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Germline Transmission of Exogenous Genes 
in the Chicken 

Difficulties associated with in vitro manipulation and culture of the early chicken 
embryo have restricted generation of transgenic chickens to approaches that use 
replication-competent retroviruses. The need to produce transgenic chickens in the 
absence of replicating virus prompted development of a new method of gene transfer 
into the chicken. Microinjection of the replication-defective reticuloendotheliosis virus 
(REV) vector ME1 11 beneath unincubated chicken embryo blastoderms results in 
infection of germline stem cells. This vector contains genetic information exogenous to 
the chicken genome, including both the herpes simplex virus type 1 thymidine kinase 
gene and the Tn5 neomycin phosphotransferase gene. About 8 percent of male birds 
hatched from injected embryos contained vector DNA in their semen. All four positive 
males tested passed vector sequences onto their progeny. Analysis of GI offspring 
showed that gonads of Go male birds were mosaic with respect to insertion of vector 
provirus. Thus, primordial germ cells present in the unincubated chicken embryo 
blastoderm are susceptible to infection by defective REV vectors. 

G ENE TRANSFER INTO CHICKENS 

has usually depended on the use of 
replication-competent retroviral vec- 

tors (1-4); in part because it is difficdt to 
manipulate the early avian embryo or to 
grow the embryo in vitro (5,  6). Attempts to 
alter the chicken germline by gene transfer 
into developing follicles (7) or in vitro cul- 
tured early embryos (6) have not been suc- 
cessf~~l. Documented germline gene transfer 
results from injection of replicating virus 
into freshly laid unincubated eggs (2-4). 
Access to the embryo is easy just after 
ovaposition; however, the embryo has al- 
ready reached a stage corresponding to a 
n~mxnalian late blastula or early gastrula. At 
this time, the embryo consists of; thin layer 
of many pluripotent cells comprising the 
blastoderm (8, 9). In contrast, the ability to 
manipulate the early mouse embryo has led 
to success with a variety of approaches to 
gene transfer, including microinjection of 
DNA (10, 1 I), retroviral infection (12, 13), 

and the use of embryonic stem cells that can 
contribute to the germ-cell lineage of chi- 
meric mice (14-16). To generate transgenic 
chickens in the absence of replicating virus, 
we have developed a new method of gene 
transfer based on microinjection of nonre- 
plicating retroviral vectors into embryos of 
unincubated eggs. 

We used the replication-defective reticu- 
loendotheliosis virus (REV) vector ME1 11 
(17, 18) to infect susceptible stem cells pre- 
sent in the unincubated chicken embryo. 
Chickens do not contain endogenous REV- 
related proviruses that might interfere with 
detection of newly acquired pro\ T ~ n ~ ~ ,  ' even 
though REV can infect at least some somat- 
ic stem cells of the early chicken embryo (2, 
7). Primordial germ cells appear to  reside in 
the outer layer or  epiblast of the blastoderm 
(19-22). Since nonreplicating vectors would 
infect embryonic cells at about the time of 
injection, subsequent analvsis of adult blood 
and semen \vould show whether or not 

susceptible somatic and germline stem cells 
were present at this time. 

The ME1 11 vector lacks all viral structur- 
al genes and carries both the Tn5 neomycin 
resistance gene driven by the promoter of 
the REV long terminal repeat (LTR) and 
the herpes simplex virus type 1 (HSV-1) 
thymidine kinase (TK) gene (1 7). C3 helper 
cells generate stocks of ME1 11 with titers of 
about lo4 TKTU per milliliter (TK trans- 
ducing units) (1 7). sequence comparison of 
the competent parental helper virus, packag- 
ing defective helper proviruses, and the vec- 
tor provirus is shown in Fig. 1. Cells and 
vector were grown and harvested as previ- 
ously described (1 7, 18). Ten-microliter vol- 
tunes of vector-containin cell culture media " 
were injected through the area pellucida into 
the subgerminal cavity of the blastoderm of 
unincubated eggs (23). Eggs were resealed 
and allowed to hatch (24). DNA from blood 
and semen of mature birds was analyzed for 
the presence of integrated proviral vector. 

A total of 2599 eggs were injected, of 
which 38% hatched. DNA from the blood 
of 760 hatched chicks was analyzed by liq- . . 

uid hybridization with a vector-specific 
probe (2.5). Of these, 173 chicks contained 
vector sequences. Of 82 males whose blood 
was ~ositive. 33 males also carried vector 
sequences in their semen. DNL4 blot analysis 
(26) of blood (27) and semen DNA con- 
firmed integration of vector provirus. Re- 
striction endonuclease fragments of DNA 
specific for replicating REV were not ob- 
senred. Long-term culture assays (28), used 
to test for low levels of virus, detected 
competent REV in 2 of 14 Go birds with 
vector-positive blood. Sires and progenv 
described in this report were judged to be 
virus-negative by the same method. Vector- 
positive semen from four males was used to 
Inseminate control females. All four trans- 
mined vector sequences to G I  progeny at a 
frequencv that varied from -2% to 8%. 
These results confirm vector-mediated infec- 
tion of primordial germ cells present in the 
unincubated chicken embryo. 

