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Transgenic rescue of insulin
receptor—deficient mice
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The role of different tissues in insulin action and their contribution to the pathogenesis of diabetes remain
unclear. To examine this question, we have used genetic reconstitution experiments in mice. Genetic ablation
of insulin receptors causes early postnatal death from diabetic ketoacidosis. We show that combined resto-
ration of insulin receptor function in brain, liver, and pancreatic f3 cells rescues insulin receptor knockout
mice from neonatal death, prevents diabetes in a majority of animals, and normalizes adipose tissue content,
lifespan, and reproductive function. In contrast, mice with insulin receptor expression limited to brain or
liver and pancreatic 3 cells are rescued from neonatal death, but develop lipoatrophic diabetes and die prema-
turely. These data indicate, surprisingly, that insulin receptor signaling in noncanonical insulin target tissues
is sufficient to maintain fuel homeostasis and prevent diabetes.

Introduction

The mechanism of insulin action is a central question in biology,
with important ramifications for human disease (1). Impaired
insulin action, or insulin resistance, is commonly observed in type
2 diabetes and predisposes to obesity, arteriosclerosis, and cardio-
vascular diseases (2). It remains unclear whether insulin resistance
is initially restricted to selected tissues and cell types or whether
it represents a systemic abnormality of insulin action. To exam-
ine the contribution of individual tissues and cell types to the
pathogenesis of insulin resistance, we and others have generated
constitutive and conditional null alleles of insulin receptor (Insr) to
inactivate its function in mice (3). Complete Insr ablation results
in early postnatal death from diabetes (4, 5). In contrast, condi-
tional Insr ablation in specific tissues results in mild but complex
metabolic abnormalities (6-9). The latter experiments support two
conclusions: (a) that insulin resistance in any given tissue can be
compensated for through substrate redistribution to other organs
(7, 10), and (b) that insulin has direct actions on tissues that have
generally not been considered insulin sensitive, such as pancreatic
B cells and brain (7, 8, 11). These observations complement work
showing that combined functional Insr knockout in muscle and
adipose tissue does not lead to diabetes (12).

To study the role of noncanonical insulin target tissues in the
pathogenesis of type 2 diabetes and to circumvent the problem
of compensation by other tissues, we used a genetic reconstitu-
tion approach. We asked whether re-expression of Insr in select-
ed tissues of Insr-deficient mice would confer protection from
the metabolic abnormalities that cause diabetes. Our data lend
support to the surprising conclusion that insulin action in tis-
sues that are not dependent on insulin for glucose uptake (liver,
brain, and pancreatic B cells) is sufficient to restore metabolic
homeostasis and prevent diabetes.

Nonstandard abbreviations used: -actin ( ac); insulin receptor (Insr); internal
ribosome entry site (IRES); rat insulin IT promoter (Rip); transthyretin (Ttr).
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Results
In attempting to rescue Insr-deficient mice, we had to consider
the peculiar metabolism of the newborn mouse, which is depen-
dent mainly on the liver’s ability to generate ketones as an ener-
gy source for the developing brain (13). Although the early post-
natal period is characterized by a fall in insulin levels (13), the
establishment of insulin-dependent fuel-sensing mechanisms
is required to restrain hepatic gluconeogenesis and promote
glycogen storage. Indeed, liver failure appears to be the leading
cause of death of Insr knockouts (4, 5). Therefore, we considered
reconstitution of Insr expression in liver the sine qua non for
further metabolic compensation.

Generation of transthyretin-Insr lines. We generated three lines of
transgenic mice expressing human INSR cDNA from the trans-
thyretin (Ttr) promoter (referred to here as L1, L2, and L3). The
Ttr promoter has been shown to drive transgene expression in
liver and choroid plexus. Moreover, it shows copy number- and
integration site-dependent expression in pancreatic 3 cells and
brain (14-16). Southern blot analysis indicated that transgene
copy number varied between 20 (L1) and 1 (L3) (data not shown).
We used Northern blotting to confirm transgene expression in
liver. We detected the highest levels of transgene-encoded mRNA
(INSR®8) in L1 liver. The levels in L2 and L3 livers were approxi-
mately 37% and 29% of those in L1 liver (Figure 1A). RT-PCR
revealed that, in addition to liver, pancreatic islets expressed the
transgene in all three lines (Figure 1B). Based on previous work
with the Tt promoter in transgenic mice, this expression is likely
to arise from pancreatic 3 cells (14, 17). To determine whether
the transgene was also expressed in brain, we dissected different
brain parts from the three lines and performed real-time RT-PCR
using a primer set that specifically amplifies human INSR. We
detected expression of the transgene in all brain parts derived
from L1 mice but in none of those derived from L2 and L3 mice
(Figure 1C). Widespread brain expression from the Ttr promoter
has also been reported (18, 19).

