produce blast-
ocyst chimeras. We injected exogenous eGFP-
labeled C57Bl/6;CollaI“™ mouse embryonic
stem cells (mESCs) into mouse blastocysts at
E2.5 and implanted the embryos into timed

Huang et al., Science 368, 181-186 (2020)

pregnant surrogate mice, and we implanted
optical windows in the dams at E14.5 (Fig. 4A).
Using stereoscopic microscopy, we observed
the distribution of labeled donor cells in the
entire embryo (Fig. 4B) and observed the heart-
beat, uterine contraction, and overall embry-
onic development continuously for 12 hours
(fig. S8A and movie S9). The embryo died
after 12 hours, although the mother survived.
We tracked specific embryonic regions for
24 hours by using skin blood vessels as posi-
tion reference markers (Fig. 4C).

Interspecies chimeras provide a tool for study-
ing human development in vivo (34, 35). In-
tegration of exogenous pluripotent stem cell
(PSC)-derived human NCCs (hNCCs) and mouse
NCCs (mNCCs) into E8.5 mouse embryos
showed varying efficiency (36). To directly
compare integration of hNCCs and mNCCs in
a single host embryo, we co-injected eGFP-
labeled hNCCs and tdTomato-labeled mNCCs
into E8.5 mouse embryos, which we then im-
aged starting at E14.5 (Fig. 4D). Using a stereo-

10 April 2020

with PSC-derived hNCCs (GFP*) and mNCCs (tdTomato*) at E8.5 and
imaged at E14.5. (E to H) Position of hNCC (eGFP) and mNCC (tdTomato) in
an E14.5 embryo, 6 days after injection. (E) Bright field. (F) Overlay. (G)
tdTomato. (H) eGFP. Scale bar, 2 mm. (I) Twenty four-hour imaging of

the area marked in (E) to (H). Scale bar, 100 um.

scopic microscope, we identified embryonic
areas consisting of tdTomato-labeled cells, the
progeny of injected mNCCs (Fig. 4, E to G).
However, the stereoscopic microscope did not
have sufficient resolution to detect areas of
eGFP-labeled cells (Fig. 4H).

Using two-photon microscopy, we imaged
33 embryos (in 19 dams) at E14.5 that had
been injected with hNCCs and mNCCs at E8.5.
We detected both tdTomato-labeled mNCC
progeny and eGFP-labeled hNCC progeny cells
in six embryos (18%), only tdTomato-labeled
cells in 11 embryos (33%), and only eGFP-
labeled cells in three embryos (9%). These rates
are consistent with previously reported chi-
meric rates (36-38). To compare intraspecies
versus interspecies contributions, we tracked
embryonic regions that contained adjacent
clusters of hNCC and mNCC progeny cells.
Whereas tdTomato” mNCC clusters continued
to expand, GFP* hNCC clusters shrank within
24 hours (Fig. 4, E to I, and fig. S8, B to F).
Fluorescent signals from individual mNCCs
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and hNCCs that were separate from any clus-
ter diminished over time (fig. S8, G to M).

We have developed an intravital imaging
window for manipulating and visualizing live
mouse embryos in vivo from E9.5 until birth.
The capability to image embryos in utero at
high resolution opens new avenues for inves-
tigation, including brain formation, peripheral
nerve development, placental development,
birth defects, gene editing, immune system
development, environmental effects, and in-
terspecies chimera.
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A window to the embryo

Mammalian embryonic development is a complex process, continuously changing in space and time. Q. Huang et
al. designed an abdominal window to image mouse embryos in utero from embryonic day 9.5 to birth. Using this
technique, they visualized dynamic activities during embryonic organ formation, including neurotransmission and cell
division in the brain, autophagy in the retina, viral gene delivery, and placental drug transfer. They also tracked diverging
fates of human and mouse neural crest cells in interspecies chimeras.
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