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Summary 
 
In order to gain more knowledge about the mammalian spinal locomotor function,  
transgenic techniques can be utilized for cell specific studies. Reporter systems including  
genetically modified mice can associate marker genes to neuronal populations of  
interest and help to understand the function and development of these populations in  
neuronal networks. Bacterial artificial chromosomes are appropriate vectors used as a 
tool for creating transgenic mice. In these vectors large fragments with investigated 
genes containing the entire cell specific regulatory unit of mammalian origin can be 
efficiently recombined with a targeting cassette and cloned for subsequent insertion into 
the mouse genome. The inserted targeting cassette will then be controlled by a cell- 
specific promoter that drives expression of the investigated marker gene in mice.  
 
During this project I have been working with transgenic vectors containing marker genes 
for three different neuronal populations participating in the mouse central pattern 
generator. I used a gene coding for cyclization recombinase as an insert of choice for 
those vectors. During the initial part of the project a plasmid containing that gene was 
constructed and sequenced. Primers with homology arms for subsequent recombination 
were designed and ordered. A test of cyclization recombinase activity was performed by 
co-transfection of eukaryotic cells with the constructed plasmid and a reporter plasmid. 
The co-transfection confirmed an active recombinase. When construction of the plasmid 
was completed and recombinase activity confirmed, the focus was shifted towards 
cloning of bacterial artificial chromosomes. I performed a transformation of a bacterial 
artificial chromosome containing a marker gene for γ-motor neurones. The 
transformation into competent bacterial cells was confirmed with PCR and enzymatic 
digestion followed by pulse field gel electrophoresis. A homologous recombination was 
carried out with a bacterial artificial chromosome containing a marker gene for renshaw 
cells (a class of inhibitory interneurons) and a PCR-amplified targeting cassette from the 
constructed plasmid. During the project I used two sorts of targeting cassettes generated 
from two different plasmids, the constructed plasmid and an ordered plasmid containing 
a codon-improved recombinase gene for insertion into eukaryotic cells. Both targets 
(bacterial artificial chromosomes) contained different marker genes with different 
homology regions for the respective targeting cassette. Colonies with recombined 
bacterial artificial chromosomes were selected from agar plates and prepared samples 
were screened with appropriate primers (depending on homology regions) in order to 
detect the inserted recombinase gene. Recombinants from selected colonies were 
linearized by enzymatic digestion and analysed with pulse field gel electrophoresis. 
These results were inconclusive and the presence of recombinants could not be 
confirmed by analyzing the gel bands. 
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Abbreviations 
 
amp                               
BAC 
CHEF                            
CHO 
CPG 
Cre 
DAPI 
EDTA 
EtBr 
FRT   
GFP 
kan 
LB 
PFGE 
xg 

 

 
Ampicillin 
Bacterial artificial chromosome 
Clamped homogenous electric fields 
Chinese hamster ovary 
Central pattern generator 
Cyclization recombinase  
4�6-diamidino-2-phenylindole   
Diaminoethanetetraacetic acid 
Ethidium bromide  
Flipase recognition target 
Green fluorescent protein 
Kanamycin 
Luria broth 
Pulse field gel electrophoresis 
Times gravity 
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Introduction 
 
Transgenic mice are useful experimental models for studies of the mammalian spinal 
locomotor function controlled by a neuronal network known as the central pattern generator 
(CPG). This network can generate coordinated rhythmic movement independently of 
incoming sensory signals. The CPG is known to control rhythmic movements such as 
walking and swimming (Kiehn and Butt, 2003) and includes several types of neurons such 
as excitatory interneurons, renshaw cells (a class of inhibitory interneurons) and γ-motor 
neurons. These neurons can generate alteration in movement by mutual interactions. 
Different subpopulations of neurons participating in locomotor circuits can be studied using 
various genetic markers for the respective population. The promoters of selected genetic 
markers can drive a conditional expression of transgenes which may lead to cell specific 
modifications in the analyzed neuronal circuits. In the past decades studies of spinal 
locomotor networks have been performed mainly using electrophysiological techniques, 
but in recent years new genetic methods have been  developed rapidly and opened great 
possibilities for further investigation of mammalian neuronal circuits at cellular and 
molecular levels. 
 
Recombination system with transgenic mice 
Control of gene expression in cell or tissue specific manner is a powerful method for  
functional studies of individual genes and proteins. A recombination system called Cre- 
loxP is frequently used nowadays for gene inactivation in transgenic mice (Kuhn and 
Torres, 2002). The system is derived from bacteriophage P1 and consists of specific DNA 
recombination sites called loxP sites and the enzyme Cre recombinase that catalyzes 
recombination between them. The recombination leads to excision of any genetic fragment 
flanked by the loxP sites. Though the Cre-loxP system is derived from a bacteriophage it 
also functions in eukaryotic cells and can be used for conditional expression of a reporter 
gene in bred transgenic mice (Fig. 1). The Cre recombinase is often used for cell specific 
gene modifications in transgenic mice (Nagy, 2000). It is desirable to adjust the cre gene 
for usage in mammalian genome because its prokaryotic origin may cause epigenetic 
silencing during mammalian development due to a high CpG content (Cohen-Tannoudji et 
al., 2000). During the project I used a codon-improved cre gene (icre) in order to attain an 
optimal expression in the mouse genome. The icre gene has previously been reported 
(Tiedt et al., 2007) for efficient and cell specific excision of loxP targeted genes in a 
transgenic mouse strain. 
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Figure 1. Cell specific expression of a reporter gene using Cre-loxP system in transgenic mice. 
A mouse strain (at the top) with cre gene controlled by a promoter active only in a specific cell population 
(e.g. motor neurons) is bred with a mouse strain (middle) containing loxP-flanked stop codon controlled by a 
general promoter expressed in all cell types. The progeny (Cre-loxP mouse at the bottom) of crossed strains 
will in this case have an active reporter gene only in the motor neurons because the stop codon is excised in 
this cell population (Modified from Vallstedt and Kullander, 2007).    
 
