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Abstract

The mouse has been a favoured organism for molecu-
lar manipulation in studies seeking to establish the
genetic bases and pathophysiologic mechanisms un-
derlying both Type I (insulin-dependent) and Type
II (non-insulin-dependent) diabetes mellitus. Gene
targeting and transgenesis are the two powerful mo-
lecular technologies used in these endeavours. Inter-
pretation of results generated from such studies, ei-

ther entailing an altered phenotype or the absence of
a phenotypic change, is not always simple. This re-
view focuses on certain complications inherent in the
methodologies, and outlines steps that can be taken
to distinguish effects of the genetic manipulation
from unexpected contributions from the genetic
background. [Diabetologia (2002) 45: 296-308]
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The American poet Walt Whitman (1819-1892)
wrote: “A mouse is miracle enough to stagger sextil-
lions of infidels”. Favoured as a model organism by
geneticists because of a well-characterized genome
sharing extensive homology with the human genome,
the mouse has recently become more “miraculous”
because of revolutionary developments in molecular
genetics over the past two decades [1]. Stocks of
mice with experimentally-manipulated genomes now
represent important tools for research into the aetio-
pathogenesis of both Type I (insulin-dependent) dia-
betes and Type II (non-insulin-dependent) diabetes
mellitus. Such stocks further provide essential insight
into the genetic control of diabetes-related subphe-
notypes associated with the development of hyper-

Received: 18 September 2001 and in revised form: 29 October
2001

Corresponding author: E. H. Leiter, The Jackson Laboratory,
600 Main Street, Bar Harbor, Maine 04609-1500, USA, e-
mail: ehl@jax.org

Abbreviations: cADPR, Cyclic ADP-ribose; hGAD65, human
glutamic acid decarboxylase 65; IR, insulin receptor; QTL,
quantitative trait loci; RIP, rat insulin promoter; Tg, transgen-
ic; Tm targeted mutation

glycaemia. The two technologies driving genome ma-
nipulation are transgenesis and gene targeting [2]. It
is now remarkably straightforward to alter the ex-
pression of specific mouse genes as well as to use
mice as surrogate hosts for expression of genes from
other genera. These manipulations allow analysis of
gene function by ablation of specific genes or their re-
placement with variant alleles. In addition to silenc-
ing expression of a given gene (gene “knock-outs”),
a specific gene’s product can be over-expressed, un-
der-expressed (by use of anti-sense or ribozyme tech-
nology), or the gene’s expression can be conditionally
activated or repressed by the incorporation of envi-
ronmentally-cued regulatory elements. With a com-
plete sequence of the mouse genome close at hand,
these technologies have become even more impor-
tant for identifying functions of genes currently
known only as “expressed sequence tags” (ESTs).
This review will not catalogue the many examples
whereby researchers have exploited the new genetic
technologies to develop new mouse models of diabe-
tes or to investigate the role of specific genes in the
aetiology of well-established diabetes models. Rath-
er, the purpose is to discuss the problems of interpre-
tation associated with the major genomic manipula-
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tions currently used to investigate the role of specific
genes in the development of diabetes in mice. Such a
discussion is timely because certain caveats associat-
ed with the technologies, at least given their current
limitations, are often not fully appreciated by re-
searchers when planning experiments or assessing
phenotypes.

Transgenic and gene-disrupted mice: basic methods

Transgenic mice are usually produced by zygotic (mi-
cro) injection of cloned DNA into the male pronucle-
us. The DNA injected can be a specific gene either
with an endogenous genomic promoter-enhancer re-
gion or a cDNA coupled to a promoter-enhancer de-
signed to produce widespread expression in most tis-
sues. Alternatively, tissue-specific or cell-specific pro-
moters are now commonly ligated to a DNA se-
quence of interest in order to limit expression to a
cell type of choice. Fertilized eggs harvested from hy-
brid (F1) mice often prove to be more “forgiving” of
intranuclear microinjection damage, thereby yielding
higher percentages of live-born offspring after trans-
plantation into pseudopregnant “foster” female
mice. This, in turn, increases the potential for a high-
er percentage of transgenic founders. For these rea-
sons, many of the transgenic stocks previously creat-
ed to answer specific questions in diabetes, aetio-
pathogenesis have entailed insertion of the transgene
into F1 zygotes that yield progeny segregating vari-
able and undefined proportions of genes from both
(grand) parental strains.

Transgene insertion can also be accomplished by
transduction of totipotent embryonic stem cells in
culture using a transgene ligated to a selectable anti-
biotic resistance marker and then incorporating the
transduced embryonic stem cells into a developing
embryo at the blastocyst stage. Typically, the blasto-
cyst is obtained from C57BL/6 J (B6) mice whereas
the most intensively-utilized embryonic stem cell
lines derive from the 129 strains originally developed
at The Jackson Laboratory to increase frequency of
spontaneous testicular teratomas [3]. Whereas the in-
tranuclear microinjection method will result in ran-
dom incorporation of tandem copies of the transgene
in every cell of the “founder” mice, tissues of mice de-
veloping from blastocysts injected with transduced
embryonic stem cells will represent chimeric and
variable mixtures of cells deriving from the blastocyst
donor and from the embryonic stem cell donor ge-
nome. For development of a permanent line once a
chimeric founder has been identified (usually by chi-
meric coat and/or eye colour pattern), a “germ-line”
transmitting male must be identified and mated.
This requires that one or more of the embryonic
stem cells injected into the blastocyst follow a differ-
entiation pathway that leads to gamete production in
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the gonads. In the case of strain 129-derived embry-
onic stem cells, which derive from male embryos, the
stem cell must give rise to sperm. Only if the founder
is mated to the identical 129 or other substrain used
to generate the embryonic stem cell line will the
transgene be coisogenic (genome identical except
for the experimentally-mutated allele) on a standard-
ized inbred strain background. Over time, the various
strain 129 and “129/Sv” mice (the latter actually a
congenic stock) distributed around the world for the
creation of embryonic stem cell lines have diverged
genetically [4, 5]. The basis for this heterogeneity
and the nomenclature implemented to differentiate
the various substrains with known genetic differences
(e.g. 129X1/Sv], 129S1/SvimJ, 129T2/SvEms]J, etc.)
can be found at http://jaxmice.jax.org/html/nomen
clature/129nomenclature.pdf. Whether significant
differences in glucose homeostasis distinguish these
various substrains has never been examined; howev-
er, since minor histocompatibility differences and be-
havioural differences are distinguishing features, in-
vestigators using strain 129-derived embryonic stem
cell technology should verify the correct 129 strain
of origin.