Characterization of Ttr-Insr mice. We intercrossed the three lines
with Insr*/~ mice to generate Ttr transgenic mice lacking endo-
genous Insr (Ttr-Insr/-). Unlike Insr/~ mice, which died within days
Volume 114

Number2  July 2004



A C Brain RT-PCR

WT L1

Liver Northern blot
WT L1 L2 L3

research article

Figure 1
Generation of Ttr-Insr transgenic mice. (A)
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of birth, Ttr-Insr7- mice from all three lines survived to adulthood.
All three lines showed evidence of growth retardation at 1 month.
The body weights of male L1 (Figure 2A) and L2 (Figure 2B) mice
were about 80% those of control litctermates, whereas those of male
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Northern blot analysis of liver mMRNA. We
hybridized poly(A)* RNA from three found-
ers with the same cDNA probe used in A
for Northern analysis. This probe does not
detect endogenous murine transcripts. (B)
RT-PCR of mRNA isolated from pancreat-
ic islets. The upper panel shows amplifica-
tion of the transgenic INSR, and the lower
panel shows amplification of glucagon as
a control. +RT, with reverse transcriptase;
—RT, without reverse transcriptase. (C)
RT-PCR of brain mRNA. The primer sets
used to amplify the transgenic INSR and
Bac control are available from the authors.
The upper panel of each pair shows
duplicate samples of INSR amplification,
whereas the lower panel of each pair
shows Bac control.
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L3 mice (Figure 2C) were about 60% those of control littermates.
L1 mice exhibited limited post-weaning “catch-up” growth, where-
as L2 and L3 mice remained growth retarded throughout life. We
obtained similar data in female mice (not shown). Necroscopic
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Analysis of growth retardation. (A—C) Growth curves of transgenic lines. For each line, we present mean body weights. The number of animals

studied is indicated in parenthesis for each line: WT (n = 7 for L1, 10 for

L2, and 7 for L3), Ttr (n = 2, 4, and 7, respectively), Ttr-Insr+- (n = 15,

11, and 17, respectively), Insr+- (n = 20, 28 and 12, respectively), and Ttr-Insr”- (n = 6, 4, and 3, respectively). The standard error is not reported
for clarity of presentation and is less than 15% of the mean. The following comparisons are statistically significant: L1 Ttr-Insr”- versus all other
L1 genotypes (P < 0.05 by ANOVA), L2 Ttr-Insr-- versus all other genotypes (P < 0.05 by ANOVA), and L3 Ttr-Insr-- versus all other genotypes
(P < 0.05 by ANOVA). (D) Necroscopic analysis of representative 3-week-old L2 transgenic and WT mice demonstrates lack of white adipose tissue
(upper panel) but preservation of interscapular brown adipose tissue (lower panel) in L2 mice. We observed a similar phenotype in L3 mice.
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Immunoblot analysis of Insr expression in different tissues of the transgenic knockouts. (A) Liver. The upper panel represents an autoradiogram
showing immunoreactivity with anti-Insr antiserum; the lower panel shows an immunoblot with anti-tubulin antiserum to confirm equal loading
of all lanes. We used 3- to 4-month-old animals for these determinations. (B) Islets. For these experiments, we partially purified islets by Ficoll
density gradient centrifugation. Please note the prominent band corresponding to the receptor precursor (Insr precursor). To normalize for 3-cell
content, we used the B cell-specific marker Glut2 (middle panel). We used tubulin to normalize for total protein content (bottom panel). We used
2-month-old animals for these experiments. (C) Widespread transgene expression in brains of L1 Ttr-Insr mice. We obtained specimens from
different brain sections and analyzed them by immunoblot. On the left, we present a control obtained with anti—-glutamate receptor antiserum
(GluR) to normalize for gel loading. On the right, we show immunoblots with anti-Insr antiserum. Arrows indicate the position of the Insr 3-sub-
unit. We used 3- to 4-month-old animals for these determinations. (D) Lack of Insr expression in muscle, heart, spleen, and adipose tissue. We
show representative blots of 3- to 4-month-old mice. We obtained similar results with specimens from mice of different ages. We could not obtain

adipose tissue from L2 and L3 mice because they are lipoatrophic.

analyses indicated that L2 and L3 mice lacked white adipose tissue
while retaining interscapular brown adipose tissue. In addition,
both L2 and L3 mice showed considerable hepatomegaly and fatty
liver degeneration (Figure 2D), as expected from their lipoatrophic
state. In contrast, L1 mice had normal adipose tissue content and
distribution (not shown).