Bacterial cloning  
Bacterial artificial chromosomes or BACs are frequently used as vectors for cloning in  
bacteria and are basic elements for creation of transgenic mice. A BAC is derived from  
Escherichia coli with a single-copy F plasmid (Shizuya et al., 1992). BACs can hold large 
foreign DNA inserts (>300 kb) and can be transformed into bacterial cells by 
electroporation. BACs are suitable for cloning large inserts of eukaryotic origin because 
they maintain structural stability during low copy number replication. The capacity of 
accepting large inserts is important during creation of transgenic mice because it enables 
insertion of entire promoter regions including important regulatory elements regulating 
gene expression. It has been reported that smaller promoter regions may cause unspecific 
expression in cell types that normally do not activate the gene of interest (Bronson et al., 
1996). 
 
Electroporation of competent cells 
Electroporation is a method often used for transformation of bacteria cells and is performed 
by a brief electric shock that makes plasma membrane porous. The electroporation is 
carried out with an electroporator that generate electric current and send it through the 
mixture of electrocompetent cells and the plasmids (e.g. BACs) chosen for transformation 
into these cells. The mixture is pipetted into a cuvette that has two electrodes on its sides. 
An electrical pulse is applied in order to make the plasma membrane in a cell permeable for 
the plasmids which can be taken up by bacteria. An E. coli strain (EL250) was used as 
competent cells during the electroporations in this project. The EL250 strain possesses a 
temperature induced homologous recombination function (λ phage derived proteins) and an 
arabinose induced site-specific recombination function (flipase recombination enzyme). 
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Flipase recognition target sites   
A targeting cassette (Fig. 2) can be PCR amplified for subsequent recombination with a 
target vector (e.g. BAC). In the shown example the cassette contains a cre gene and an 
antibiotic resistance gene (selection marker) which is flanked by flipase recognition target 
sites (FRT). The function of FRT sites in the targeting cassette is to remove the selection 
marker after a successful recombination in order to eliminate the interference with 
subsequent expression of the inserted gene in the mouse host genome. The FRT-flanked 
regions can be excised by arabinose induced expression of flipase in competent bacteria 
cells (EL250 strain). The Flipase-FRT recombination system is derived from yeast 
(Saccharomyces cerevisiae) and is analogous to Cre-loxP system because of its site-
directed recombination. 
 

 
Figure 2. An example of targeting cassette that recombines with a BAC. The cassette contains a cre gene 
and a resistance gene to kanamycin (selection marker) that is flanked by flipase recognition target sites (FRT).         
 
Homologous recombination 
Traditional technology for generation of transgenic mice includes restriction cleavages to 
construct cloning vectors that may require complicated targeting and selection constructs. 
Furthermore, the traditional method is not suitable for large genomic inserts because even 
rare restriction enzyme sites may occur frequently in such fragments. Escherichia coli 
possesses an endogenous homologous recombination system which allows two homologous 
DNA regions to switch the strands between each other. The bacterial recombination system 
is often limited to circular DNA because of degradation of linear DNA by a bacterial 
exonuclease (Copeland et al., 2001). To overcome limitations of the bacterial endogenous 
system an improved system for homologous recombination has been developed (Zhang et 
al., 1998) based on proteins derived from λ phage in a competent E. coli strain (e.g. EL250). 
This system, called recombinogenic engineering or recombineering, enables homologous 
recombination between linear PCR-amplified fragment flanked by short homology arms 
(around 50 bp) and a target vector (e.g. BAC) with corresponding homology regions (Fig. 3). 
The homology regions can be chosen unconditionally, making it possible to rearrange any 
position on a target molecule. This is an advantage compared to traditional genetic 
engineering because modification of targeted fragment is independent of restriction cleavage 
and the size of the target is not longer a limiting factor. Recombineering is a method based 
on temperature (42°C) induction of homologous recombination that activates λ phage 
proteins and has been reported to have very high recombination efficiency (Yu et al., 2000). 
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Figure 3. Vector modification performed by homologous recombination. Regions of homology flank a 
targeting cassette (cre gene & selection marker). In the modified BAC a cell specific promoter will activate  
the cre gene only in chosen cell populations (Modified from Vallstedt and Kullander, 2007). 
 
Creation of transgenic mice 
A BAC cloning system is appropriate for the large eukaryotic inserts used for making 
transgenic mice by pronuclear injection (injection in haploid sperm or egg cell nucleus prior 
to their fusion) of linearized and purified constructs into a fertilized mouse oocyte (Marshal 
et al., 2004). This way a transgene is randomly inserted (non-homologous recombination), 
which reduces the risk of disrupting the host genome. A modified BAC (Fig. 3) can be used 
to create a mouse that will express the Cre enzyme in specific cells that are associated with a 
genetic marker (mouse gene that express an investigated protein only in these cells). 
A promoter for the marker will thus drive expression of Cre only in the studied mouse cell 
population. Functional analysis in selected cell populations can be performed by crossing the 
created Cre mice with another transgenic strain (loxP mice) containing a reporter gene (Fig. 
1). 
         
Aims 
The focus of this project was mainly on construction of a transgenic vector using BAC as a 
carrier vector of a transgen and homologous recombination as technology for targeting the 
chosen regions with the transgen. The choice of cre as the insert and a promoter associated 
with specific neuronal populations as a part of the vector was made with regard to a larger 
scope of research which includes the creation of transgenic mice for the study of 
mammalian CPG. 
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Results 
 
The initial part of the project was focused on construction of a plasmid (pKK668) 
containing the cre gene followed by conventional cloning. The prepared plasmid was sent 
for sequencing in order to design appropriate primer pairs for subsequent homologous 
recombination with a BAC (pKK464). A plasmid (pKK735) with the codon-improved cre 
gene (icre) was delivered (kindly provided by Dr. Radek Skoda, University Hospital Basel, 
Switzerland) and sequenced followed by primer design for homologous recombination with 
a different BAC (pKK350). The second part of the project was mainly devoted to 
homologous recombination and BAC cloning.   
 
Construction of a plasmid for bacterial artificial chromosome cloning  
A vector was constructed (Fig. 4) by ligation of BstEII cleaved insert. The insert (1.5 kb) 
was excised from plasmid pKK666 and contained a selection marker (Kan/Neo R) flanked 
by flipase target sites (FRT). A ligation of the insert with a vector (pKK476) containing the 
cre gene followed and a transformation into bacterial cells (DH5α strain) was performed.  
 