“Targeted mutagenesis” uses an alternative form
of embryonic stem cell technology described above
with the major distinction being that the introduced
gene is not incorporated at random into the genome.
On the contrary, the precise integration site is known
since homologous recombination is used to incorpo-
rate an altered genomic segment into a specific locus
to either “knock-out” a single copy gene or to
“knock-in” additional copies of the gene, or an allelic
variant, or the endogenous allele containing an in-
serted marker to allow cell tracking [6]. Although
B6-derived embryonic stem cell lines exist [7, 8] and
embryonic stem cell lines from the autoimmune-
prone NOD mice are under development [9], the
bulk of the gene-targeted models reported entail the
use of strain 129-derived embryonic stem cells. The
technique also requires identification of chimeric
founder male mice that are capable of germ-line
transmission of the targeted gene. As noted above,
coisogenicity for the targeted gene on a genetically-
standardized background can only be achieved if the
founder is mated to the identical substrain used to
generate the embryonic stem cell line.

Type | and Type Il diabetes in mouse models

Type I and Type II diabetes in rodents and in humans
are complex diseases in which multiple genes interact
with each other and the extrinsic environment to in-
fluence disease susceptibility and progression. Well-
defined mouse models for both disease types and
their complications are powerful tools for systematic
identification of the interacting cellular and molecu-
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lar pathways [10]. In both types of diabetes models,
there are clear phenotypic “checkpoints” through
which a mouse must transit before crossing a patho-
genic threshold into overt clinical disease. Prodromal
subphenotypes characterizing the progression of dia-
betes in mice are the same ones conferring a major
risk of diabetes in humans. The prodromal pheno-
types of Type II diabetes in mice include early weight
gain or adiposity often associated with increased met-
abolic efficiency, hyperinsulinaemia and/or insulin re-
sistance, and impaired glucose tolerance (this triad
generally developing in male mice at or after puber-
ty). In mouse models of Type I diabetes, such as the
NOD mouse, prodromal subphenotypes include de-
fects in maturation of antigen presenting cells, in-
creases in both cell mediated and humoral immunity
to pancreatic beta-cell antigens, development of insu-
litis, and loss of pancreatic insulin content. Different
subsets of genetic polymorphisms predisposing to
the development of some or all of these subpheno-
types have been randomly fixed (by inbreeding) into
the variety of inbred mouse strains now available for
biomedical research.

A landmark event in the field of mouse genetics
was the discovery that inbred strain background ex-
erted a powerful effect on the diabetogenic potential
of single gene obesity-producing mutations [11]. Mu-
tation in either the leptin gene (originally the “obese”
mouse, ob, now Lep°) or the leptin receptor gene
(originally the “diabetes” mouse, db, now Lepr®)
produced a phenotype of massive obesity with only
transient diabetes when studied on the C57BL/6J
(B6) inbred strain background. In contrast, the same
two mutations produced massive obesity with a life-
shortening diabetes on the related C57BLKS/J
(BKS) inbred strain background [11, 12]. When the
genetic basis for such differences in background is
analysed, it is commonly found that in new hybrid
combinations, both parental strains contribute de-
compensating quantitative trait loci (QTL) capable
of converting obesity to obesity-induced diabetes
(“diabesity”) [13, 14]. Similarly, in the NOD mouse
model of T cell-mediated Type I diabetes, outcrosses
with other strains usually completely suppress diabe-
tes in the F1 generation unless the outcross partner
is MHC-identical to NOD and genetically-related
[15]. When diabetes does develop after backcrosses
to the NOD-inbred strain background, new combina-
tions of non-MHC loci, some derived from the sup-
posedly “resistant” outcross partner strain, apparent-
ly contribute to aetiopathogenesis [15, 16]. Indeed, an
interspecific outcross between NOD and Mus spretus
provided a striking example of the unmasking of la-
tent diabetes susceptibility genes [17]. As expected,
no diabetes was observed in F1 hybrids given that dis-
ruption of the homozygous combination of the NOD
strain’s MHC and non-MHC alleles (so-called “Idd”
loci) suppressed spontaneous autoimmune diabeto-
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genesis. At first backcross to NOD, wherein some ho-
mozygous assortment of diabetogenic NOD alleles
could be reassembled, a low frequency of sponta-
neous hyperglycaemia was observed. Two remark-
able features distinguished this hyperglycaemia from
the syndrome in standard NOD mice; the frequency
of diabetes was higher in male mice (12 %) than in fe-
male mice (3 %) and there was no insulitis associated
with this diabetes syndrome. Detailed analysis
showed the syndrome to be one of insulin resistance
with pancreatic islet hypertrophy and hyperinsulin-
aemia [17]. An example below emphasizes how unde-
fined genetic admixtures can complicate the interpre-
tation of experiments utilizing putatively “normal”
inbred strain backgrounds with genetically targeted
alleles or transgenes.

Strain 129: What do we know about glucose
homeostasis in these mice?

Although it is well-recognized by mouse geneticists
that different inbred strains harbour different suscep-
tibilities for either Type I or Type II diabetes, a sys-
tematic metabolic characterization is lacking for 129
strains, the source of most of the embryonic stem
cell lines used in gene targeting [3]. Targeted muta-
tions generated in 129-derived embryonic stem cells
are usually injected into B6 blastocysts. The pheno-
type produced by the “knockout” is often reported
for lineages derived from an undefined mix of both
B6 and 129 parental genomes. Such chimeric stocks
are formally designated as B6;129. In this segregating
background, though the targeted mutation could be
fixed to homozygosity, the phenotype associated
with this mutation could remain highly variable, often
seen in only 50 % or fewer of the mice that carry the
targeted mutation. This common phenomenon is a
clear indication that other genes in the parental strain
background are modifying the phenotype in unde-
fined ways. Strain 129/J certainly contains genes that
are highly permissive to the development of massive
obesity (Fig. 1) and extreme hyperinsulinaemia in ho-
mozygotes expressing the Lepr®%/ mutation [18]. A
previous study analysed the development of overt di-
abetes and various subphenotypes in progeny pro-
duced from an outcross of C57BLKS/J-Lepr % het-
erozygous females to strain 129/J males, followed by
backcross to C57BLKS/J-Lepr® heterozygotes to
generate homozygous mutants segregating for back-
ground modifiers [19]. Polygenic inheritance was in-
dicated, with the assumption made that all deleteri-
ous background modifiers must have been contribut-
ed by the diabetes-susceptible C5S7BLKS/J back-
ground [19]. However, the use of polymorphic micro-
satellite markers to trace the contributions of both
parental genomes in hybrid crosses frequently detects
deleterious contributions from both the susceptible
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Fig.1. A homozygous 129/J-Lepr®™- mutant mouse (right)
and littermate control (left) showing the massive obesity phe-
notype produced on this inbred strain background. The hyper-
insulinaemia elicited by this mutation was more extreme than
observed on other inbred strain backgrounds expressing other
mutant alleles at the Lepr locus

and the putatively resistant backgrounds when new
genomic combinations are created.

