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Transgenic mice have been instrumental in dissecting the role of various neuronal proteins under both physiological and pathological

conditions. Pronuclear injection is the most widely used protocol for the generation of transgenic mice. Here, we describe all steps

involved from DNA purification to the set up of a mouse colony including vasectomy, injection of the DNA into a donor zygote,

transfer of injected zygotes into recipient foster mice, screening of offspring and establishment of transgenic mouse lines. We discuss

the use of neuron-specific promoters to express proteins with a role in Alzheimer disease. Transgenic expression of a truncated form

of the microtubule-associated protein tau (Dtau) is used as an example for the anticipated results.

INTRODUCTION
The generation of transgenic mice is a relatively cost-intensive and
time-consuming process. As a conservative estimate, it takes approxi-
mately a year from making the DNA construct for pronuclear
injection to establishing a new transgenic mouse strain with some
phenotypic characterization. Transgenic mouse production requires
thorough planning to ensure sufficient space in an existing facility or
to set up a new facility, to obtain the four groups of mice needed for
transgenic mouse production and to purchase and install the
equipment needed for pronuclear injection and other experimental
animal manipulations and making the different types of capillaries.

In recent years, alternative methods have been developed to make
transgenic mice including intracytoplasmic sperm injection, trans-
fection of spermatozoa with exogenous DNA/DMSO complexes or
retroviral-mediated approaches. These are intended to make trans-
genesis easier in terms of time, expertise and equipment needed;
however, retroviral-mediated approaches, for example, tend to
cause multiple chromosomal integration of the transgene1. Intra-
cytoplasmic sperm injection may be chosen to introduce large
genomic transgenes such as yeast artificial chromosomes where the
efficiency of transgenesis by pronuclear approach is low2. For
standard expression constructs, however, the classical pronuclear
injection approach described here continues to be the major
technique used since it was established in the early 1980s (see
refs. 3–8) as it is a straightforward method to consistently obtain
mice with a single integration site. Targeted transgenesis either
knocks out or modifies/replaces genes in situ. This approach
involves a preselection using embryonic stem cells, as shown for
example, for the catalytic subunit of protein phosphatase 2A, where
a complete knockout caused an embryonically lethal phenotype9.
The insertion of the green fluorescent protein into the endogenous
mouse tau locus (a so-called knock-in approach) abolished tau
expression, but at the same time, the neurons were fluorescently
labeled with green fluorescent protein10. For very detailed informa-
tion about all aspects of mouse manipulation including the use of
embryonic stem cells to produce knockout mice, the reader is
referred to the standard manual initially published by Nagy et al.11

Compared with the embryonic stem cell-mediated approach of
gene targeting, by the approach described here, the transgene
inserts randomly into the genome and expression is therefore

subject to position effects. Furthermore, the injected DNA usually
integrates as concatemers with a non-predictable copy number. All
this explains the usually highly variable expression patterns and
levels in different transgenic founders.

By appropriate choice of the promoter for transgenic expression,
literally every cell type or organ can be targeted. In the past decade,
we have concentrated on the generation of transgenic mice with
expression in the nervous system12–15; however, we have also
targeted other organs16–18. For transgenic expression in neurons,
a host of expression vectors is available, but in practical terms only a
limited number are used. We have been mainly using the mouse
Thy1.2 (mThy1.2) expression vector for expression in neurons of
brain and spinal cord14,15,19–22. The mThy1.2 promoter has also
been successfully used to fluorescently label neurons and provide a
Golgi-like vital stain23. In the field of Alzheimer disease research,
the two major histopathological lesions, the Ab plaques and the
neurofibrillary tangles, have been reproduced by transgenic neu-
ronal expression of the Ab precursor protein APP and the micro-
tubule-associated protein tau, respectively21,22. The following
promoters have been used by us and others to express APP:
platelet-derived growth factor (PDGF)24,25, hamster prion protein
(PrP) cosmid26, mPrP27 and mThy1.2 (see refs. 28–30); and tau:
human Thy1 (hThy1)/b-globin pA/splice cassette12, 3-hydroxy-3-
methylglutaryl-coenzyme-A (mHMG CoA) reductase31, mPrP32,33,
mPrP with autoregulatory transactivator loop34, mThy1.2 (see refs.
19,29,35–37), platelet-derived growth factor38, Ca2+/calmodulin-
dependent kinase II (CaMKII) (see ref. 39), endogenous tau
locus40 and eventually a bigenic, regulatable approach, CaMKII-
transactivator (TA)/tet-off 41.

A direct comparative analysis of the neuron-specific enolase,
hThy1, rhombotin and neurofilament L promoter has been per-
formed by one research group to express APP. It was found that the
hThy1 promoter gave the highest APP mRNA levels throughout the
brain, most notably in hippocampus and cerebral cortex42. We
made the same observations using all four promoters for tau
expression36, and found subsequently that the mThy1.2 expression
vector is superior to the hThy1 vector12,19.

