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Tissue-Specific Targeting of the Insulin Receptor Gene

Rohit N. Kulkarni and Terumasa Okada

Research Division, Joslin Diabetes Center, Department of Medicine, Harvard Medical School,

One Joslin Place, Boston MA 02215

The techniques to study the mechanisms that underlie
the pathogenesis of disease processes have been revo-
lutionized by the development of methods that allow
spatiotemporal control of gene deletion or gene expres-
sion in transgenic and knockout animals. The ability to
interfere with the function of a single protein in a spe-
cific tissue allows unprecedented flexibility for explor-
ing gene function in both health and disease. The present
review will summarize some of the different knock-
outs and transgenics generated recently to study type
2 diabetes and critically evaluate the techniques used
to examine the function of the insulin receptor in two
nonclassical insulin target tissues—the pancreatic islet
and the central nervous system.
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Introduction

Type 2 diabetes is caused by a combination of defects in
insulin action and insulin secretion ultimately leading to
uncontrolled hyperglycemia. It is generally accepted that
both the defects should be present for a full manifestation
of the disease. Although considerable progress has been
made over the last few decades in understanding the patho-
physiology underlying the defects in insulin action and the
potential abnormalities in insulin secretion, the precise
mechanisms that underlie these defects are still unclear.

The study of defects in insulin action has focused largely
around understanding the pathways used by the hormones
insulin and IGF-I. The receptors for insulin and IGF-I are
expressed ubiquitously and are important for the growth
and metabolism of virtually every tissue in the body (7-3).
Insulin and IGF-I bind to distinct receptors that in turn trans-
mit signals by phosphorylating insulin receptor substrates
(IRS) including the four IRS proteins, She, Gab-1, FAK,
Cbl, and potentially other substrates (1,4-8). These insulin
receptor substrates play different but crucial roles in cel-
lular processes that are important for the metabolism and
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growth of tissues including glucose transport and utiliza-
tion, protein synthesis, cell growth, proliferation and anti-
apoptosis. Several reviews provide an excellent update
on these signaling networks (6-8). Over the last decade,
several laboratories have created global and tissue-specific
knockouts of genes that code for protein(s), which are con-
sidered potentially important in regulating the effects of insu-
lin and/or IGF-I. In this review we will summarize some of
the conventional and tissue-specific transgenic and knock-
out models that have recently been created and highlight
the factors derived from these studies that contradict the
current concepts in understanding the pathogenesis of type
2 diabetes. To maintain the perspective of this issue and
to complement the contributions by other authors, we will
focus on the techniques adopted for the tissue-specific dis-
ruption of the insulin receptor gene to examine insulin action
in the islet B-cell and the central nervous system (CNS).

Global Transgenic and Knockout Models

The techniques used to generate conventional knock-
outs using homologous recombination have been described
elsewhere (9,10). Global knockout of the genes coding for
insulin in mice leads to growth retardation and death due to
diabetes mellitus with ketoacidosis and liver steatosis (71).
IGF-I null mice show growth defects similar to IGF-II null
mutants (7/2,13), and, depending on the genetic background,
some of the IGF-I knockouts die, while others survive into
adulthood (73). Mice lacking the IGF-I gene exhibit post-
natal lethality, growth retardation, infertility, and defective
development of bone and muscle (73,74). Similar findings
were reported in a human with homozygous partial dele-
tion of the IGF-I gene (15).

Mice homozygous for a null mutation of the insulin recep-
tor show normal intrauterine growth but die within 48 to
72 hr after birth due to severe hyperglycemia and diabetic
ketoacidosis (16,17). Humans with leprechaunism, how-
ever, manifest quite a different phenotype with intrauterine
growth retardation and only mild hyperglycemia (78,19).
On the other hand, IGF-I receptor null mutants show severe
growth deficiency and die at birth due to respiratory failure
(13). Taken together these global knockouts underscore
the crucial importance of insulin and IGF-I and their cog-
nate receptors in the overlapping regulatory functions of
metabolism and growth in mice and humans.
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Gene deletion of proteins downstream to the insulin and
IGF-I receptor, including the IRS proteins, leads to differ-
ent phenotypes. Thus, IRS-1 knockouts exhibit postnatal
growth retardation and hyperinsulinemia but a relatively
normal lifespan (20,21) and, interestingly, the IRS-1 null
mice show hyperplastic but dysfunctional islets (22-24).
In contrast, IRS-2 knockouts show only mild growth retar-
dation, but develop insulin resistance and B-cell hypoplasia
leading to overt diabetes and early death (23,25). Further-
more, IRS-2 knockouts show defects in the CNS that indi-
cate a potential role for the substrate in neuronal function.
For example, female IRS-2 knockouts are infertile, possess
fewer ovarian follicles and have lower sex steroid, LH, and
prolactin levels (26). Pituitaries of female IRS-2 deficient
mice are small and have a reduced number of gonadotrophs
and the mutants show hypothalamic resistance to leptin.
On the other hand, IRS-3 null mice develop normally and
have normal glucose tolerance (27). Although this substrate
is normally abundantly expressed in adipose tissue, insulin
signaling in adipocytes was found to be unaffected by the
lack of IRS-3 (27). IRS-4 deficient mice manifest mild
growth defects and glucose intolerance and this is evident
only in males because the IRS-4 gene is located on the X
chromosome (28). Knockout of the p85 regulatory subunit
of PI 3-kinase in mice leads to increased insulin sensitivity
and hypoglycemia (29-31), while null mutants for Akt-2
(PKB-B) show insulin resistance in muscle and liver and an
increased islet mass (32). Interestingly, mutants for p70S6
kinase show reduced B-cell size, lower insulin secretion,
and reduced pancreatic insulin content (33). The pheno-
types of the global knockouts of some of the major proteins
in the insulin/IGF-I signaling pathway are shown in Table 1.
A more detailed list can be found in other reviews (34,35).