Genetic disruption of the insulin receptor (IR)
gene (Insr, chromosome 8) illustrates the problem of
dissociating primary effects of ablating a specific
gene function from secondary effects produced by
undefined background contributions. Heterozygous
mice must be studied because the “knockout” pro-
duces a neonatal lethal form of diabetes [20]. Vari-
able hyperinsulinaemia was observed in B6;129 mice
heterozygous for the mutation, indicative of pheno-
typic interference by undefined background genes.
After backcross to the B6 parental background, con-
genic mice heterozygous for the Insr mutation pro-
duced only mild hyperinsulinaemia; in contrast, mice
heterozygous for the Insr mutation after backcross
to the 129/Sv parental genome showed severe hyper-
insulinaemia and/or insulin resistance [21]. The great-
er severity of the hyperinsulinaemia and/or insulin re-
sistance syndrome observed on the 129 inbred back-
ground, consistent with that produced by expression
of the Lepr®™* mutation on the 129/J background, re-
inforces the notion that the 129 strain genome har-
bours latent, undefined diabetes susceptibility quan-
titative trait loci (QTL) capable of enhancing the del-
eterious effects of reduced IR signalling. Five QTL
contributing to the phenotype were identified in
progeny of an intercross between the B6 congenic
stock heterozygous for the disrupted Insr gene and
the 129/Sv congenic stock heterozygous for the same
mutation. Of these, four deleterious QTL were con-
tributed by the seemingly hyperinsulinaemia-resis-
tant B6 background, with only one deleterious QTL
identified from the hyperinsulinaemia-permissive
129/Sv background [21]. This analysis was limited to
males because females did not develop hyperinsulin-
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aemia. Such male sex-specific effects are frequently
encountered in Type II diabetes mouse models [22]
and complicate transgenic or gene targeting experi-
ments if the data are not stratified by sex. These re-
sults emphasize the problem of relating the effect of
a particular targeted gene mutation on a segregating
B6;129 mixed background wherein both parental
backgrounds can contribute to metabolic dysfunction
in undefined ways. They certainly provide insight as
to why only about 40% (rather than 100%) of
B6;129 mice doubly heterozygous for a disrupted
Insr gene and a disrupted insulin receptor substrate-
1 encoding gene (Irsl) developed an insulin resist-
ance syndrome [23]. This variability in the develop-
ment of a diabetic phenotype is well-illustrated in a
more recent report where triple heterozygotes with
targeted genes encoding IR, IRS-1 (Irsl, chromo-
some 1), and IRS-2 (Irs2, chromosome 8, positioned
4 cM distal to the Insr locus) were assembled on a
mixed background [24]. Thus, the genetic environ-
ment must be standardized if the specific metabolic
contribution of a mutation to diabetogenesis is to be
separated from undefined strain background contri-
butions.

The phenomenon of unanticipated insulin resist-
ance being generated when two unrelated genomes
are combined (with both parental strains apparently
showing normal insulin sensitivity) is well-known to
mouse geneticists. Examples of this include the spon-
taneous development of hyperinsulinaemia and IGT
in (C3H x I/Ln)F1 male mice [25], (B6 x BTBR)F1
male mice [26], C3H.SW male mice [27], and (NZO
x NON)F1 male mice [13]. As indicated in the exam-
ple of the targeted IR gene mutation discussed above,
the 129 strain genome certainly has underlying meta-
bolic peculiarities that could “uncover” to enhance
insulin resistance in a rather dramatic manner. A
strongly diabetogenic contribution from the 129T2
genome was uncovered in an outcross carried out at
The Jackson Laboratory to identify QTL associated
with seizure susceptibility. The partner strain used in
this outcross was EL/Suz, known for genetic suscepti-
bility to experimentally-induced epileptic seizures
[27, 28]. Strain 129T2 is seizure-resistant. Following
EL x 129T2 outcross, a first backcross (BC1) to EL
was carried out. The surprising observation was that
BC1 of both sexes were becoming markedly obese.
The author received these mice for analysis of serum
immunoreactive insulins (IRI) and pancreatic histo-
pathology. In strain 129T2 parental mice of both sex-
es and in EL/Suz female mice, serum IRI concentra-
tions were normal ( <2 ng/ml). A pool of EL male
serum showed moderately increased IRI (5.6 ng/ml).
The obese BC1 mice of both sexes exhibited extreme
hyperinsulinaemia (serum IRI>S50 ng/ml); fur-
thermore, BC1 male mice, but not female mice
were overtly hyperglycaemic (plasma glucose, PG,
> 22 mmol/l by 12 weeks). The pancreatic histopa-
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Fig.2. Unmasking of latent diabetogenic susceptibility when
“normal” 129/Sv mice are outcrossed with EL/Suz mice, fol-
lowed by one backcross of the phenotypically-normal F1 hy-
brid backrossed to the EL/Suz strain. Pancreatic histopatholo-
gy is shown using an aldehyde fuchsin stain for granulated
beta cells. A normal EL male islets B well-granulated hyper-
plastic BC1 female islets C hyperplastic but markedly degranu-
lated islets from a diabetic BC1 male

thology of BC1 male and female mice is shown in Fig-
ure 2. Massive islet hypertrophy and hyperplasia
equivalent to that originally seen in strain 129P3/J
mice homozygous for the coisogenic Lepr®/ muta-
tion [18] was observed in both sexes. Compared to is-
lets from BC1 female mice, the beta cells of the dia-
betic BC1 male mice were highly-degranulated, cor-
relating with their failure to compensate for the hy-
perglycaemic stress.

