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i. Summary / Abstract 

Genomic-type transgenes are usually expressed in appropriate spatial- and temporal-

specific manners. The largest genomic transgenes can be prepared using yeast artificial 

chromosomes (YACs). Normally, YAC transgenic mice are produced by standard 

pronuclear microinjection although other methods, involving the use of embryonic stem 

(ES) cells, have been also devised. To overcome the difficultness and time extension of 

ES cell-type approaches and to improve the rather usual low efficiency of YAC DNA 

transgenesis by pronuclear microinjection, mostly dependent on the YAC DNA quality of 

samples, we have devised an updated intracytoplasmic sperm injection (ICSI) method for 

the stable incorporation of YACs into the germ line of mice. DNA transgenesis 

efficiencies achieved are in the range of 10 times bigger than those usually obtained by 

standard microinjection, thus enabling the identification of either more founder animals 

and/or the use of reduced numbers of individuals in animal experimentation.   
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1. Introduction 

The use of YACs, bacterial artificial chromosomes (BACs) and P1-derived artificial 

chromosomes (PACs) in animal transgenesis has allowed the identification of new genes 

by complementation of mutations, the systematic characterisation of fundamental 

regulatory sequences within expression domains that are crucial for faithful expression of 

genes and, more importantly, the design and generation of improved genetically modified 

animal models for a vast number of human genetic diseases (1). Due to their 

extraordinary cloning capacity (in excess of 1 Mb), YACs have been the most preferred 

eukaryotic cloning vector for manipulating large genomic DNA segments. The use of 

large genomic-type transgenes (such as YACs) has proven useful to reproduce the 

expression pattern of the gene of interest, because their size normally guarantees the 

inclusion of most if not all regulatory elements that are relevant for the correct expression 

of the gene (1, 2).  

Several methods have been described to generate transgenic mice carrying YACs, most 

notably standard pronuclear injection of fertilised-oocytes (3, 4), but also yeast 

sphaeroplast fusion with mouse embryonic stem (ES) cells (5) or lipofection of YAC 

DNA lipid-coated molecules (liposomes) into ES cells (6). The two ES cell-mediated 

methods can be difficult and time-consuming (1), whereas the microinjection of YAC 

DNA into fertilised oocytes is also not free of problems, because low transgenic 

efficiencies can be observed.  

The use of DNA-coated sperm as a vehicle for animal transgenesis was a matter of debate 

(7, 8, 9)  until recent, when a reproducible method involving sperm cells with damaged 

membranes by freeze-thaw cycles or exposure to detergents was eventually reported (10), 



and the interest in intracytoplasmic sperm injection (ICSI) techniques was rediscovered. 

This method was called “metaphase II transgenesis”, since it involved the use of non-

fertilised metaphase II oocytes as recipients for the injection of membrane-damaged 

sperm cells combined with DNA and resulted in the generation of transgenic mice at high 

efficiency (10). To explore the limits of this method, several transgene archetypes were 

assayed and it was initially possible to generate transgenic mice carrying BACs or small 

MACs (ranging from 12 to 170 kb), although the integrity of these first genomic 

constructs could not be directly demonstrated (11). Recently, we have improved the ICSI 

method with the modifications that are detailed below, in the methods section, thus 

allowing the generation of YAC transgenic mice by ICSI (12), at higher efficiencies 

(35%) than those reported with pronuclear injection methods (<5%) (1, 2). We have also 

proven the integrity and functionality of a YAC genomic construct of 250 kb in size, 

carrying the mouse tyrosinase locus and hence supporting the rescue of the albino 

phenotype of recipient mice (12). Furthermore, we have been able to expand the limits of 

this technique with the efficient generation of transgenic mice carrying a 520 kb YAC by 

ICSI (J. Pozueta, P. Moreira, et al., unpublished).  

