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Prion protein (PrP) is a cell surface
glycoprotein which is required for
susceptibility to prion infection and dis-
ease. However, PrP is expressed in many
different cell types located in numerous
organs. Therefore, in addition to its role
in prion diseases, PrP may have a large
variety of other biological functions
involving the nervous system and other
systems. We recently showed that suscep-
tibility to kainate-induced seizures dif-
fered in Prnp~~ and Prnp** mice on the
C57BL/10Sn] background. However, in
a genetic complementation experiment
a PrP expressing transgene was not able
to rescue the Prnp** phenotype. Thus
the apparent effect of PrP on seizures
was actually due to genes flanking the
Prnp~'~ gene rather that the Prnp dele-
tion itself. We discuss here several pitfalls
in the use of Prnp~'~ genotypes expressed
in various mouse genetic backgrounds to
determine the functions of PrP. In par-
ticular, the use of Prnp~~ mice with het-
erogeneous mixed genetic backgrounds
may have weakened the conclusions of
many previous experiments. Use of either
co-isogenic mice or congenic mice with
more homogeneous genetic backgrounds
is now feasible. For congenic mice, the
potential problem of flanking genes can
be mitigated by the use of appropriate
transgene rescue experiments to confirm
the conclusions.

Introduction
Expression of prion protein (PrP) is well-
known to be essential for susceptibility to

prion diseases, also known as transmissi-
ble spongiform encephalopathies (TSE).!
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However, despite significant research
efforts the normal physiological roles of
the prion protein (PrP) remain poorly
understood. Strategies to assign a function
to PrP have typically relied on deletion or
inactivation of Prnp gene expression in
laboratory mice. While deletion of PrP
results in no obvious physiological, devel-
opmental or anatomical insufficiencies in
mice, investigations using PrP knockout
mice have suggested a perplexing array of
roles for PrP.>?

Among these effects is a possible influ-
ence of PrP expression on susceptibil-
ity to seizure induction. Research in this
area has produced conflicting results on
the role of PrP. Two independent groups
found Prnp~'- mice to be more susceptible
than Prnp*’* controls to seizures induced
by kainic acid (KA), pentylenetetrazol
(PTZ) or pilocarpine.®” In contrast, in our
recent study C57BL/10Sn] Prnp~~ mice
were less susceptible than Prnp** controls
to kainate-induced seizures.® In ex vivo
studies by another group using hippocam-
pal slices treated with PTZ, bicuculline
and zero-magnesium conditions, Prnp™-
slices were less susceptible to induction
of seizure activity compared with Prnp*’*
controls.” These confounding results have
clouded our ability to draw accurate con-
clusions about the role of Prnp in seizure
susceptibility. Moreover, these differences
suggest the possibility that factors other
than the deletion of Prnp may be influ-
encing experimental outcomes. Possibly,
differences in seizure induction protocols
and/or variations in mouse background
genes in the Prnp** and Prnp™/~ mice are
responsible. Here, using our recently pub-
lished results as a model, we elaborate on
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genetic pitfalls related to the use of Prnp~'-
mice and the potential solutions to these
problems.

Lower Seizure Susceptibility
of Prnp~- Mice on C57/BL/10SnJ
Background

In our recent investigation of kainate-
induced seizure susceptibility in mice
on the C57BL/10Sn] background, sei-
zure severity was significantly less in

male Prnp~~

mice than in Prnp** mice
(Fig. 1).® The greater seizure sensitiv-
ity seen in Prnp*”* mice compared with
/-

Prnp~~ mice was opposite to the findings

%7 and therefore we considered

of others,
explanations other than Prnp deletion for
these results.