                                                                                                                                                                               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Construction of pKK668 by ligation of two plasmids. The ligated vector (pKK668) contained the 
cre gene and an inserted selection marker (Kan/Neo R) flanked by two FRT sites. Primers (oKK362 & 
oKK376) with 50 bp homology arms were used for subsequent PCR amplification of a targeting cassette for 
BAC cloning. Digestion prior to ligation was performed using the enzyme BstEII.  
 
The transformed cells grew on agar plates with kanamycin. A single colony was selected, 
prepared and cleaved with three different enzymes (BstEII, EcoRI and PvuII) in order to 
verify the inserted fragment. The same enzymes were used for cleavage of plasmid 
pKK476 (4.5 kb) which did not contain the insert. A comparative study of gel bands 
showed the expected cleavage patterns (Fig. 5). The constructed vector pKK668 (6 kb) was 
sent for sequencing with primers covering the targeting cassette (cre gene & selection 
marker) and a primer pair (oKK362 & oKK376) for subsequent homologous recombination 
with a BAC (pKK464). A check-up of sequence data confirmed the correct primer design. 
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An order was sent for the primer pair with 50 bp homology arms matching the 
corresponding regions in a mouse gene (Chrna2). This gene regulates the expression of 
cholinergic receptor, nicotinic, alpha polypeptide 2 in renshaw cells. 
 
 
              
           
            ruler       1         2         3          4         5         6 

           
       Figure 5. Digestion performed to verify the constructed vector pKK668. Cleavage with enzymes 
       BstEII, EcoRI and PvuII of plasmid pKK476 (4.5 kb) without an insert (lanes 1, 3, 5) compared to the 
       cleavage of ligated plasmid pKK668 (lanes 2, 4, 6) that was 6 kb long. The insert contained a gene 
       for resistance against kanamycin and was 1.5 kb long.  
 
Test of cyclization recombinase activity in eukaryotic cells 
Because the long-term goal of the project is to generate a transgenic mouse using the  
Cre-loxP system it was important to test Cre activity in eukaryotic cells. A co-transfection 
experiment using CHO-OX1 (Chinese hamster ovary) cells was designed in order to test the 
Cre activity from pKK668. The cells were transiently transfected (Fig. 6A) with pKK668 and 
a reporter plasmid (pKK255) containing two reporter genes (lacZ and gfp). The lacZ gene 
and a stop codon were flanked by two loxP sites and a gfp gene was positioned downstream 
of the stop codon in the following order: loxP−lacZ−stop−loxP−gfp. This way GFP would 
be expressed when the loxP-flanked fragment was removed upon expression of Cre, resulting 
in cells with green fluorescence. In the absence of Cre the stop codon should prevent 
expression of GFP and lacZ should express β-galactosidase that can be detected with an 
antibody coupled to a red fluorophore (Alexa 594). Thus, red fluorescence indicates the 
absence or very low activity of the recombinase.  
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            Figure 6. Test of pKK668 by transfection of eukaryotic cells. Cell cultures (CHO-OX1) in three  
             wells were co-transfected with a pair of plasmids. (A) Co-transfection with a reporter plasmid 
             pKK255 and constructed plasmid pKK668. (B) Co-transfection with pKK255 and a control  
             plasmid pUC18 lacking the cre gene. (C) A negative control by co-transfection with pUC18 & 
             pKK668. β-galactosidase binding antibody labelled with a red fluorophore (Alexa 594) detected 
             activity of the lacZ gene. The GFP-expressing cells are showed by green fluorescence and all  
             nucleated cells in each location are represented by blue staining (DAPI). The co-transfections went 
             on for 48 hours.    
 
The co-transfection experiment was carried out for 24 or 48 hours in order to investigate 
the level of Cre over time. In order to test the reporter plasmid, a co-transfection with a 
control plasmid pUC18 lacking the cre gene was performed (Fig. 6B). A negative control 
was designed by co-transfection with pUC18 & pKK668 (Fig. 6C). Photos taken with green 
and red filters were overlaid in order to detect a possible co-expression of both reporter 
proteins. The co-expression in a cell was visualized by a yellow dot in the overlay (Fig. 7). 
The green, red and yellow dots were counted from photos taken at four different locations 
for each co-transfecion and mean values were calculated. Ratios between counted dots of 
different colours and the total number of co-transfected cells were calculated (Table 1). 
A comparative study was performed because of a possible stop codon leakage in the 
reporter plasmid. An analysis of transfections with the reporter plasmid (pKK255) was 
carried out by comparing mean values of ratios for the respective co-transfection (Fig. 8). 
The ratios were calculated between the total number of counted green cells and the total 
number of counted red cells using photos taken at four different locations for each co-
transfection. The mean values of calculated ratios for both co-transfections were 2.32 
(pKK255 & pKK668) and 0.67 (pKK255 & pUC18).  
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Table 1. Ratios between counted fluorescent cells and the total number of co-transfected cells.                           
      Co-transfection             
        

Only green cells* 

          (%)  
Only red cells* 

       (%) 
 Yellow cells 

        (%) 
pKK255 & pKK668 (24 h) 
pKK255 & pKK668 (48 h) 
 
pKK255 & pUC18 (24 h) 
pKK255 & pUC18 (48 h)  

            21 
            70 
             
            10 
            22    

         67              
         6 
          
         79 
         50 

          12 
         24 
          
         11 
         28         

*Only green cells and only red cells were calculated by subtraction of counted yellow cells in the overlays 
from the total number of fluorescent cells for respective colour filter.  
 
 

  Figure 7. Overlays of fluorescent cells. Cell cultures in four wells were co-transfected with a pair of 
  plasmids. Co-transfection with pKK668 and a reporter plasmid (pKK255) for (A) 24 hours and (B) 48 hours.  
  Co-transfection with pKK255 and pUC18 lacking the cre gene for (C) 24 hours and (D) 48 hours. Each 
  overlay consists of two photos taken at the same location with a green and a red colour filter. Green 
  fluorescens represent cells expressing GFP and red fluorescens represent cells expressing β-galactosidase.  
  Cells expressing both GFP and β-galactosidase are yellow. 
                 