Unexpected contributions from the 129 genome
interacting deleteriously with B6 genome very likely
revise the interpretation of hyperglycaemia reported
in older “mice” homozygous for a disrupted 32-mi-
croglobulin (82m) gene in a segregating B6;129 chi-
meric stock [29]. This maturity-onset loss of glucose
homeostasis was proposed to be autoimmune in aeti-
ology. However, this conclusion was refuted by many
other laboratories that transferred the disrupted
f2m allele onto the autoimmune-susceptible NOD
inbred strain background [30-32]. The absence of
MHC class I molecules on cell surfaces resulting
from the absence of 32-microglobulin, and the atten-
dant failure to develop a CD8 T cell repertoire, abol-
ished rather than triggered autoimmune diabetes.
This implicated B6;129 genetic background admix-
ture rather than the presence or absence of 32-micro-
globulin and CDS8 + T cells as the basis for the previ-
ously reported ‘“autoimmune diabetes”. Indeed,
when a group of 9 female and 30 male B6;129-2-mi-
croglobulin-deficient homozygotes (between ages
3-22 months) were examined for hyperglycaemia in
a specific pathogen-free facility at The Jackson Labo-
ratory, none were hyperglycaemic but 3 older male
mice had developed marked hyperinsulinaemia
(> 10 ng/ml) consistent with insulin resistance, and
not autoimmune diabetes [30]. Extensive pancreatic
islet hypertrophy with variable beta-cell degranula-
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tion, a characteristic of insulin-resistant mice, was ob-
served in both ageing B(2-microglobulin-deficient
B6;129 mice as well as wild-type/“knockout” hetero-
zygotes provided by Dr. L. Wicker from her colony
at Merck Laboratories, Rahway, NJ. Pancreata from
both genotypes showed variable peri-insulitis, but
neither genotype exhibited intra-islet lymphocytic in-
filtration. Failing to control for potential diabetoge-
nic interactions inherent to different combinations
of B6 and 129 genes very likely could account for nu-
merous discrepancies among different laboratories
studying the same targeted mutation (for example,
“knockouts” leading to total ablation of gene expres-
sion [33]). Extended culture of embryonic stem cell
lines leads to the accumulation of chromosomal aber-
rations that not only reduce the germ line competen-
cy of the cells, but also could generate phenodeviants
independent of the targeted mutation induced in a
given line should they be transmitted. These exam-
ples show the need to exclude the 129 genome
through controlled backcrosses, leaving only the min-
imum strain 129-derived segment flanking the target-
ed allele if effects of a specific mutation on develop-
ment of insulin resistance and IGT are examined.

Know your genetic background and exclude linked 129
genome

Traditional congenic strain preparation alone could
be insufficient to ascertain that the observed pheno-
type results from the introduced genetic alteration.
Even when the genetic background is standardized
and the wild-type phenotypic parameters are well-es-
tablished, investigators must bear in mind that other
linked genes in the segment of strain 129, other than
the targeted allele of interest, could be responsible
for any altered phenotype that is observed. When a
targeted mutation is introgressed into a defined in-
bred strain background over multiple backcross cy-
cles, an investigator might commonly type only for
the (heterozygous) presence of the disrupted allele,
frequently by PCR detection of an antibiotic resist-
ance cassette (e.g., neo, neomycin resistance) intro-
duced into the sequence. Statistically, more than
99 % of the genome should be of recipient origin after
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Fig.3. Length of the 129/Sv congenic segment (in bold) on
Chromosome. 5 after 10 backcrosses to B6, with selection
only for a targeted (neo-containing) Cd38 gene. The line graph
compares glucose tolerance of 10" backcross CD38-deficient
male mice (O) and standard B6 males ([]) and shows no sig-
nificant differences (n = 3 per group, 16 weeks of age)

ten backcrosses. However, statistics will not accurate-
ly predict the extent to which genes linked to the tar-
geted allele are removed by recombination as intro-
gression proceeds. When single marker selection is
the sole basis for congenic construction, very long con-
genic segments are often retained. For example, we
analysed the length of the congenic segment on chro-
mosome 5 bearing a disrupted Cd38 allele (from 129
embryonic stem cells) received after the targeted
Cd38 had been backcrossed 10 times onto the B6 in-
bred strain background [34]. The minimum length of
the congenic segment is more than 20 cM, approximat-
ing a quarter of this chromosome (Fig.3). The gene
product, CD38, is an ubiquitously-expressed NADase
with the ability to generate cyclic ADP-ribose (cAD-
PR); cADPR was proposed to be a key intermediate
in calcium-dependent signalling pathways that control
glucose-stimulated insulin secretion in pancreatic beta
cells [35]. A previous study on the effect of a targeted
Cd38 gene which was backcrossed only several times
to CD-1, an outbred strain, reported impaired glucose
tolerance in CD38-deficient homozygotes [36]. This
led to the conclusion that CD38 was required for nor-
mal beta-cell secretory function. However, glucose tol-
erance was completely unaffected by the absence of
CD38 (as verified by flow cytometry of leukocytes) in
the 10" backcross B6 stock at The Jackson Laboratory
(Fig.3). Itis plausible that variability in the number of
genes retained in linkage to the targeted allele from
the embryonic stem cell donor strain could have con-
tributed to the inter-laboratory variation. The solution
to the linked neighbour problem is to use polymorphic
genetic markers to select breeders at each backcross
cycle that are homozygous for the recipient strain’s
marker alleles both above and below the donor 129
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strain allele being introgressed. Several web sites pro-
vide such information, including that of the Center for
Inherited Disease Research (http://www.cidr.jhmi.
edu/main.html) and also available by request from the
Allele Typing Facility at The Jackson Laboratory
(http://www.jax.org/jax/sss/micro_chem/alleletyping/
strainsurvey).

Assuming in the example above that segments of
chromosome 5 of differential length were carried
into the two separate congenic stocks, it is equally
likely that the markedly different genetic back-
grounds on which the targeted gene was compared
also contributed appreciably to the different pheno-
types. The outbred CD-1 (or ICR “Swiss”) genome
is the origin of inbred strains with known impairment
of glucose tolerance and propensity to Type II diabe-
tes, including NON, NSY, and ALS [13, 37, 38].
Hence, unidentified genes from CD-1 mice predis-
posing to impaired glucose tolerance and beta-cell
function could have interacted with the deficiency of
CD38 to impair glucose tolerance. Indeed, glucose
tolerance tests in CD-1 background mice segregating
for the wild-type Cd38 allele showed poor glucose
clearance kinetics [36]. This was true even after the
mice homozygous for the targeted Cd38 allele were
crossed with wild-type mice carrying a human CD38
gene on a rat insulin promoter. To backcross targeted
mutations to CD-1 outbred mice is attractive because
of their superior reproductive performance, low cost,
and ability to sustain deleterious mutations that re-
duce viability or fecundity in highly-inbred strains.
However, this practice carries risks for analysis of
phenotypic changes associated with diabetes-related
parameters such as glucose tolerance or insulin sensi-
tivity. The phenotypic variability in such outbred
mice was shown in a study [39] where body weights
of 10 to 12-month old CD-1 female mice was found
to vary between 35 g and 55 g. Serum leptin concen-
trations showed a tenfold difference between the
high and low weight extremes.