DNA blot analysis of proviral genome 
organization in Go vector-positive semen 
and in blood of vector-positive G1 progeny 
is shown in Fig. 2. Lanes 3 to 5 in Fig. 2A 
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contain Bam HI-digested semen DNA of 
three Go vector-positive birds and show the 
predicted internal proviral vector Bam HI 
fragments of 3.7 and 1.65 kb. These bands 
are absent from negative control semen 
DNA shown in lane 2. Other bands present 
in lanes 3 to 5 may represent the 5' junctions 
between cellular DNA and integrated provi- 
ral vectors. 

Figure 2B shows analysis of blood DNA 
h m  GI progeny of Go males 28428 and 
87620 whose semen DNA is shown in Fig. 
2A, lanes 3 and 4, respectively. DNA from 
GI progeny of Go male 28428 is shown in 
Fig. 2B, lanes 4 to 6; DNA from progeny of 
Go male 87620 is shown in lane 7. Blood 
DNAs from these four offspring were di- 
gested with both Bam HI and Bgl II, South- 
em blotted, and hybridized with probes 
derived from the 5' and 3' ends of the 
vector. Progeny DNA in lanes 4, 5, and 7 
each show the predicted internal vector 
DNA fragments of 1.65 and 0.74 kb, also 
present in the positive control in lane 9. 
Both internal fragment intensity and the 
presence of an additional fragment in lane 4 
of Fig. 2B indicate that the genome of this 
bird contains two copies of integrated vec- 
tor. The strongly hybridizing junction frag- 
ments marked by asterisks in Fig. 2B dem- 
onstrate the monoclonal nature of the insert- 
ed vector DNA and confirm germline pas- 
sage of the vector provirus from Go sires to 
their GI progeny. 

DNA from the blood of G1 progeny, in 
lane 6 of Fig. 2B, shows the predicted 1.65- 
kb fragment, a junction fragment of -0.9 
kb, and a third fragment of -0.65 kb, which 
is smaller than the predicted 0.74-kb vector 
fragment present in lanes 4, 5, and 7. The 
same progeny DNAs, hybridized with a 
TK gene probe, are shown in Fig. 2C. The 
predicted TIC-hybridizing 1.75-kb fragment 
is present in lanes 4,5, and 7 of Fig. 2C, but 
absent in DNA of lane 6 where a smaller 
fragment of -0.9 kb is present instead. 
Results with the two probes are consistent 
with the presence of a large deletion of 
about 0.8 kb between the two Bgl 11 sites 
within the proviral vector present in the 
DNA seen in lane 6 (see Fig. 1). 

Analysis of GI progeny of Go sire 28428 
shows that the germline of this Go-infected 
male is mosaic with respect to vector inser- 
tions. From this male, 111289 (3.8%) prog- 
eny were vector-positive. Other sires gave 
similar results: 87620, 91205 (4.4%); 
87725, 121143 (8.4%); and 87658, 2/83 
(2.4%). Ten microliters containing about 
100 infectious units of ME1 11 were inject- 
ed into embryos (-lo4 TKTUlml as mea- 
sured on BRLTK- cells) (18). The relative 
infectivity of this vector on cells of the 
chicken embryo is unknown. Since other 
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Fig. 1. Sequence similarities among the parental spleen necrosis virus (SNV) provirus, the modified 
packaging defective helper proviruscs, and the ME111 proviral vector. Relevant fcatures of these 
proviruses include the LTRs, the structural genes of the virus (gag, pol, env), the approximate position of 
the packaging sequence (E), the neomycin phosphorransferase sequences (NEO), and the HSV-1 TK 
gene. TKp indicates the TK promoter. The (env) sequence in the larger of the two helper proviruses is 
presumably not expressed because of removal of the 5' splice donor. All numbers indicate length in 
kilobases. Overlapping deletions indicated b e e n  helper and vector sequences should reduce 
recomb'ition between these genome. The REV helper proviruses and the ME111 vector have been 
described (17, 18). The 5' LTRs of both helper proviruses were derived fiom SNV. Their coding 
sequences derived from REV-A. REV-A and SNV share high sequence homology. Bam HI and Bgl II 
restriction endonuclease fragments indicated are not to scale. Also given are the location of viral, vector, 
and TK-spaufic DNA probes. 