   A  B 

C D   



 12

0

0,5

1

1,5

2

2,5

3

1a 1b 2a 2b 3a 3b 4a 4b

Samples

Ra
tio

 o
f f

lu
or

es
ce

nt
 c

el
ls

 (g
re

en
/re

d)

pKK668
pUC18

 
Figure 8. Cre activity in co-transfected eukaryotic cells. The bars represent ratios between  
counted green and red fluorescent cells in four wells containing cell cultures transfected for 48 hours with 
reporter plasmid pKK255 together with pKK668 (mean value 2.32) or with pUC18 (mean value 0.67) that 
lacked the cre gene. Photos were taken at two different locations (samples a & b) in every well.  
 
Transformation of competent bacteria cells 
The BAC (pKK523) containing a marker gene for γ-motor neurons expressing 5- 
hydroxytryptamine receptor 1D (Htr1d) in mice was prepared and transformed by  
electroporation into a competent E. coli strain (EL250). The selected colonies were  
screened using primers designed for detection of 200 bp fragment in the Htr1d gene (Fig. 9). 
DNA from the chosen colonies was linearized by enzymatic digestion with NotI and analyzed 
on a gel. An analytic pulse field gel electrophoresis (PFGE) was used as a method to confirm 
the presence of pKK523 in the selected colonies (Fig. 10). The PFGE was used for separation 
of cleaved fragments on the gel because of the large size of digested BACs (>200 kb). 
 

 
            Figure 9. Screening of BACs (pKK523) using PCR. Samples from six transformed colonies 
             (EL250 strain) with pKK523 were screened and the marked gel bands represent the colonies 
             selected for further analysis with PFGE. A BAC from the host strain (DH10B) was used as a 
             positive control.    
 



               Figure 10. Analysis of linearized BACs using PFGE. 
               Digested samples from transformed colonies (see Fig. 9) were analysed on a gel. The marked bands 
               represent cleavage of a sample with MluI, NotI (lanes 1, 2) and a positive control cleaved with MluI, 
               NotI (lanes 9, 10). Other lanes contained the sample cleaved with PvuI (lane 8) and two other samples 
               cleaved with MluI, NotI, PvuI (lanes 4, 5, 6) and MluI, NotI (lanes 7, 8). MidRange I PFG was used as 
               a marker (unit in kilo base-pair). 
 
Amplification of targeting cassettes  
Prior to the recombineering experiment both plasmids (pKK668 and pKK735) were PCR- 
amplified by the designed primers which generated two different targeting cassettes. Two 
primer pairs were used with different homology arms for the respective target. The targeted 
genes expressed a cholinergic receptor (Chrna2) in renshaw cells and a doublesex and mab-3 
related transcription factor 3 (Dmrt3) in a subpopulation of interneurons in mice. One 
targeting cassette was PCR-amplified (Fig. 11) by designed primers (oKK377 & oKK378) 
using linearized pKK735 as template. This cassette contained the icre gene and a FRT-
flanked ampR gene as selection marker. A PCR optimization was performed by using 
different amounts of DNA and by lowering the initial annealing temperature from 66°C to 
63°C. The optimization resulted in an amplicon (2900 bp) that was excised from a gel and 
used for subsequent recombination with a BAC (pKK350). A second targeting cassette was 
PCR-amplified (not shown) by designed primers (oKK362 & oKK376) using linearized 
pKK668 as template. The generated amplicon (3100 bp) from the second cassette was used 
for recombination with BAC pKK464. 
     

          
     Figure 11. PCR amplification of a targeting cassette using pKK735 as template. Designed primers 
     (oKK377 & oKK378) with 50 bp homology arms for the Dmrt3 mouse gene amplified a 2900 bp fragment. 
     Both bands were excised from the gel and purified for recombination with the BAC pKK350. 
 

     3000 bp  

        1000 bp 
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Flipase activity in competent cells 
A test of flipase activity in competent E. coli strain (EL250) was performed using a plasmid 
(pKK266) with two selection markers. An FRT-flanked kanR gene and an ampR gene located 
outside the FRT sites (ampR−FRT−kanR−FRT) were used as selection markers. The EL250 
cells were induced with arabinose in order to initiate expression of the flipase. 
A transformation of pKK266 into the induced cells using an electroporation followed. The 
transformed colonies were plated with addition of ampicillin or kanamycin. As expected no 
colonies were visible on the agar plates with kanamycin (excision of kanR by flipase) but lots 
of colonies grew on the agar plates with ampicillin. Plasmid pKK266 from induced and non-
induced colonies was cleaved with an enzyme (PstI) and the gel bands of both fragments were 
compared (Fig.12).  
 
 
     +arabinose              −arabinose 

            
Figure 12. Test of flipase activity by enzymatic cleavage. Arabinose-induced activation of flipase in  
bacteria cells (EL250 strain) containing plasmid pKK266 with an FRT-flanked selection marker (kanR gene) is 
represented by a comparative study. The selection marker was excised by flipase in pKK266 from induced cells 
which resulted in a shorter (4.5 kb) fragment to the left. Plasmid pKK266 from non-induced cells was cleaved 
with the same enzyme (PstI) and resulted in a longer (6 kb) fragment to the right. 
 
Modification of bacterial artificial chromosomes by homologous recombination 
A recombineering experiment was performed using two different BACs (pKK464 and 
pKK350) transformed into competent EL250 cells. Each BAC was targeted with a different 
cassette (PCR-amplified with designed primers from pKK668 or pKK735). Prior to 
recombination the BACs contained mouse genes Chrna2 (in pKK464) and Dmrt3 (in 
pKK350) including their entire promoter regions. The targeting cassette from pKK668 
contained 50 bp homology arms for corresponding regions in gene Chrna2 and the targeting 
cassette from pKK735 contained homology arms for the gene Dmrt3. A successful 
homologous recombination would lead to insertion of the targeting cassette replacing parts of 
the respective mouse gene. Thus, the desired effect of recombineering was to bring the cre 
and icre genes under control of a promoter regulating the chosen mouse gene. This would 
result in a cell specific expression of Cre protein in the mouse host genome. The 
recombineering was initiated by temperature induced (42°C) activation of λ phage proteins 
in the EL250 strain followed by a transformation of the respective cassette into 
electroporated EL250 cells containing the targeted BACs. The transformed colonies were 
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grown on selective agar plates. Selected colonies were further analysed by PCR screenings in 
order to confirm the correct insertion of targeting cassettes. 
 