Linked genes with potential immunomodulatory
effects have proven particularly problematic in stud-
ies wherein specific gene deficiencies engineered in
strain 129 embryonic stem cells have been introgres-
sed into the NOD genome to assess effects on the de-
velopment of Type I diabetes. For such applications,
it is essential not only to know the chromosomal loca-
tion of the targeted allele but also what other strain
129 genes in linkage have been carried over. For ex-
ample, assume an investigator is interested in the ef-
fect on NOD diabetogenesis of targeting the gene en-
coding Statl (Signal transducer and activator of tran-
scription 1), a protein important in mediating signal-
ling from the interferon gamma (IFNy) receptor.
The Statl gene is on chromosome 1 ( ~25.9 cM), sited
just outside a region containing multiple “Idd” loci
[40]. Hence, unless the congenic segment in a gene
targeting experiment were limited to only a very
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short segment of strain 129 genome flanking Statl, it
would be exceedingly difficult to assign phenotypic
changes in the diabetogenic process simply to the
loss of Statl gene function in mediating IFNy signal-
ling. In this hypothetical targeting experiment, it
would not be advisable to use strain 129-derived em-
bryonic stem cells or any embryonic stem cells not de-
rived from the NOD strain itself. Unfortunately,
NOD embryonic stem cells are not yet available but
efforts are underway to develop such lines [9]. Until
germ-line competent NOD embryonic stem cells be-
come available, the investigator must be aware of
where in the genome the gene of interest resides. As
discussed above, informative polymorphic genetic
markers distinguishing NOD from the strain donor
of the embryonic stem cells (generally from 129 sub-
strains) should be used at each backcross cycle (to
NOD) to eliminate as many as possible of both the
linked and unlinked strain 129 alleles segregating at
each backcross generation.

The problems created by “linked neighbours” is
well illustrated by attempts to assess the role of
IFNy itself in NOD diabetogenesis. When a targeted
mutation in the structural gene for IFNy was intro-
gressed into the NOD genetic background, diabetes
still developed [41, 42], suggesting that this prototypic
T-helper 1 cytokine was not absolutely essential for
the development of Type I diabetes in the model.
However, contradictory results were subsequently re-
ported, showing that a targeted mutation in the alpha
chain of the IFNy receptor prevented Type I diabetes
when introgressed into NOD [43]. Subsequent sub-
congenic analysis of the segment of chromosome 10
containing the disrupted receptor gene resolved the
conundrum. It was not the disrupted receptor that di-
minished Type I diabetes but a heretofore unidenti-
fied 129/Sv-derived resistance locus in linkage to the
mutation [44]. This conclusion was buttressed by the
report that transfer into the NOD strain background
of a targeted mutation in the IFNy receptor beta
chain failed to prevent Type I diabetes [45].

If one observes a phenotypic change apparently
due to the disruption of a specific allele such as a cy-
tokine-encoding gene, and the wild-type gene prod-
uct is available as a recombinant protein, the direct
approach to show that the phenotypic change was
elicited by the targeted allele and not by other linked
genes, is to treat the “knock-out” animals with the re-
combinant protein. Such manipulations should re-
verse the altered phenotype if the deviant phenotype
is completely attributable to the mutation. This was
done, for example, to show that the juvenile-onset
colitis in C3H/HeJBir mice congenic for a disrupted
1110 allele (chromosome 1) was indeed triggered by
IL-10 deficiency and not by other endogenous modi-
fiers [46]. More difficult is the reintroduction of a
wild-type allele through gene therapy or via “knock-
in” of a wild-type allele into the embryonic stem cell
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line carrying the targeted mutation followed by the
development of a new stock of mice from these cells.

Gene redundancy and phenotype assessment in gene
targeted mice

Two issues were raised in the preceding section.
These were (i) the critical importance of genetic
background definition before making phenotypic
comparisons between gene-intact versus gene-dis-
rupted sibs and (ii) the possibility that strain 129
genes linked to the disrupted allele could contribute
to, and in some cases, be responsible for phenotypic
differences. It can thus be difficult to interpret gene
targeting experiments in which disruption of a specif-
ic allele fails to demonstrably alter a diabetogenic
process (e.g. the absence of IFNy failing to prevent
Type I diabetes development in NOD), or reciprocal-
ly, if the loss of function fails to induce a predicted im-
pairment in glucose homeostasis (e.g. muscle cell-
specific deletion of the IR) [47]. This latter observa-
tion was quite unexpected given the central role as-
signed to muscle insulin resistance in the pathogene-
sis of human Type II diabetes. This result might re-
flect differences between the two genera or, as dis-
cussed elsewhere, could represent the ability of the
genome to metabolically compensate for some defi-
ciencies [48]. A more recent and extensive analysis
of insulin sensitivity of these “knockout” mice indi-
cated that a primary defect in muscle glucose trans-
port produces secondary defects in insulin action in
adipose tissue and liver due to glucose toxicity [33].
There are numerous instances to show the ability of
the genome to compensate for loss of certain genes by
upregulating related genes in genetically engineered
mouse mutants. Before gene targeting of the poly-
ADP ribose polymerase-1 encoding gene (Adprtl,
Chromosome. 1) “knockout”, it was assumed that a
single gene encoded this unscheduled DNA repair en-
zyme. Removal of this major activity by gene targeting
revealed unrecognized familial redundancy by show-
ing that “global” PARP activity measured in a dam-
aged cell represents contributions from at least five dis-
tinct but related enzymes [49]. In mice with targeted
mutations in the neuronal nitric oxide synthase gene
(Nosl chromosome 5, 5 cM), there is a 20 % increase
of the activity of the endothelial form (Nos3, chromo-
some 5, 65 cM) [50]. Very likely, the failure to identify
an effect on glucose homeostasis or growth associated
with the IRS-3 “knockout” mouse [51] could relate to
compensation produced by the other IRS-encoding
genes. These examples underscore the fact that gene
targetingexperiments analyse the effects of the missing
gene product rather than the effects of the gene prod-
uctdirectly. Toextrapolate the importof this to the con-
troversy regarding the role of IFNy in NOD diabeto-
genesis, the finding that Type I diabetes develops in
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NOD stocks lacking either IFNy or the ability to re-
spond to it does not mean that IFNy itself is unimpor-
tant in the natural history of spontaneous diabetes de-
velopment in this mouse model.