We assessed Insr expression by immunoblot and insulin-binding
assay. In liver, immunoreactive Insr levels were 57% of WT in L1
mice and 75% of WT in L2 and L3 mice (Figure 3A). Interestingly,
L1 mice expressed lower protein levels, despite having higher levels
of mRNA (compare Figure 1A with Figure 3A). This discrepancy
is likely to arise from integration site effects. In islets, L1 mice
expressed Insr at levels about 50% of WT, whereas L2 and L3 mice
showed levels about fivefold higher than WT. As seen previously
with other receptors of the Insr family expressed in pancreatic §
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cells (20, 21), the band corresponding to the 190-kDa receptor
precursor was more prominent in pancreatic f cells than in other
cell types (Figure 3B). Consistent with the results of real-time RT-
PCR (Figure 1C), we detected Insr immunoreactivity in all brain
parts from L1 Ttr-Insr”~ mice but in none of those from L2 and L3
mice. Expression levels were uniformly lower than in control mice,
reaching about 36% of WT in hypothalamus, 26% in thalamus,
51% in cortex, 63% in olfactory lobe, 53% in cerebellum, 59% in
hippocampus, and 39% in brainstem (Figure 3C). We did not detect
Insr immunoreactivity in muscle, heart, or spleen from any Ttr-
Insr7~line, nor in the epididymal fat pads of L1 mice (Figure 3D).
Analysis of additional tissues (lung, kidney, intestine, bone, and
peripheral blood cells) also failed to reveal Insr immunoreactivity
(not shown). Insulin-binding assays also failed to detect insulin-
binding activity in any of these tissues.
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Metabolic tests. (A and B) Glucose and insulin values in individual Ttr-Insr- and WT mice at various ages. (C) Correlation of insulin (verti-
cal axis) and glucose (horizontal axis) values in 2- to 6-month-old mice. (D and E) Intraperitoneal glucose and insulin tolerance tests in
4-month-old L1 Ttr-Insr*- and Ttr-Insr- transgenic mice (n = 6 for each genotype). Animals were fasted for 4 and 12 hours prior to the insulin

and glucose tolerance tests.

Metabolic profile of Ttr-Insr mice. To determine the physiologi-
cal consequences of limited restoration of Insr expression, we
measured glucose and insulin levels in mice of various ages. At
2 months of age, 90% of L1 mice showed normal glucose levels
and 10% showed glucose levels in the diabetic range (defined as
mean + 2 SD). By the age of 6 months, the percentage of L1 mice
that were diabetic rose to 35% (6 of 17), but they all had normal
lifespans. In contrast, all L2 and L3 Ttr-Insr”~ mice developed
diabetes by 2 months and died between 3 weeks and 8 months
of age. Indeed, in L3 mice we observed hyperglycemia as early as
4 weeks of age, and 90% of mice died by 2 months of age (Figure
4A and Table 1). The variability of the phenotype in L2 and L3
mice, which have similar expression levels and tissue patterns of
the transgene, is likely to arise from the contribution of modi-
fier genes on the outbred CS7BL/6 x
FVB x 129/Sv genetic background. All
lines of Ttr-Insr/~ mice showed sub- Table 1
stantial increases in circulating insu-
lin levels (Figure 4B and Table 1). As

atic B-cell compensatory capacity. To detect metabolic abnor-
malities that do not result in diabetes, we subjected nondiabetic
L1 mice to glucose and insulin tolerance tests. Both tests failed
to reveal abnormalities of glucose disposal (Figure 4, D and E).
We obtained similar data in 8-month-old mice. These data indi-
cate that the majority of L1 mice are protected from diabetes
throughout life. Moreover, measurements of circulating free
fatty acids, total cholesterol, and triglycerides failed to reveal
differences between L1 and control mice (data not shown).
Food intake and body composition were also normal, and we
detected a 10% increase in resting energy expenditure in L1 com-
pared with control mice (H. Okamoto, S. Obici, D. Accili, and
L. Rossetti, unpublished observations). Nevertheless, some L1
mice develop diabetes, suggesting that the genetic background

Metabolic features of Tir-Insrtransgenic knockout mice

in other models of insulin resistance Genotype WT L1 Ttr-Insr’- L2 Ttr-Insr L3 Ttr-Insr
(22), we observed a “bell-shaped cor- 2-mo glucose 141 £ 3 (n="54) 17217 (n1=34)  569+504(n=4) 586308 (n=9)
relation” between glucose and insulin 4-mo glucose 138+ 3 (n=32) 214 + 27 (n=23) >6008 (= 5) >6008 (1= 3)
values (Figure 4C). However, whereas 6-mo glucose 153 +5 (n=21) 197 +15 (n=17) >6008 (n=3) N/A
the majority of L1 mice displayed com- 2-mo insulin 15+£02(n=53) 14.8+218(n=34) 245+99(n=4) 64+25(n=9)
pensatory hyperinsulinemia with not- 4-moinsulin 2406 (n=32) 218+37%(1=26) 139:37(n=5) 84:69(n=3)
mal glucose levels, L2 and L3 mice wich ~ 6-moinsulin 52527 (1=22) 387954 (n=15) 285:13.8(n=3) N/A
Hepatic glycogen  84.1 (n=2) 81.9(n=2) 62.5(n=2) 42.4 (n=2)

similar insulin values had considerably
higher glucose levels, suggestive of
progressive exhaustion of the pancre-
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We express glucose as mg/dl, insulin as ng/ml, and glycogen as mg/g protein. Statistically significant dif-
ferences are indicated as follows: AP < 0.005; BP < 0.001. N/A, not applicable. 2-mo, 2-month-old mouse.
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Pancreatic islet morphology. (A) We show the typical appearance of islets in 1-month-old mice from each of the Ttr-Insr lines. The upper two rows
show immunostaining with anti-insulin and the lower two rows, with anti-glucagon antiserum. (B) Morphometric evaluation of 3-cell mass. We
determined o.- and B-cell area by manually tracing immunoreactive cells in nonoverlapping fields from sections obtained at least 80 um apart. We
analyzed three sections per mouse and four mice per genotype. Area values were multiplied by total pancreas weight to obtain islet cell mass.
(C) Altered islet size and morphology in 4-month-old L2 and L3 mice. The upper panels show double immunostaining with anti-insulin (red) and
anti-glucagon (green) antisera. The lower panels show double immunohistochemistry with anti-insulin (red) and anti-Pdx1 (green) antisera.