The search for recombinants 
Because the presence of recombinants could not be confirmed (no visible gel bands) in the 
initial PCR screenings using primers for amplified fragments of cre and icre genes, a 
negative selection was carried out. The potential candidates (possible recombinants) for 
correct insertion of the icre were selected by PCR amplification (200 bp amplicon) using 
primers for a fragment of the Dmrt3 mouse gene present in BACs that were not successfully 
recombined or not recombined at all (pKK350 as a positive control). Thus, in this 
amplification (Fig. 13) only lanes that lacked gel bands were selected for additional 
screening in order to find the recombinants. The selected colonies with possibly recombined 
BACs were than screened (Fig. 14) by PCR amplification (200 bp amplicon) using primers 
for a fragment of the icre correctly inserted between homology regions in recombined BACs.  
 
              
               ruler    1      2      3      4      5      6      7      8      9     10    11    12     13    14    15     +     H2O 

                 
           Figure 13. Selection of possible recombinants containing the icre gene. Samples from 15 colonies   
           selected from the recombineering experiment were PCR-amplified using primers for a 200 bp fragment  
           of the Dmrt3 mouse gene present in BACs lacking the correctly inserted icre. Colonies for samples in 
           lanes 1 and 10−15 were selected for further PCR screening (see Fig. 14). A non-recombined BAC  
           (pKK350) was used as a positive control (+).                         
           
      
                  ruler         1           2            3            4          5            6            7          H2O 

            Figure 14. Screening of possible recombinants containing the icre gene. Samples from seven 
               selected colonies (see Fig. 13) were PCR-amplified using primers for a 200 bp fragment of icre 
               present in recombined BACs. Colonies for samples in lanes 1, 2, 3 were chosen for further analysis 
               using pulse field gel electrophoresis.    
 
 
                   
 
 
 
 

          250 bp 

    
      
       
       250 bp   
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                      marker   ruler        1          2          3           4 

             
         Figure 15. Analysis of possible recombinants containing the icre gene using PFGE. NotI cleaved  
          BACs chosen from screened colonies (see Fig. 14) were loaded into lanes 1, 2, 3. A non-recombined 
          BAC (pKK350) in lane 4 was used as a control and MidRange I PFG as marker (unit in kilo base-pair).         
 
The possible recombinants containing the icre gene were chosen for enzymatic digestion 
with NotI and analyzed on a gel (Fig. 15). The presence of recombined BACs using pulse 
field gel electrophoresis could not be confirmed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

       
 
    63.5 kb 

           48.5  

       10  
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Discussion 
 
Cyclization recombinase activity in eukaryotic cells 
It is crucial to have a high expression of Cre protein in order to gain a functioning Cre- 
loxP system. I therefore performed a test to detect the activity of Cre in the constructed plasmid 
(pKK668). The results from co-transfection experiment indicated expression of Cre after 24 and 
48 hours though only a small fraction of all nucleated cells (DAPI stained) were properly co-
transfected. An increased higher level of green fluorescence over time indicated a continuous 
expression of Cre leading to increased excision of the stop codon flanked by loxP sites. Some 
cells co-transfected with the reporter plasmid and an empty vector (pUC18) indicated a possible 
stop codon leakage in the reporter plasmid because of the green fluorescence detected in those 
cells. A leaking stop codon in the reporter plasmid would make the results more difficult to 
interpret because all green fluorescence in that case would not depend on the action of Cre-loxP 
system. Thus a defective stop codon might generate false positive results. To get an indication 
on the actual effect of the Cre-loxP system and thus Cre activity I did a comparative study of 
fluorescence in two (pKK255 & pKK668, pKK255 & pUC18) co-transfections. The result from 
this study (considerably higher mean value for co-transfection with pKK255 & pKK668) 
indicated that most of the green fluorescence depended on the action of Cre protein and only a 
smaller fraction on the leaking stop codon.  
 
Was the target missed? 
The main obstacle following the recombineering experiment was the difficulty in detecting 
the recombinants. The PCR screenings using primers for fragments of cre and icre genes 
inserted between the chosen homology regions did not work as expected, which resulted in 
gel photos that in most cases lacked the expected gel bands. In a few cases there was an 
indication of desired insertions represented by weak and smeared gel bands. On the other 
hand, PCRs using primers for detection of the first coding exons in the mouse genes (Chrna2 
& Dmrt3) often generated distinct gel bands. These gel bands represented wild type BACs 
lacking cre or icre between chosen homology arms. Investigation of possible recombinants 
from the screened colonies by enzymatic digestion and PFGE could not confirm the presence 
of BACs in the samples. A possible explanation for that is a very low DNA concentration in 
the prepared samples. The main part of the screened colonies showed gel bands only for the 
wild type BACs, most likely because the targeting cassette was inserted at an unspecific 
position in the BAC or in the bacterial host genome. Because the recombination system I 
used induces homologous recombination at 42°C and for 15 minutes (Yu et al., 2000) it is 
both time and temperature critical and both parameters are possible sources of error. Another 
source of error might have been agar plates with low-efficiency antibiotics generating false 
positive colonies. 
 
Suggestions for troubleshooting 
A successful homologous recombination is a crucial step in generation of transgenic  
vectors followed by their insertion into the mouse genome. The recombination system I  
worked with (competent bacterial cells with defective λ-prophage) has been reported to yield 
high recombination efficiency, in some cases even during targeting without selection (Lee et 
al., 2001). Even though the high quality of this system should result in sufficient number of 
recombinants, it is important to confirm presence of the targeting gene at the chosen position 
after a performed experiment. Different control steps were carried out during the search for 
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colonies containing recombined targets that can subsequently be inserted into mouse 
genome. The main checkpoints include selection on agar plates, screening by PCR and 
enzymatic cleavage followed by an analytic PFGE. Thus, a possible strategy for 
troubleshooting is to test and optimize each step. Agar plates should be controlled for the 
efficiency of chosen antibiotics. Screening with PCR can be optimized by adding different 
amounts of DNA, adjusting the annealing temperature and possibly change the primer 
design. A PCR for targeting cassettes could be performed in order to investigate possible 
unspecific recombinations. Different steps during the preparation of BACs prior to 
linearization should be controlled and restriction cleavages should contain sufficient amount 
of prepared DNA. 
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Materials and methods                                                                              
 

Strains, cell line and plasmids 
 

Table 2.  Escherichia coli strains. 
Strain                  Description                                                                     Source or reference   
DH5α                  Subcloning competent cells                                            Invitrogen 
 
