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Abstract

The mammalian inner ear forms from a thickened patch of head ectoderm called the otic placode. The
placodal ectoderm invaginates to form a cup whose edges cinch together to establish a fluid-filled sac
called the otic vesicle or otocyst. The progenitor cells lining the otocyst lumen will give rise to sensory
and non-sensory cells of the inner ear. These formative stages of inner ear development are initiated dur-
ing the first week of postimplantation embryonic development in the mouse. The inaccessibility of the
inner ear in utero has hampered efforts to gain insight into the molecular mechanisms regulating essential
developmental processes. An experimental embryological method to misexpress genes in the develop-
ing mammalian inner ear is presented. Expression plasmid encoding a gene of interest is microinjected
through the uterine wall into the lumen of the otocyst and electroporated into otic epithelial progenitor
cells. Downstream analysis of the transfected embryonic or postnatal inner ear is then conducted to gain
insight into gene function.

Key words: Inner ear, transuterine microinjection, beveled microinjection pipette, in vivo electro-
poration, square wave pulse train, mouse experimental embryology, mouse survival surgery, in utero
gene transfer.

1. Introduction

The first developmental biologists were experimental
embryologists who physically manipulated embryos to describe
gross mechanisms of development (1). Dye injection, carbon
particle transfer, extirpation, and tissue transplantation were the
methods of choice (2). Indeed, our first insights into neural
plate induction (3), optic nerve regeneration (4), vertebrate limb
formation (5), and neural crest migration (6, 7) were gleaned
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through experimental embryological studies in lower vertebrates.
Modern molecular embryologists who use the mouse as a model
system are constrained by the inaccessibility of the embryo in
vivo. In the case of the embryonic inner ear, accessibility is
further complicated because the otic epithelium that will give rise
to the vestibular and auditory sensory structures develops within
a membranous labyrinth cloistered in the head mesenchyme (8).
The elucidation of experimental embryological techniques that
permit manipulation of gene expression in the developing mouse
inner ear may advance our mechanistic understanding of how the
inner ear forms.

A solution to the challenge of gene transfer to the mammalian
inner ear in utero is conceptually straightforward: gain access to
the embryo, atraumatically introduce a reagent capable of trans-
ducing a bioactive signal in otic epithelial progenitor cells, and
maintain a healthy pregnancy postoperatively. An experimental
embryological approach to misexpress a gene in the developing
mammalian inner ear is presented in three procedural stages: (1)
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2.2. Ventral
Laparotomy

1. Surgical instruments (Fine Science Tools, Foster City, CA):
needle driver (cat. no. 12502-12), ball-tipped scissors (cat.
no. 14109-09), and ring forceps (cat. no. 11106-09) (see
Note 2).

2. Suture: 6-0 (0.7 metric) Polysorb braided lactomer 9-1, 30′′

(75 cm) violet, CV-11, taper (cat. no. GL-889, Syneture,
United States Surgical, Norwalk, CT).

3. Sterile disposable supplies: surgical drape, cotton balls, and
cotton-tipped applicators.

4. Disinfection solutions: 70% ethanol and 10% povidone iodine
(10% Betadine R©, Purdue Pharma, L. P., Stamford, CT)
solution.

5. Lactated Ringer’s Injection USP (Baxter 2B2323, Deerfield,
IL). This is a sterile, 500 mL intravenous (IV) bag of lac-
tated Ringer’s solution whose precise electrolyte composition
is described under the USA National Drug Code 0338-0117.
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12. Fast green, crystalline (Sigma-Aldrich).
13. Timed-pregnant mouse (dam) whose embryos are at embry-

onic day 11.5 (E11.5). Noontime on the day a vaginal plug
is detected is considered E0.5 (i.e., E11.5 is 11 days after the
day the plug is detected).

3. Methods

3.1. General
Anesthesia for Mouse
Ventral Laparotomy
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side to side to identify the precise location of the linea alba if
it is not visible beneath the initial incision.

5. Extend the initial midline incision by cutting the skin that
overlies the linea alba. This incision may involve a slight
course correction to align it with the underlying linea alba.
The total length of the skin incision is 12–15 mm.

6. Gently grasp the connective tissue overlying the abdominal
wall with blunt forceps and lift it away from the abdomi-
nal organs. This maneuver will pull the abdominal wall away
from the underlying abdominal viscera.

7. Make a ventral midline scissor nick through the abdomen on
the linea alba at the level of the navel. Since the linea alba
is avascular, there should be no bleeding post-incision (see
Note 7).

8. Insert the ball-tipped scissor through the abdominal slit and
incise the linea alba first rostrally and then caudally. The total
abdominal incision length is 10–14 mm. The ball tip prevents
accidental nicking of any abdominal visera. If the bowel is
nicked, euthanize the dam. Do not attempt a surgical repair.

9. Immediately irrigate the abdomen with sterile, 37 ◦C lactated
Ringer’s solution. Ringer’s solution is kept at a set tempera-
ture in a sterile, 50 mL conical centrifuge tube resting in the
tapered, aluminum heating block. Dispense Ringer’s solution
with a sterile Pasteur pipette (see Note 8).

