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ABSTRACT

Overexpression of des(1-3) human insulin-like growth factor I
(IGF-I) in the mammary glands of transgenic mice (WAP-DES) in-
hibits apoptosis during natural, but not forced, mammary involution.
We hypothesized that this differential response would correlate with
the expression of IGF signal transducers. Forced and natural invo-
lution were analyzed in nontransgenic and WAP-DES mice beginning
on day 16 postpartum. During natural involution, mammary gland
wet weight was higher and apoptosis was lower in WAP-DES than in
nontransgenic mice. The WAP-DES transgene had no effect on these
parameters during forced involution. Mammary tissue concentra-
tions of the transgene protein were 2- to 10-fold higher than those of
endogenous IGF-I. Western blot analysis of pooled mammary tissue

extracts demonstrated only slightly higher phosphorylation of the
IGF signal transducers insulin receptor substrate-1 (IRS-1) and Akt
in the WAP-DES than in nontransgenic mice. Dramatic early reduc-
tions in phospho-IRS-1, phospho-Akt, IRS-1, IRS-2, and Akt proteins
occurred during forced, but not natural, involution. The abundance of
the IGF-I receptor and the messenger RNAs for the IGF-I receptors,
IRS-1 and -2, were not affected by either genotype or involution. These
findings support the conclusions that mammary cells lose their re-
sponsiveness to insulin-like signals during forced involution, and that
posttranscriptional or posttranslational regulation of IRS-1 and
IRS-2 may play a role in this loss. (Endocrinology 142: 1479-1488,
2001)

N MICE, MAMMARY gland involution begins to occur
naturally between days 16 and 19 of lactation (1). This
occurs through increased mammary cell apoptosis, which is
induced in response to decreased removal of milk by the
suckling pups. This process has been extensively studied
using an experimental paradigm described as forced invo-
lution (2). In this paradigm, mammary involution is inten-
tionally induced by removal of the suckling pups at peak
lactation. Forced mammary gland involution occurs in two
distinct stages (3). During stage 1, engorgement of the gland
with milk is associated with increased epithelial apoptosis
and decreased expression of milk protein genes. This stage
is also characterized by dramatic increases in the expression
of Bcl-2 homology proteins (4), transcription factors (2), and
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cell cycle regulators (5). The second stage of forced involution
is characterized by increased expression and activity of pro-
teases and intensive tissue remodeling (3). These dramatic
changes in gene expression and cellular apoptosis are be-
lieved to result from the loss of local trophic factors in re-
sponse to milk stasis (1). These factors include PRL, glu-
cocorticoids, and insulin-like growth factor I (IGF-I) (6-8).
For IGF-], this loss is hypothesized to be a consequence of
increased expression of IGF-binding proteins that bind IGF-I
and reduce bioavailability (8-10). However, in addition to
the loss of extracellular trophic signals, decreased cellular
responsiveness to these signals may be a mechanism for
induction of apoptosis during mammary gland involution.
Studies in cell culture models suggest that the abundance
and/or activation of the intracellular IGF/insulin signal
transducer insulin receptor substrate-1 (IRS-1) determines
the ability of IGF-I and/or insulin to protect cells from ap-
optosis (11, 12). This protective effect is known to occur
through activation of PI3-kinase and Akt, followed by phos-
phorylation-dependent inactivation of the proapoptotic BH
protein, Bcl-associated death promoter (BAD) (13).
Overexpression of wild-type IGF-1in the mammary glands
of transgenic mice has been demonstrated to inhibit apopto-
sis when analyzed on day 5 of forced involution (14). Studies
in our own laboratory have shown that overexpression of the
des(1-3) truncated form of IGF-I under control of the pro-
moter from the rat whey acidic protein gene (WAP-DES)
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inhibits the apoptosis that occurs during natural mammary
involution and increases the frequency of spontaneous mam-
mary tumors (15, 16). However, preliminary studies in our
laboratory suggested that WAP-DES was incapable of in-
hibiting apoptosis during forced involution. The goals of the
current study were, therefore, 1) to characterize in greater
detail the ability of overexpressed des(1-3])human (h) IGF-I
to inhibit apoptosis during forced vs. natural mammary
gland involution, and 2) to determine whether expression of
IGF signal transducers could account for differential respon-
siveness of the involuting mammary gland to overexpressed
des(1-3)hIGF-I.