We call our improved technique “ICSI-mediated YAC transfer” or IMYT (12). With the 

use of IMYT we believe that the use of large genomic constructs, such as YACs, in 

standard mouse transgenic experiments can be further expanded and popularised. In 

addition, this technique should allow the use of large genomic transgenes in other species, 

vertebrates and invertebrates, were pronuclear injection has been historically difficult or 

less efficient. 



The generation of transgenic mice by IMYT involves several steps: [1] initial isolation 

and purification of YAC DNA; [2] gamete collection; [3] sperm freezing; [4]  

sperm/YAC DNA transgene mixing; and, finally, [5] ICSI and embryo 

micromanipulation, culture and transfer into recipient pseudopregnant females. A detailed 

protocol describing all these different steps is provided below, in the methods section. 

 

2. Materials 

PMSG (Pregnant Mare´s Serum Gonadotropin) (Folligon, Intervet or Serigan, Ovejero). 

This hormone comes in a lyophilized form, in ampullae of 500 IU or 1000 IU. For its 

preparation it is dissolved in 10 ml of saline physiological serum (0.9% NaCl), for a final 

concentration of 5 IU per 0.1 ml. Aliquots can be stored in Eppendorf tubes at -80oC for 

up to three months (see Notes 1 and 2) 

HCG (Hormone Corionic Gonadotropic) (Chorulon, Intervet or Coriogan, Ovejero) 

This hormone comes in a lyophilized form, in ampullae of 1500 IU. For its preparation it 

is dissolved in 20 ml of saline physiological serum (0.9% NaCl), for a final concentration 

of 7.5 IU per 0.1 ml. Aliquots can be stored in Eppendorf tubes at -80oC for up to one 

month (see Notes 1 and 2) 

M2 Medium (Product number M7167, Sigma, Madrid, Spain) Does not require 

preparation. It should be warmed to 37 oC before use. A 50 ml bottle can be stored at 4 oC 

for up to 15 days. In order to avoid protein precipitation due to repeated warming and 

cooling just the required volume should be warmed.  

 KSOM Medium (Potassium Simplex Optimized Media) (Product number MR-020P-D, 

Specialty Media, Piddington Northampton, United Kingdom) Does not require 



preparation. It should be equilibrated at least for two hours before use at 37oC in a 5% 

CO2 air atmosphere. A 50 ml bottle can be stored at 4 oC (or at -20 oC if aliquoted) for up 

to three weeks. Repeated freezing and thawing causes salt precipitation. A thawed aliquot 

should not be stored again. 

Hyaluronidase Type IV: From Bovine Testes (Embryo Tested) (Product number H4272, 

Sigma, Madrid, Spain) One vial of hyaluronidase in powder should be reconstituted with 

3 ml of M2 medium to obtain a 10 mg/ml stock solution. The stock solution should be 

diluted with M2 medium to obtain a final working concentration of approximately 300 

µg/ml. This enzymatic solution can be stored in aliquots of 500µl at -20oC until use. (see 

Note 3) 

PVP (Polyvinyl-pirrolidone)(Product number PVP-360, Sigma, Madrid, Spain) 

In order to prepare a 10% working solution, 200µg of PVP should be layered on top of 2 

ml of M2 medium, placed in a 35 mm Ø Petri dish without agitation for 2 days at 4 oC. 

The final solution can be used for up to 15 days if stored at 4 oC. Sterility should be a 

concern throughout the procedure. In order to avoid evaporation and salt concentration, 

the Petri dish used to dissolve PVP should be sealed with parafilm. 

Mineral Oil (Product number M8410, Sigma, Madrid, Spain) It should be stored at room 

temperature. The mineral oil should have minimal exposure to light since it induces a 

toxic molecular breakdown. 

Mercury (Product number 25 359.188, Merck, Briare Le Canal, France). This product is 

highly toxic. Skin contact and inhalation should be avoided. It vaporizes. 