Tissue-Specific Transgenic and Knockout Models

The early death of the mice in global knockouts of the insu-
lin and IGF-I receptors precludes a detailed examination of
cellular and molecular alterations in the individual tissue(s)
considered important for the effects of insulin and/or IGF-1.
Therefore, to evaluate the role of each protein in specific
tissues, several laboratories have adopted the approach of
tissue-specific knockouts using the Cre/loxP technique (9,
10,36,37) or the expression of a dominant negative in spe-
cific tissues (38—40). In most of these instances the mice
are born normally and survive into adulthood and allow for
a physiological, biochemical, and molecular examination
of the target tissues important for glucose homeostasis.
Traditionally, the tissues that were considered crucial tar-
gets of insulin action included the skeletal muscle, liver, and
adipose. Some of these knockouts with some unexpected
phenoypes are discussed below.

Mice with skeletal-muscle-specific insulin receptor knock-
out (MIRKO) display elevated fat mass, serum triglycerides,
and free fatty acids—all features of the metabolic syndrome

in humans (41). Surprisingly, the MIRKO mice did not show
glucose intolerance but had a reduced muscle glucose up-
take in vitro (4/) and during a euglycemic hyperinsulinemic
clamp (42). One interpretation of these data is that loss of
functional insulin signaling in skeletal muscle promotes cross
talk with other metabolic tissues such as the adipose. In con-
trast, muscle-specific disruption of the glucose transporter
GLUTH4 leads to glucose intolerance and insulin resistance
due to a reduced glucose uptake in muscle (43). Liver-spe-
cific deletion of the insulin receptor (LIRKO) leads to sever-
ely impaired glucose tolerance supporting a direct role for
insulin in suppressing hepatic glucose production (44). Adi-
pose-tissue-selective insulin receptor knockout (FIRKO)
mice have low fat mass and high serum leptin levels and the
mutants are resistant to age-related, hypothalamic lesion-
induced obesity and to obesity-related glucose intolerance
(45). Adipose-specific knockout of GLUT4 shows impaired
insulin-stimulated glucose uptake in adipocytes, insulin resis-
tance in muscle and liver, and, consequently, glucose intol-
erance and hyperinsulinemia (46). The knockouts generated
recently to examine the roles of specific proteins in the insu-
lin/IGF-I signaling pathway in classic insulin target tissues
are summarized in Table 2.

It has recently become clear that insulin signaling in non-
classic target tissues, such as pancreatic islets and the CNS,
also contribute importantly to glucose homeostasis, body
weight regulation, and fertility by modulating glucose sens-
ing and glucose metabolism, appetite, energy expenditure,
and reproduction. The phenotypes of the two knockouts
are discussed below.

Insulin and IGF-I Receptors in the Islets

Several investigators have attempted to demonstrate the
presence of insulin receptors in the islet p-cells since the
1980s (reviewed in ref. 47). Although IGF-I receptors have
been shown to be present on both - and a-cells (48,49),
the presence of insulin receptors in the B-cells has been
more difficult to prove. This may be related, in part, to the
continuous secretion of insulin by the B-cell and a potential
downregulation of the insulin receptor and to the lack of
availability of a suitable antibody for immunohistochem-
istry. To circumvent these technical drawbacks Rothenberg
and colleagues performed single-cell PCR using DNA pre-
pared from primary B-cells to conclusively show the pres-
ence of the receptor (50). Furthermore, islet B-cells have
been shown to express all four insulin receptor substrates
(IRS), -1, -2, -3, and -4, and data from several other labs
provide ample evidence for a functional insulin/IGF-I sig-
naling pathway in the islets (reviewed in refs. 35,47). An
orphan receptor of the insulin receptor subfamily—the insu-
lin receptor-related receptor (IRR)—has been reported to
be expressed at higher levels than the insulin or IGF-I recep-
tors (57). However, mice deficient for IRR failed to mani-
fest alterations in islet morphology or secretory function
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Table 1
Global Knockouts
Protein Phenotype Reference
Insulin Intrauterine growth retardation, Duvillie et al., 1997 (11)
Neonatal lethality, Ketoacidosis,
Liver steatosis
IGF-1 Dwarfism, Liu et al., 1993 (13),

Insulin receptor

IGF-I receptor

Variable survival
Neonatal lethality,
Ketoacidosis
Dwarfism
Neonatal lethality

IRS-1 Post-natal growth retardation
Insulin resistance
Islet hyperplasia
Insulin secretory defect
IRS-2 Insulin resistance
Diabetes
Islet hypoplasia
IRS-3 Relatively normal
IRS-4 Mild glucose intolerance
PI 3-kinase isoforms
p85a Increased insulin sensitivity,
Hypoglycemia
p85P Increased insulin sensitivity,
Hypoglycemia
GLUT4 Growth retardation,
Reduced adipose tissue,
Cardiac hypertrophy,
Normal glucose tolerance.
Aktl Growth retardation,
Increased apoptosis,
Normal glucose tolerance.
Akt2 Insulin resistance in liver and muscle,
Increased islet mass.
P70S6kinase Hypoinsulinemia,
(S6K1) Glucose intolerance, and
Reduced beta-cell size.
ACRP30 Insulin resistance
(Adiponectin) Increased neointimal formation

Insulin receptor-related receptor

Increased beta-oxidation
Normal phenotype

Powell-Braxton et al., 1993 (74)
Accili et al., 1996 (16),

Joshi et al., 1996 (17)

Liu et al., 1993 (13)

Araki et al., 1994 (20)
Tamemoto et al., 1994 (21)

Kulkarni et al., 1999 (22)
Aspinwall et al., 1999 (24)
Kubota et al., 2000 (23)
Withers et al., 1998 (25)
Kubota et al., 2000 (23)

Liu et al., 1999 (27)
Fantin et al., 2000 (28)

Terauchi et al., 1999 (30)
Mauvais-Jarvis et al., 2002 (31)
Ueki et al., 2002 (29)

Katz et al., 1995 (111)

Chen et al., 2001 (112)

Cho et al., 2001 (32)

Pende et al., 2000 (33)

Maeda et al., 2002 (113)
Kubota et al., 2002 (114)
Ma et al., 2002 (115)
Kitamura et al., 2001 (52)

“A summary of global knockouts in the insulin/IGF-I signaling pathway. Some knockouts may not be included for

lack of space.

(52). A more-detailed discussion of these and other trans-
genic studies is beyond the scope of the current review and
can be found in recent publications (7,34,47).