Although the production of transgenic mice is a technically
demanding and time-consuming process, most strains are well
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worth the effort as exemplified by the widespread use of the
hamster PrP cosmid-driven APP transgenic strain Tg2576 (ref.
26), with 250 PubMed entries at the end of 2006.

Stepwise training program
Many research groups are reluctant to generate transgenic mice by
themselves. To get started, we recommend a stepwise training
program.
� The vasectomy of mice is a simple, isolated procedure. It can be

performed sequentially, by operating on males on consecutive
days. Mating with NMRI foster mice reveals a successful opera-
tion (a) by the presence of a copulation plug and (b) the failure
of generating offspring.

� Isolation and purification of zygotes. A few matings are sufficient
to just obtain enough zygotes to go through all the steps of
taking out the oviduct, flushing of the zygotes, collecting them
and purifying them from follicular cells, with the help of
hyaluronidase. This test run also helps to optimize the timing
of the hormone treatment and to get familiar with the optics of
the stereoscopic and microinjection microscope. Culture zygotes
overnight. Most zygotes should reach the two-cell stage, if not,
the culture conditions (such as the medium) need to be adjusted.

� Training of some steps of the reimplantation procedure, such as
finding the infundibulum using euthanized mice.

� Reimplantation of uninjected zygotes. It needs some training to
perform the reimplantation, to find the infundibulum and
position it such that the zygotes can be easily reimplanted. We
suggest a few test runs with reimplanting euthanized mice with
medium. The reimplantation should be performed with a
reimplantation capillary that has been previously tested with
zygotes for an optimal diameter and capillary opening. We
suggest producing several reimplantation capillaries for later
use. After the test runs with sacrificed mice, zygotes should be
reimplanted into narcotized mice, as it is important to master
the reimplantation procedure in the living mouse, without
hurting blood vessels, and to provide a proof of a successful
reimplantation by generating offspring.

� Finally, the researcher should try to isolate zygotes, inject them
and reimplant them all on the same day. It takes some time to do
the injections without lysing the zygotes. If too many of them
lyse, we recommend that an attempt is made to obtain around 20
injected zygotes. These should be reimplanted and if there are
enough plugged fosters available, it is a good idea to reimplant
the leftovers of uninjected zygotes, to perfect the procedure.

MATERIALS
REAGENTS
.Mice. The absolute minimal numbers of mice that are needed to generate

transgenic mice are listed below. For routine generation of transgenic
animals, the numbers need to be doubled (see REAGENT SETUP)
! CAUTION Experiments involving mice must conform to National and
Institutional regulations.

.Microinjection buffer (MI buffer): 8 mM Tris-HCl (T5941; Sigma), 0.15 mM
EDTA (E5134; Sigma)

.DNA grade agarose (200.0011; Probiogen Biochemicals)

.Tris-borate-EDTA: 89 mM Tris-borate and 2 mM EDTA, pH 8.3. (T4415;
Sigma)

.2% (w/v) crystal violet solution (C3886; Sigma)

.Jetsorb Gel Extraction Kit (110150; Genomed)

.M2 medium (M7167; Sigma)

.M16 medium (M7292; Sigma)

.Mineral oil (M8410; Sigma)

.Penicillin/streptomycin (100�) (15140-122; GIBCO)

.Gentamycin (1,000�) (15750-060; GIBCO)

.Iodine-based skin disinfectant (e.g. Braunol; Braun/R)

.70% (v/v) ethanol (E7023; Sigma)

.Phosphate-buffered saline (PBS) pH 7.4: 1.06 mM potassium phosphate
monobasic, 2.97 mM sodium phosphate dibasic, 155.17 mM sodium
chloride (10010-023; GIBCO)

.100 mg ml�1 ketamine (Ketamil injection; Ilium)

.20 mg ml�1 xylazine (Ilium Xylazil-20; Ilium)

.50 U ml�1 pregnant mare’s serum gonadotropin

.50 U ml�1 hCG (human chorionic gonadotropin)

.RedTaq with buffer (D5684; Sigma)

.10 mM dNTP mix (954143031; Eppendorf)

.Gene-specific forward and reverse primer m CRITICAL To eliminate
amplification of the endogenous gene locus, the forward primer
should be positioned in the promoter sequence, whereas the reverse primer
should be gene-specific. Establish PCR protocol in advance by mixing the
transgenic vector in genomic DNA extracted by the method intended to be
used later for genotyping of the mice.

.10 mg ml�1 hyaluronidase (H3884; Sigma)
EQUIPMENT
.DNA electrophoresis setup m CRITICAL A small unit only used for

preparation of DNA for pronuclear injection is recommended to avoid
contamination.