Borosilicate Glass Capillaries (Product number TW100-4, Kwik-Fil, Germany). The 

hardness of these glass capillaries and their inner and outer diameter (0.75 and 1.0 mm, 

respectively) are crucial features for the elaboration of efficient microinjection tools.  

Stereoscope (Nikon SMZ 1500, Kanagawa, Japan) 

Pipette Puller (Model P87, Sutter Instrument Co, Novato U.S.A.) 

Microforge (MF-900, Narishige Scientific Instruments Lab, Tokyo, Japan)  

Inverted Microscope (Nikon TE Eclipse 2000S, Kanagawa, Japan) with Hoffman 

lenses. Please note that microinjection is usually done on a plastic lid that does not allow 

the use of polarized light and consequently DIC (direct interference contrast) lenses. DIC 

lenses can be used with a glass microinjection dish. 

Micromanipulators (Eppendorf TransferMan NK 2, Hamburg, Germany) 

Microinjectors (Eppendorf Cell Tram Vario, Hamburg, Germany). These microinjectors 

are extremely efficient for all microinjection work requiring the use of mercury-loaded 

injection glass capillaries. They allow extreme but careful control as well. 

Piezo Impact Unit (PMM150FU, Prime Tech, Ibaraki, Japan) Although this equipment 

is relatively expensive this microinjection instrument made easy several embryo 

manipulation procedures that were only at reach of few gifted microinjectionists. It is a 

fundamental piece of equipment, especially for mouse embryo manipulation. 

 

3. Methods 

3.1 Initial isolation and purification of YAC DNA 

A number of different methods have been described to prepare high quality YAC DNA 

suitable for the generation of transgenic mice (4, 13-18). In the First edition of “YAC 



Protocols”, a standard method was described (13). Subsequently, this method, has been 

updated and slightly modified (14, 15), eventually resulting in a collection of protocols 

for the preparation of YAC DNA for pronuclear microinjection that are used routinely in 

the laboratory and have been included in the last (3rd) edition of the “Manipulating the 

Mouse Embryo” book (16-18). A detailed YAC DNA purification protocol can be 

directly downloaded from the following WEB site: 

http://www.cnb.uam.es/~montoliu/prot.html 

The generation of YAC transgenic mice by ICSI (12) has strictly followed this last 

mentioned protocol, using ultrafiltration units (Millipore Ultrafree MC 30,000) instead of 

the classical 2-gel approach (4, 13). Ideally, the YAC DNA preparation should be within 

the range of DNA concentration of 5-40 ng/μl (see Note 4), once the YAC DNA sample 

has been purified and dialysed in microinjection buffer containing polyamines (16-18). It 

is also highly recommended the use of freshly-made YAC DNA preparations, within 1-2 

weeks (in any case less than 1 month old), stored at +4oC. Older preparations could show 

DNA precipitates and aggregates that will interfere with further manipulation of DNA 

samples, especially microinjection or proper mixing/adherence with sperm cells. 

 

3.2 Gamete collection 

1. Collect metaphase II (MII) oocytes (unfertilised oocytes) 14 h post-human chorionic 

gonadotropin (hCG) administration, from 6-8 weeks old female mice (see Note 5) 

superovulated with 5 IU of equine chorionic gonadotropin, followed 48 h later, by an 

equivalent dose of hCG. These hormones are usually diluted with saline solution to the 

concentration of 5 IU per 0.1 ml (the volume injected with a 26 gauge needle into the 

http://www.cnb.uam.es/%7Emontoliu/prot.html


peritoneal cavity of each oocyte donor) (see Note 1). Aliquoted hormones are stored at -

20 oC, and thawed at room temperature when needed (see Note 2).  

2. Sacrifice superovulated females by cervical distension, remove their oviducts 

chirurgically and place them on a 35 mm Petri dish containing 2 ml of M2 medium pre-

warmed at 37 oC.  