In our own mouse system C57BL/
10Sn] Prnp~'~ mice were originally derived
from the 129/Ola Prnp”~ mice con-
structed in Edinburgh.'® Because these
129/0la Prnp~~ mice were poor breed-
ers, they were subsequently bred onto
the C57BL/10Sn] background by serially
backerossing to C57BL10/Sn] mice for
nine generations. As in all situations where
genes are transferred between mouse
strains by serial backcrossing, 129/0la
genes flanking the Prnp locus persisted
in our C57BL/10Sn] Prnp~~ mice despite
9 backcrosses. To identify more accurately
the extent of this 129-derived flanking
region, we compared the DNA of Prnp*/
and Prnp”~ mice on the C57BL/10Sn]
background using PCR analysis to detect
previously mapped strain-specific single
nucleotide polymorphisms (SNP). A
47.4 Mb region of 129/Ola genes flank-
ing the Prnp” locus on chromosome
2 was the only 129-derived genetic region
detected in the C57BL/10Sn] Prnp~'~ mice
(Fig. 2). Thus, our Prnp™~ mice differed
from Prnp** controls not only in the
deletion of Prnp, but also in the pres-
ence of over 400 protein coding genes
in the adjacent flanking regions derived
from the 129/Ola strain rather than the
C57BL/10Sn] strain. In this region, by
comparison of DNA sequences, strains
129/0Ola and C57BL/10Sn] differ at
>5000 SNPs. Therefore, the seizure phe-
notypes observed in Prnp~~ mice might
be a result of either the deletion of Prnp
or the presence of flanking genes derived
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Figure 1. Comparison of KA-induced seizure duration in adult C57BL/10SnJ Prnp** and
C57BL/10SnJ Prnp~- mice. Each dot represents the sum of the number of timepoints at seizure
stages 3, 4, or 5, as graded on a modified Racine scale.® Over the entire 240 min observation pe-
riod, male Prnp** mice had significantly more time-points at stages S3, S4, and S5 compared with
Prnp~- mice (***, p = 0.0006, two-tailed Mann-Whitney test).

from strain 129 where the Prnp~ gene was
first propagated in embryo stem cells.!

Transgenic Rescue Experiment
to Study Possible Influence
of Flanking Genes

To test the specificity of a deleted Prnp
gene in knockout mice, one approach is
genetic complementation or rescue, where
a PrP expressing transgene located at a
chromosomal site unrelated to the Prnp~'~
gene is bred back into the C57BL/10Sn]
Prnp~ line which has the 129-derived
flanking genes. If PrP expression by the
transgene rescues the C57BL/10Sn]
Prnp™~ mice to produce the phenotype
seen in Prnp*’* mice, this can be taken
as evidence that the deletion of the Prnp
gene is the cause of the altered phenotype
in the Prnp~~ mice. On the contrary, if the
rescue by PrP expression is not successful,
the altered phenotype in the Prnp™/~ mice
is likely to be due to the presence of the
129-derived flanking genes.

In our recent study, to exclude the
potential influence of the 474 Mb of
129/0Ola  flanking genes in  our
C57BL/10Sn] Prnp™ mice,® we intro-
duced the tga20 transgene which expresses
the “half-genomic” PrP DNA transgene."
In these crosses, littermate mice differ-
ing for expression of the tga20-PrP trans-
gene were compared. Importantly, both
tga20-PrP*~ and tga20-PrP~~ mice pos-
sessed the original Prnp~~ locus gener-
ated in 129/0Ola embryo stem cells and
the 47.4 Mb of 129/Ola flanking genes.

Prion

Interestingly, when tested for KA-induced
seizure sensitivity tga20-PrP*~ and tga20-
PrP-"~ mice were not significantly differ-
ent (Fig. 3), and their seizure phenotype
matched that of the C57BL/10Sn] Prnp~'-
mice. Thus, expression of the tga20-PrP
transgene did not restore the phenotype
seen in Prnp** mice. This result was not
due to insufficient PrP expression as the
transgene heterozygote expresses 3-fold
more PrP than wildtype mice.!! These
findings indicated that the 129/Ola
flanking genes rather than Prnp deletion
were responsible for the difference in sei-
zure susceptibility seen between Prnp~'-
and Prnp”* mice on the C57BL/10Sn]
background.

129/0la Coisogenic Mice

Ideally the simplest method for analyzing
the effect a mouse with a targeted gene
deletion is to maintain the deleted gene
on the same mouse genetic background
where it was created, and then compare
co-isogenic mice with and without the tar-
geted deletion to determine the effect of
the deletion. In our KA seizure suscepti-
bility experiments, co-isogenic Prnp~~ and
Prnp* mice on the 129/Ola background
did not differ significantly in seizure
latency or severity.® Therefore, overall
these data supported our previous findings
that Prnp itself did not alter susceptibility
to KA-induced seizures.

