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[Abstract] The mitochondrial paradigm for common disease proposes that mitochondrial DNA (mtDNA) 

sequence variation can contribute to disease susceptibility and progression. To test this concept, 

we developed the Mitochondrial-nuclear eXchange (MNX) model, in which isolated embryonic pronuclei 

from one strain of species are implanted into an enucleated embryo of a different strain of the same 

species (e.g., C57BL/6 and C3H/HeN, Mus musculus), generating a re-constructed zygote harboring 

nuclear and mitochondrial genomes from different strains. Two-cell embryos are transferred to the ostia 

of oviducts in CD-1 pseudopregnant mice and developed to term. Nuclear genotype and mtDNA 

haplotype are verified in offspring, and females selected as founders for desired MNX colonies. By 

utilizing MNX models, many new avenues for the in vivo study for mitochondrial and nuclear genetics, 

or mito-Mendelian genetics, are now possible. 

 

[Background] The isolation of nuclear and mitochondrial genomes in MNX mice strains allows 

examination of pathomechanisms of dysfunctional bioenergetics such as cardiovascular disease 

(Fetterman et al., 2013; Grimsditch et al., 2000; Paigen et al., 1990; Wang et al., 2005), glucose 

tolerance (Freeman et al., 2006; Kaku et al., 1988) and fatty liver disease (Betancourt et al., 2014). This 

approach is distinct from conplastic (Yu et al., 2009) and xenomitochondrial (McKenzie et al., 2004) 

approaches in that MNX mice are generated directly with 100% of the desired nuclear and mtDNA 

complements from respective donor strains through nuclear transfer and thus do not require repeated 

back-crossings (as do conplastics) to generate animals having the desired genotype (Figure 1). 

Furthermore, MNX mice allow direct, unambiguous assessment of mtDNA contributions to disease 

since there is no complexity introduced by potential nuclear cross-over and combinational effects 

in the filial generations associated with standard backcrossing methods used to generate conplastic 

mice. 

 

Materials and Reagents 

 
1. 26 gauge needle 

2. 1 or 3 ml syringe 
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3. Microscope slides 

4. CellTram vario syringe 

5. 10 centimeter tissue culture dishes 

6. Female donor mice (3-4 weeks of age) of desired nuclear or mitochondrial genetic backgrounds 

7. Male breeders (proven) of matching nuclear background as donor females 

8. Female recipient mice (8-10 weeks of age) 

9. Vasectomized male mice (proven) 

10. Gonadotropin from pregnant mare serum (PMS) (Sigma-Aldrich, catalog number: G4877) 

Note: This product has been discontinued. 

11. Human chorionic gonadotropin (HCG) (Sigma-Aldrich, catalog number: CG10) 

12. M2 medium (Sigma-Aldrich, catalog number: M7167) 

13. Cytochalasin B from Drechslera dematioidea (Sigma-Aldrich, catalog number: C6762) 

14. Colcemid (Sigma-Aldrich, catalog number: D1925) 

15. Embryo tested mineral oil (Sigma-Aldrich, catalog number: M8410) 

16. Water for embryo transfer (Sigma-Aldrich, catalog number: W1503) 

17. Restriction enzyme: 

a. BclI (New England Biolabs) 

b. PflFI/AspI (New England Biolabs) 

18. Dilution of PMS (see Recipes) 

19. Dilution of HCG (see Recipes) 

20. Dilution of cytochalasin B (see Recipes) 

21. Dilution of colcemid (see Recipes) 

 

Equipment 
 

1. Piezoelectric drill (piezo drill) (Sutter Instrument, model: PrimeTech PMM-150FU) 

2. Electroporator (BTX The Electroporation Experts, model: ECM 630) 

3. Micropipette puller (horizontal pipette puller) (Sutter Instrument, model: P-87) 

The product P-87 has been discontinued and the available one is P-97. 

4. Micropipette microforge (Defonbrune microforge with microscope head) (Leitz) 

5. Holding pipette puller (vertical pipette puller) (David Kopf Instrument, model: 720) 

6. Microscope (Laborlux S Nomarski DIC) (Leica Microsystems) 

7. CellTram Vario syringe (Eppendorf) 

8. Benchtop incubator (Cook, model: MINC G20079) 

9. 45 degree angled forceps (Fine Science Tools, catalog number: 11251-35) 

10. Straight forceps (Fine Science Tools, catalog number: 11251-10) 

11. Microdissecting spring scissors (Roboz Surgical Instrument, catalog number: RS-5650) 

12. Mouth pipette  
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Procedure 
 
A. Creation of MNX mice 

 

 
Figure 1. Overall procedure schematic. MNX mice were produced by enucleating fertilized 

oocytes from ‘Strain A’ (C57BL/6) and ‘Strain B’ (C3H/HeN) mice. MNX nomenclature is 

indicated by strain nuclear (Strainn):strain mtDNA (Strainmt), e.g., mice with C3H nuclear DNA 

and C57 mtDNA are indicated by C3Hn:C57mt. Strain B pronuclei were transferred to enucleated 

Strain A oocytes yielding Strain Bn:Strain Amt (C3Hn:C57mt) oocytes, which were implanted into 

surrogate females to generate MNX progeny. The reciprocal process was followed to generate 

the Strain An:Strain Bmt (C57n:C3Hmt) oocytes. 