Control of the physical environment

Tight control of the physical environment must also be
maintained by investigators applying transgenesis and
“knockout” technologies. In genetic modifications ex-
pected to impair carbohydrate and/or lipid homeostat-
ic mechanisms, the dietary macronutrient content of-
ten requires manipulation in order to discern the con-
sequence of the genetic change. When toxin-bearing
transgenes driven by the Uncoupling Protein-1
(Ucpl) promoter are used to ablate brown adipose tis-
sue, the relatively low fat content of the rodent chow
diet (6.5 % ) must be increased to “Western” amounts
(21 %) to assess the diabetogenic contributions of this
adipose tissue-specific ablation [52]. Additional vari-
ables in the physical environment that must be con-
trolled are caging densities, segregation of the sexes,
and room temperature and humidity. In studies on
Type I diabetes using the NOD mouse, a specific patho-
gen-free and rigidly-controlled environment must be
maintained to separate effects of the experimental ma-
nipulation from uncontrolled variables [53, 54]. This is
because the penetrance of Type I diabetes in NOD
mice of both sexes can be drastically and variably sup-
pressed by the exposure of these mice to a broad spec-
trum of microbial agents and endocrine factors [S5].
The protective effect reported toresultfrom a given ge-
netic manipulation in a colony of NOD mice wherein
the “wild-type” incidence is only 50 % in female mice
by 30 weeks of age might not be observable if the ma-
nipulated stock is rederived into a vivarium wherein
the frequency of Type I diabetes in female mice by
20 weeks of age exceeds 80 %.

Neighborhood effects

A commonly used procedure of disrupting a gene in-
volves the insertion of a drug selection cassette into
an exon. Instances have been reported where such
molecular manipulations have not only produced a
null allele in the gene intended, but also produced
significant cis-effects on adjacent genes. This effect
usually is reported in related genes in tandem that
have evolved joint locus control elements in cis con-
figuration, such as a cluster of genes encoding myo-
genic transcription factors on chromosome 7 [56].
The importance of vector design is shown in a study
where a DNase hypersensitive site in the locus con-
trol region of the B-globin gene was targeted with a
PGK/neo cassette. The targeted mutation produced
appreciable changes in 3-globin gene expression, but
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subsequent removal of the PGK/neo cassette from
the construct, restoring normal transcription, showed
that the effect was due to the inserted selection cas-
sette and not to the deletion [57]. For these reasons,
many investigators now design their vectors such
that a stop codon is engineered into the targeting se-
quence and the selection cassettes are flanked by se-
quences that allow for their removal in embryonic
stem cells or in vivo by means of yeast Flp or bacte-
riophage Cre recombinases [58]. As will be discussed
below, the Cre/loxP procedure of making cell specific
“knockouts” could also be subject to artifacts inde-
pendent of the targeted allele’s function.

It is surprisingly common to observe no gross phe-
notypic effect after the disruption of a gene of un-
doubted relevance to a life process. The preceding
discussion emphasized the advisability of assessing
phenotypes on several different inbred backgrounds.
Additionally, a variety of different tissues should be
analysed. For example, a targeted mutation in a regu-
latory intron in the collagen 1 locus had no effect on
constitutive expression in the skin but the mutation
decreased expression in the lung in an age-dependent
fashion [59]. Indeed, the effects of a number of tar-
geted mutations expected to affect lipid or glucose
homeostasis or body mass regulation have been sub-
tle, often requiring a combination of extended longi-
tudinal analysis and sophisticated physiogenomic
studies. The effect of a peroxisome proliferator-acti-
vated receptor gamma “knockout”, expressed in the
heterozygous state to increase insulin sensitivity, re-
quired hyperinsulinaemic euglycaemic clamp analysis
in 8-month-old male mice to identify an unexpected
increase in insulin sensitivity [60]. The fact that mice
carrying targeted mutations in the homozygous state
are born and weaned in normal numbers could be de-
ceiving. The first report of “normal in vivo immune
responses” in weanling IL-2 “knockout” mice [61]
missed the massive lymphoproliferative and inflam-
matory bowel disease developing in older mice [62].

Transgenesis

A well-known American college football coach once
opined that three things could happen to a team
when a pass was thrown, and two of these were bad
(a poorly-thrown pass might be dropped by the re-
ceiver or intercepted by the opponents). An aspect
of the “errant pass” concept is relevant to the proce-
dure of transgenesis. The transgene construct could
integrate into a portion of the genome where it can-
not be expressed, or alternatively, it could integrate
into another gene, thereby inactivating it (“inserta-
tional mutagenesis”). An excellent example of the
latter ensued from an effort to reduce beta-cell
cAMP concentrations by transgenic expression of a
yeast cAMP phosphodiesterase gene (Sra5) driven
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by an insulin promoter [63]. Among the five trans-
genic lines produced, one line was T-lymphocyte and
B-lymphocyte immunodeficient. It was subsequently
discovered that the transgene integrated into the pro-
tein kinase, DNA dependent, catalytic subunit
(Prkdc ) locus on chromosome 16. This essentially
created a new insertational mutation similar to the
well-known  and  immunodeficiency-producing
Prkdc*“ mutation. To circumvent these “errant pass-
es”, multiple lines of transgenic mice should be pro-
duced and analysed since transgene insertion is essen-
tially random and each line usually contains different
transgene copy numbers. Comparison of multiple
lines is essential for determining whether a trans-
gene’s effect is an intrinsic property of its function,
or instead represents insertational mutagenesis or
high copy number-generated phenomena.

Differences in transgene copy number are often
important determinants of phenotype, especially
when MHC genes are introduced. Development of
Type I diabetes through beta-cell failure without au-
toimmune aetiology is frequently observed when rat
insulin promoters are used to drive heightened ex-
pression of a variety of gene products, including, but
not limited to MHC class I or class II molecules [64]
in mouse beta cells. In a study wherein H2-Ea expres-
sion was transgenically restored in antigen presenting
cells of nominally H2-Ea non-expressing NOD/Lt
mice, complete diabetes protection was observed in
a NOD/Lt “high” copy number line transgenically ex-
pressing I-E molecules at a higher concentration than
BALB/c mice, a constitutively H2-E expressing strain
[65]. A lower copy number line expressing I-E mole-
cules at a concentration comparable to BALB/c was
only partially protected.