modifies the transgene effect, as we have shown previously for
Insr mutations (23). To rule out the possibility that the main
effect of the Ttr-driven transgene is due to genetic background,
we intercrossed L1 mice with L2 and L3 mice. In the resulting F,
generation, single hemizygosity for L1 and compound hemizy-
gosity for the L1/L2 or L1/L3 combination of transgenic alleles
consistently conferred protection from diabetes and premature
death, whereas all single-hemizygous mice carrying the L2 and
L3 transgenes, alone or in combination, died of diabetes. These
data indicate that the protective effect is tightly associated with
the L1 transgene and not with modifier genes.

We next assessed gene expression in livers of 4-week-old Ttr-Insr
/~ mice using real-time RT-PCR. We detected an increase of about
80% in glucose-6-phosphatase (G6pc) exclusively in L2 mice, whereas
phosphoenolpyruvate carboxykinase (Pck1) levels were unperturbed.
In L2 and L3 mice we also detected an increase of about twofold
in insulin-like growth factor-binding protein 1 (Ifgbp1) and a decrease
of 60-80% in glycogen synthase (GysI) levels. As expected, given the
reduced GysI expression, we detected a decrease in liver glycogen
content in L2 and L3 mice compared with control mice, whereas
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glycogen content in L1 mice was normal (Table 1). These results
are consistent with hepatic insulin resistance in L2 and L3 mice,
although some changes, such as the decrease in glycogen levels,

Table 2
Synopsis of breeding experiments

Breeding pair (genotype) n Litters  Litter size
M F

L1 Ttr-Insr- Insr+- 4 4 715
L2 Tir-Insr- Insr+- 4 4 714
L3 Ttr-Insr-- Insr+- 2 2 9+1
Insr~ L1 Ttr-Insr- 4 4 9+14
Insr- L2 Ttr-Insr’- 4 0 N/A
Insr+- L3 Ttr-Insr- 4 0 N/A
L1 Ttr-Insr- L1 Ttr-Insr- 4 4 9+0.7

For each mating, we report the number of pairs (n), the number of lit-
ters produced (Litters) within a month, and the mean number of pups
(+SEM) in each litter (Litter size). M, male; F, female.

Volume 114~ Number2  July 2004
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Generation of Insr knock-ins. (A) Targeting vector. Exons are represented by dark gray rectangles. The INSR cDNA was cloned downstream
of the TAG stop codon, an internal ribosomal entry site (IRES) and a lox-flanked (“floxed”) neomycin-resistance (neo) cassette. (B) Southern
blot analysis. DNA was digested with Pstl. Blots were hybridized with an external probe 5’ of the targeted locus. The WT band is about 10 kbp
and the recombinant band generated by homologous recombination (Bac/INSR allele) is about 3 kbp. Mice carrying the ac/INSR allele were
mated with transgenic mice expressing cre to remove the loxP-neo-loxP cassette. Excision of the neo cassette resulted in the generation of a
Bac/INSR Alox allele (right panel, right lane). The upper band corresponds to the intact fac/INSR allele and the lower band, to the cre-excised
Bac/INSR Alox allele. (C) Western blot analysis of Insr (left panel) and tubulin expression (right) in several brain sections, liver, muscle, and
heart in Syn-Insr, Camk-Insr, Nes-Insr, and Hs6-Insr mice. (D) Generation of pancreatic  cell-specific Insr knock-in. We show PCR analysis of
Rip/cre—mediated excision of the Bac/INSR allele in the pancreas. We isolated DNA from pancreata dissected from 2-day-old Bac/INSR Alox/
Insr-- mice and amplified it by PCR with three sets of primers specific for the Rip-cre transgene (upper panel), Bac/INSR allele (middle panel),

and PBac/INSR Alox allele (bottom panel).

could be secondary to diabetes. Interestingly, L1 mice show mild-
er changes in hepatic gene expression than L2 mice do, although
the lacter express higher transgene levels.

Pancreatic B cell compensation in Ttr-Insr mice. We measured pan-
creatic islet morphology and morphometry as well as islet func-
tion in Ttr-Insr”~ mice. At 1 month of age, L1 mice showed islets of
normal size with normal architecture (Figure 5A) and a moderate
reduction in B-cell mass (Figure 5B). L2 and L3 mice exhibited
increases of about threefold and twofold, respectively, in B-cell
mass (Figure 5, A and B). We also analyzed islet morphology in
older animals (4 months old). At this age, L1 mice exhibited nor-
mal islet size and architecture, whereas in islets from L2 and L3
mice we found extensive loss of insulin-positive cells, with altered
islet architecture (Figure SC). In contrast, we failed to detect alter-
ations in the expression or subcellular localization of the insulin
gene transcription factor Pdx1 (Figure 5C). In vitro assays of glu-
cose-stimulated insulin secretion from purified L1 islets failed to
reveal abnormalities (data not shown). As shown in Figure 3B,
islet Insr expression was greater in L2 and L3 than in L1 mice,
suggesting that the progressive deterioration of B-cell function in
L2 and L3 mice is secondary to glucotoxicity rather than being a
primary defect due to incomplete restoration of Insr expression.
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http://www.jci.org