Materials and Methods
Animals

The transgenic mice used in these studies were FVB mice carrying the
previously described WAP-DES transgene (15). These animal studies
were conducted using procedures outlined in the NIH Guide to Care and
Use of Experimental Animals and were approved by the Baylor College
of Medicine animal care and use committee. Nontransgenic (n = 36) and
WAP-DES (n = 39) mice were allowed to complete a normal pregnancy.
For the purposes of this study, the day of parturition is referred to as day
0. On day 2 postpartum, the litter size of each dam was adjusted to 10
by cross-fostering. Natural involution was studied in mammary tissue
samples collected on days 16, 18, 20, and 22 postpartum. Forced invo-
lution was induced by removal of the pups on day 16 and studying tissue
samples collected on days 17-20 postpartum. Mammary glands were
collected from each mouse and either snap-frozen in liquid nitrogen or
fixed in 10% neutral buffered formalin and processed for immunohis-
tochemistry. Mammary gland wet weight was estimated from one of the
number four mammary glands.

Histology

Tissue was fixed and processed for immunohistochemistry (15).
Mammary tissue sections were stained for apoptosis using a previously
described (17) modification of the terminal deoxynucleotidyltransferase-
mediated deoxy-UTP nick end labeling (TUNEL) technique (18). Label-
ing indexes were obtained by counting labeled and unlabeled epithelial
cells in 8-12 (~1000 cells total) fields at X1000 magnification. Immu-
nohistochemistry for IRS-1 was conducted on paraffin-embedded
sections of mammary tissue using a rabbit antihuman IRS-1 antibody
(Upstate Biotechnology, Inc., Lake Placid, NY). All incubations were
performed at room temperature, and all washing was performed with
0.15 m NaCl, 0.01 m Tris-HCI (pH 7.4), and 0.05% Tween 20 unless
otherwise stated. Slides were cut at 3—4 um, baked overnight at 58 C, and
deparaffinized using a Shandon-Lipshaw Varistain (program 2) (Shan-
don Inc., Pittsburgh, PA). Heat-induced antigen retrieval was performed
in 0.1 M Tris-HCI (pH 9.0) for 5 min. Endogenous peroxidase activity was
blocked by incubation in 3% hydrogen peroxide solution for 5 min.
Avidin/biotin blocking was performed with the A /B blocking kit (Vec-
tor Laboratories, Inc., Burlingame, CA) by incubation in solution A for
15 min and then in solution B for 15 min. Slides were then incubated in
IRS-1 antibody (1:800 dilution in TBS plus 1% BSA) for 1 h, biotin-labeled
secondary antibody (1:200) for 30 min, and horseradish peroxidase-
labeled avidin (1:200) for 30 min. For a negative control, slides were
incubated with purified rabbit Ig (Jackson ImmunoResearch Laborato-
ries, Inc., West Grove, PA). Detection was then performed by incubation
with diaminobenzidine (DAKO Corp., Carpinteria, CA) for 15 min,
followed by enhancement with 0.2% osmium tetroxide for 30 sec. Slides
were counterstained with 0.05% methylene green for 30 sec, dehydrated,
and mounted using cytoseal. For detection of steroid hormone receptors
we used the same method with antibodies to estrogen receptor « (6F11,
Vector Laboratories, Inc.) and progesterone receptor (1294, DAKO
Corp.).