.Bright-field transillumination table

.0.2 or 0.45 mm Ultrafree-MC spin column (UFC30HV00; Millipore)

.1.5/2 ml tube centrifuge (5417R; Eppendorf)

.Photometer to measure DNA concentration at 260/280 nm

.Sterile filter Millex GP (SLGP033RB; Millipore)

.Microcapillaries intraMARK green 50 ml (708733; Brand)

.Diamond cutter

.Bunsen burner

.Mouthpiece, tubing and microcapillary holder

.35, 60 and 100 mm cell culture dishes (93040, 93060, 93100; TPP)

.Dissection tools: 2� Dumont #5 forceps (91150-20), surgical forceps (91106-
12), iris forceps (11064-07), iris scissors (91460-11), vessel clamp (18374-43),
wound clips (12040-01) and applier (12018-12; Fine Scientific Tools)

.Warming pad or, alternatively, cool packs warmed in a 37 1C water bath

.Electrical hair cutter

.Red lamp for warming narcotized animals (alternatively, warming pad)

.Fusel-free tissue paper (Kimwipe)

.Superfrost microscope slide (Menzel) m CRITICAL Clean slide before use
with acetone/ethanol to remove remaining oil from previous injections.

.Stereoscopic microscope with top and bottom illumination (SZX7;
Olympus)

. Inverted microinjection microscope with DIC optic (IX71; Olympus)

.Manual microinjector for holding oocytes (Cell Tram Oil; 5176000.025;
Eppendorf)

.2� Micromanipulator (TransferMan NK2; 5188000.012; Eppendorf)

.Microinjector (FemtoJet; 5247000.013; Eppendorf)

.Microcapillary with 15 mm inner diameter, 100 mm outer diameter and
351 tip angle for holding oocytes (VacuTip; 5175108.000; Eppendorf)

.Microinjection capillaries (Femtotip; 5242952.008; Eppendorf)

.Microloader (5242956.003; Eppendorf)

.37 1C incubator (Haemocult)

.PCR machine
REAGENT SETUP
Vasectomized male mice Keep 10–12 vasectomized male albino mice
(e.g., NMRI strain) individually in type II or II long (II L) cages. Vasectomized
mice can either be bought directly from animal suppliers or the simple
procedure can be performed on 2–3-month-old males (see below). Vasecto-
mized males can be kept for up to a year, successively replacing performers
that do not plug (see below). m CRITICAL Other outbred albino strains such
as CD1 may be considered as sterile stud males depending on the local
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animal supplier’s strain availability. The advantage of using an albino strain is
that offspring accidentally derived from an NMRI � NMRI mating, owing to an
incomplete vasectomy, can easily be discriminated from offspring derived from
reimplanted and injected zygotes, owing to the white color.

Foster mother mice Forty female albino mice (e.g., NMRI) are needed to serve
as pseudopregnant foster mothers. Buy the females at 6–8 weeks of age and keep
in type III cages in groups of 6–8 mice. They need to be replaced regularly as they
are used up, but also when they become too fat or too old. m CRITICAL
Other outbred albino strains such as CD1 may be considered as foster mothers
depending on the local animal supplier’s strain availability. In our hands, the
NMRI strain has shown to be very robust during surgical procedures, the
infundibulum is easily accessible for zygote transfer and the foster mothers can
feed huge litters. The advantage of using an albino strain is that offspring
accidentally derived from an NMRI � NMRI mating, owing to an incomplete
vasectomy, can easily be discriminated from offspring derived from reimplanted
and injected zygotes, owing to the white color.

Male parental mice A total of 10–12 male B6D2F1 (F1 of strains C57Bl/6 �
DBA2) mice are needed as mating partners for the production of zygotes. They
should be kept individually in type II cages. Buy at 6–8 weeks of age and use for
up to a year.

Zygote donor mice A total of 40–50 female B6D2F1 mice are needed to
produce zygotes for DNA injection. These mice should be bought in batches
suitable for 4–5 injection dates, that is, a total of 40–50 mice, which are kept in
5–7 type III cages. They can be used at 6–10 weeks of age and should be
constantly replenished. m CRITICAL The optimal age of the zygote donors
needs to be empirically determined by the experimenter as it depends on the
strain used and the time scheme for superovulation, zygote collection and
pronuclear injection (see below). Inbred stains such as C57Bl/6 may be used to
generate transgenic mice on a pure background; however, it needs more
injections to obtain a comparable number of transgenic lines, owing to a lower
yield and a higher fragility of C57Bl/6 compared to B6D2F1 zygotes and a lower
frequency of transgene integration. On the other hand, if a transgene is expressed
on a mixed B6D2F1 background, ten rounds of backcrossing onto C57Bl/6 are
needed to obtain a pure strain. In practical terms, if the experimenter is less