Normal reproductive bebavior in L1 but not in L2 and L3 Ttr-Insr mice.
We also evaluated the fertility of the three Ttr-Insr~~lines. We set up
brother-sister intercrosses and backcrosses with Insr”/~ mice (Table
2). Both male and female L1 mice were fertile in intercrosses and
backcrosses. L2 and L3 male mice produced offspring when back-
crossed onto Insr”/~ female mice, whereas L2 and L3 female mice
were sterile. The observation that L1 intercrosses yielded offspring
and a normal litter size indicates that Insr signaling in the gonads
and reproductive system is not required for germ cell maturation
and successful completion of pregnancy. Female L2 and L3 mice
could be infertile owing to diabetes. However, because these mice
do not express Insr in the brain, their reproductive phenotype could
also be interpreted as supporting the idea of a role for brain Insr in
the regulation of gonadotropin production and ovulation (8).

Generation of single-tissue Insr knock-ins in brain and pancreatic
cells. The surprising difference in metabolic control between mice
expressing Insr in brain, liver, and P cells and those with expres-
sion limited to liver and P cells raised the question of whether
restoring insulin action in the brain alone would suffice to pre-
vent diabetes in Insr knockouts. To address this question, we used
a conditional locus knock-in approach (24). We modified the Bac
locus by homologous recombination in ES cells. The modified
Volume 114 219

Number2  July 2004



research article

Table 3
Metabolic data in 3-week-old brain-specific /nsrknock-in mice

Genotype WT Syn-Insr  Camk-Insr  Hs6-Insr
(n=19) (n=6) (n=10) (n=19)
Body weight 89+04 58+048 47+028 6.0£028
Glucose 126 + 6 332+468 367+168 353+138
Insulin 0702 89x34r 476x226 455x4.58
Ketoacidosis None 5/6 9/10 16/19
Liver steatosis None 5/6 10/10 1719

We measured whole-blood glucose (mg/dl), serum insulin (ng/dl), and
urinary ketone levels (Ketoacidosis is defined as acetonacetate greater
than 9 mg/dl or acetone greater than 70 mg/dl) in fed mice. We scored
for liver steatosis by visual inspection. Statistically significant differ-
ences are indicated as follows: AP < 0.05, BP < 0.01.

locus contained an internal ribosome entry site (IRES) at the 3’
end of exon 6, followed by a promoterless lox-neo-lox cassette
and by the INSR cDNA (Figure 6, A and B, and Methods). We gen-
erated mice heterozygous for the modified Bac locus, referred to
as Bac/INSR in Figure 6. By breeding these mice with transgenic
mice expressing cre recombinase under the control of a tissue-
specific promoter, we ensured excision of the lox-neo-lox cassette
in a tissue-specific fashion and juxtaposition of the INSR cDNA
with IRES. Thus, cre-mediated recombination enables transcrip-
tion of a bicistronic Bac/INSR mRNA from the IRES (these mice
are referred to as Bac/INSR Alox in Figure 6). We then intercrossed
the resulting mice with Insr/~ mice to introduce a null mutation
of the endogenous Insr. By intercrossing the resulting F; proge-
ny, we obtained Bac/INSR Alox mice lacking the endogenous Insr
(referred to here as Bac/INSR/Alox/Insr”~ mice). We generated
four different brain-restricted knock-ins to reactivate Insr expres-
sion selectively in neurons using synapsin-cre (25) and calmodulin
kinase II-cre (26) transgenic mice, or more broadly in neurons
and glia using nestin-cre (Nes-cre) (27) and heat shock protein 70-
cre (Hs6-cre) (28) transgenic mice. In all instances, we observed
the expected pattern of expression of the Insr cDNA in different
brain sections, without expression outside the brain (Figure 6C).
In all four lines, Insr expression was restored to physiological or
near-physiological levels. We observed the highest expression in
Syn-Insr mice and the lowest, in Hs6-Insr mice (for nomencla-
ture, see Methods). The metabolic phenotype was similar in all
four lines (Table 3). Mice were born in normal mendelian ratios
and showed no apparent abnormalities or growth defects but
developed diabetes within a week of birth and by 3 weeks of age
were frankly diabetic. Most animals died within 6-8 weeks of
birth, although few survived up to 3 months. Insulin levels were
extremely elevated, indicative of insulin resistance. Mice bearing
the intact Bac/INSR allele on an Insr~/~ background died of dia-
betic ketoacidosis within few days of birth, similar to Insr7~ mice.
These findings provide a necessary negative control indicating
that the Bac/INSR allele does not allow for INSR expression in
the absence of cre. While in principle it would be desirable to re-
create the liver/brain pattern of expression using this approach
to confirm the transgenic data, we have thus far been unable to
obtain robust prenatal expression of Insr in liver using the avail-
able transgenic cre lines.