Limitations to the Study of Islet Function In Vivo

The islet is made up of four different cell types—the major-
ity (approx 80%) being insulin-secreting B-cells, approx
15% of glucagon-secreting a-cells, and the remainder (approx

5%) being made up of 5-cells and PP cells that secrete somat-
ostatin and pancreatic polypeptide, respectively. The close
association of these four different cell types underscores a
potential need for intimate paracrine/autocrine interactions
for optimal functioning of the islet, in vivo, but precludes the
careful examination and precise definition of the regula-
tory factors and mechanisms that modulate the secretory and
synthetic functions of each type of cell. A common test to
evaluate islet function, in vivo, in both humans and rodents
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Table 2
Tissue-Specific Knockouts
Protein Phenotype Reference
IGF-I
Liver Normal growth and development, Yakar et al., 1999 (116)

Insulin receptor
Muscle

B-cell

Liver
Brain
Adipose

Insulin receptor
Muscle and Adipose

IGF-I receptor

Muscle insulin sensitivity.

Increased adiposity,

Dyslipidemia and

Glucose intolerance.

Normal glucose tolerance,

Elevated triglyceride and FFA levels

Glucose intolerance,

Loss of acute phase insulin secretion,

Reduced B-cell mass.

Severe glucose intolerance,

Hepatic dysfunction

Increased food intake and obesity in female
Impaired spermatogenesis and ovarian follicle maturation
Protect against obesity and glucose intolerance
Heterogeneity in cell size of white adipose tissue

Impaired glucose tolerance
Insulin resistance

Reduced glucose-stimulated insulin secretion

Liu et al., 2000 (117)
Yakar et al., 2001 (118)

Moller et al., 1996 (119)

Bruning et al., 1998 (41)

Kulkarni et al., 1999 (54)

Michael et al., 2000 (44)
Bruning et al., 2000 (65)

Bluher et al., 2002 (45)

Lauro et al., 1998 (40)

Kulkarni et al., 2002 (66)
Xuan et al., 2002 (67)

B-cell Impaired glucose tolerance

GLUT4

Muscle Glucose intolerance,
Reduced glucose transport

Adipose Glucose intolerance,

Zisman et al., 2000 (43)

Abel et al., 2001 (46)

Insulin resistance in muscle and liver

Insulin receptor and IGF-I receptor

Muscle Insulin resistance,

Fernandez et al., 2001 (120)

B-cell dysfunction and diabetes

“A summary of recently created tissue-specific knockouts of proteins important for maintenance of glucose homeostasis. Some

knockouts may not be included for lack of space.

involves the administration of a secretagogue—for exam-
ple, glucose or amino acid—by the oral, intravenous, or intra-
peritoneal routes (in rodents only), and blood sampling
to assess the first (acute) and second phase insulin release
and/or C-peptide levels as measures of secretion (53,54).
Although these tests provide some information on secre-
tory function, the precise cellular mechanisms involved in
individual islet cell function are difficult to dissect in both
humans and rodents. This has led to experiments on iso-
lated islets and examination of their functions in perifusion
and static incubation systems and the use of clonal o~ and
B-cell lines (55-57). Thus, studies describing individual
islet cell functions require a complement of in vitro and in
vivo tests for a better physiological understanding of their
regulatory mechanisms.

In this context, the development of genetic engineering
techniques over the last decade, to create gain-of-function
or loss-of-function mutations, is an excellent strategy to
examine the function of specific proteins in the different
cell types in the islet. Furthermore, the ability to “turn off”
a gene encoding for a particular protein in a time-depen-
dent manner provides a tool to simulate the gradual dys-
function that is usually observed in chronic diseases (10).
Although adaptation to the creation of a genetic mutation
during embryonic life is a natural consequence of this method,
the information obtained in studies in several biological
disciplines using these methods has been extremely useful
to unravel potentially novel and unexpected functions of
proteins. These observations are comparable to those made
from humans with naturally occurring genetic mutations,
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Fig. 1. Loss of acute phase insulin secretion in response to (left) glucose but not (right) arginine stimulation, in vivo, in mice deficient
in B-cell specific insulin receptors (BIRKO). (Reproduced with permission from Kulkarni et al., Cell 96, 329-339, 1999.)

who of necessity adapt to the mutation, but, nevertheless,
provide important clues to understand the function of the
proteins encoded by the gene(s).

Insulin Receptor Knockout in the Islet B-Cells

The availability of the Cre/lox technique has enhanced
the ability of investigators to examine the role of different
proteins in tissues that develop under the influence of a
specific promoter. This strategy is especially useful in the
islet, which is made up of four types of cells, each under the
control of a different promoter. The detailed methodology
for the Cre/lox technique is available from several recent
reviews (10,37) and from other authors in this issue. Briefly,
this requires the creation of two transgenic mice. First, loxP
sites are inserted to flank a gene of interest to create a homo-
zygous “floxed” mouse. The second requirement is a mouse
expressing Cre recombinase in a tissue-specific manner. The
tissue specificity of Cre expression is governed by the pro-
moter used in the experiment. Breeding the “floxed” mouse
with a mouse expressing Cre recombinase yields many geno-
types including the knockout—a mouse homozygous for
the loxP sites and expressing Cre on the chosen promoter.

Insulin expression is observed as early as embryonic d 9
when the rat insulin promoter is expressed in islet cells (54,
58,59). Therefore, the rat insulin promoter is considered
ideal for the tissue-specific expression of Cre recombinase
in studies to evaluate the functions of proteins specific to
the B-cells. The details relating to the creation of the -cell
specific insulin receptor knockout (BIRKO) mouse have
been described elsewhere (54). A characteristic feature in
these knockouts, maintained on a mixed (C57B1 X 129Sv
X DBA/2) genetic background, is a glucose-specific loss
of acute phase insulin secretion that is secondary to altered
glucose sensing (Fig. 1) (54). The knockouts manifest pro-
gressive glucose intolerance with a reduction in islet size
and reduced pancreatic and islet insulin content (Fig. 2).

BIRKO

Control

30 |

20 .

Insulin Content
pg/mg pancreas

NAN\E

Control BIRKO

Fig. 2. Representative pancreas sections from control and p-cell
insulin receptor knockout (BIRKO) mice showing (top) reduced
islet size and (bottom) reduced pancreatic insulin content. (Repro-
duced with permission from Kulkarni et al., Cell 96, 329-339,
1999.)