experienced or the transgenic strain has to be produced very rapidly, an F1 strain
such as B6D2F1 should be the strain of choice.
Mouse housing Depending on the local facilities, the mice may be either kept
in an environment free of pathogens, a so-called SPF (specified pathogen-free)
facility, in individually ventilated cage systems or in a conventional facility,
possibly under optimized holding conditions. The latter is the cheapest option
(with respect to equipment and labor) and also the least time consuming, but
when transgenic strains are to be exchanged with other laboratories, in most
cases SPF mice are requested. One option is to establish the transgenic strain first
in a conventional facility followed by an embryo transfer into an SPF foster
(see below). m CRITICAL For transgenic mouse production, sufficient
space is needed in the animal facility. In addition to fosters, vasectomized males,
oocyte donors and their mating partners, space is needed for subsequent strain
selection. Once transgenic founders are established among the offspring
of reimplanted founders, these are used to establish transgenic lines. We
routinely generate and breed ten or more founder animals (F0 generation)
per transgenic construct. Sufficient numbers need to be bred for screening of
expression level, expression pattern and pathology, before all but two or three
lines are terminated. This screening needs space that is comparable to what is
eventually needed for subsequent experiments with the selected strains. For
pronuclear injection experiments, we recommend a lighting cycle of 6 pm
to 6 am dark.
M2+ medium Supplement M2 medium with penicillin/streptomycin or
gentamycin and sterile filter. m CRITICAL Gentamycin is not stable at final
concentration. Supplement the M2 medium with 20 mM HEPES pH 7.4, to
buffer pH changes outside the CO2 incubator and thereby prevent shrinkage and
a reduced viability of the zygotes.
Anesthesia Dilute ketamine and xylazine in phosphate-buffered saline to a
final concentration of 12.5 and 2.5 mg ml�1, respectively, sterile filter and freeze
in 1 ml aliquots. Anesthetize mice at 0.006 ml g�1 body weight. Other anesthesia
protocols may be used instead, depending on the local animal ethics regulations.
Transfer and reimplantation capillaries Hand pull intraMARK green 50 ml
microcapillaries with a Bunsen burner. Then break with a diamond cutter at a
suitable length to obtain an internal diameter of 200–300 mm. Polish the
capillary by rapidly passing through flame.

PROCEDURE
Vasectomy � TIMING 2–3 h
1| Anesthetize 10–12 males by intraperitoneal (i.p.) injection with ketamine/xylazine and place on their backs to expose the
abdomen when deeply narcotized.
m CRITICAL STEP Vasectomies have to be performed at least 10–14 days before the first mating, to allow the recovery of males
from the surgical procedure. It is advisable to determine sterility of the stud mice by breeding them with females. Males can be
reused for subsequent injections.

2| Apply moderate pressure to the abdomen to push the
testes into the scrotal sac (Fig. 1a). Make a 10 mm midline
skin incision. The transparent scrotal sac should appear on the
left and right of the midline.

3| Make a 5 mm incision on the left (right) of the midline
and push the testis gently to the left (right) until the vas
deferens becomes visible as a white tubule together with a
single vessel.

4| Pull the vas deferens out with a forceps (Fig. 1b). Hold
the vas deferens with the forceps such that a loop is formed.
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Figure 1 | Vasectomy. (a) An anesthetized male NMRI mouse placed on its

back to expose the abdomen. Moderate pressure is applied to the abdomen

(arrows) to push the testes into the scrotal sac (broken arrows). A 10 mm

midline incision is made in the scrotal sac (red line). (b) The vas deferens is

pulled out with a forceps and held with a forceps such that a loop is formed.

(c) A fine forceps is heated until the tip is glowing red, and the loop of the

vas deferens (B 0.5 cm) removed by cauterizing the ends. (d) Scheme

illustrates positioning of the forceps, formation of loop and removal of vas

deferens.
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Heat a fine forceps until the tip is glowing red, and remove the
loop of the vas deferens (B0.5 cm) by cauterizing the ends
(Fig. 1c,d).

5| Perform the same procedure for the right vas deferens and
sew or clip the skin.

Preparation of DNA � TIMING 6–8 h
6| For zygote injection, the DNA construct needs to be
linearized and the remaining vector sequences removed. Digest
10 mg of purified vector containing the gene of interest in a
volume of 50 ml with 50 U restriction enzyme(s) to complete
digestion within less than 2 h. Sequential digestion may be
needed when the cutting temperatures of enzymes used differ.
m CRITICAL STEP Run 2 ml of the digest on an agarose gel to
test complete digestion. Increase digestion time if needed.

7| Separate the whole digest on a preparative agarose gel.
Instead of ethidium bromide, which is toxic even at low
concentrations, add crystal violet to the gel buffer (1:1,000
dilution of 2% stock). Supplement the loading buffer and
electrophoresis buffer with crystal violet, if desired, to assist
in visualization of the DNA band on a bright-field transillumination table. Cut the band containing the linearized gene construct
from the gel and purify the DNA using a silica bead-based kit such as the Jetsorb Gel Extraction Kit (Genomed) according to the
manufacturer’s protocol. Gel absorption kits are not recommended.
m CRITICAL STEP Elute the DNA with MI buffer, especially when the DNA concentration is expected to be low and the DNA cannot
be much further diluted for the injection.