Because our experiments used mice on
both 129/0la and C57BL/10Sn] back-

grounds, we cannot be certain that our
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Figure 2. Map of C57BL/10SnJ-Prnp~~ mouse chromosome 2. Analysis of 103 SNPs on chromosome 2 revealed the presence of approximately 47.4
Megabases (Mb) of 129/0la genes (shaded region) flanking the Prnp~- locus at 131.7 Mb. The SNP markers at 96.7 and 144.1 Mb designate approximate
boundaries between 129/0la and C57BL/10SnJ genes.
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Figure 3. Comparison of KA-induced seizure duration in C57BL/10SnJ Prnp~- mice with (TgPrP*-)
or without (TgPrP~") expression of the tga20-PrP transgene. TgPrP*~ mice were not significantly
different from TgPrP~~ mice in the number of time-points at stages S3, S4, and S5. Mice requiring
euthanasia were excluded from this analysis (4 male TgPrP). Statistics were done by a two-tailed

conclusions explain the results of previ-
ous workers who compared Prnp** and
Prnp”~ mice which were on a mixed
129-C57BL/6] background.®” However,
these latter studies also involved mice with
129-derived genes flanking the Prnp'-
locus, and thus it remains to be tested
whether flanking genes might also influ-
ence these data.

Pitfalls in the Use of Various
Types of Prnp Knockout Mice

In addition to the requirement for PrP in
susceptibility to prion diseases, PrP has
also been described to influence a large
number of biological processes involving
not only many aspects of brain function
and biochemistry, but also immune sys-
tem function, phagocytosis, hematopoi-
etic stem cells, and even dentin formation
in teeth (for review see ref. 2). This list
continues to grow at the present time,
but there has been little consensus from
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these studies regarding the overall main
function(s) of PrP in cells. Most studies
identifying new PrP functions have uti-
lized comparisons between PrP-expressing
and PrP-non-expressing mice or cells.
Although the results have been distinct in
regard to the requirement for PrP expres-
sion for prion disease susceptibility, the
results for other processes requiring PrP
expression have been less clear. This is
likely due to the weaknesses of the phe-
notypic differences observed and also
to the problem of the influence of non-
Prnp background genes in many systems.
For these reasons, we consider here some
aspects of possible pitfalls in the use of PrP
KO mice and discuss possible approaches
to circumventing these problems.
Currently available lines of Prnp KO
mice can be considered in three different
groups (Table 1) with increasing potential
problems due to non-Prnp background
gene effects: (1) co-isogenic mice on the
same genetic background as the original

Prion

ES cells, (2) congenic mice where the orig-
inal construct in ES cells was moved to
another genetic background by repeated
backcrossing, and (3) mice on a mixed
genetic background where the original
construct was moved to a mixed back-
ground composed of segregating genes
from 2 or more inbred mouse strains.

To date
Prnp~- and Prnp** are on the same back-
ground as the embryo stem (ES) cells used
to introduce the Prnp~ mutation, have

co-isogenic mice, where

been derived using ES cells from strain
129 mice which were capable of fusing
with early mouse embryos to form viable
mosaic mice (Table 1).1° Since these mice
differ only at the site of the targeted inser-
tion of the Prnp~'~ gene, functional differ-
ences found in studies using the mice or
their cells can be presumed to be due to
differences in the presence of Prnp. One
caveat is the possibility that these paired
lines can undergo genetic drift over time
leading to differences in other genetic loci,
but the influence of such unwanted muta-
tions so far has not been a detectable prob-
lem. Other approaches such as genetic
complementation (see below) could be
used to rule out such a possibility.