Following on from our original study, we have observed
that some of the BIRKO mice become overtly diabetic as
they age (7-8 mo) (60) and some become mildly obese (60,
61). There are several factors that can account for this varia-
tion in the phenotype including the influence of the genetic
background. Mice on a C57Bl16 background are known to
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be susceptible to obesity (62,63), and it is possible that some
of the knockouts on the mixed background have a greater
genetic contribution from the C57BI6 strain and hence are
more susceptible to weight gain. In this context experiments
to evaluate the phenotype of the BIRKO mice on a pure B6
background will be interesting and are currently in progress
in our laboratory. Alternatively, it is possible that the mild
obesity observed in a fraction of the BIRKO mice is related
to the CNS expression of the rat insulin promoter. Although
the rat insulin promoter has been suggested to be expressed
exclusively in the -cells of the islet, a recent paper by Gannon
etal. (59) indicates that the promoter is also expressed in the
ventral cerebral cortical areas of the CNS. Using ROSA26
reporter mice to evaluate the expression of the rat insulin
promoter2-Cre gene, the authors found that recombination
occurred in approx 10% of the neurons in the region of the
hypothalamus. However, it is not known whether the neu-
rons that underwent recombination also express the neu-
ropeptides that regulate appetite and body weight. In the
light of these findings it will be important to investigate (a)
the level of expression of the rat insulin promoter in the
hypothalamus of the mouse brain as compared to its expres-
sion in the B-cells; (b) the precise location of the neurons
that undergo recombination in different regions in the mouse
brain and especially the potential co-expression of pep-
tides involved in appetite control including leptin, melano-
cyte concentration hormone (MCH), neuropeptide Y (NPY),
galanin, pro-opiomelanocortin (POMC), and so forth; and
(c) the detailed ontogeny of the promoter during develop-
ment and neonatal and adult life. These studies are currently
in progress and the data from these experiments will be use-
ful in the long term to examine the function of the promoter
in normal physiology and as a reference for future transgenic
studies. Although the rat insulin promoter continues to be
an important tool for in vivo and in vitro investigation of
the B-cells, it is desirable to obtain a Cre transgene that is
driving expression exclusively in the B-cells using a suit-
able “fragment” of the pancreatic and duodenal homebox
transcription factor gene (pdx-1) (64) or the neurogenin 3
promoters.

An observation relevant to this discussion is that mice
with insulin receptor knockout in neuronal tissue (NIRKO
mice) (65), and presumably in hypothalamic neurons that
regulate appetite, do not show alterations in islet function.
NIRKO mice have circulating insulin levels in the normal
range at least up to 6 mo of age and the females show a mild
increase in insulin levels by 6-8 mo (65). Furthermore, cir-
culating C-peptide levels are in the normal range in the knock-
outs, suggesting a normal islet secretory function (R. N.
Kulkarni, J. C. Bruning, unpublished observations). The
mutants, however, manifest defects related to body weight
regulation and reproduction (see discussion below). Thus,
loss of functional insulin signaling in the brain, including the
ventromedial hypothalamus, has little impact on gross islet
morphology and secretory function in mice fed normal chow.

In addition to examining the role of the insulin receptor,
we and other investigators have used the Cre/lox approach
to examine the role of other proteins in the B-cell. Using dif-
ferent floxed and Cre-expressing mice, we (66) and Accili’s
group (67) created the B-cell IGF-I receptor knockout. Un-
expectedly, these mice develop B-cells and islets in a nor-
mal manner but show defects in glucose-stimulated insulin
secretion secondary to reduced glucokinase and GLUT2
expression in the islets (66,67). These results indicate that
receptors other than the IGF-I receptor likely play a signif-
icant role in promoting the growth of -cells and that IRS-2
has “IGF-I-independent” ligands that contribute to its poten-
tial B-cell growth effects. The findings from these Cre/lox
studies also suggest that experiments using global knock-
outs should be treated with caution when extrapolating the
findings to a specific tissue (66—68). It is likely that disrup-
tion of proteins in the whole body have effects that impact
on different tissues during early development that in turn
lead to severe secondary effects in a tissue-specific manner.

Related Transgenic Models
Created Using the Rat Insulin Promoter

Recently, several transgenic models have been devel-
oped using the rat insulin promoter to study 3-cell function.
Three of these involving the expression of growth factors
—hepatocyte growth factor (69), placental lactogen (70),
or the parathyroid-related protein (7/)—have been sepa-
rately targeted to the B-cell. Each of these models displays
an increase in islet mass and insulin-mediated hypoglyce-
mia. It will be useful to examine the potential cross-talk
between the signaling pathways activated by the receptor
tyrosine kinases for these growth factors and the insulin/
IGF-I signaling pathway to dissect the mechanisms under-
lying the growth and apoptosis of islet B-cells. A schematic
depicting the signaling pathways of potential growth fac-
tors in the islet B-cell is shown in Fig. 3. Another interesting
model is the transgenic mouse over-expressing c-Myc in f3-
cells (72). These mice develop early hyperplasia followed
by apoptosis and overt diabetes indicating that c-Myc is
involved in a complex interplay between proliferative and
apoptotic pathways in the B-cells.

Other studies that have used the Cre/lox technique and the
rat insulin promoter include the B-cell-specific disruption
of the nuclear gene encoding mitochondrial transcription
factor A (Tfam) (73), disruption of the gene encoding for
glucokinase (74), deletion of foxa2 in the B-cell (75), and
pdx-1 deletion in the B-cell (76). Whether the expression of
the rat insulin promoter in the CNS affects the phenotype
in these different models is unclear.

Insulin Action in the CNS

In addition to the pancreatic islets, the CNS has been
considered a nonclassic tissue for insulin action. However,



Vol. 19, No. 3

Tissue-Specific Gene Targeting of Insulin Receptor / Kulkarni and Okada 263

Glut2

Glucose ————" Glucose

Gluizokinase

4
1
r
?