RNA analysis

Total RNA was isolated from about 100 mg tissue using Ultraspec
(Biotecx, Houston, TX) as described by the manufacturer. Ribonuclease
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protection assays (RPA) were used to analyze the abundance of the
messenger RNAs (nRNAs) for IGF-I receptor (IGF-IR), IRS-1, and IRS-2.
The RPA probe for murine IGF-IR has been previously described (16).
The probes for murine IRS-1 and -2 were produced by cloning PCR
fragments amplified from mouse genomic DNA. For the murine IRS-1
probe, pDT1-mIRS-1, a 447-bp PCR product, was amplified with the
forward and reverse primers, 5'-CAT CCG AAT TCA CCT GCG CAA
GCC CAA GAGT-3' and 5'-AAA GAG GAT CCT GCC AGA CCT CCT
TGA ACG C-3', respectively. For the murine IRS-2 probe, pDT1-mIRS-2,
a 329-bp PCR product, was amplified with the forward and reverse
primers, 5'-GGT AAG AAT TCA GGA CCT TCC CAG TAA ACG G-3'
and 5-AAT AAG GAT CCT GGT CAT TGT CTC CGC TGC A-3/,
respectively. The temperature-time settings for these 30 cycle amplifi-
cations were 95 C for 1 min, 65 C for 2 min, and 72 C for 3 min. The
resulting products were digested with EcoRI and BamHI and then ligated
into the corresponding sites in pBluescript (Stratagene, La Jolla, CA). The
pTRI-cyclophilin-mouse antisense control template (Ambion, Inc., Aus-
tin, TX) was used to measure cyclophilin mRNA as a loading control.
Antisense complementary RNAs were produced using T3 RNA poly-
merase and resulted in probes of 502, 384, and 138 nucleotides (nt) for
IRS-1 IRS-2, and cyclophilin, respectively. RPAs were conducted using
the RPA III kit (Ambion, Inc.). Quantitative data were obtained using the
Storm Phosphorlmager (Molecular Dynamics, Inc., Sunnyvale, CA.)

IGF-I measurement

Acetic acid extracts (19) of mammary tissue were assayed for both
human IGF-I and mouse IGF-I using species-specific assay kits (Diag-
nostics Systems Laboratories, Inc., Webster, TX). For the human IGF-I
assay, approximately 50 mg frozen mammary tissue were removed from
liquid nitrogen and immediately homogenized in 2 mlice-cold 1 m acetic
acid. Tissue extracts prepared from this homogenate were neutralized
by diluting 1:6 in a neutralization buffer provided with the assay kit and
then diluted in the assay zero standard. This assay had a working range
of 0.15-20 ng/ml and a minimum detection limit of 36 ng/g tissue. The
intraassay coefficient of variation was 6%. The specificity of the assay for
the human IGF-I transgene product was evident by the fact that parallel
analysis of mammary tissue extracts prepared from nontransgenic mice
failed to give a signal above the zero assay standard (data not shown).
For analysis of mouse IGF-I, mammary tissue was homogenized in 5 vol
1 M acetic acid. Extracts were than neutralized as described above. The
rodent-specific RIA had a working range of 5.3-133 ng/ml and a min-
imum sensitivity of 114 ng/g tissue. The intraassay coefficient of vari-
ation was 4%.