DH10B               BAC host strain                                                               Invitrogen 
 
EL250                Modified DH10B strain containing defective                 Kindly provided by  
                           λ-prophage with genes encoding recombination             Dr. Neal Copeland 
                           proteins and arabinose promoter-driven flipase gene                       

 
Table 3. Cell line. 
Cells                                 Description                                                        Source or reference 
CHO-OX1                                    Chinese hamster ovary cells                              Kindly provided by   
                                         containing type 1 orexin receptors                    Marie Ekholm 
 

Table 4. Plasmids. 
Plasmid                            Description                                                       Source or reference  
pIGCN21                         Plasmid containing egfp-cre fusion                  Constructed by  
                                         gene and kanR gene (FRT−kanR−FRT)             Dr. E-Chiang Lee 
 
 
pKK255                           Reporter plasmid containing lacZ and   
                                         gfp genes (loxP−lacZ−stop−loxP−gfp)   
 
pKK266                           Plasmid containing ampR and 
                                         kanR genes (ampR−FRT−kanR−FRT) 
 
pKK350                           BAC* containing Dmrt3 gene                           Invitrogen 
 
pKK464                           BAC* containing Chrna2 gene                         Invitrogen             
 
pKK476                           Vector containing cre gene  
 
pKK523                           BAC* containing Htr1d gene                            Invitrogen  
 
pKK666                           Plasmid containing kanR gene 
                                         (FRT−kanR−FRT) 
 
pKK668                           Vector containing cre gene                              Constructed plasmid 
                                         and FRT−kanR−FRT 
 
pKK735                           Vector containing icre gene                             Kindly provided by 
                                         and FRT−ampR−FRT                                       Dr. Radek Skoda 
*All BACs contained a gene for chloramphenicol resistance.   
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Growth media 
LB Rich medium was used for growing bacteria cultures that did not contain BACs. The 
medium was prepared by mixing: 8 g yeast extract, 12.8 g peptone and 4 g NaCl in 0.8 l 
distilled water. The solution was autoclaved.  
 
LB BAC medium was used for growing bacteria cultures that contained BACs. The medium 
was prepared by mixing: 4 g yeast extract, 8 g peptone and 4 g NaCl in 0.8 l distilled water. 
The solution was autoclaved. 

 
  Agar plates were prepared by adding 12 g agar to a chosen LB medium. The solution was   
  autoclaved and antibiotics (Table 5) were added as needed before plating on Petri dish. 
 
Table 5. Antibiotics used in growth media. 
Purpose                                           Antibiotic                                       Growth medium            
Construction of pKK668                Kanamycin (50 µg/ml)                   Agar plates (LB Rich)  
 
Transformation of EL250               Chloramphenicol (12.5 µg/ml)      Agar plates (LB BAC) 
cells with pKK523                  
 
Double selection of                         Kanamycin (25 µg/ml) and           Agar plates (LB BAC) 
recombinants with cre gene            Chloramphenicol (12.5 µg/ml)                   
 
Double selection of                         Ampicillin (50 µg/ml) and            Agar plates (LB BAC) 
recombinants with icre gene           Chloramphenicol (12.5 µg/ml) 
                                             
Transformation of EL250              Ampicillin (100 µg/ml) or              Agar plates (LB Rich) 

  cells with pKK266                         Kanamycin (50 µg/ml)                                                         
 
Plasmid purification 
Plasmids were extracted according to Zhou et al., 1990. Bacterial colonies with plasmids 
were grown overnight at 37°C in 5 ml LB Rich (see Growth media) with ampicillin (100 
µg/ml). 1.5 ml of the cell culture was centrifuged at 16100 xg for 10 seconds and the 
supernatant was discarded. The pellet was dissolved in 300 µl TENS solution (10 mM Tris-
HCI, pH 7.5, 1 mM EDTA, 0.1 M NaOH, 0.5% SDS) and 150 µl of 3 M sodium acetate (pH 
5.2) was added. The solution was centrifuged for 2 minutes at 16100 xg. The supernatant 
was transferred to a fresh tube, mixed with cold 99.5% ethanol and centrifuged for 5 minutes 
at 16100 xg. The pellet was rinsed with 1 ml cold 70 % ethanol, air-dried and resuspended in 
50 µl sterile water containing RNaseA (100 µg/ml). 
 
Purification of pKK668 
The plasmids were extracted using QIAfilter Plasmid Maxi Kit (QIAGEN) according to the 
manufacturer�s protocol (http://www1.qiagen.com/HB/QIAfilter_EN).  
 
Bacterial artificial chromosome purification 
The BACs were extracted according to: Recombineering protocol #3, Appendix C by Søren  
Warming (http://recombineering.ncifcrf.gov/protocol/Protocol3_SW102_galK_v2.pdf) using 
chemicals from QIAprep Spin Miniprep Kit (QIAGEN). A DH10B culture (Table 2) was 
grown overnight in 5 ml LB BAC (see Growth media) with chloramphenicol (12.5 µg/ml) 
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and pelleted for 5 minutes at 3220 xg. The supernatant was removed, the pellet dissolved in 
250 µl buffer P1 and transferred to an eppendorf tube. 250 µl buffer P2 was added followed 
by incubation for 5 minutes at room temperature. 250 µl of N3 buffer was added followed by 
incubation on ice for 5 minutes. The supernatant was cleared by two rounds of centrifugation 
at 16100 xg for 5 minutes followed by DNA precipitation with 750 µl isopropanol, 
incubation on ice for 10 minutes and centrifugation at 16100 xg for 10 minutes. The pellet 
was washed in 70% ethanol, air-dried and dissolved in 50 µl TE buffer. 
 
Restriction cleavages 
All restriction endonucleases except BstEII (Roche) were from Fermentas and used 
following the enclosed recommendations. Restriction cleavages of prepared plasmids (see 
Plasmid purification) during the construction of pKK668 were performed using 8 µl of 
enzyme in 30 µl reactions followed by incubation for 2 h at 37°C. Digestions to test the 
construct were carried out using 0.5 µl of the respective enzyme in 10 µl reactions followed 
by incubation for 1 h at 37°C. Digestion to test the flipase activity in EL250 cells 
transformed with pKK266 was performed using 1µl of the enzyme in 20µl reactions 
followed by incubation for 2 h at 37°C. Restriction cleavages of prepared BACs were carried 
out using 1 µl of the respective enzyme and 10 µg of BAC DNA in 20 µl reactions followed 
by incubation for 2 h at 37°C.             
 