Prnp~~ mice have also been generated
on genetic backgrounds of mouse strains
other than 129 (Table 1). In these cases,
strain 129 ES cells were also used to insert
the deleted Prnp gene. Mice containing the
KO gene were then repeatedly backcrossed
with a different mouse strain to gener-
ate mice expressing the Prnp- allele, and
these mice were intercrossed to generate
Prnp~~ mice lacking PrP expression. This
is an effective strategy to allow the study
of Prnp deletion on genetic backgrounds
other than strain 129. If the backcross is
done using a single inbred mouse line to
create a congenic mouse strain, there is
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Table 1. Comparison of various lines of Prnp”~ mouse lines

Type® Prnp~- gene® ES cells¢
Co-isogenic Edin 129/Ola
Congenic Edin 129/0la
Congenic Zul 129/Sv
Congenic Ngsk 129/Sv
Congenic Rikn 129/0la
Congenic Zull 129/0la
Congenic RcmO 129/Ola
Congenic GFP 129/0la
Mixed? Zul 129/Sv
Mixed? Zu l/tga20" 129/Sv

Flanking genes* Background Prnp** control Cerebellar degeneration®
No 129/0la™ 129/Ola No
Yes C57BL/10SnJ* C57BL/10SnJ No
Yes FVB,?* BALB/c,'®* C57BL/6*  FVB, BALB/c, C57BL/6 No
Yes C57BL/6%* C57BL/6 Yes
Yes C57BL/6¥ C57BL/6 Yes
Yes C57BL/6% C57BL/6 Yes
Yes unknown? ? Yes
Yes C57BL/6%*° C57BL/6 NTf
Yes Mixed B6-129' None No
Yes Mixed B6-129" None No

2Category of line. Co-isogenic, mice identical at all genes except gene targeted by knockout recombination; Congenic, knockout gene backcrossed
onto background genotype of an inbred strain different from that of the original ES cells; Mixed, background genotype from two different strains, i.e.,
129 and B6. PAbbreviated name for Prnp knockout construct described in reference cited in background column. €129 substrain type of embryo stem
cells used. “When genotype of ES cells differs from that of mice used to make a congenic line, there are 129-derived genes flanking the Prnp~- locus
which must be considered in the analysis. Use of a genetic complementation or rescue experiment using a PrP transgene is helpful to resolve this
problem. ¢<Some strains of Prnp~- mice develop spontaneous cerebellar degeneration as indicated in this Table. This process is blocked by expression
of a normal PrP transgene, suggesting that it is caused by the Prnp knockout itself, but in fact it is actually caused by the knockout construct alter-

ing splice sites downstream from Prnp leading to an increased expression of the downstream Prn-d (doppel) gene. fThere are no publications stating
whether or not these mice develop spontaneous cerebellar degeneration. 9During selection and maintenance of homozygous Prnp~~ genotype, if
strict inbreeding is done, homozygosity for either the 129 or B6 allele of each gene is eventually achieved, but the genotype of each gene is randomly
distributed between 129 and B6. If lines become separated as for Zu | and Zu 1/tga20, mixture of 129 and B6 genes will not be the same in the 2 lines. At
this point, they cannot be accurately compared with each other without intercrossing and analyzing littermates differing in transgene expression (see
Fig. 2). "Tga20 transgene, which expresses mouse PrP, was inserted and maintained in Zu | Prnp~~ mice on a mixed 129-B6 background. However, the
backgrounds of these mice and of the original Zu | Prnp~- mice are likely to have diverged during the years since these 2 lines were created because
129 or B6 alleles at various loci are randomly selected during the breeding process.

still a major caveat with this approach.
There is always the continued presence of
129-derived genes located on both sides
of the selected Prnp~ locus. Such flank-
ing gene regions cannot be removed by
repeated backcrossing because the inci-
dence of recombination becomes vanish-
ingly low as the flanking gene region gets
smaller. Thus there always remain at least
10 to 500 flanking genes derived from
strain 129, and effects apparently attribut
able to the Prnp~'~ genotype might instead
be due to 129-derived flanking genes.
Fortunately the effect of a flanking gene
vs. that of the deleted gene can usually be
distinguished by genetic complementa-
tion or rescue of the Prnp* phenotype by
inserting a PrP expressing transgene at a
different chromosomal site in the Prnp
KO mice.