Western blotting

Mammary tissue extracts were prepared for protein analysis as pre-
viously described (20). For each genotype time point, equivalent
amounts of protein from four individual mammary gland extracts were
pooled. Immunoprecipitations for IRS-1 and IRS-2 were conducted us-
ing 5 ug of each antibody (Upstate Biotechnology, Inc., Lake Placid, NY)
and 500 ug of protein from each pool as previously described (20). These
immunoprecipitates were then resolved by 8% SDS-PAGE and blotted
to nitrocellulose (Schleicher & Schuell, Inc., Keene, NH). The resulting
blots were analyzed for phosphotyrosine as previously described (20).
Equal protein concentrations of the pooled extracts (10-100 ug depend-
ing upon the antigen to be detected) were also directly electrophoresed
on 8% SDS-PAGE gels and used for Western blot analysis. Equal protein
loading was assessed after electrophoretic transfer by staining the mem-
brane in 0.1% Ponceau S in 5% acetic acid (Sigma, St. Louis, MO) for 5
min. Blots generated with these extracts were probed with antibodies
specific to IGF-IR (1:1000; «o-IR3, Calbiochem, San Diego, CA), IRS-1
(1:1000; Upstate Biotechnology, Inc.), IRS-2 (1:1000; Upstate Biotechnol-
ogy, Inc.), p85 subunit of phosphatidylinositol-3 kinase (1:2000; Upstate
Biotechnology, Inc.), phospho-Akt (1:1000; New England Biolabs, Inc.,
Beverly, MA), total Akt (1:1000; New England Biolabs, Inc.), phospho-
BAD (1:1000; Upstate Biotechnology, Inc.), and total BAD (1:1000; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) using previously described
procedures (20). The blots were also probed with an antibody to keratin
18 (K18, Progen Biotechnik, Heidelberg, Germany) to examine epithelial
content. Autoradiograms were generated by exposing the blots for vary-
ing times from 10 sec to 30 min. The resulting autoradiograms were
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Fic. 1. Analysis of mammary gland weight (A and C) and apoptosis
(B and D) during either natural (A and B) or forced (C and D) invo-
lution. Lactating nontransgenic (@) or WAP-DES (O) mice were
placed with litters of 10 pups each at 2 days postpartum. At days 16,
18, 20, and 22 postpartum, mammary glands were collected for anal-
ysis of natural involution. Forced involution was induced at day 16
postpartum. Mammary tissue samples were then collected at days 17,
18, 19, and 20 postpartum. Wet weight was measured on one of the
number 4 mammary glands. Apoptosis was detected by TUNEL stain-
ing and was enumerated by counting positive and negative cells in 10
randomly chosen X100 fields. *, P < 0.05.

scanned on the Personal Densitometer SI (Molecular Dynamics, Inc.,
Sunnyvale, CA) to provide quantitative data. For Quantitative compar-
ison of IRS and Akt, exposure times were chosen that allowed for the
detection of signals with the least abundance. The data were expressed
as the integrated area under the curve, assuming equivalent loading
based Ponceau S staining and the bicinchoninic acid protein assay (20).

Statistics

Quantitative data on mammary tissue weight, apoptosis, and hIGF-I
concentration were analyzed using the general linear models procedure
in SPSS for Windows version 10.0.0 (SPSS, Inc., Chicago, IL). The effects
of involution and genotype on K18, phospho-Akt and total Akt were
determined by one-way ANOVA on data collapsed for day within each
genotype/involution combination. This was done because there was no
apparent effect of day of Akt phosphorylation and abundance. De-
creased apoptosis or increased mammary gland weight in the WAP-DES
mice on individual days was tested for using a one-way unpaired  test.
Differences were considered significant at P < 0.05.

Results

Preliminary analysis of the WAP-DES transgenic mice has
demonstrated that overexpressed des(1-3)IGF-I can inhibit
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apoptosis during natural, but not forced, mammary gland
involution. To analyze in detail this differential effect, co-
horts of nontransgenic or WAP-DES mice were sampled on
several days during either natural or forced mammary in-
volution. During the 6 days that natural involution was stud-
ied, mammary gland wet weight declined in the nontrans-
genic mice by 53%, indicating that tissue loss and/or
decreased milk synthesis were occurring (Fig. 1A). In con-
trast, the decline in mammary gland weight in the WAP-DES
mice was delayed by 2 days, and hence, tissue weight was
maintained at 29-30% greater than that of nontransgenic
mice (P < 0.05). Analysis of mammary tissue apoptosis dur-
ing natural involution (Fig. 1B) revealed only 0.2-0.3% ap-
optosis in nontransgenic and WAP-DES mice on day 16 post-
partum. By day 20 postpartum, this value increased 14-fold
to 2.8 = 0.6% in the nontransgenic mice. In contrast, mam-
mary tissue apoptosis in the WAP-DES mice on day 20 post-
partum, although increased to 1.4 * 0.3%, was only 51% of
that observed in the nontransgenic animals (P < 0.05). By day
22 postpartum, mammary tissue apoptosis in the WAP-DES
mice was still only 61% of that observed in the nontransgenic
mice (P < 0.05). Thus, des(1-3)hIGF-I overexpression inhib-
ited apoptosis during natural involution of the mammary
gland.