©

1
Insulin / IGF-1 /\, o e
Receptor Proteins /-
2
GH/Prolactin @
Receptor \

c/Met Receptor

K-

Ca.-

—

\ ® o] Insulin
[ J

. °® :. Secretion

Fig. 3. A schematic showing the insulin/IGF-I and growth factor signaling pathways in the B-cell. The dotted lines indicate pathways
with potential significance in downstream effects including B-cell transcription and insulin synthesis and secretion.

insulin receptors are widely expressed in the CNS, espe-
cially in the hypothalamus, pituitary, and the olfactory bulb
(77-79). In fact, insulin action in the brain has been asso-
ciated with regulation of food intake, neuronal growth and
differentiation, neurotransmitter release, and synaptic plas-
ticity (80-85). Consequently, defective insulin signaling
in the CNS has been linked to altered food intake and body
weight regulation, abnormal hepatic glucose production,
and neurodegenerative disorders such as Parkinson’s dis-
ease (65,86,87). Several studies link altered insulin action
to the development of Alzheimer’s disease (§8—90). Analy-
sis of brains from patients with Alzheimer’s disease showed
altered insulin receptor densities in the different cortical
areas compared with the control group (91). Treatment of
hyperphagic obese Zucker rats with diazoxide resulted in
lower calorie intake and reduced weight gain, and this was
associated with enhanced brain capillary insulin binding
(92). Decreasing hypothalamic insulin receptors by intra-
cerebroventricular injection of antisense oligonucleotides
caused hyperphagia and insulin resistance accompanied by
elevated neuropeptide Y and agouti-related peptide expres-
sion in the arcuate nucleus (86). Insulin has been shown to
rescue R28 cells—a rat retinal neural cell line—from apop-
tosis by a PI 3-kinase and Akt-mediated mechanism (93).
Upregulation of expression of insulin receptors in some parts
of the hippocampus after training in mice suggests that insu-
lin signaling is related to learning and memory (89). Taken
together these studies indicate the important role of insulin
in diverse functions mediated by the CNS.

Limitations to the Study of CNS Function

Designing a suitable experiment to study CNS function
has been difficult and challenging. This is largely due to
the complex organization of neuronal tissue in different
areas of the brain, the extensive networks that link different
regions and subregions of the brain, and efferents that can
rapidly influence the functions of other organ systems via
the peripheral nerves. Studies in rodents have used the intra-
cerebroventricular injection method to examine the effects
of stimuli on appetite and body weight regulation. This tech-
nique involves the physical insertion of a suitable catheter
for injection of test solutions and is necessarily associated
with some destruction of neuronal tissue in the area of inser-
tion. An additional drawback is the difficulty to accurately
control and define the diffusion of the test substances around
the site of entry. These methods are generally complemented
by in vitro experiments to gain some insight into signaling
pathways, neuronal growth and differentiation.

Insulin Receptor Knockout in the CNS

The use of genetic approaches and especially the Cre/lox
technique circumvents some of the difficulties discussed
above. To investigate the role of insulin signaling in vivo,
Bruning et al. generated neuron-specific insulin receptor
knockout (NIRKO) mice (65). Insulin-receptor floxed mice
were crossed with mice expressing Cre recombinase on the
rat nestin promoter and enhancer (94,95). Nestin is an inter-
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mediate filament protein that is expressed in neuronal and
glial precursor cells (94).

The inactivation of insulin receptor in brain had no detect-
able impact on brain development and neuronal survival (65).
Female NIRKO mice showed increased food intake, and both
male and female knockouts displayed diet-induced obesity
and insulin resistance, increased body fat and elevated cir-
culating leptin levels. The females showed a mild elevation
in insulin levels at 6—8 mo of age. NIRKO mice showed im-
paired spermatogenesis and poor maturation of ovarian fol-
licles, accompanied by low plasma luteinizing hormone (LH)
levels. These data indicate an important link between insulin
action in the brain and reproductive function.

Although some studies report the presence of nestin-posi-
tive cells in the islet (96), others indicate that nestin is neither
expressed in developing progenitor cells nor in differenti-
ated pancreatic cells (97). The lack of an altered islet func-
tion in the NIRKO mice (see discussion above) provides
further evidence that expression of the nestin promoter and
enhancer is unlikely to have functional consequences in the
endocrine pancreas. The use of promoters that are more
specific for different regions of the brain will be extremely
useful to dissect the potential role of insulin/IGF-I in medi-
ating the complex functions of the CNS.

Other studies using the nestin promoter include investi-
gations to examine the role of the glucocorticoid receptor
gene in the CNS (95).

Role of Genetic Background

Considerable evidence exists with regard to the modifi-
cation of monogenic disorders by the genetic background
of inbred laboratory animals (98—101). This may, in part,
be due to the presence of modifier loci that may exaggerate
or rescue the severity of a phenotype (702). The identifica-
tion of such modifier loci is a tedious process but provides
insight into the pathophysiology of the disease (102). Since
amajority of transgenic and knockout experiments are cur-
rently performed in mice on a mixed background, the strain
of mice is an important factor for consideration (703,104).
The investigation of genetically engineered mice on mixed
or on a pure genetic background each has advantages. First,
examination of phenotypes in mice on a mixed background
may aid in the localization and identification of potential
modifier loci that underlie the observed alterations. These
findings gain relevance because most human populations
are on a mixed genetic background and type 2 diabetes is
a polygenic disease with a potential for genetic modifica-
tion (1,105). Second, mice on a mixed background reflect
interactions between the background strains used in the
creation, and the effect of the genetic manipulation itself and
therefore have a greater chance of manifesting a “pheno-
type.” A confounding factor is the effect of repeated inter-
crossing of mice already on a mixed genetic background.

This would lead to subtle phenotypic changes over time
due to a systematic influence of dominant or recessive traits
of one or the other genetic strains. A rule of thumb used by
some investigators is to start with examination of mice on
a mixed background to avoid “missing” a phenotype and
then to follow simple breeding strategies suggested to test
flanking gene effects and minimize the confounding effects
of background strains (106,107). Although studying mice
on a pure background has obvious advantages, a critical
factor is the choice of the strain to backcross. For example,
mice on the C57BI16 background are more prone to obesity
and glucose intolerance (62,63, 108) while the 129Sv strain
isrelatively resistant to obesity. Thus, an obvious phenotype
on the C57BI6 may be completely missed if the 129Sv
mouse strain is chosen for purification. Unfortunately, pure
strain effects are difficult to predict and may require trial
and error approaches with considerable investment of time,
personnel, and resources. A related factor to consider when
evaluating the “phenotype” is whether the efficiency of the
conditional system itselfiis affected by the background strain.
For example, the tetracycline-controlled transcriptional silen-
cer system (tTS) has been shown to be different between
different mouse strains (709). It is possible, in theory, that
the efficiency of the Cre/lox system is influenced by a spe-
cific mouse strain, although no detailed investigations are
currently available in this regard.