8| Ultrafiltrate the eluted DNA through a 0.45 mm Ultrafree-MC spin column. For DNA constructs below 10 kb, dilute the DNA
to 3 ng ml�1 in MI buffer and pass through a 0.2 mm Ultrafree-MC spin column. For larger DNA constructs, dilute the DNA to
3 ng ml�1 in MI buffer that has been filtered through a 0.2 mm Ultrafree-MC spin column.
’ PAUSE POINT The purified digest can be stored at �20 1C until use.

9| Thaw purified DNA immediately before injection (Step 27), centrifuge the diluted DNA at 17,000g for 5 min at 4 1C and
keep on ice until use. When loading the injection capillary, take the DNA from the upper phase.

Mouse schedule � TIMING 4 days
10| To produce zygotes for pronuclear injection, superovulate 8–10 female B6D2F1 mice and mate with B6D2F1 males. For this,
inject females i.p. with 5 IU pregnant mare’s serum gonadotropin (PMSG; in 100 ml) in the afternoon (B4 pm) of day 1
(Fig. 2a). After 46–48 h, that is, in the afternoon of day 3 (B2 pm), inject the females i.p. with 5 IU hCG to induce
ovulation 10–12 h later. Following the hCG injection, put the females together with B6D2F1 males in a 1:1 ratio in single
cages overnight.
m CRITICAL STEP This timing is critical and needs to be empirically optimized, to obtain sufficient numbers of oocytes with clearly
visible pronuclei on the next day.

11| To obtain pseudopregnant females, select NMRI females in estrus (as evidenced by a swollen, moist and pink vagina) and
put two females together with one vasectomized NMRI male each overnight. We recommend a minimum of ten breedings (Fig. 2a).
m CRITICAL STEP Transferring some mulch from the female into the male home cage an hour before mating can increase the per-
formance of the males.

12| On the morning of day 4, collect B6D2F1 females with vaginal plugs (Fig. 2b) for zygote preparation and eliminate the
females without plugs (Fig. 2c). Similarly, collect the NMRI females with plugs, but leave them in the animal facility until
needed later in the afternoon for reimplantation.

Zygote preparation � TIMING 1–2 h
13| Prepare the transfer setup as shown in Figure 3a. Place six drops of 10 ml M2+ medium in three 35 mm dishes (Fig. 3b).
Then overlay the whole dish with mineral oil by carefully flooding the dish from the center. For safety handling, place the 35
mm dishes on the lids of 100 mm dishes.
m CRITICAL STEP Keeping a bigger gap between the first and last drop makes future orientation easier.
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Mice Day 1 Day 3 Day 4
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B6D2F1

B6D2F1
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Vasectomized

a

Mating

Figure 2 | Mating scheme and copulation plug. (a) Timeline of hormone

treatments and matings. (b,c) Plugged (arrow) compared to unplugged female

B6D2F1 mouse.
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14| Fill two additional 60 mm dishes with medium and place
all dishes into a 37 1C incubator.

15| Kill plugged B6D2F1 females by cervical dislocation.

16| Place mice in groups of three to four on their back on
absorbent paper and rinse thoroughly with 70% ethanol. Pinch
skin at the midline and make a small incision. Hold the skin
firmly above and below the incision and pull toward the
head and tail to expose the abdomen (Fig. 4a). Incise the
peritoneum and expose the inner organs.

17| Push up the gut and grab one of the uterine horns with
an iris forceps. With the second pair of forceps, separate the
uterus from the mesometrium and fat tissue (Fig. 4b). Make a
cut first between the oviduct and ovary (Fig. 4c) and then
through the uterus near the oviduct (Fig. 4d). Transfer the ovi-
duct (with some adjacent uterine and ovarian tissue) onto a
60 mm dish with medium.

18| Under the stereoscopic microscope, transfer one oviduct
at a time into the second 60 mm dish with medium, tearing
the oviduct where it is most swollen (site where zygotes
mainly are) using a pair of Dumont #5 forceps. Squeeze zygotes
gently out of the oviduct if they do not flow out by them-
selves.

19| The zygotes are in a cluster of follicular cumulus cells
(Fig. 4e), which need to be removed as they are sticky and
would clog the injection capillary. Clean zygotes from follicular cells by transferring all zygotes along with the adhering cells
into the first of the six drops of 10 ml M2+ medium in the first 35 mm dish (Fig. 3b).

20| Add 1–2 ml of the hyaluronidase stock solution to the cells in the droplet. In a slow circular motion, stir the zygotes in
the drop and successively transfer them clockwise through the drops, until in the final drop, the zygotes are collected and all
cumulus cells are left behind (Fig. 4f).
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b

Mouth piece

Sterile filter

Tubing

Capillary holder

Transfer capillary

1

Figure 3 | Transfer capillary setup and preparation of zygotes in M2+ medium.