Copy number alone does not equate with expres-
sion concentration; the site of integration can also be
a critical determinant and should be established
whenever possible. For example, in a study wherein
NOD/Lt zygotes were injected with a human GAD?2
transgene (encoding glutamic acid decarboxylase 65,
hGADG65) driven by an insulin promoter, two trans-
genic lines were produced. In one line (A-line), the
transgenes disrupted a locus on chromosome 15 re-
quired for normal development. Hemizygous mice
were born with 4 to 5 copies of the transgene. In an-
other line (Y-line), about 17 copies of the transgene
integrated on the Y chromosome. These male mice
were also functionally hemizygous. Despite the high-
er copy number in the Y line, the A-line expressed
higher concentrations of hGAD65 mRNA, immuno-
precipitable hGAD®6S5 protein, and GAD enzyme ac-
tivity [66]. Only mice in the A-line were protected
from diabetes, with further experiments suggesting
that the site of transgene integration rather than the
amount of transgene expression was the more impor-
tant determinant since protection did not entail de-
velopment of tolerance to GAD [66].
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Many transgenic facilities are accustomed to inject
transgene constructs into zygotes from hybrids rather
than directly into NOD zygotes, although the investi-
gator may want to assess the effect of the transgene
on the diabetogenic process in NOD mice. Use of
older NOD female mice as embryo donors, and re-
ducing the concentrations of gonadotropins injected
permits successful transgenesis directly into NOD zy-
gotes [67]. Direct injection of transgenes into NOD
zygotes avoids ambiguities when the transgene must
be introgressed from a hybrid genetic background.
Such ambiguity is shown in a report in which GAD
antisense transgenes ligated to an insulin promoter
were introduced into (B6 x SJL)F2 mice and then
backcrossed into NOD mice [68]. Three lines were
produced, with varying expression of the antisense
construct. The highest expressing line was completely
protected from insulitis and diabetes. An unusual fea-
ture of this resistant line was the finding that it also
was resistant to adoptive transfer of diabetes by
splenic leukocytes from overtly-diabetic nontrans-
genic NOD mice. Since splenic T cells from overtly
diabetic NOD mice are known to respond to a multi-
plicity of beta-cell autoantigens, a possible explana-
tion for this remarkable resistance is that the trans-
genic line was not histocompatible with standard
NOD mice (due to the presence of chromosomal seg-
ments derived either from B6 or SJL) such that dia-
betogenic T cells could not engraft. One might also
speculate that reduced production of the GAD reac-
tion product, gamma aminobutyric acid (GABA),
could have affected T-cell function since T cells have
GABA-A receptors [69].

Unanticipated immune responses can certainly be
generated when genetically-manipulated NOD mice
are compared to standard NOD mice. In addition toin-
sulitis and Type I diabetes, NOD mice can develop a
broad spectrum of other tissue-specific inflammatory
lesions or neoplasms [54]. Among these pathologies is
neuritis, inducible in the central nervous system by per-
tussigen administration [70] and in the peripheral
nerves by congenicintroduction of a disrupted Cd86 al-
lele (chromosome 16) encoding the B7-2 costimulato-
ry molecule [71]. In the latter study, the Cd86 deficient
NOD stock was found to be Type I diabetes resistant.
Logically, this result was interpreted to mean that the
induced mutation itself redirected autoimmunity.
However, involvement of a gene or genes in linkage to
the strain 129-derived Cd86 allele on chromosome 16,
potentially contributing an allotypic variant from the
allele normally expressed in NOD, could also have
contributed. For example, the Gap43 gene encoding
GAP43 (neuromodulin), expressed exclusively in
nerve tissue and associated with regenerative process-
es is located 2.6 cM distal to the targeted Cd86 allele.
Itis possible, therefore, that neuritis developing in pe-
ripheral nerves could have entailed more than loss of
B7-2signalling. Reduction of the congenic segment to
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replace the strain 129-derived Gap43 allele with the
NOD allele would be required to eliminate a potential
contribution of this locus.

Even if the investigator uses a 20 backcross gener-
ation stock in which the congenic segment from a
non-NOD donor genome can be shown to be reduced
to less than one cM, there is yet one other unantici-
pated immune response that the investigator should
consider, especially when adoptive tissue or cell
transfers are part of a study. If the genetically-manip-
ulated mouse lacks a specific antigen or a whole class
of antigens, the mutant stock might not be tolerant to
adoptively-transferred cells from wild-type NOD
mice expressing the relevant antigen or antigens.
This was indeed the case when B-lymphocyte recon-
stitution was attempted in B-lymphocte-deficient
NOD/Lt mice congenic for a targeted mutation in
the immunoglobulin heavy chain locus [72]. Stable
engraftment with wild-type B-lymphocytes required
that B-lymphocyte-deficient recipients be lethally ir-
radiated and chimerized with a mixture of mutant
bone marrow and purified wild-type B lymphocytes
to establish tolerance. Without this manipulation, T
lymphocytes in the genetically-altered stock rapidly
rejected adoptively transferred B-lymphocytes [72].
This finding certainly suggests that investigators pur-
suing adoptive transfer studies involving stocks carry-
ing genetically-targeted null alleles should be con-
cerned about T-lymphocyte tolerance issues.

Transgenesis entailing the Cre/loxP system
of site-specific recombination

Cre is a bacteriophage P1 recombinase cutting out
DNA between two 34 bp /oxP sites introduced into a
targeting construct for embryonic stem cell mutagene-
sis. When transgenic mice are produced in which Cre
expression is controlled by ligation to a tissue-specific
or conditional promoter, such mice can be crossed
with othermice carryingarecombinant gene of interest
(derived from embryonic stem cells) that contains ex-
ons flanked by loxP sites. Tissue and/or cell-specific ex-
pression of Cre elicits excision of the DN A between the
flanking loxP sites. Where a “global” knockout pro-
ducesalethal development, a tissue-specific Cre-medi-
ated deletion often results in a sub-lethal defect as
shown for deletion of glucokinase in the liver [73] or of
insulin receptor in muscle and beta cells [74]. However,
certain considerations should be keptin mind when the
Cre-loxP technology is applied to diabetes models.
First, if the promoter used to drive Cre expression is
“leaky”, an altered phenotype might not reflect a cell-
specificevent. Care mustalso be taken that Cre expres-
sionin a given cell type is uniform and not mosaic. This
canbe established by analysing the results of test-cross-
es between the Cre transgenic stock and other mouse
stocks carryingloxP-flanked reporter genessuch asen-
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hanced green fluorescent protein (EGFP) or
ROSAZ26. Evidence of mosaicism could be indicated
by differencesin recombination efficiency when differ-
ent Cre transgenic lines produced from the same con-
struct are compared [75]. An unanticipated result of
transgenic Cre expression could be “illegitimate” Cre-
mediated recombination of endogenous DNA se-
quences in the absence of introduced loxP sites [76].
High copy number Cre expression can produce endo-
nuclease activity sufficiently high to affect cellular
functions [77]. Such a phenomenon could account for
our preliminary observation that four lines of transgen-
ic NOD/Lt mice produced at The Jackson Laboratory,
all homozygous for the same RIP-Cre construct, but
expressing at varying concentrations in beta cells,
show reduced frequencies of Type I diabetes in the ab-
sence of any other manipulations. Another consider-
ation associated with conditional mutagenesis that is
often overlooked s the fidelity of promoter expression
driving expression of the Cre recombinase. If the trans-
gene should lack some unknown regulatory sequence
present in the endogenous promoter, Cre expression
might not exhibit the kinetics or site-specificity desired
by the investigator. As noted above, if the loxP-con-
taining gene must be backcrossed into the NOD or oth-
erinbred background following homologous recombi-
nation in a strain 129-derived embryonic stem cell, the
possibility also exists of introducing phenotype-alter-
ing genes in linkage to the loxP-flanked gene of inter-
est, even after multiple backcross generations. In stud-
ies which modify autoimmune diabetes in NOD mice,
this latter problem will be overcome by the eventual
development of NOD embryonicstem cell lines foriso-
genic gene targeting experiments.