10. Gently displace the intestines and inguinal fat that obstruct
access to the right uterine horn with blunt forceps.

11. Gently lift the right horn of the uterus through the abdomi-
nal incision with ring forceps and rest it on the abdomen.

12. Validate that the entire uterine horn is externalized by identi-
fication of the ovary/oviduct rostrally and the cervical region
of the uterus caudally. The oviduct appears as a coiled, mus-
cular tube, and the ovary looks like a small granular white
cluster of tissue embedded in fat. The cervical region of the
uterus is the pronounced, Y-shaped bifurcation point of the
two horns.

13. Perform the transuterine microinjection and in vivo electro-
poration procedures.

3.3. Transuterine
Microinjection and In
Vivo Electroporation

1. Load a 1.5 mm outer diameter by 0.86 mm inner diame-
ter borosilicate glass capillary pipette into the Sutter P-97
micropipette puller outfitted with a 3 mm box filament that
is 3 mm wide. Conduct the ramp test as indicated in the P-97
instruction manual. Program the instrument as follows: pres-
sure = 200, heat = ramp value plus 3 units, pull = 0, veloc-
ity = 46, and time = 110. The capillary pipette produced is
then manually broken with forceps to approximately 14 µm
outer diameter and beveled at 20 degrees on the BV-10
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Fig. 8.1. Fabrication of a transuterine microinjection pipette. A pipette was pulled with
the P-97 micropipette puller using the pressure:heat:pull:velocity:time settings indicated
in Section 3.3, step 1. (A) The outer diameter of the unpulled shaft is 1.5 mm and the
length of the tapered part is ∼12 mm. The tip of this pipette was imaged in three
successive stages of preparation (B–D). (B) The approximate location of the manual
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4. Set the PicoSpritzer to 20 ms injection duration and 15 psi
injection pressure. Test the ejection of plasmid by injecting
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mesenchyme midway between the uprights, though it is not
possible to see the fluid-filled otocyst directly. The location of
the otocyst is therefore interpolated using the flanking vascu-
lature as an instructive anatomical landmark.

6. Advance the beveled microinjection pipette through the uter-
ine wall along a trajectory that will place the tip of the pipette
in the head mesenchyme between the uprights. Pulse the
PicoSpritzer to eject some fast green-tinged plasmid solu-
tion as an aid to define pipette tip position. If the pipette
tip is located too lateral with respect to the otocyst, dye will
collect in either the exocoelomic or the amniotic cavities. If
the pipette is advanced through the otocyst, dye will col-
lect in the medial periotic mesenchyme or neural tube. When
the otocyst is properly targeted, the vestibule and endolym-
phatic duct fill with dye and the borders of the otocyst
become clearly outlined (Fig. 8.2A,B). The number of injec-
tion pulses required to fill the otocyst is typically 10–15 with
an 18–24 µm outer diameter micropipette at 15 psi injec-
tion pressure and 20 ms injection duration per pulse. Release
finger pressure on the uterus and then remove the pipette
in one quick reverse stroke of the micromanipulator (see
Note 13).

7. Immediately irrigate the uterus and the tweezer-style elec-
trode paddles with pre-warmed lactated Ringer’s solution.
Position the negative electrode on the surface of the uterus
that is adjacent to the lateral wall of the injected, left otocyst
(Fig. 8.3A). Position the positive electrode on the surface
of the uterus that is adjacent to the lateral wall of the right,
uninjected otocyst (Fig. 8.3B). Gently compress the uterus

Fig. 8.3. In vivo electroporation of the embryonic day 11.5 mouse otocyst. (A) The uterus was transilluminated with light
from a fiber optic cable whose output end (fo) was directly in contact with the irrigated uterus. The left otocyst (o) of the
E11.5 mouse embryo was injected with fast green solution, and its gross morphology is discernable beneath the nascent
4th ventricle (4th) in the caudal hindbrain. The insulated surface of the cathode (c) and the reflective, platinum surface
of the anode (a) were grossly positioned around the uterus to flank the embryo. (B) Gentle compression of the uterus
with the tweezer-style electrodes forced a counter-clockwise rotation of the embryo, placing the injected otocyst toward
the center of the 5 mm cathode–anode field. The goal is to drive negatively charged DNA into ventral progenitors within
the otic vesicle. (C) Bubbles (b) on the surface of the uterus after execution of the 5-pulse train appear as graininess in the
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to securely hold and center the otocyst between the electrode
paddles (Fig. 8.2B) and trigger the electroporator by actu-
ating the foot pedal. When the 5-pulse train is completed,
release the tweezer-style electrode grip and immediately irri-
gate the uterus with pre-warmed, lactated Ringer’s solution
(see Note 14).