3. Swirl the oviducts gently to remove blood, adipose cells and other contaminating 

particles and placed them into fresh M2 medium. Cumulus masses are released in clean 

M2 medium by inducing the rupture of the oviductal ampula with sterile forceps (Dumont 

nº3).  

4. Cumulus masses are gently picked up with a glass pipette (see Note 6) and placed into 

a 300 µl dispersion drop. Cumulus cells are dispersed by 3-5 min incubation (see Note 3) 

at 37 oC in M2 medium containing 350 IU/ml hyaluronidase.  

5. Dispersed oocytes are picked up with a glass pipette of sufficient diameter, washed 

twice in 2 ml of warm M2 medium (see Note 7) and placed in KSOM medium at 37oC in 

a 5% CO2 air atmosphere until use (see Note 8). 

 

3.3 Sperm freezing 

Freeze-thawing sperm is prepared essentially as described (19) with minor differences.  

1. Epididymal sperm from mature (3-6 months old) males (see Note 9) is collected at 

room temperature in M2 medium by excising with a pair of fine scissors, and 

compressing with forceps (Dumont, nº 5), blood and adipose tissue free epididymal 

caudae (see Note 10).  



2. The collected sperm cells, in a minimal volume, are placed with a sterile pipette tip in 

the bottom of a 1.5-ml polypropylene centrifuge tube and overlaid with the volume of 

fresh M2 medium necessary to obtain a final concentration of 2.5 x 106 sperm cells per 

ml. The sperm extender used (M2 medium) does not contain Ca2+ chelating agents, such 

as EDTA or EGTA (see Note 11).  

3. After gentle mixture, 70-100 μl aliquots of the sperm suspension are transferred to 

cryogenic 1.5 ml vials (NUNC), tightly capped and directly placed into liquid nitrogen 

(see Note 12).  

4. Sperm samples are stored for periods ranging from 1 day to 4 weeks at -75˚C (see Note 

13).  Asepsis should be maintained throughout the procedure.  

 

3.4 Sperm/YAC DNA transgene mixing 

1. Thaw an aliquot of the sperm sample at room temperature. 

2. Carefully mix equal volumes (usually 4 μl) of thawed sperm in M2 and ~4 ng/μl YAC 

DNA and keep the mixture on ice for 2 min before being mixing it with 40-50 μl of a 

10% polyvinyl-pyrrolidone (PVP; Mr 360,000) in M2 solution. Finally, place a drop of 

the final solution on the culture dish for microinjection (see Note 14).  

 

3.5 ICSI and Embryo manipulation 

1. ICSI-Mediated YAC Transfer with frozen-thawed spermatozoa is performed in M2 

medium at room temperature (see Note 15). As previously mentioned, one volume of 

sperm-YAC solution should be mixed with five of M2 medium containing 10% PVP to 

decrease stickiness of YAC DNA-coated sperm cells within the injection pipette. The 



microinjection dish used for ICSI should contain, under mineral oil, a manipulation drop 

(M2 medium) (see Note 16), a sperm-YAC drop (sperm-YAC solution in M2/10% PVP), 

and a M2/10% PVP needle-cleaning drop. 

 2. Injections are performed with a piezo drill-impact unit using a blunt-ended mercury-

containing pipette with 6-7 μm of inner diameter (see Note 17). Mercury can be placed 

inside the injection pipette with the help of a small gauge plunger. After placing the 

needle in the injection arm, the mercury should be pushed with the microinjector to the 

tip of the injection pipette until small mercury drops are released into the cleaning drop. 

The tip of the injection needle should be filled with M2/10% PVP needle-cleaning 

medium, while maintaining the mercury meniscus visible at 100x (see Note 18).  

3. Individual sperm heads decapitated by the freeze/thaw procedure or mechanically 

separated with the piezo drill are co-injected with adherent YACs into oocytes. When tail 

removal is necessary, frozen-thawed spermatozoa are aspirated, tail first, into the 

injection pipette and decapitated by the application of piezo-pulses in its neck region of 

strong intensity (setting 13 or higher). The tail is released into the injection drop, and the 

isolated YAC-coated sperm head, picked to be injected into the oocyte (see Note 19). 