Summary

The ease by which the mouse genome can be experi-
mentally manipulated makes the mouse invaluable
for dissecting the pathogenetic mechanism underly-
ing both Type I and Type II diabetes in humans. De-
tailed discussion of all the uses in murine diabetes re-
search to which recombinant DNA technologies can
be or have been effectively applied is beyond the
scope of this review. Innovative modifications of
these technologies continue to appear, such as the
“knock-in” of functional cytokine genes ligated to jel-
lyfish green fluorescence protein so that T cells pro-
ducing the cytokine can be tracked in vivo and in vit-
ro [6]. Also, the inclusion in a transgene of a bacterial
tetracycline transactivator (tTA) or reverse (rtTA)
sequence permits temporal regulation of gene ex-
pression or excission by the application of doxycy-
cline in the drinking water [78]. This brief review has
stressed potential pitfalls and artifacts that can com-
plicate the interpretation of experimental results. In
gene targeting experiments, the genomic map posi-
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tion of the gene to be targeted must be considered
critically. With the bulk of the mouse genome se-
quence available in both public and private (Celera,
Rockville, Md., USA) databases, acquisition of this
information no longer requires the investigator to un-
dertake complicated mapping studies using DNA
panels from segregating populations of mice or using
mouse-hamster hybrid cell lines. This genome “posi-
tional” information is as important to the interpreta-
tion of experimental results as is the knowledge of
the exon and/or intron structure of the gene to be tar-
geted. Such ‘positional’ information is equally impor-
tant in studies utilizing the NOD mouse wherein
transgenes are not introduced directly into this ge-
nome but are rather introgressed from Type I diabet-
ic-resistant hybrid stocks. Generating a “knockout”
mouse or multiple lines of transgenic mice is the labo-
rious first step in a long analytic pathway. Given the
commitment of time, effort, and resources required,
experiments should be planned to minimize the pit-
falls outlined in this review.

A note about nomenclature

Whenever possible throughout this review, a verbal description
of genetically altered mouse stocks has been used in preference
to the formal gene designations. The reason is that, because
many readers will not be familiar with current nomenclature
conventions, clarity is better achieved by textual explanation.
However, investigators publishing reports of genetically altered
mice should, in their Methods section, use formal nomenclature
at first mention of a new stock produced by transgenesis or gene
targeting and then denote the “shorthand” descriptor they will
use throughout their publication. Nomenclature guidelines
and locus registry information for mice carrying transgenes
(Tg) or targeted mutations (tm) are available at http://www.
informatics.jax.org/mgihome/nomen. Transgenes are now des-
ignated simply Tg (previously, they were prefixed TgN, TgH or
TgR to denote their mode of incorporation). The formal desig-
nations for the author’s two stocks of NOD/Lt mice derived
from NOD zygotes directly injected with a construct from
which the human gene encoding GADG65 is selectively ex-
pressed in beta cells by means of a ligated rat insulin promoter
are NOD-Tg (RipGAD?2) 1Lt (the line with the transgenes inte-
grated into the Y chromosome); and NOD-Tg (RipGAD?2) 2Lt
('asecond line with the same construct autosomally integrated
into chromosome 15). Once the transgenic line has been intro-
duced in full formal regalia, the investigator can then devise
shorter or more obvious descriptors (e.g. NOD-hGAD65-Y
line and NOD-hGADG65-A line). Likewise, the correct de-
scriptor for a NOD stock congenic (and homozygous) for a tar-
geted mutation in the B2-microglobulin gene would be
NOD.129P2(B6)-B2m™!Urc, The 129P2 descriptor indicates
the embryonic stem cell source (129P2/OlaHsd, formerly 129/
OlaHsd. For an explanation of current 129 strain nomenclatu-
re, see http://jaxmice.jax.org/html/nomenclature/129nomencla
ture.pdf) and the (B6) notation indicates that the mutation was
transferred onto its current (NOD) background from a stock
derived at least in part from C57BL/6. The gene symbol, in ital-
ics, denotes this as the first targeted mutation (superscripted
tml) at the B2mlocus generated at the University of North Car-
olina (superscripted Unc). After listing the formal descriptor,
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the author would then introduce his/her shorthand notation
(e.g., NOD.B2m"" NOD.B2m", etc.). Use of correct nomen-
clature can indicate, at a glance, important variables that, if rec-
ognized, might explain discrepancies between published re-
ports from different laboratories that have targeted or inserted
the same gene and have observed different phenotypes. Unfor-
tunately, gene nomenclature itself changes with alarming fre-
quency. Readers of this review will easily infer that Glut4 is the
gene symbol for the GLUT-4 transporter. What would they in-
fer about Sic2a4, the more recently assigned symbol denoting
solute carrier family 2 (facilitated glucose transporter), member
4 (a.k.a., GLUT-4)? Given the complexities of a changing no-
menclature, it is not surprising that many, if not most, of the de-
scriptions of genetically-manipulated mouse stocks reported in
the literature do not conform to current genetic nomenclature
rules.

Sources. The literature selected for citation by the author rep-
resents only a small sampling of published papers describing
genetic manipulation of mice for diabetes research. Because
the author’s objective was to provide perspective rather than
review of a field, citations were chosen for their heuristic value.
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