8. Inject and electroporate 2–3 embryos per uterine horn for
a total of 4–6 injected embryos per dam. Document which
embryos were injected (right horn, embryo 1 is the embryo
closest to the right ovary), the quality of the otocyst injec-
tions (a weak fill fails to demonstrate the endolymphatic duct
and a strong fill does), and the current transferred to each
embryo during the electroporation (see Note 15).

9. Liberally irrigate the uterus and any other externalized
abdominal viscera and return them to their native positions
within the abdominal cavity. Irrigate the abdominal cav-
ity with 4–8 mL of lactated Ringer’s solution, allowing the
excess to spill out of the incision site. Approximately 2 mL
of lactated Ringer’s solution should remain in the abdominal
cavity to facilitate rehydration (see Note 16).

10. Carefully place the dam on a fresh, dry sterile drape and begin
the two-stage closure with 6–0 resorbable suture. A running
stitch consisting of alternating a conventional throw and a
locking stitch is ideal for both the abdominal wall and the
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Fig. 8.4. Electroporation-mediated transfer of an expression plasmid encoding green fluorescent protein transfects pro-
genitors that give rise to the organ of Corti. An expression plasmid encoding green fluorescent protein (GFP) driven by
the human elongation factor 1-α promoter (EF1-α) was electroporated into the E11.5 mouse otocyst. The inner ear
was harvested 6 days later at E17.5 and fixed in 4% paraformaldehyde in PBS for 12 h. The cartilaginous otic capsule
and the cochlear lateral wall were removed, and the whole mount preparation was imaged in panel A. GFP expression
is detectable in the base, midbase, and proximal apex of the cochlea. (B) Laser confocal microscopy of a representative
100 µm section of the EF1-α/GFP-transfected cochlea immuostained with an antibody against myosin 7a (red) to iden-
tify the single row of inner hair cells and three rows of outer hair cells. Several supporting cells (sc), pillar cells (pillar),
and outer hair cells (ohc) express GFP. These data indicate that progenitors giving rise to supporting cells and hair cells
of the organ of Corti were transfected and expression of the transgene was maintained in differentiated cell types of the
maturing cochlea. Scale bar in A = 100 µm and in B = 10 µm.

E17.5 inner ear that was transfected at E11.5 with a con-
struct encoding enhanced green fluorescent protein.

4. Notes

1. All stock solutions are prepared in sterile, pyrogen-free water
with a resistivity of 18. 2 M!-cm unless otherwise indicated.
The concentration of magnesium sulfate administered does
not induce paralysis but merely relaxes uterine tone. This
enables the embryos to be repositioned for microinjection by
gentle uterine palpation with the thumb and index finger.

2. Instruments suitable for mouse ventral laparotomy should be
of surgical grade stainless steel since the rigors of repeated ster-
ilization will dull cutting surfaces and corrode hinge points
of lower quality scissors and needle drivers. Surgical-grade
instruments are expensive, though the veterinary staff of your
home institution may be able to purchase these items at
reduced cost.

3. Animal care and use guidelines of the home institution should
be consulted regarding mouse survival surgery requirements.
The use of a horizontal laminar flow hood is encouraged
to prevent exposure of the dam to potentially infectious
agents. Scrupulous attention to asepsis in the surgical arena is
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of the lactated Ringer’s solution during pipette transfer from
the culture tube to the abdomen.

9. Carefully fabricated micropipettes are critical to the success of
the transuterine microinjection procedure. An appropriately
crafted pipette enables accurate, atraumatic injection into the
otocyst. The recommended glass is thick walled with a fila-
ment to provide durability during targeting and to facilitate
backfilling with plasmid. Pipettes should be broken under a
suitable microscope with the aid of a reticule that enables
estimation of outer diameter after the break. Beveling is nor-
mally conducted in an aqueous environment with a surfactant
added. For in vivo applications, bevel the pipettes in water
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band of modeling clay. Break and bevel three pipettes prior
to administering anesthesia to the dam. Pipettes broken and
beveled the day before may become clogged as the residual
water within the pipette evaporates and deposits glass fines
inside the pipette lumen.

13. Transuterine microinjection into the E11.5 mouse otocyst is
challenging at several levels. Identification of gross embry-
onic anatomy by transillumination requires practice. Start with
finding the beating heart, the pigmented epithelium of the
eye, the limb buds, and brain vesicles. Then find the hind-
brain notch and the goalpost vasculature. Experiment with
various lighting intensities and orientations since individuals
vary tremendously in what “looks good” to them. It is cer-
tainly best to use the minimum intensity of illumination neces-
sary. Once the target area cloistering the otocyst is identified,
microinjection should be conducted with an “outside-in” pro-
gression. Advance through the uterus, and pulse to view the
tracer dye as an indication of approximate pipette tip position.
Advance under micrometer control and pulse again to track
pipette position, working from lateral to medial or outside-
in with respect to the embryo. It may be possible to see a
slight “toggle” when the pipette tip contacts the lateral side
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be included in your animal care and use protocol. Subtle
observations during targeting, injection, and electroporation
are recorded for each embryo manipulated, and these data
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from the National Institute on Deafness and Other Communica-
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fully appreciated.
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