Finally, to address the contribution of Insr in the pancreatic 8
cell to the observed phenotype, we used the modified the fac/INSR
220
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allele to generate mice with B cell-restricted Insr expression via
intercrosses with rat insulin II promoter-cre (Rip-cre) transgenic
mice (29) (Figure 6D). The phenotype of these mice was identical
to that of Insr7/~ mice, suggesting that insulin signaling in the B
cell is not sufficient to restore even partial metabolic control.

Discussion
In this study, we demonstrate that Insr expression in liver and
pancreatic 3 cells is sufficient to rescue Insr-deficient mice
from perinatal lethality but that concomitant expression of Insr
in brain is required to prevent diabetes throughout life. The
marked effect that restoration of hepatic Insr expression has
on the survival of Insr-deficient mice can be accounted for by
the dominant role of the liver during lactation in rodents (13).
However, the effect of brain Insr in protecting L1 mice from dia-
betes provides a compelling demonstration of the role of insulin
action in the brain (30). Interestingly, L1 mice are resistant to
diabetes despite the fact that of the three Ttr-Insr lines charac-
terized, they displayed the lowest levels of transgene expression
in both liver and P cells. This observation makes it unlikely that
the phenotypic differences among the three transgenic lines can
be ascribed to their hepatic insulin signaling or B-cell compensa-
tory ability. Indeed, measurements of insulin-induced Akt activ-
ity in livers of L1 mice revealed no differences compared with
those of WT mice (data not shown).

Brain and insulin sensitivity. Three studies have addressed the role
of Insr in the brain by gene inactivation. Conditional ablation of
Insr in nestin-positive neurons results in obesity and decreased
female fertility (8), while inhibition of hypothalamic Insr function
results in insulin resistance and impaired inhibition of hepatic
glucose output (31, 32). Our data in brain-restricted Insr knock-
ins indicate that the effect of the brain requires an insulin-sensitive
liver to reverse the main abnormalities of the metabolic syndrome.
This is consistent with the brain’s role in modulating hepatic glu-
cose homeostasis (32). Brain control of insulin action could be
exerted in a cell-autonomous fashion, for example through release
of endocrine mediators to activate insulin-independent pathways
of fuel metabolism (33), or could be due to local release of neu-
romediators through peripheral nerve endings (34). Intriguingly,
the longevity (dauer) phenotype caused by mutations in the Insr
ortholog daf-2 in Caenorbabditis elegans can be rescued by selective
daf-2 re-expression in the brain (35). Moreover, regulation of lifes-
pan in the roundworm has been shown to depend on neural and
reproductive inputs (36).

Another intriguing feature of the brain-liver interaction is the
reversal of the lipoatrophic phenotype of L2 and L3 mice when
Insr expression is reconstituted in the brains of L1 mice. It
bears emphasizing that none of the three lines expresses Insr in
the adipocyte, indicating that the trophic effect of the brain on
adipocytes is cell autonomous, as far as insulin signaling is con-
cerned. Although it may prove difficult to demonstrate whether
this effect is due to increased differentiation of pre-adipocytes
or decreased lipolysis in existing adipocytes, the findings nev-
ertheless lend support to the idea that the effects of insulin
in the central nervous system have profound consequences for
peripheral metabolism.

The metabolic balance of power. Conditional mutagenesis using
the cre/loxP system provides a new approach for understanding
the integrated physiology of insulin action. Classically, insulin
resistance has been thought to arise from an impairment of
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Number2  July 2004



insulin-dependent glucose uptake and glycogen synthesis in
skeletal muscle and adipose tissue. However, the onset of clini-
cal diabetes requires an increase in hepatic glucose output, with
attendant pancreatic B-cell failure. This has led to the view that
two separate defects, one in insulin action and one in pancreatic
B cell function, are required for the development of type 2 dia-
betes. Results obtained using mice with targeted mutations in
genes required for insulin action have increasingly challenged
this view. For example, the demonstration that ablations of Insr
(11) and Igflr (21, 37), as well as their main substrates Irs1 (38)
and Irs2 (39), impair B-cell function has suggested that insulin
signaling also plays a role in insulin secretion and in 3 cell com-
pensation to insulin resistance (40). On the other hand, the lack
of diabetes or insulin resistance in mice lacking Insr in tissues
that possess insulin-dependent mechanisms of glucose uptake
has raised the possibility that the contribution of this pathway
to the pathogenesis of type 2 diabetes has been overstated (41).
The present data provide the firmest evidence to date that insu-
lin signaling in noncanonical insulin target tissues (brain and §
cells) as well as liver, an organ at the “crossroads” of direct and
indirect mechanisms of insulin action (42), is indeed essential
for the maintenance of euglycemia.