 
1. Female donor mice are injected intraperitoneally (IP) with PMS (5.0-7.5 IU, in a volume 0.2-0.3 

ml) using a 26 gauge needle and a 1 or 3 ml syringe. Optimum dose and age of the mice can 

be strain specific, and should be determined via dose response curves with assessment of 

fertilized embryo production. Typically, female mice are injected ~noon on day 1. 

2. Approximately 48 h after (day 3) the PMS injection, donor mice receive an IP injection of HCG 

of the same dose as PMS. Immediately following injection, super-ovulated females are paired 

and mated with proven breeder males of the same nuclear genotype (matching the female, 

Figure 1); often copulation occurs within the first 1-2 h of mating. Female recipient mice positive 

for signs of proestrus by visual inspection are paired with proven vasectomized males to 

generate pseudopregnancy (Byers et al., 2012). 
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3. Females are checked the following morning for vaginal plugs. The presence of a plug indicates 

successful mating, but does not necessarily indicate fertilization. The absence of a plug does 

not however confirm that successful breeding did not occur since facile identification of plugs 

can be strain dependent. 

4. Cumulus masses are harvested as previously described to produce single-celled embryos 

(Figures 2A and 2B) (Han et al., 2010). 

 

 
Figure 2. Collection of cumulus masses from oviducts. Oviducts (A) are dissected from 

superovulated females with vaginal plugs. The swollen ampulla (indicated by arrow) is nicked 

to allow the embryos and cumulus cells to be expelled (B). 

 

5. Pronuclear embryos are placed by mouth pipette in M2 medium containing cytochalasin B (5 

μg/ml) and colcemid (0.1 μg/ml) at 37 °C for 5 min, and remain in a microinjection drop of M2 

medium on a microscope slide at room temperature to prevent lysis during manipulation. 

6. A micropipette similar in size and shape to a beveled pipet used for embryonic stem cell 

injections (approximately 20 micron inner diameter) is used to remove both pronuclei of each 

embryo by applying slight pressure on the zona pellucida of the first embryo (Longenecker and 

Kulkarni, 2009). A high-intensity piezo pulse is applied only until the zona is ruptured 

(approximately 1-2 sec) and then turned off. The pipet is slowly advanced to each pronucleus 

(Figure 3), and with gentle suction applied to the needle using a CellTram vario syringe, the two 

pronuclei are aspirated and removed as a single unit (karyoplast, Figure 3). Appropriate 

needle size and application of suction only when the pronuclei are in contact with the needle 

minimizes uptake of cytoplasmic contents into the needle. 

7. The procedure is repeated on the reciprocal embryo, resulting in the pipet containing pronuclei 

from both strains (Figure 3). 
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Figure 3. Isolation of pronuclei. (A) The pipet is slowly advanced to each pronucleus 

(indicated by black arrows), and with gentle suction applied to the needle using a CellTram vario 

syringe (B) the two pronuclei are aspirated and removed (C) as a single unit (karyoplast, K). ZP, 

zona pellucida.  

 

8. The isolated pronuclei from Strain A are implanted into the enucleated embryo of Strain B 

(Figure 4). The reciprocal karyoplasts from Strain B are placed into the enucleated Strain A 

embryos. 

 

 
Figure 4. Transfer of pronuclei. The karyoplasts (K) from one strain are then implanted into 

the enucleated embryos of the reciprocal strain. ZP, zona pellucida. (A) Insertion of pipet 

containing karyoplasts (B) Ejection of karyoplasts (C) Reconstructed embryo. 

 

9. Ten centimeter tissue culture dishes (Figure 5) are loaded with 30 μl microdrops of M2 medium 

and covered in mineral oil and each embryo is placed by mouth pipette into its own drop of 

media. Strain A and Strain B embryos are placed in separate dishes. An electrode is placed into 

the drop positioning the embryo between the two poles. A single 90 V pulse is applied to 

each re-constructed zygote and all zygotes are cultured overnight (Han et al., 2010). 
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Figure 5. Embryo culture dish. Panels 1-8 are different drops of M2 medium and mineral oil 

containing reconstructed zygotes. Each drop may contain 1-2 zygotes. 

 
10. Two-cell embryos are transferred to the ostia of oviducts of 0.5 day pseudopregnant mice to 

term; approximately 20 embryos are transferred per recipient (Figure 6). 

 

 
Figure 6. Oviduct transfer of reconstituted embryos. Two cell embryos are placed into the 

oviduct of a pseudopregnant recipient mouse through the infundibular ostium by mouth pipet. 