Future Perspectives

Although there are some caveats to Cre/lox technology,
the use of this technique has revolutionized the understand-
ing of the pathophysiology of type 2 diabetes, obesity, and
other diseases (7//0). The technique is well established and
should be considered a first choice for conditional gene dele-
tion experiments. Recently, short inhibitor RNA sequences
have been used to effectively silence genes and this tech-
nique appears to hold promise for use in single embryonic
cells (121,122). The availability and further development of
these transgenic techniques complements the rapid advances
in genome sequencing, gene array technology, and the abil-
ity to assess physiological alterations in murine models for
the dissection of processes that underlie normal physiologi-
cal mechanisms, and by extension, to a better understanding of
the pathophysiological abnormalities of many disease states.

Acknowledgments

The authors thank Julie Marr for secretarial assistance.
RNK is the recipient of the KO8 Clinical Scientist Award
(NTH DK 02885).

References

1. Kahn, C. R. (1994). Diabetes 43, 1066—1084.

2. Blakesley, V. A., Butler, A. A., Koval, A. P., Okubo, Y., and
LeRoith, D. (1999). In: The IGF system. Rosenfeld, R. and
Roberts, C. Jr. (eds.). pp. 143—164.



Vol. 19, No. 3 Tissue-Specific Gene Targeting of Insulin Receptor / Kulkarni and Okada 265
3. De Meyts, P., Urso, B., Christofferson, C., and Shymko, R. M. 37. Kulkarni, R. N., Michael, M. D., and Kahn, C. R. (2000). In:
(1995). Ann. NY Acad. Sci. 7, 388-401. Genetic manipulation of receptor expression and function.
4. Cheatham, B. and Kahn, C. R. (1995). Endocr. Rev. 16, Accili, D. (ed.). Wiley-Liss: New York, pp. 129-154.
117-142. 38. Chang, P. Y., Benecke, H., Le Marchand-Brustel, Y., Lawitts,
5. White, M. F. and Yenush, L. (1998). Curr. Top. Microbiol. J. A., and Moller, D. E. (1994). J. Biol. Chem. 269, 16034—
Immunol. 228, 179-208. 16040.
6. Virkamaki, A., Ueki, K., and Kahn, C. R. (1999). J. Clin. 39. Chang, P. Y., Goodyear, L. J., Benecke, H., Markuns, J. S.,
Invest. 103, 931-943. and Moller, D. E. (1995). J. Biol. Chem. 270, 12593-12600.
7. Saltiel, A. R. and Kahn, C. R. (2001). Nature 414, 799-806. 40. Lauro, D., Kido, Y., Castle, A. L., et al. (1998). Nat. Genet.
8. White, M. F. (2002). Am. J. Physiol. Endocrinol. Metab. 283, 20, 294-298.
E413-E422. 41. Bruning, J. C., Michael, M. D., Winnay, J. N., et al. (1998).
9. Orban, P. C., Chui, D., and Marth, J. D. (1992). Proc. Natl. Mol. Cell 2, 559-569.
Acad. Sci. USA 89, 6861-6865. 42. Kim, J. K., Michael, M. D., Previs, S. F., et al. (2000). J. Clin.
10. Ryding, A. D., Sharp, M. G., and Mullins, J. J. (2001). J. Endo- Invest. 105, 1791-1797.
crinol. 171, 1-14. 43. Zisman, A., Peroni, O. D., Abel, D., et al. (2000). Nat. Med.
11. Duvillie, B., Cordonnier, N., Deltour, L., et al. (1997). Proc. 6, 924-928.
Natl. Acad. Sci. USA 94, 5137-5140. 44, Michael, M. D., Kulkarni, R. N., Postic, C., et al. (2000). Mol.
12. DeChiara, T. M., Efstratiadis, A., and Robertson, E. J. (1990). Cell 6, 87-97.
Nature 345, 78-80. 45. Bluher, M., Michael, M. D., Peroni, O. D., et al. (2002). Dev.
13. Liu, J. P., Baker, J., Perkins, J. A., Robertson, E. J., and Cell 3, 25-38.
Efstratiadis, A. (1993). Cell 75, 59-72. 46. Abel, E. D., Peroni, O., Kim, J. K., et al. (2001). Nature 409,
14. Powell-Braxton, L., Hollingshead, P., Warburton, C., et al. 729-733.
(1993). Genes & Development 7, 2609-2617. 47. Kulkarni, R. N. (2002). Biochem. Soc. Trans. 30, 317-322.
15. Woods, K. A., Camacho-Hubner, C., Savage, M. O., and 48. Van Schravendijk, C. F., Foriers, A., Van den Brande, J. L.,
Clark, A. J. L. (1996). N. Engl. J. Med. 335, 1363-1367. and Pipeleers, D. G. (1987). Endocrinol. 121, 1784-1788.
16. Accili, D., Drago, J., Lee, E. J., et al. (1996). Nat. Genet. 12, 49. Van Schravendijk, C. F., Foriers, A., Hooghe-Peters, E. L.,
106-109. et al. (1985). Endocrinol. 117, 841-848.
17. Joshi,R. L., Lamothe, B., Cordonnier, N., etal. (1996). EMBO 50. Harbeck, M. C., Louie, D. C., Howland, J., Wolf, B. A., and
J. 15, 1542-1547. Rothenberg, P. L. (1996). Diabetes 45, 711-717.
18. Elders, M. J., Schedewie, H. K., Olefsky, J., et al. (1982). 51. Hirayama, I., Tamemoto, H., Yokota, H., et al. (1999). Diabe-
J. Natl. Med. Assoc. 74, 1195-1210. tes 48, 1237-1244.