(a) Scheme illustrating pipetting device for handling and reimplanting

zygotes. (b) Six drops of 10 ml M2+ medium placed in 35 mm dish, indicating

drop 1. Drops are overlaid with mineral oil by carefully flooding the dish from

the center.

a b c d

e f
Figure 4 | Harvesting of zygotes. (a) Cervically dislocated mouse is skinned

after pulling incised skin toward head and tail to expose the abdomen.

(b) Uterus separated from mesometrium and fat tissue using closed scissors.

(c) Cut made first between oviduct and ovary (see inset) and then

(d) through the uterus near the oviduct. (e) Zygotes harvested with follicular

cumulus cells, and (f) after successive treatments with hyaluronidase (normal

zygotes, arrows; degenerated zygotes, arrowheads).
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21| Finally, transfer all purified zygotes to the first drop of
medium in the second 35 mm dish which is placed on a lid
of a 100 mm dish for easy handling, and place the dish in the
37 1C incubator.

Injecting zygotes � TIMING 1–3 h
22| Place an 18 ml drop of M2+ medium in the center of a
clean microscope slide. Using an insulin syringe, place two
small drops of mineral oil on the left and right of the medium
drop until they float together to form a thin film of oil
covering the medium drop, thereby preventing evaporation
and thus shrinkage of the oocytes and shedding of the zona
pellucida (Fig. 5).

23| Place the slide under a stereoscopic microscope and
transfer 20–50 zygotes, depending on experience, into the
upper part of the drop (Fig. 5).
m CRITICAL STEP A careful separation of the uninjected zygotes in the upper part of the drop and subsequent placing of
injected zygotes prevents a mix-up of injected and uninjected zygotes.

24| Place the slide onto the stage of the microinjection microscope.

25| Place the microcapillary for holding oocytes into the connector piece of the oil-filled manual microinjector. Fill the capillary
to remove all air bubbles until a drop of oil appears at the tip. Remove the drop of oil carefully with tissue paper.

26| Fill the capillary up to two-thirds with M2+ medium by suction. Remove excess medium with tissue paper. Adjust the
mounting angle of the holder to 351, such that the tip runs parallel to the slide (Fig. 5). Shift the motor inwards and position
the tip beside the medium drop. Set a low point to prevent breakage of the holding capillary.

27| Fill the injection capillary using a microloader with 0.5–1 ml of plasmid DNA. Insert the injection capillary into the connec-
tor piece and lower the capillary into the medium drop on the stage such that it is positioned in the center just below the
zygotes. Again set a low point to prevent breakage of the capillary.

28| Clean the injection capillary following the recommendations of the manufacturer of the microinjection device. To inject a
zygote, move the holder to the collected zygotes, apply a fine suction, move one zygote to the center and position the zygote
in the same plane of focus as the opening of the holder, ideally, such that the polar body and the female and male pronuclei are
aligned as shown in Figure 6a. Then move the injection capillary below the zygote (6 o’clock position) and bring the tip of the
capillary in focus with the male pronucleus. To inject, bring the capillary in a parallel position, along the horizontal line of the
aligned pronuclei (Fig. 5). Once the male pronucleus is penetrated (which may be accompanied by some indentation of the
zona pellucida), inject DNA and then withdraw the capillary. A successful injection is evident by a swelling of the male pronu-
cleus (Fig. 6b).
m CRITICAL STEP The female pronucleus can also be injected, but it is more difficult to penetrate as it is smaller than
the male pronucleus. The experimenter needs to empirically determine the best time of the day to do the microinjections
as the visibility of the pronuclei changes with advanced maturation of the zygotes. When the zygote is damaged
because nuclear DNA is sticking to the injection capillary, the zygote can slowly lyse and this may not be immediately evident.
The injection capillaries can be cleaned by moving them along the shaft of the holding capillary. If zygotes stick to the injection
capillary, they can be removed with the help of the holding capillary or by moving the injection capillary out of the medium
drop through the oil and back again. When the injection capillary cannot be properly cleaned, it should be replaced by a
freshly loaded capillary.
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b Figure 6 | Pronuclear injection. (a) The holding

capillary stabilizes one zygote in the center. The

position of the zygote is in the same plane of

focus as the opening of the holder, ideally facing

it with the polar body and the female and male

pronuclei aligned horizontally. (b) When the male

pronucleus is penetrated with the injection

capillary and the DNA is injected, the male

pronucleus swells (inset). hc, holding capillary; pb,

polar body; mp, male pronucleus; fp, female

pronucleus; zp, zona pellucida.
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Reimplantation of injected zygotes � TIMING 15–30
min/foster
29| Implant about 15–30 injected zygotes into the oviduct
of one pseudopregnant NMRI foster mother. A bilateral
reimplantation is optional. First load the injected zygotes
into the transfer capillary as shown in Figure 7a, arranged
like a chain of pearls, including air bubbles to visualize a
successful reimplantation.
m CRITICAL STEP The reimplantation capillary should be
thick enough to allow loading of the zygotes without damage and thin enough to be able to enter the infundibulum.
m CRITICAL STEP As an alternative to reimplanting on the injection day, the injected zygotes may be cultured overnight in M16
medium (Sigma) and reimplanted at the two-cell stage. This is the case when no pseudopregnant females are available on the day of
injection.