Electrocompetent cells  
The electrocompetent cells were prepared according to: Recombineering protocol #1 by 
Søren Warming (http://recombineering.ncifcrf.gov/protocol/Protocol1_DY380.pdf ). 0.5 ml 
of an overnight grown (LB Rich, 32°C) EL250 culture was diluted with 25 ml LB Rich in an 
autoclaved Erlenmeyer baffled flask and incubated at 32°C in a shaking waterbath until the 
optical density reached OD600 = 0.6. The optical density was measured by a Jenway Genova 
spectrophotometer. The cells were centrifuged at 3220 xg for 5 minutes in a cold (0°C) 
centrifuge. The supernatant was discarded and the pellet was resuspended in 1 ml ice-cold 
water by shaking a 15 ml Falcon tube in ice-waterbath slurry. The tube was filled up to 10 ml 
with ice cold water and centrifuged again for 5 minutes. The supernatant was discarded and 
the pellet was resuspended once again as mentioned above. The pellet was finally 
resuspended in the small amount of water (∼ 50 µl) left in the tube. The electrocompetent 
cells were stored on ice. 
 
Arabinose induction in EL250 cells 
The experiment was performed according to: Recombineering protocol #2, by Pentao Liu 
(http://recombineering.ncifcrf.gov/protocol/Protocol2_CKO_vectors.pdf ). 1 ml of an 
overnight grown (LB Rich, 32°C) EL250 culture was subcultivated in 10 ml LB Rich at 
32°C until the optical density reached OD600 = 0.5. A volume of 100 µl arabinose (10%) was 
added to the culture which was incubated with shaking at 32°C for 1 h. The culture was 
centrifuged at 3220 xg and 0°C for 6 minutes. The pellet was resuspended in 888 µl ice-cold 
water and centrifuged at 16100 xg for 20 seconds. The process was repeated three times and 
the pellet was finally resuspended in 50 µl cold water. The electrocompetent cells were 
stored on ice. 
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Electroporations 
The BAC pKK523 from 5 ml LB BAC with chloramphenicol (12.5 µg/ml) was transformed 
into electrocompetent bacteria cells (EL250 strain) was performed by electroporation in 
cuvettes (2 mm) containing 1-2 µg freshly prepared BAC DNA and 25 µl ice-cold 
electrocompetent cells. The electroporation was carried out using a Bio-Rad Gene Pulser 
electroporator at 2500 V. LB BAC medium (1 ml) was added immediately after 
electroporation and the cells were incubated at 32°C for 1 hour with shaking. The 
transformed cells were grown overnight at 32°C on selective agar plates (Table 5). 
 
Transformation with targeting cassettes 
The PCR amplified targeting cassettes (100-200 ng) with chosen selection markers were 
transformed into ice-cold EL250 cells (containing pKK350 or pKK464) by electroporation in 
cuvettes (2 mm) at 2400 V. LB BAC medium (1 ml) was added immediately after 
electroporation and the cells were incubated at 32°C for 1 hour with shaking. The 
transformed cells were grown overnight at 32°C on agar plates with double selection (Table 
5). 
 
Transformation with plasmid pKK266 
An amount of 4 ng of pKK266 (Table 4) was electroporated into 25 µl ice-cold 
electrocompetent EL250 cells in cuvettes (1 mm) at 1800 V. The transformed cells were 
diluted (1:10000) in LB Rich and incubated overnight on two sorts of selective agar plates 
(Table 5).  
 
Transformation by heat shock treatment 
The transformation with pKK668 was performed according to a procedure from Invitrogen: 
Transforming subcloning efficiency DH5α competent cells 
(http://www.invitrogen.com/content/sfs/manuals/subcloningefficiencydh5alpha_man.pdf). 
The DH5α cells (Table 2) were thawed on ice. A volume of 50 µl thawed cells was 
transferred into an eppendorf tube followed by addition of 5 µl plasmid DNA. The tube was 
gently mixed and incubated on ice for 30 minutes. The cells were heat shocked for 20 
seconds in a 42°C waterbath and placed on ice for 2 minutes. 950 µl of pre-warmed LB Rich 
medium was added to the tube followed by incubation for 1 hour at 37°C on shake. The cells 
were plated on selective agar plates (Table 5) followed by an overnight incubation at 37°C.              
 
Recombineering  
The EL250 culture containing BACs (pKK350 or pKK464) was incubated in a 32°C shaking 
waterbath until the optical density reached OD600 = 0.6. A heat shock induction (inactivation 
of a temperature-sensitive repressor for the genes that encode recombination proteins) was 
performed by incubation at 42°C in a shaking waterbath for 15 minutes.  
   
Construction of plasmid pKK668   
A targeting cassette (FRT−kanR−FRT) from plasmid pIGCN21 (Table 4) was cloned into 
plasmid pKK666 and cleaved with BstEII. A vector (pKK476) was prepared (see Plasmid 
purification) and cleaved with the same enzyme. Gel electrophoresis was performed and the 
gel bands were excised and purified using E.Z.N.A. gel extraction kit (United 
Bioinformatica Inc.). DNA was eluted by adding 40 µl of Tris-HCl (pH 9). The linearized 
vector was dephosphorylated following Fermentas protocol and using shrimp alkaline 
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phosphatase (1 U/µl, Fermentas). Plasmid DNA concentration was measured using ND-
1000 spectrophotometer (NanoDrop Technologies). The targeting cassette was ligated to the 
linearized vector with mass ratio 1/1.7 (insert/vector) using T4 DNA Ligase (1 U/µl, Roche) 
and followed by an overnight incubation in a water bath at 13°C. The construct was 
transformed by a heat shock treatment (see Transformation by heat shock treatment) into 
DH5α cells. Colonies were picked, grown overnight, prepared and digested. A single colony 
was selected, amplified and prepared (see Plasmid purification of pKK668). The plasmid 
DNA concentration was measured followed by another digestion of the construct with three 
different enzymes. The constructed plasmid was sent for sequencing (MWG Biotech) with 
primers (Table 6) designed to amplify a targeting cassette used for recombination with the 
BAC pKK464.                                                                                                                                                       
 