Genetic complementation using PrP
transgenes has also utilized cell type-
specific promoters to not only show com-
plementation but also to determine the
cell type where PrP complementation is
required to reverse the Prnp~'~ phenotype.
Regarding the rescuing of susceptibility to
prion diseases, this approach has shown
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the effectiveness of PrP expression in both
1214 and the inef-
fectiveness of PrP expression in hepato-
cytes,” T lymphocytes,” oligodendroglia'®
and Schwann cells.'®

Another elegant approach to genetic
complementation involves the use of the
Cre-lox system where two transgenes, a
PrP transgene flanked by loxP sites plus
a transgene expressing Cre recombinase
under control of a cell-specific promoter,
are bred into the Prnp”~ mice.” Such
mice later undergo cell-specific deletion of
expression of the PrP transgene. If trans-
gene-mediated deletion of PrP abolishes
the rescue of the original Prnp~~ pheno-
type, this is strong evidence for the role of
PrP expression in the phenotype tested.'s!
Again it is critical that the background
genes in these crosses be identical to each
other to rule out mixed backgrounds as a
possible explanation of the results.

The Zurich I Prnp KO line, which was
the first Prnp™~ line produced,"** has the
most complicated genetic background due
to its breeding history (Table 1). Because
of its early availability, this line has been

neurons and astrocytes,

used for the largest number of studies

Prion

of the PrP knockout phenotype. With
this line, the initial breeding generated
a genetically mixed background derived
from both strain 129 and strain B6 mice.
Inbreeding to obtain and maintain the
homozygous Prnp~'~ genotype resulted in
homozygosity for either the 129 or the B6
genotype randomly distributed among all
loci. Furthermore, these mice also have the
same 129 flanking gene issue as described
above for congenic lines. In addition, there
is no easy way to obtain Prnp*’* mice with
a genetically matched background. Some
groups have used (129xB6)F1 mice as
Prnp*’ controls, but these heterozygous
Prnp* mice do not match the genotype
of the mixed inbred Prnp~~ mice who are
homozygous at most or all background
loci. Thus they are not appropriate con-
trols even though they have appeared in
numerous publications. One possible solu-
tion to this dilemma is to backcross the
mixed KO mice to B6, then intercross
and identify large numbers of littermates
as Prnp**, -
notypes. If sufficient group sizes are used

, and *~ and compare phe-

and littermate mice are compared, the
background gene heterogeneity should be
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similar enough in all the mice to identify
effects of Prnp deletion. Genetic comple-
mentation experiments can also be done
in these mice. However, all transgenic
and knockout mice on the mixed 129-
B6 background are unlikely to have the
same mixture of these background genes.
This is due in part, to the varying times
of establishment of these mice, and con-
tinuing segregation ongoing in these lines.
Thus the use of these lines requires the rig-
orous use of littermate mice to control for
possible differences in the random mix-
ture of B6 and 129 background genes. For
a more detailed discussion of issues con-
cerning genetic background and flanking
gene problems in mouse mutant studies
see ref 31.

Conclusions

Because of the problems which occur
with the use of mice with a mixed genetic
background, future researchers wishing
to analyze the effects of Prnp deletion
should consider using either the co-iso-
genic Prnp”~ mice from Edinburgh or
one of the congenic lines with either the
Edinburgh or the Zurich I Prnp~'~ which
have been generated (Table 1). The use of
PrP transgene rescue experiments should
always accompany the use of the congenic
lines which all have 129-derived genes
flanking the Prnp~~ locus. The use of the
Prnp~~ lines which develop spontaneous
cerebellar disease, i.e., Ngsk, Rikn, RemO0,
and Zu II, is not recommended for most
situations due to their dysregulation of the
adjacent Prnd (doppel) gene (Table 1).
The above discussion of the different
types of Prnp~~mice raises concerns about
the previous conclusions concerning PrP
functions found using many of the sys-
tems. Where co-isogenic mice were used,
the results obtained should be valid from
the genetic viewpoint. Similarly when
appropriate  genetic complementation
experiments were done using mice with
similar backgrounds, the effect described
can likely be attributed to Prnp rather
than flanking genes. However, there are
many published studies which do not
meet these criteria for genetic accuracy,
and readers and reviewers should be cau-
tious in accepting the conclusions of such
studies without further experimentation.
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