The results of our study should not be “over-interpreted” to
indicate that muscle and fat are unimportant in insulin signal-
ing. The absence of diabetes in Insr-transgenic knockout mice
can be explained by the presence of compensatory pathways
based on muscle contraction (43) and IGF1 receptor signaling
(44). Indeed, inactivation of the insulin-responsive glucose trans-
porter Glut4 in muscle (45) or fat (46) has a more profound effect
than Insr inactivation (6, 9), suggesting that multiple pathways
converge to promote glucose uptake. Likewise, the mechanism
by which insulin regulates hepatic glucose production remains
unclear (42) and appears to require both direct effects on the
hepatocyte as well as indirect effects, mainly through the brain
(32). Further metabolic studies of L1 mice will allow us to draw
a more definitive conclusion as to which effects predominate in
mice. In summary, mice with tissue-restricted Insr expression
provide insight into the relative contributions of individual
organs to the pathophysiology of insulin resistance, and suggest
that therapeutic alternatives based on preserving insulin sensitiv-
ity in the brain should be pursued.

Methods

Animal production and genotyping. The Ttr-Insr transgene was engi-
neered by introduction of a 4.3-kb DNA Xbal-Spel fragment
encoding INSR cDNA at the Stul site of the Ttr exon 3 plasmid,
containing 3 kbp of the human Ttr promoter and exons 1-3.
This promoter fragment has been shown to confer expression
in hepatocytes and pancreatic 3 cells. When the promoter is of
high copy number (more than 6 copies), expression in the brain
and retinal pigment epithelium has also been demonstrated
(17). This purified DNA fragment was microinjected into fertil-
ized C57BL/6 X FVB eggs as described (17). Three founder trans-
genic mice expressing the Ttr-Insr cDNA were intercrossed with
Insr”~ mice and the resulting progeny were intercrossed to yield
Ttr-Insr/~ mice. Insr/~ mice have been described previously (4).
The animals were maintained on a mixed background derived
from 129/Sv, C57BL/6, and FVB. Genotyping was performed
as follows. The WT Insr allele was detected using primers 5'-
CTGTGCACTTCCCTGCTCACA-3" and 5"-TCTTTGCCTGT-
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GCTCCACTCT-3’; and the null Insr allele was detected using
primers 5'-GATCGGCCATTGAACAAGATG-3’ and 5’-CGC-
CAAGCTCTTCAGCAATAT-3". The product of the WT allele
is approximately 300 bp in length and that of the null allele is
approximately 700 bp in length. PCR amplification conditions
for the WT Insr allele were as follows: 4 minutes at 94°C, fol-
lowed by 30 cycles at 94°C for 1 minute, 60°C for 1 minute, and
72°C for 1 minute, and then 72°C for 7 minutes. We used similar
conditions for the null Insr allele, except that the annealing tem-
perature was 56°C and the final extension was for 15 minutes.
We detected the transgene using primers S’-TACCCCGGAGAG-
GTGTGTCCC-3" and 5"-ATGGTCGGGCAAACTTCCTGGCAG-
3’. PCR amplification conditions were 4 minutes at 94°C fol-
lowed by 30 cycles at 94°C for 1 minute, 65°C for 1 minute, and
72°C for 1 minute, and then 72°C for 7 minutes. The product
was approximately 500 bp in length.

Targeted mutagenesis in ES cells and generation of Bac/INSR knock-
in mice. We cloned an INSR ¢cDNA (isoform B) in a modified Bac
genomic fragment encompassing exons 4-6 of the Bac locus
(24). The targeting vector was linearized with Pmel and was
electroporated into R1 ES cells. After G418 selection, we iso-
lated genomic DNA from individual clones and analyzed them
by Southern blotting to detect homologous recombinants by
Pstl digestion. Mice carrying the modified Bac locus (Bac/INSR)
were generated by blastocyst injection as described previously
(4). To obtain mice with tissue-restricted Insr expression, we
bred Bac/INSR mice with Insr*/~ mice to obtain Bac/INSR/Insr*/~
mice. Similarly, we obtained Insr/~ mice carrying the various cre
transgenes: synapsin-cre (Syn-cre'é/Insr”/"), calmodulin kinase II-cre
(Camk-cre's/Insr*/~), nestin-cre (Nes-cre's/Insr*/~), beat shock protein
70-cre (Hs6-cre's/Insr/"), and rat insulin II promoter—cre (Rip-cre’s/
Insr'/~). After cre-mediated recombination, the Bac/INSR allele
is expected to undergo deletion of the lox-neo-lox cassette, thus
yielding a Bac/INSR Alox allele. Intercrosses between the double-
heterozygous Bac/INSR/Insr*/~ mice and cre'/Insr*/~ mice yielded
mice of the following genotypes, used for further analyses: WT,
Bac/INSR/Insr~-, and Bac/INSR Alox/Insr~/-. For simplicity, these
last five types of mice are referred to as Syn-Insr, Camk-Insr,
Nes-Insr, Hs6-Insr, and Rip-Insr, respectively.

Hybridization studies. We performed Southern analysis on Hin-
dlll-digested DNA obtained from tail tissue using a cloned
fragment of the INSR cDNA (nucleotides 2,091-3,068) as a 32P-
labeled hybridization probe. We isolated total RNA from liver
using TRIzol (Life Technologies, Gaithersburg, Maryland, USA).
We size-fractionated isolated samples on a denaturing formalde-
hyde/agarose gel and transferred them to a nylon membrane for
Northern hybridization according to standard techniques, using
the same probe described for Southern analysis. The probe detects
human INSR but not mouse Insr mRNA.