Transfection of eukaryotic cells  
The plasmid pKK255 (Table 4) was transfected together with pKK668 into CHO-OX1 cells 
(Table 3) using a 24 well plate containing 1µl lipofectamin diluted in a reduced serum 
medium (optiMEM) and 0.23 µg plasmid DNA in each well. Two wells were used for each 
co-transfection and the co-transfections were carried out for 24 and 48 hours. The co-
transfected cells were fixed with 4% paraformaldehyde for 10 minutes, washed with PBS 
three times and stained using an antibody for β-galactosidase labelled with a fluorescent dye 
(Alexa 594). The fluorescent cells were analyzed with a Leica MZ 16 F microscope. Photos 
at two different locations in each well were taken using a Leica DFC300 FX camera (Leica 
Microsystem AB). Editing of the photos was carried out applying Photoshop program and 
fluorescent cells were counted using ImageJ software.                       
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Polymerase chain reactions 
 
Table 6. Sequences of designed primers*. 
Purpose                                        Sequence                                                                       Name 
Amplification of targeting           Forward: 5�-ATGCCCAAGAAGAAGAGGAA-3�     oKK376 
cassette from pKK668                 Reverse: 5�-CTTGGTCGAGCTGGATACTTC-3�      oKK362 
 
Amplification of targeting           Forward: 5�-ATGGTGCCCAAGAAGAAGAG-3�      oKK377
cassette from pKK735                 Reverse: 5�-TGAGTTTGGACAAACCACAAC-3�     oKK378
 
Screening of pKK523                  Forward: 5�-CTGTGCTCCGTCCTGATGTA-3�        oKK367 
transformed into EL250 strain     Reverse: 5�-GTAAGGACGAAGGCATTGGA-3�      oKK368   
 
Screening of recombinant            Forward: 5�-GACAGCCATTTTCTCGCTTC-3�        oKK348   
BACs containing Chrna2 gene    Reverse: 5�-AGGCAAATTTTGGTGTACGG-3�       oKK350 
 
Detection of pKK464                   Forward: 5�-GACAGCCATTTTCTCGCTTC-3�        oKK348 
(wild type BAC)                           Reverse: 5�-AGAACTGGAAAGCAGGATGG-3�     oKK349 
 
Screening of recombinant             Forward: 5�-GTTCCATCGGCTTCAGACTC-3�       oKK121 
BACs containing Dmrt3 gene      Reverse: 5�-AGCCCTCCCGTATCGTAGTT-3�        oKK122 
 
Detection of pKK350                   Forward: 5�-GTTCCATCGGCTTCAGACTC-3�        oKK121 
(wild type BAC)                           Reverse: 5�- AGCGCAGCTTGCTAAACC-3�           oKK379  
*The program Primer3 was applied to design all primers.  
 
Amplification of targeting cassettes     
The cre−FRT−kanR−FRT cassette was amplified from pKK668 using the primer oKK376 
(Table 6) located in the first coding exon of the cre gene and oKK362 located downstream of 
the FRT-flanked region, yielding a 3100 bp PCR product. The icre−FRT−ampR−FRT cassette 
was amplified from pKK735 with primers oKK377 and oKK378 yielding a 2900 bp PCR 
product. Each primer had a 50 bp homology arm attached for subsequent recombination of the 
targeting cassettes with BACs.  
 
The PCR reactions were performed using Extensive Hi-Fidelity PCR Master Mix (ABgene) 
with 6.25 µl of the mix and 1 µl of each primer in 13 µl reactions containing 150 ng of 
plasmid DNA. A PCR program with 21 cycles and initial annealing temperatures set to 63°C 
(optimal) or 66°C was applied. The residual plasmid template was digested with 1 µl DpnI 
(10 U/µl) for 1 h at 37°C. Gel electrophoresis was performed and the gel bands were excised 
and purified using E.Z.N.A. gel extraction kit. DNA was eluted by adding 30 µl of supplied 
elution buffer.          
 
Screening of bacterial artificial chromosomes 
A screening of pKK523 transformed into the EL250 strain was performed using a PCR program 
with 35 cycles and annealing temperature set to 58°C. The primer oKK367 (Table 6) was located in 
the first coding exon of the Htrd1gene and upstream 5� homology region. The primer oKK368 was 
located downstream 5� homology region. A 20 µl reaction contained: 2 µl PCR buffer (1.5 mM 
MgCl2), 1 µl dNTP, 2 µl Taq polymerase and 0.5 µl of each primer.    
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Recombinant BACs were screened by colony PCR using 2.5 mM MgCl2, 2 µl PCR buffer 
(ABgene), 1 µl dNTP, 2 µl Taq polymerase and 0.5 µl of each primer in 20 µl reactions.  
A screening of recombinant BACs containing the Chrna2 gene was performed using the 
primer oKK348 (Table 6) located upstream 5� homology region and oKK350 located 
downstream 5� homology region. The primer oKK349 located in the first coding exon of 
Chrna2 was used for detection of wild type BACs. A screening of recombinant BACs 
containing the Dmrt3 gene was performed using the primer oKK121 located upstream 5� 
homology region and oKK122 located downstream 5� homology region. The primer oKK379 
located in the first coding exon of Dmrt3 was used for detection of wild type BACs. PCR 
programs with 35 or 31 cycles and annealing temperatures set to 58°C or 60°C were applied.      
 
Gel electrophoresis 
Gel electrophoresis was performed using agarose (0.8%) mixed with 1xTAE buffer (4.48 g 
Tris-base, 1.14 ml acetic acid and 2 ml 0.5 M EDTA dissolved in 1 l distilled water). The 
mixture was heated in a microwave oven and EtBr was added to a cooled solution.     
 
Pulse field gel electrophoresis was performed (CHEF mapper, Bio-Rad) for 18 h using  
agarose (1%) mixed with 0.5xTBE buffer (5.40 g Tris-base, 2.75 g boric acid and 2 ml 0.5 M 
EDTA dissolved in 1 l distilled water). A MidRange I PFG Marker (New England Biolabs) 
was used as a ruler. A CHEF mapper program set to 6 V/cm, 120° and 1-20 seconds pulse 
interval was applied. The gel was placed in an EtBr bath for 15 minutes prior to UV light 
exposure.  
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