During forced involution, mammary gland wet weight in
nontransgenic and WAP-DES mice displayed similar
changes (Fig. 1C), with an initial, transient increase due to
milk accumulation followed by weight loss toward the end
of the 4-day time period. Mammary cell apoptosis also un-
derwent similar changes between nontransgenic and WAP-
DES mice during forced involution (Fig. 1D), supporting the
conclusion that overexpression of des(1-3)hIGF-I does not
inhibit the apoptosis that occurs during the first 4 days of
forced involution.

A decreased transgene expression and lower abundance of
the transgene protein during forced involution would ex-
plain the inability of WAP-DES to protect mammary cells
from apoptosis. To test this hypothesis, species-specific as-
says were used to measure both human and mouse IGF-I in
mammary tissue extracts from WAP-DES and nontransgenic
mice during natural and forced mammary involution (Fig. 2).
At 16 days postpartum, the concentration of des(1-3)hIGF-I
in mammary tissue from the WAP-DES mice averaged
1090 = 1038 ng/ g tissue (Fig. 2A). During natural involution,
these concentrations gradually increased to a maximum of
4012 *= 233 ng/g tissue on day 22. In contrast, the concen-
tration of endogenous IGF-I was below the detection limit of
114 ng/g tissue for both nontransgenic and WAP-DES mice
throughout the course of natural involution. The concentra-
tion of des(1-3)hIGF-I in the mammary tissue of WAP-DES
mice during forced involution ranged from a high of 1599 *
410 ng/g tissue on day 17 to 969 = 292 ng/g tissue on day
20 postpartum (Fig. 2B). During forced involution, concen-
trations of endogenous IGF-I ranged from below the limit of
detection on day 17 to as much as 402 + 37 ng/g tissue on
day 18 postpartum. The concentration of endogenous IGF-I
during forced involution was also slightly, but significantly
(P < 0.05), lower in mammary tissue from WAP-DES com-
pared with nontransgenic mice. No significant differences
were observed in des(1-3)hIGF-I concentrations among the
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F1G. 2. Analysis of IGF-I protein in mammary tissue extracts pre-
pared from mice during either natural or forced involution. Tissue
concentrations of endogenous IGF-I were measured by species-
specific RIA in mammary tissue extracts from either nontransgenic
(#) or WAP-DES (N) mice during either natural (A) or forced (B)
involution. The tissue concentration of des(1-3)hIGF-I ([]) was mea-
sured using a species-specificimmunoradiometric assay on mammary
tissue extracts from WAP-DES mice during natural (A) or forced (B)
involution. Each bar represents the mean =+ sgM for three or four mice.
The dashed line indicates the detection limit for the measurement of
endogenous IGF-1. Arrows show the day of peak apoptosis. The as-
terisk in A indicates a statistically significant increase in des(1-
3)hIGF-I on day 22 postpartum compared with all other time points.
Asterisks in B indicate statistically significant differences (P < 0.05)
between nontransgenic and WAP-DES mammary tissue for endoge-
nous IGF-I.

first three time points of natural involution (days 16, 18, and
20) and forced involution (days 17 18, and 19). This is the time
when significant differences were observed in apoptosis and
wet weight between nontransgenic and WAP-DES mice (see
Fig. 1) during natural, but not forced, involution.