RT-PCR and real-time RT-PCR analysis. We isolated mRNA using
the Micro-FastTrack 2.0 Kit (Invitrogen, Carlsbad, California, USA)
and used this mRNA to synthesize cDNA using a GeneAmp RNA
PCR kit (Perkin-Elmer, Boston, Massachusetts, USA). We isolated
total RNA using TRIzol (Life Technologies). We performed PCR
using cDNA as a template and an amplification primer set (for-
ward, 5"-GGCTGAAGCTGCCCTCGA-3'; reverse, 5’-CACGCTG-
GTCGAGGAAGT-3’) that specifically detects human INSR but not
mouse Insr cODNA. PCR amplification conditions were 2 minutes at
95°C, followed by 35 cycles at 95°C for 1 minute, 60°C for 1 min-
ute, and 72°C for 1 minute, with a final cycle at 72°C for 7 minutes.
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We carried out real-time PCR in duplicate with SYBR Green using
a LightCycler instrument (Roche Molecular Biochemicals, India-
napolis, Indiana, USA). To normalize RNA content we used ampli-
fication of Bac mRNA. We used the following primer sets to amplify
the various mRNAs: Insr, 5’-GGCTGAAGCTGCCCTCGA 3" and 5'-
GCTGCCACCGTGGGCACGGCCA 3'; Bac, S’-CTAGAAGCACTT-
GCGGTGCAC-3" and 5"-GAAATCGTGCGTGACATCAAA-3"; G6pc,
5’-GCTTGGATTCTACCTGCTAC-3" and 5’-AAAGACTTCTT-
GTGTGTCTGTC-3’; Pckl, 5’-CCACAGCTGCTGCAGAACA-3’
and 5-AAAGACTTCTTGTGTGTCTGTC-3’; Gs, 5-GGGGAAGA-
CAGTGAGCGTTATG-3" and S5’-TCAAGAGTCTGGAGT-
GGGGTTCAG-3;and Igfbp1, 5'-AGATCGCCGACCTCAAGAAAT-
3’ and 5-CTCCAGAGACCCAGGATTTT-3".

Protein expression studies. We prepared detergent extracts from
liver, brain, muscle, heart, spleen, pancreatic islets, and epididy-
mal fat pads in buffer containing 50 mM HEPES, 9.6% glycerol,
1% Triton X-100, 150 mM sodium chloride, 1.5 mM magnesium
chloride, 2.5 mM EDTA (pH 8.0), 1 mM DTT, and 2 mM PMSF.
We resolved equal amounts of protein (1.05 mg for liver, 0.3
mg for brain, 0.9 mg for muscle, 0.6 mg for heart, 0.75 mg for
spleen, 0.075 mg for pancreatic islets, and 0.012 mg for fat) by
8% SDS-PAGE and transferred them to nitrocellulose membrane
(Protoran; Schleicher & Schuell, Keene, New Hampshire, USA).
We probed the filters with anti-Insr § subunit (C-19; Santa
Cruz Biotechnologies, Santa Cruz, California, USA) at a dilu-
tion of 1:1,000. We detected bound antibody with horseradish
peroxidase-coupled antibody against rabbit IgG (Amersham
Pharmacia Biotech, Little Chalfont, Buckinghamshire, United
Kingdom) at a dilution of 1:5,000 using the ECL detection sys-
tem (Amersham Pharmacia Biotech).

Metabolic analyses. The Columbia University Institutional Ani-
mal Care and Utilization Committee have approved all proce-
dures. We have described in previous publications bleeding and
metabolic testing procedures, as well as insulin RIAs (Linco, St.
Charles, Missouri, USA) (22).

Glycogen content assays. We dissolved about 80 mg of liver samples
in NaOH and incubated this at 65°C for 2 hours. We precipitated
glycogen in ethanol and performed limited digestion with amylo-

glucosidase (Sigma-Aldrich, St. Louis, Missouri, USA). We deter-
mined glucose using the Trinder glucose assay kit (Sigma-Aldrich).
We performed all determinations in duplicate and expressed the
results as means + SEM (mg glycogen/g protein).

Immunobistochemical analysis of pancreatic islets. We fixed pan-
creata overnight in Bouin’s solution, embedded the specimens
in paraffin, and mounted consecutive sections 5 um in thickness
on slides (47). We stained sections with anti-insulin, anti-gluca-
gon (Sigma-Aldrich) and anti-Pdx1 (a kind gift from C. Wright,
Vanderbilt University, Nashville, Tennessee, USA). We detected
antiserum using rhodamine- and fluorescein-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, Pennsylvania, USA) (22). We measured o- and B-
cell mass as described (21) using three sections per pancreas and
four mice for each genotype.

Insulin secretion from isolated islets. We isolated pancreatic islets by
collagenase digestion followed by centrifugation over a Histopaque
gradient (Sigma-Aldrich) and performed insulin secretion assays
as described previously (47).

Statistical analyses. We calculated descriptive statistics and ANOVA
followed by Fisher’s test using StatView software (Abacus Con-
cepts, Berkeley, California, USA).
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