Fig. 2. DNA blot analysis of & vector-positive semen and vector-positive GI progeny (29). (A) 
Hybridization with vector-speci6c probe. Lane 2, Bam HI-digested negative control semen DNA, 
lanes 3 to 5, Bam HI-digested vector-positive semen DNA from three d h t  Go chickens; lane 6, 
Barn HI4gesed p M E l l l  DNA. (B) Hybridization with vector-spea6c probe. Lane 3, Bam HVBgl 
II-digested negative control blood DNA, lanes 4 to 6, Bam HI/Bgl II-digested blood DNA5 of vector- 
positive G1 progeny of male & bid 28428; lane 7, Bam HIiBgl II-digested blood DNA of vector- 
positive G1 progeny of male Go bird 87620; lane 9, Barn HI/Bgl II-digested negative control blood 
DNA and plasmid pME111. Lanes 2 and 8 are blank. (C) Hybridization with the TK-specific probe: 
same as described for (B). Lanes 1 of (A), (B), and (C) contain Hind 111-digested h phage DNA and 
Hae III-digcsted 4x174 DNA. DNA fragments that derive fiom internal regions of the vector are 
marked by arrows. Junction fragments containing the 5' end of the vector and cellular DNA are marked 
by asterisks. The largest hybri* fragments of DNA in lane 6 of (A) and lane 9 of (B) contain vector 
sequences that remain associated with plasmid DNA after resmction endonuclease digestion. 
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defective REV vectors have titers reported to 
be a hutldred times that of ME111 (29), 
injection of embnos with replication-defec- 
ti& REV vector could provide a very efficient 
means of producing gennline mosaic chick- 
ens. Defective retroviral vectors derived from 
other viruses such as avian leukosis virus 
might also be effective (30). The progeny of 
such mosaics could carry proviral insertions at 
many different sites within the genome. 

The embryos used for these studies con- 
tained at least 1 0 ~ e l l s ,  some of which 
formed the epiblast at the outer surface of 
the blastoderm (31). Primordial germ cells 
reside in this layer of cells, but are indistin- 
guishable from somatic stem cells before 
migrating to the germinal crescent ( 19-22). 
Our experiments show that injection of the 
nonreplicating REV vector ME1 11 beneath 
the unincubated chicken embryo blastoderm 
resulted in infection of precursors to both 
blood and semen. Analysis of blood DNA 
from progeny of Go birds with vector-posi- 
tive semen confirmed germline transfer of 
vector sequences. Since replicating helper 
virus was not detected in the Go mosaics 
used for breeding, nor in their GI progeny, 
the vector sequences present in these ani- 
mals resulted from infection immediately 
following injection of the Go embryos. This 
approach provides a way to study cell lin- 
eage relations during dift'erentiation (32, 33) 
and vector-mediated gene expression. 
Chicken embryo epiblast cells have been 
cultured in vitro (34) ,  and generation of 
chicken chimeras has been accomplished by 
injecting stem cells into the blastocoel of 
recipient embryos (35). The susceptibility of 
germline stem cells to REV infection in vivo 
suggests that a similar approach might be 
used on stem cells cultured in vitro, parallel- 
ing work with murine stem cell lines used to 
generate transgenic mice (15). 

Our results identify the unincubated 
chicken embryo as a source of germline stem 
cells susceptible to infection by REV vectors 
and demonstrate the first use of replication- 
defective REV vectors to transfer heritable, 
nonviral, genetic information into the chick- 
en germline. The ease and efficiency of this 
procedure provide both researchers and 
commercial breeders with a practical meth- 
od for genetic manipulation of the chicken. 

- - 
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Selective Loss of Hippocampal Granule Cells in the 
Mature Rat Brain after Adrenalectomy 

Adrenalectomy of adult male rats resulted in a nearly complete loss of hippocampal 
granule cells 3 to 4 months after surgery. Nissl and immunocytochemical staining of 
hippocampal neurons revealed that the granule cell loss was selective; there was no 
apparent loss of hippocampal pyramidal cells or of y-amino butyric acid (GAl3A)-, 
somatostatin-, neuropeptide Y-, calcium binding protein-, or parvalbumin-containing 
hippocampal interneurons. The hippocampal CAl pyramidal cells of adrenalectomized 
animals exhibited normal electrophysiological responses to afferent stimulation, 
whereas responses evoked in the dentate gyms were severely attenuated. Corticoste- 
rone replacement prevented both the adrenalectomy-induced granule cell loss and the 
attenuated physiological response. Thus, the adrenal glands play a role in maintaining 
the structural integrity of the normal adult brain. 

A LTHOUGH HORMONES INFLUENCE 

the survival of neurons in the devel- 
oping brain ( I ) ,  none have been 

shown to be necessary for maintenance of 
the structural integrity of the mature brain. 
The hippocampus, a brain region involved 
in learning, memory, and a number of neu- 
rological disease states (2, 3 ) ,  is a target of 
adrenal steroids (4) and is thought to play a 
role in the endocrine functions of the adre- 
nal-hypothalamic-pituitary axis (5) .  Adrenal 
hormones may exacerbate lleurotoxic insults 

to the hippocampus (6) ,  and adrenalectomy 
can protect hippocampal pyramidal cells 
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