Zona-drilling prior to ICSI is accomplished by piezo pulses of strong intensity (setting 13 

or higher) at the 3 o’clock position, after rotating the metaphase plate (see Note 20), or 

the polar body (when the first is not clear), to the 12 or 6 o’clock position (see Figure 1).  

A piece of the zona pellucida is usually expelled into the periviteline space before 

bringing the sperm head to the tip of the injection pipette. The injection pipette is then 

deeply inserted into the oocyte (around three quarters of its total diameter), after which, 

the oolemma is broken by the application of a single low intensity piezo-pulse (usually 



setting 2 or 3). The sperm head is released with the minimal amount of medium possible, 

before withdrawal of the injection pipette (see Note 21). Oocytes are usually injected in 

groups of ten in order to reduce the period of suboptimal conditioning. After 15 min of 

recovery at room temperature (see Note 22) in M2 medium, surviving oocytes are 

returned to mineral oil-covered KSOM and cultured at 37oC in a 5% CO2 air atmosphere. 

For full term development, 24 h later, both one and two cell embryos are transferred to 

oviducts of recipient females (see Note 23).  

Details on the embryo transfer procedure are described elsewhere (19). CD1 females 

mated with vasectomized CD1 males, are normally used for surrogate mothers for 

embryo-transfer experiments. Lactating CD1 foster mothers are occasionally used to raise 

pups. The presence of YAC DNA among founder mice (F0) can be subsequently 

investigated by PCR, Southern blot and slot analyses. It is very important to use a number 

of DNA probes spanning the entire YAC transgene to identify all the length of our YAC 

construct within the mouse host’s genome. 

For all ICSI-mediated YAC transfer experiments, mice are normally fed ad libitum with a 

standard diet and maintained in a temperature and light-controlled room (23oC, 14 hours 

light: 10 hours dark). All these animal experiments should be performed in accordance 

with Institutional Animal Care and USE Committee guidelines and in adherence with the 

established in the Guide for care and Use of Laboratory Animals as adopted and 

promulgated by the Society for the Study of Reproduction. 

 

4. Notes 

1. The injection of a volume superior to 0.2 ml per female mice is not recommended.  



2. Hormones should not be thawed at higher temperatures than 37oC since they can loose 

activity. Thawing at room temperature ensures safety of the procedure. 

3. Repeated freezing and thawing of the hyaluronidase solution causes activity loss. Long 

exposures to this concentration of hyaluronidase can induce oocyte activation, poor 

development after microinjection and, in extreme situations, can result in oocyte death. 

For these reasons extensive oocyte wash from hyaluronidase is highly recommended. 

4. Starting from high YAC DNA concentrated solutions (20-40 ng/μl) will allow 

subsequent dilution steps of YAC DNA in buffer, thus titrating out co-purifying toxic 

agents that might interfere with embryo survival. 

5. Metaphase II oocytes from outbred CD1 mice and hybrid mouse strains (i.e. B6D2F1 ) 

give usually better results than those obtained from inbred mouse strains (i.e. C57BL/6J). 

6. Cumulus masses should not be forced through the opening of the glass pipette used. Its 

diameter should allow easy flow of these masses to avoid any oocyte damage. 

7. For the motives previously explained (risk of oocyte activation upon long 

hyaluronidase exposure) an extensive oocyte wash in clean M2 is highly recommended. 

8. Oocytes should be transported/kept in KSOM medium with minimal amounts of M2 

medium in order to reduce pH alteration. M2 is buffered with Hepes, which lowers pH 

under 5% CO2. 

9. Sperm from outbred CD1 mice and some hybrid mouse strains (i.e. B6D2F1 ) give 

usually better results than those obtained from inbred mouse strains (i.e. C57BL/6J) or 

other hybrid mouse strains (i.e. C57CBAF1) (12, 19). 