30| Anesthetize a plugged NMRI female and place the narcotized mouse on a dry tissue as shown in Figure 7b. Shave a broad
area of the side of the mouse, clean the area properly with 70% ethanol and transfer the mouse onto a new dry tissue. Following
additional cleaning with Braunol (optional), make a 1-cm-long skin incision parallel to the dorsal midline (Fig. 7b,c). The fat
pad attached to the ovary should become visible through the transparent musculature (Fig. 7c). Cut the musculature covering
the ovary with a scissor and stretch the incision with a forceps to stop possible bleeding.
m CRITICAL STEP Avoid cutting blood vessels as bleeding may eventually hinder the visibility of the infundibulum and may clog
the injection capillary such that the zygotes cannot be deposited in the infundibulum.

31| Grab the fat pad with a forceps and gently pull the ovary out until its attached oviduct and uterus are clearly visible
(Fig. 7d). Fix the fat pad with a vessel clamp and position the ovary tract over the spine, and correct the positioning of this
under a stereoscopic microscope if needed. The coiled oviduct within the transparent bursa should be clearly visible by now
(Fig. 7e). Use two Dumont #5 forceps to tear the bursa covering the gap between ovary and the oviduct, carefully separating
them to expose the infundibulum.
m CRITICAL STEP The infundibulum may be hidden in the cleft between the coiled oviduct and the ovary. When the clamp
is used to position uterus, ovary and oviduct, make sure that the oviduct does not stick out in a vertical orientation, which
makes reimplantation difficult but rather that it is oriented horizontally such that the reimplantation capillary can be easily
inserted into the infundibulum (without a major change of plane of focus). Remove any liquid or traces of blood with
tissue paper.

32| Pick up the reimplantation capillary with the loaded zygotes and carefully widen the cleft that buries the infundibulum
with a fine forceps without causing any bleeding and insert the transfer capillary into the infundibulum (Fig. 7f). Slowly blow
the zygotes into the infundibulum together until the air bubbles become visible in the ampulla, indicating a successful transfer.
m CRITICAL STEP It is important not to blow too hard as this might result in the zygotes spilling into the abdominal cavity.

33| Release the clamp fixing the fat pad and use blunt tools to push the ovary back into the abdomen. Sew up first the
musculature and then the skin, or alternatively use wound clips for the skin.
m CRITICAL STEP Avoid coiling of the uterus when pushing it back into the body.

34| Keep the mice warm using a red lamp until narcosis ends and use moistening cream to prevent the eyes from drying out.
Place the reimplanted mice into the home cage and transfer them back into the mouse facility.
m CRITICAL STEP It is helpful to keep up to three reimplanted fosters in one cage in case one female only delivers a few babies
and/or has not enough milk.
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Figure 7 | Reimplantation of injected zygotes. (a) The transfer capillary is

loaded with injected zygotes that are arranged like a chain of pearls. The two

air bubbles assist in subsequently visualizing a successful reimplantation.

(b) The anesthetized plugged NMRI female is placed on a dry tissue and

cleaned with 70% ethanol. (b,c) A 1-cm-long skin incision (red line) is made

parallel to the dorsal midline. The fat pad attached to the ovary is visible

through the transparent musculature. (d) The fat pad is grabbed with a

forceps and the ovary gently pulled out together with the attached oviduct

and uterus. The fat pad is fixed with a vessel clamp. (e) Coiled oviduct within

the transparent bursa. (f) Transfer capillary positioned in the infundibulum
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Genotyping
35| Extract genomic DNA from tail biopsies of the 3-week-old mice by hot digestion as described43. Briefly, incubate short tail
biopsies (B2 mm) in 100 ml alkaline lysis buffer (25 mM NaOH, 0.2 mM disodium EDTA, pH 12.0) for 1 h at 95 1C in a thermal
block (Eppendorf) with constant shaking at 1,000 r.p.m.