19. Taylor, S. 1. (1992). Diabetes 41, 1473—1490. 52. Kitamura, T., Kido, Y., Nef, S., Merenmies, J., Parada, L. F.,
20. Araki, E., Lipes, M. A., Patti, M. E., etal. (1994). Nature 372, and Accili, D. (2001). Mol. Cell Biol. 21, 5624-5630.
186-190. 53. Porte, D., Jr. (1991). Banting lecture (1990). Diabetes 40,
21. Tamemoto, H., Kadowaki, T., Tobe, K., et al. (1994). Nature 166-180.
372, 182-186. 54. Kulkarni, R. N., Bruning, J. C., Winnay, J. N., Postic, C.,
22. Kulkarni, R. N., Winnay, J. N., Daniels, M., et al. (1999). Magnuson, M. A., and Kahn, C. R. (1999). Cell 96, 329-339.
J. Clin. Invest. 104, R69-R75. 55. Asfari, M., Janjic, D., Meda, P., Li, G., Halban, P. A., and
23. Kubota, N., Tobe, K., Terauchi, Y., et al. (2000). Diabetes 49, Wollheim, C. B. (1992). Endocrinol. 130, 167-178.
1880-1889. 56. Newgard, C. B. (2002). Lilly Lecture (2001). Diabetes 51,
24. Aspinwall, C. A., Qian, W. J., Roper, M. G., Kulkarni, R. N., 3141-3150.
Kahn, C. R., and Kennedy, R. T. (2000). J. Biol. Chem. 275, 57. Kisanuki, K., Kishikawa, H., Araki, E., et al. (1995). Diabeto-
22331-22338. logia 38, 422-429.
25. Withers, D. J., Gutierrez, J. S., Towery, H., et al. (1998). Nature 58. Pictet, R. and Rutter, W. J. (1972). In: Handbook of physiol-
391, 900-904. ogy. Steiner, D. F. and Freinkel, M. (eds.). American Physi-
26. Burks, D.J.,de Mora, J. F., Schubert, M., et al. (2000). Nature ological Society: Washington, DC, pp. 25-66.
407, 377-382. 59. Gannon, M., Shiota, C., Postic, C., Wright, C. V. E., and
27. Liu,S. C., Wang, Q., Lienhard, G. E., and Keller, S. R. (1999). Magnuson, M. (2000). Genesis 26, 139—141.
J. Biol. Chem. 274, 18093-18099. 60. Kulkarni, R. N. and Kahn, C. R. (2001). In: Molecular basis
28. Fantin, V. R., Wang, Q., Lienhard, G. E., and Keller, S. R. of pancreas development and function. Habener, J. F. and
(2000). Am. J. Physiol. Endocrinol. Metab. 278, E127-E133. Hussain, M. (eds.). Kluwer Academic Publishers: New York,
29. Ueki, K., Yballe, C. M., Brachmann, S. M., et al. (2002). Proc. pp. 299-323.
Natl. Acad. Sci USA 99, 419-424. 61. Mauvais-Jarvis, F., Virkamaki, A., Michael, M. D., et al.
30. Terauchi, Y., Tsuji, T., Satoh, S., etal. (1999). Nat. Genet. 21, (2000). Diabetes 49, 2126-2134.
230-235. 62. Kaku, K., Fiedorek, F. T. J., Province, M., and Permutt, M. A.
31. Mauvais-Jarvis, F., Ueki, K., Fruman, D. A., et al. (2002). (1988). Diabetes 37, 707-713.
J. Clin. Invest. 109, 141-149. 63. Paigen, B. (1995). Am. J. Clin. Nutr. 62, 458S5—462S.
32. Cho, H., Mu, J., Kim, J. K., et al. (2001). Science 292, 1728— 64. Gannon, M., Gamer, L. W. and Wright, C. V. (2001). Genes
1731. & Development 98, 7475-7480.
33. Pende, M., Kozma, S. C., Jaquet, M., et al. (2000). Nature 65. Bruning, J. C., Gautam, D., Burks, D. J., et al. (2000). Science
408, 994-997. 289, 2122-2125.
34. Mauvais-Jarvis, F., Kulkarni, R. N., and Kahn, C. R. (2002). 66. Kulkarni, R. N., Holzenberger, M., Shih, D. Q., et al. (2002).
Clin. Endocrinol. (Oxf.) 57, 1-9. Nat. Genet. 31, 111-115.
35. Rhodes, C. J. and White, M. F. (2002). Eur. J. Clin. Invest. 67. Xuan, S., Kitamura, T., Nakae, J., et al. (2002). J. Clin. Invest.
32(Suppl. 3), 3-13. 110, 1011-1019.
36. Gu, H., Marth, J. D., Orban, P. C., Mossmann, H., and 68. Withers, D. J., Burks, D. J., Towery, H. H., Altamuro, S. L.,

Rajewsky, K. (1994). Science 265, 103—106.

Flint, C. L., and White, M. F. (1999). Nat. Genet. 23, 32-40.



266

Tissue-Specific Gene Targeting of Insulin Receptor / Kulkarni and Okada

Endocrine

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

92.

93.

94.

95.

96.

Garcia-Ocana, A., Takane, K. K., Syed, M. A., Philbrick,
W. M., Vasavada, R. C., and Stewart, A. F. (2000). J. Biol.
Chem. 275, 1226-1232.

Vasavada, R. C., Garcia-Ocana, A., Zawalich, W. S., et al.
(2000). J. Biol. Chem. 275, 15399-15406.

Vasavada, R. C., Cavaliere, C., D’Ercole, A. J., et al. (1996).
J. Biol. Chem. 271, 1200-1208.

Laybutt, D. R., Weir, G. C., Kaneto, H., et al. (2002). Diabetes
51, 1793-1804.

Silva, J. P., Kohler, M., Graff, C., et al. (2000). Nat. Genet. 26,
336-340.

Postic, C., Shiota, M., Niswender, K. D., et al. (1998). J. Biol.
Chem. 274, 305-315.

Sund, N. J., Vatamaniuk, M. Z., Casey, M., et al. (2001).
Genes Dev. 15, 1706—-1715.

Ahlgren, U., Jonsson, J., Jonsson, L., Simu, K., and Edlund,
H. (1998). Genes Dev. 12, 1763—-1768.