10. Tissue free epididymal caudae should be washed at least twice in 2 ml of M2 medium 

in order to extensively remove adipose cells, which are the main contaminators of the 

sperm cell collection medium.  

11. It has been demonstrated that calcium quelating agents protect against DNA 

fragmentation (20). To a certain extent, ICSI-Mediated YAC Transfer relies on DNA 

fragmentation for the integration of such large YAC DNA molecules into the host 

genome.  

12. Complete immersion of cryogenic vials should be avoided since internalization of 

liquid nitrogen has been shown to compromise embryo development (19), possibly 

because it induces extremely high levels of sperm DNA fragmentation. 

13. When frozen sperm cells are stored for longer periods a gradual decrease in embryo 

development should be expected as result of the gradual deterioration of stored sperm 

samples at -75˚C. 

14. It is recommended at least 2 min incubation for proper contact and adherence between 

YAC DNA molecules and sperm heads. It is of crucial importance to work on ice and that 

pipettes of wide or cut-off tips are used to manipulate and mix YAC DNA molecules with 

sperm cells to avoid shearing of these large DNA molecules.   

15. Fertilization should be done preferably within 120 min of sperm-DNA mixing, since 

sperm freezing and thawing releases endonucleases that will degrade sperm DNA, as well 

as, any surrounding DNA, such as the YAC DNA used in the procedure. 

16. An extra M2 drop is recommended as a backup microinjection drop if for some 

reason in the first M2 drop it becomes difficult to work (contamination with mercury, 

PVP, sperm cells, etc).  



17. The tip of the injection pipette should be as sharp as possible. The sharpness of the 

injection pipette can only be controlled on a microforge with a magnification of at least 

400x.  

18. Air bubbles should be avoided in the injection needle and in the hydraulic system 

attached to the microinjector since they reduce considerably the efficiency of the of piezo 

drill, and fluid control with the microinjector. 

19. For best results sperm heads should not rest in side the injection pipette more than 5 

min. 

20. The metaphase plate can be identified in mouse oocytes by a translucid and peripheral 

area, some times prominent as well. Injection should be avoided in this area since it can 

induce damage to the metaphase plate and, in addition, it is usually an area where 

membrane healing is poor.   

21. The intensity of the piezo pulse used to penetrate the oolema and the volume of 

injected fluid should be the smallest possible in order to reduce oocyte damage and 

increase the possibility of oocyte survival and development after microinjection. 

22. Recovery at higher temperatures reduces oocyte survival. 

23. Microinjection of sperm heads coated with such large DNA molecules (such as 

YACs) results in some cases in a slower transition through the first mitosis (the same 

happens for high DNA concentrations), for which is it recommended transfer of all 

embryos (including not divided ones) if this is done on the day following microinjection 

(into day 1 recipients).  
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Figure 1 

 

Figure Legend 

Mouse Intracytoplasmic Sperm Injection with Frozen-Thawed Spermatozoa. Four to 

five sperm heads released during sperm freeze-thawing are picked to be injected into MII 

oocytes. Zona-drilling prior to ICSI is accomplished by piezo pulses of stronger intensity 

at the 3 o’clock position, after rotating the metaphase plate, or the polar body (when the 

first was not clear), to the 12 or 6 o’clock position (panel A).  A piece of the zona 

pellucida is usually expelled into the perivitelline space before bringing the sperm head to 

the tip of the injection pipette (panel B). The injection pipette is then deeply inserted up 

to three quarters of the oocyte, after which, the oolemma is broken by the application of a 

single low intensity piezo-pulse (panel C). The sperm head is released with the minimal 



amount of medium possible, before withdrawal of the injection pipette (Panel D). Arrows 

indicates sperm head. CSC, Chromosome-Spindle Complex. ZP, zona pellucida. 