36| Subsequently, cool sample on ice and add 100 ml of neutralizing buffer (40 mM Tris-HCl, pH 5.0). Spin the samples in a
bench-top centrifuge to recover evaporated liquid. The supernatant contains the DNA, and 1 ml should be used for genotyping.
m CRITICAL STEP Although the hot-shot method works for most PCR genotypings, further purification by ethanol precipitation
or with columns may be needed.
? TROUBLESHOOTING

� TIMING
Preparation
Cloning: 14 days to 42 months (depending on the complexity of construct)
Vasectomy: 2–3 h for 10–20 males (plus 10–14 days recovery)
Preparation of DNA: 6–8 h
Mouse schedule: 4 days

Injection
Zygote preparation: 1–2 h
Injecting zygotes: 1–3 h
Reimplantation: 15–30 min per foster

Establishment of transgenic lines
F0 generation: 2 months (20 days gestation, PCR analysis at 3 weeks of age)
F1 and further generations: 6–12 months

? TROUBLESHOOTING
Even when all the steps have been perfected, several problems can be encountered when examining the reimplanted fosters at
the time of delivery or when screening offspring for transgene integration and expression:
� No pups are born: this could be an indication that either the reimplantation procedure still needs to be perfected (in which

case we recommend a few practice runs with uninjected zygotes) or that the zygotes did not survive the injection procedure.
This can be easily monitored by cultivating injected zygotes overnight and determining how many are in the two-cell stage
and how many are lysed. In this case, the injection procedure needs to be optimized. This is a matter of practice but one
option is also to use a horizontal puller to make custom-made injection capillaries with optimized size, diameter and shape.

� Only a few pups are born: possible reasons are that either not all zygotes have been transferred (i.e., some have been spilled
into the peritoneum), that the injection procedure is not optimal or that the DNA is toxic (owing to imperfect purification or
a concentration that is too high).

� Many pups are born but only a few or even none are transgenic: This indicates that the reimplantation was successful but not
the injection. Either the DNA concentration has been too low (in which case we would suggest using a twofold higher con-
centration) or, during the actual injection, the DNA has been injected into the cytoplasm and not the pronucleus or not
enough DNA has been injected. A swelling of the pronucleus needs to be evident during the injection process, if not, the
injection time and/or the injection pressure need to be increased.

� Many transgenic pups are born but they do not express the transgene: generally, expression is monitored at the protein level.
In our experience with the mThy1.2 expression vector, one in every three to four lines expresses the transgene-encoded pro-
tein at moderate to high levels, irrespective of the gene expressed. However, in general, it is not unusual that only 10% or
less of the founders generate offspring that expresses the transgene. Therefore, we recommend obtaining at least ten founders
for each expression construct. Some combinations of cDNA and expression vector, in our experience, lead to low-expression
frequencies. In this case, we suggest to increase the numbers of injections or to use a different expression vector. We also
found that some lines are difficult to reproduce even when the same plasmid preparation is reinjected. Lack of protein expres-
sion in the transgenic offspring could be due to a cloning error. An easy way to rule out this is to run a northern blot. If
mRNA, but no protein, is detectable, this could be an indication of an error such as a frameshift mutation. If no mRNA is
detectable, the DNA concentration used for microinjection might have been too low, leading to the integration of only a few
copies, and subsequently, either no or a very low transgene expression.

� Variability of transgene expression in transgenic strain: if transgene-positive offspring shows a high variability in expression,
this can be due to genetic background (if the transgenic strain has been established on a mixed background), or multiple
integration of the transgene and improper segregation. This can be easily determined by Southern blot analysis. We recom-
mend to establish transgenic lines always starting with one F1 animal and not the F0 founder, thus resisting the urge to
establish a line slightly faster by interbreeding several F1 animals.
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ANTICIPATED RESULTS
Tau is a microtubule-associated protein and it contains two
major domains, a projection and a microtubule-binding
domain44. To dissect the role of these domains, we expressed
the projection domain of tau under the control of the mThy1.2
promoter (Dtau) (Fig. 8a). For this, the sequence encoding
amino acids 256–441 of the longest human tau isoform, htau40,
was removed from the full-length cDNA. After linearization with
NotI and PvuI and removal of the vector sequences, the DNA
was injected into fertilized B6D2F1 oocytes. Thirty-nine pups
(20 female, 19 male) were born 20 days after the reimplantation
and genotyped upon weaning at postnatal day 21 using the
primers 5¢-aagtcacccagcagggaggtgctcag-3¢ and
5¢-gggtgtctccaatgcctgcttcttcag-3¢ (Fig. 8b). Of these, six females
and four males (F0 generation) were typed transgene-positive
and mated individually with C57Bl/6 mice at 6 weeks of age.
Seven of the ten breeding pairs gave offspring (F1 generation).
Transgenic animals from the F1 generation were again mated
with C57Bl/6 mice to establish seven individual Dtau
transgenic strains. Breeding of two strains was terminated
after 420 offspring were all genotyped as wild type. One
strain transmitted the transgene to offspring, but the litter
sizes were small (o4 per litter) and the frequency of birth
was low (once in 3 months). Of the remaining strains,
expression of transgenic tau protein was analyzed by western
blotting with a human tau-specific antibody (HT7) of brain
extracts, revealing different expression levels (Fig. 8c).
In the hippocampus, expression of human tau was limited
to cells of the neuronal layers CA1 and CA3 (Fig. 8d). Thus, we established two low- and two high-expressing Dtau strains.
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