 

11. Nuclear genotype and mtDNA haplotype are verified in offspring via nuclear SNP and complete 

mtDNA genome sequence analysis from ear or tail clips. 
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B. MNX mouse colony establishment 

MNX mouse colonies are established using homoplasmic founder female MNX mice based 

upon PCR analysis specific for each potential mtDNA haplotype. mtDNA haplotype is initially 

confirmed by PCR detection methods developed specifically for each haplotype and homoplasmic 

females confirmed by sequencing. Desired homoplasmic (based upon PCR screening) females to 

be used as founders are identified in ~20%-30% of generated females.  

1. MNX females of verified mtDNA sequence and apparent homoplasmy (using ear or tail clip DNA) 

are crossed with males of the matching nuclear background to generate F1 litters. 

2. Multiple tissues from F1 progeny are tested to verify desired mtDNA haplotype/homoplasmy via 

PCR analysis designed specifically for diagnostic mtDNA SNP’s (Bayona-Bafaluy et al., 2003). 

For example, F1 C57n:C3Hmt and C3Hn:C57mt mice were haplogrouped in multiple tissues 

based upon a PCR detection method to interrogate the potential for heteroplasmy (Figure 7).  

PCR protocol: 

2x GoTaq MasterMix: 25 μl 

Primers: 5 μl each 

Nuclease free H2O: 12.5 μl 

DNA: 2.5 μl 

Thermocycling profile:  

95 °C for 2 min: 1 cycle  

95 °C for 30 sec; 57 °C for 1min; 72 °C for 30 sec: 35 cycles   

72 °C for 10 min: 1 cycle  

24 °C for infinity 

a. To screen for the ND3 mutation at bp 9461 (204 base pair amplicon): 

9461F: 5’-TTCCAATTAGTAGATTCTGAATAAACCCAGAAGAGAGTGAT-3’ 

9461R: 5’-AAATTTTATTGAGAATGGTAGACG-3’ 

Ten microliters of amplicon are digested with the restriction enzyme Bcli (10 U, New England 

Biolabs) in a 10 microliter reaction volume. The C3H mtDNA is cleaved into 166 bp and 38 

bp fragments, while the C57 mtDNA remains uncut.  

b. To screen for the bp 9348 CO3 mutation (385 base pair amplicon): 

9348F: 5’- CGAAACCACATAAATCAAGCCC-3’ 

9348R: 5’-CTCTCTTCTGGGTTTATTCAGA-3’ 

Ten microliters of amplicon are digested using the Pflf1 (AspI, 10 U, New England Biolabs) 

restriction enzyme in a 20 microliter reaction volume. The C3H mtDNA remains uncut while 

C57 mtDNAs are digested into 274 bp and 111 bp fragments. 
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Figure 7. Generation of Mitochondrial-nuclear eXchange (MNX) mice. Nuclear genotyping 

and mtDNA haplotyping of all originating founding females and F1 progeny was determined 

by nuclear SNP analysis of a panel of 38 distinguishing nuclear SNPs and complete 

sequencing of the mtDNA. After initial mtDNA haplotype verification by direct sequencing for 

founders, subsequent generations are haplotyped via restriction enzyme length polymorphism 

analysis using AspI and BclI which give patterns distinct for C3H and C57 mtDNAs. A. PCR 

products from C57 mtDNAs remain uncut (204 bp) whereas C3H mtDNAs are cleaved by BclI 

to yield 166 bp and 38 bp fragments. B. PCR products from C57 mtDNAs are cleaved by 

AspI to yield 274 bp and 111 bp fragments whereas C3H mtDNAs remain uncut (385 bp). 

 

3. MNX female founders that produced mice which appear homoplasmic in all tested tissues are 

then used as founding dams for each respective MNX colony. 

4. All progeny of each generation are mtDNA haplogrouped using PCR based techniques to verify 

maintenance of desired genetic background. 

 

Data analysis 
 

The original research paper detailing generation of MNX mice as well as analysis and replicate 

information is available online (Fetterman et al., 2013). 

 

Recipes 
 

1. Dilution of PMS 

Add 20 ml embryo tested water to 1,000 IU bottle of lyophilized PMS to create 20 ml stocks at 

50 IU/ml.  

Store at -20 °C for up to 3 months. 
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2. Dilution of HCG 

Add 10 ml embryo tested water to 10,000 IU bottle of lyophilized HCG to create 10 stocks at 

1,000 IU.  

Dilute each tube as needed with 20 ml embryo tested water to create 20 ml stocks at 50 IU/ml. 

Store at -20 °C for up to 6 weeks. 

3. Dilution of cytochalasin B  

Add 1 ml DMSO to 1 mg cytochalasin B powder to create 1 mg/ml stock solution. 

Dilute 5 μl stock in 1 ml M2 medium for a 5 μg/ml solution.  

Store at -20 °C for up to 6 months. 

4. Dilution of colcemid 

Add 10 μl of purchased, 10 μl/ml colcemid stock solution, and 1 ml M2 medium to create a 

0.1 μg/ml solution.  

Store at -20 °C for up to 6 months. 
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