To determine whether the apparent lack of responsiveness
to WAP-DES was due to loss of IGF-IR expression, the abun-
dance of both IGF-IR protein and mRNA was examined.
Western blot analysis for IGF-IR B-subunit detected the 97-
kDa subunit at variable levels in the pooled extracts from
both nontransgenic and WAP-DES mammary glands (Fig.
3A). The receptor protein, however, was not diminished by
forced mammary involution. The variation observed in the
abundance of the receptor also showed little apparent rela-
tionship to genotype. Western blotting for K18 demonstrated
variation unrelated to genotype or involution. This was re-
peatedly found with all of the blots in which K18 was mea-
sured (see also Figs. 4 and 7). Furthermore, statistical analysis
of the densitometry data from all three K18 blots failed to
detect a significant change in response to either genotype or
involution (data not shown). Ribonuclease protection anal-
ysis demonstrated that the abundance of the IGF-IR mRNA
was not diminished by forced involution and was little af-
fected by the WAP-DES transgene (Fig. 3B).

To determine whether the inability of overexpressed IGF-I
to inhibit apoptosis was associated with diminished IGF-IR
signaling capacity, phosphorylation of IRS-1 and -2 was ex-
amined (Fig. 4). Western blot analysis of immunoprecipitates
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prepared from pooled mammary tissue extracts demon-
strated abundant tyrosine phosphorylation of IRS-1 (Py-
IRS-1) during natural involution (Fig. 4A, lanes 3-12). The
degree of IRS-1 phosphorylation appeared to be slightly
higher in pooled extracts from the WAP-DES mice on days
20 and 22 than in the nontransgenic (compare lanes 6 and 7
with 11 and 12 in Fig. 4A). This effect, however, was not
dramatic. During forced involution, phosphorylation of
IRS-1 was detected only in the day 17 nontransgenic pool
(Fig. 4A, lane 15). Phosphorylation of IRS-2 (Py-IRS-2) was
not detected during natural involution, but was present at
detectable, but low, levels in some of the pools obtained from
mammary tissue during forced involution (Fig. 4A, lanes
15-22). Western blot analysis demonstrated abundant IRS-1
and -2 protein during natural involution in mammary gland
extracts from both nontransgenic (Fig. 4A, lanes 3-7) and
WAP-DES (Fig. 4A, lanes 8 -12) mice. The abundance of these
two proteins was similar between nontransgenic and WAP-
DES mice on days 8-18 postpartum. Both IRS-1 and -2 de-
creased on days 20 and 22 postpartum (Fig. 4A, lanes 6,7, 11,
and 12). For IRS-1, this decrease was slightly greater for the
nontransgenic mice than for the WAP-DES mice. For IRS-2,
the decrease appeared to be delayed 1 day in WAP-DES
compared with nontransgenic mice. For both proteins, how-
ever, the apparent effect of the transgene was relatively small
compared with the effect of forced involution. Consequently,
the densitometric data from the IRS-1 and -2 blot were pooled
across genotype, as presented in Fig. 4, B and C.
Abundance of IRS-1 and -2 decreased over the course of
natural involution by 70% and 93%, respectively (Fig. 4B).
For IRS-1, the decrease occurred gradually throughout the
course of natural involution. For IRS-2, the decrease was only
apparent on days 20 and 22 when apoptosis was increased.
During forced mammary involution, a dramatic reduction in
IRS-1 and -2 protein abundance preceded the onset of apo-
ptosis in both the nontransgenic and WAP-DES mice (Fig.
4A, lanes 15-22). On day 17 postpartum, after only 24 h of
forced involution, mammary gland IRS-1 and -2 abundance
was reduced by 54% and 96% compared with that on day 16
of lactation (Fig. 4, Band C). By day 18 postpartum, IRS-1 was
reduced by 97%, and IRS-2 was undetectable. Reprobing the
same blots with antibodies to the p85 regulatory subunit of
phosphatidylinositol 3-kinase (PI3 kinase) and K18 demon-
strated little effect of genotype or mammary gland involution
(Fig. 4A) on the abundance of these two proteins. The de-
crease in IRS-1 protein abundance during forced involution
was confirmed by immunohistochemical staining of mam-
mary tissue sections (Fig. 5). Intense cytoplasmic IRS-1 stain-
ing was observed in the mammary epithelial cells of non-
transgenic mice undergoing natural involution (Fig. 5A). In
the absence of primary antibody, only a low level of back-
ground staining was detected (Fig. 5, B and D). In mammary
epithelial cells of mice undergoing forced involution, the
intensity of IRS-1 staining was reduced to near background
levels (Fig. 5C). Loss of IRS-1 and -2 proteins during forced
involution has also been observed in a separate series of
studies on developmental regulation of these proteins during
a complete lactational cycle (Lee, A.V., and D. L. Hadsell,
unpublished observations). These data support the hypoth-
esis that decreased IRS-1 and -2 expression in the epithelium
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F1c. 3. Expression of the IGF-IR during mammary gland involution. Western blot analysis of IGF-IR (A) abundance in mammary tissue extracts
prepared from either nontransgenic (lanes 3—7 and 13-16) or WAP-DES (lanes 8—12 and 17-20) mice during either natural (lanes 3—12) or forced
(lanes 13-20) involution. Each lane contains equal amounts of protein (100 pg/lane) from a pooled extract representing four individual mice.
Protein extracts from MCF-7 cells cultured in the absence or presence of IGF-I (40 ng/ml) for 15 min serve as positive controls and are in lanes
1 and 2, respectively. The blots were also probed for K18 to determine epithelial content. No signal was observed for K18 in lanes 19 and 20
due to a localized transfer problem. The results of ribonuclease protection analysis of the IGF-IR mRNA (B) in total RNA prepared from
mammary tissue of either nontransgenic (lanes 1-4 and 9-12) or WAP-DES (lanes 5-8 and 13-16) mice during either natural (lanes 1-8) or
forced (lanes 9-16) are shown. Each lane contains 20 ng RNA from a pooled RNA sample representing a minimum of four mice. Total RNA
prepared from kidney served as a positive control (lane 17). Yeast RNA served as a negative control (lane 18). The undigested probe is in lane
19. The sizes of the undigested probe fragments was 362 and 168 nt for the IGF-IR and cyclophilin probes, respectively. On digestion of the
RPA reactions with ribonuclease, protected fragments of 302 and 103 nt were generated for IGF-IR and cyclophilin mRNAs, respectively.