Havrankova, J., Roth, J., and Brownstein, M. (1978). Nature
272, 827-829.

Werther, G. A., Hogg, A., Oldfield, B. J., et al. (1987).
Endocrinol. 121, 1562-1570.

Marks, J. L., Portee, D., Jr., Stahl, W. L., and Baskin, D. G.
(1990). Endocrinol. 127, 3234-3236.

Baskin, D. G., Figlewicz Lattemann, D., Seely, R. J., Woods,
S. C., Porte, D., Jr., and Schwartz, M. W. (1999). Brain Res.
848, 114-123.

Schwartz, M. W., Sipols, A. J., Marks, J. L., et al. (1992).
Endocrinol. 130, 3608-3616.

Heidenreich, K. A. (1993). Ann. NY Acad. Sci. 27, 72-88.
Robinson, L. J., Leitner, W., Draznin, B., and Heidenreich,
K. A. (1994). Endocrinol. 135, 2568-2573.

Jonas, E. A., Knox, R. J., Smith, T. C., Wayne, N. L., Connor,
J. A., and Kaczmarek, L. K. (1997). Nature 385, 343-346.
Wan, Q., Xiong, Z. G., Man, H. Y., et al. (1997). Nature 388,
686—690.

Obici, S., Feng, Z., Karkanias, G., Baskin, D. G., and Rossetti,
L. (2002). Nat. Neurosci. 5, 566-572.

Takahashi, M., Yamada, T., Tooyama, 1., et al. (1996). Neuro-
sci. Lett. 204, 201-204.

Frolich, L., Blum-Degen, D., Bernstein, H. G., et al. (1998).
J. Neural. Transm. 105, 423-438.

. Hoyer, S. (1998). J. Neural. Transm. 105, 415-422.
. Hoyer, S. (2002). J. Neural. Transm. 109, 341-360.
. Frolich, L., Blum-Degen, D., Riederer, P., and Hoyer, S.

(1999). Ann. NY Acad. Sci. 893, 290-293.

Alemzadeh, R. and Holshouser, S. (1999). Endocrinol. 140,
3197-3202.

Barber, A. J., Nakamura, M., Wolpert, E. B., et al. (2001).
J. Biol. Chem. 276, 32814-32821.

Lendahl, U., Zimmerman, L. B., and McKay, R. D. (1990).
Cell 60, 585-595.

Tronche, F., Kellendonk, C., Kretz, O., et al. (1999). Nat.
Genet. 23, 99-103.

Zulewski, H., Abraham, E. J., Gerlach, M. J., et al. (2001).
Diabetes 50, 521-533.

97.

98.
99.

100.
101.
102.
103.
104.
105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Selander, L. and Edlund, H. (2002). Mech. Dev. 113, 189—
192.

Leiter, E. H. (1989). FASEB J. 3, 2231-2241.

Leiter, E. H., Premdas, F., Harrison, D. E., and Lipson, L. G.
(1988). FASEB J. 2, 2807-2811.

Bueler, H., Fischer, M., Lang, Y., et al. (1992). Nature 356,
577-582.

Gerlai, R. (1996). Trends Neurosci. 19, 177-181.

Nadeau, J. H. (2001). Nat. Rev. Genet. 2, 165-174.
Sanford, L. P., Kallapur, S., Ormsby, 1., and Doetschman, T.
(2001). In: Gene knockout protocols . Tymms, M. J. and Kola,
I. (eds.). Humana Press, Inc.: Totowa, NJ, pp. 217-226.
Crawley, J. N., Belknap, J. K., Collins, A., et al. (1996). Psy-
chopharmacology 132, 107-124.

Almind, K., Doria, A., and Kahn, C. R. (2001). Nat. Med. 7,
277-279.

Wolfer, D. P., Crusio, W. E., and Lipp, H. P. (2002). Trends
Neurosci. 25, 336-340.

Mutant mice and neuroscience: recommendations concerning
genetic background. (1997). Banbury Conference on genetic
background in mice. Neuron 19, 755-759.

Kulkarni, R. N., Almind, K., Quinn, R. L., Eisenman, D.,
Kahn, C. R. (2001). ADA (Abstr.).

Zhu, Z., Ma, B., Homer, R. J., Zheng, T., and Elias, J. A.
(2001). J. Biol. Chem. 276, 25222-25229.

Kahn, C. R., Bruning, J. C., Michael, M. D., and Kulkarni,
R. N. (2000). J. Pediatr. Endocrinol. Metab. 13(Suppl. 6),
1377-1384.

Katz, E. B., Stenbit, A. E., Hatton, K., DePinho, R., and
Charron, M. J. (1995). Nature 377, 151-155.

Chen, W. S., Xu, P. Z., Gottlob, K., et al. (2001). Genes Dev.
15, 2203-2208.

Maeda, N., Shimomura, 1., Kishida, K., et al. (2002). Nat.
Med. 8, 731-737.

Kubota, N., Terauchi, Y., Yamauchi, T., et al. (2002). J. Biol.
Chem. 277, 25863-25866.

Ma, K., Cabrero, A., Saha, P. K., et al. (2002). J. Biol. Chem.
277, 34658-34661.

Yakar, S., Liu, J. L., Stannard, B., Butler, A., Accili, D.,
Sauer, B., LeRoith, D. (1999). Proc. Natl. Acad. Sci. USA 96,
7324-7329.

Liu, J. L., Yakar, S., and LeRoith, D. (2000). Endocrinol. 141,
4436-4441.

Yakar, S., Liu, J. L., Fernandez, A. M., et al. (2001). Diabetes
50, 1110-1118.

Moller, D. E., Chang, P. Y., Yaspelkis, B. B. 111, Flier, J. S.,
Wallberg-Henriksson, H., and Ivy, J. L. (1996). Endocrinol.
137, 2397-2405.

Fernandez, A. M., Kim, J. K., Yakar, S., et al. (2001). Genes
Dev. 15, 1926-1934.

McCaffrey, A. P., Meuse, L., Pham, T. T., Conklin, D. S.,
Hannon G. J.,, and Kay, M. A. (2002). Nature 418(6893),
38-39.

Brummelkamp, T. R., Bernards, R., and Agami, R. (2002).
Science 296(5567), 550-553.