17 18 19

Lane 1

is associated with an inability of overexpressed des (1-
3)hIGF-I to inhibit mammary gland apoptosis during forced
involution.

We and others have shown that steroid hormones can
increase IRS-1 and IRS-2 mRNA levels (20, 21). We therefore
examined whether the change in IRS expression during in-
volution was paralleled by a loss of steroid hormone receptor
expression [estrogen receptor (ER) or progesterone receptor
(PR)]. We, therefore, immunostained mammary tissue sec-
tions from nontransgenic mice on days 8, 16, and 22 post-
partum. Nuclear staining of ER and PR was readily detect-
able in both mammary gland and ovarian tissue from
6-week-old virgin mice. In contrast, ER and PR levels were
low or undetectable in mammary gland sections from mice
on §, 16, and 22 days postpartum (data not shown). Further-
more, no change in ER or PR expression was seen in mam-
mary glands on days 8, 16, and 22 postpartum. To determine

whether the decreased abundance of IRS proteins was due to
decreased mRNA abundance, RPA assays were conducted
on pools of RNA prepared from mammary tissue of non-
transgenic or WAP-DES mice during either natural or forced
involution (Fig. 6). The results of this analysis demonstrated
that the changes in IRS protein levels during involution oc-
curred independently of ER and PR status, and that the
abundance of the IRS-1 and -2 mRNAs was similar between
nontransgenic and WAP-DES mice and did not change in
response to natural or forced involution.

Activation of cell survival has, in some models, been dem-
onstrated to occur through an IRS/PI3 kinase-dependent
activation of Akt (12, 22, 23). To determine whether activa-
tion and/or expression of Akt were related to the ability of
IGF-I to protect the mammary gland from apoptosis, both
phospho-Akt and total Akt were measured by Western blot-
ting. Phosphorylated Akt was detectable in extracts prepared
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from mammary tissue obtained during both natural (Fig. 7A,
lanes 3-11) and forced (Fig. 7A, lanes 12-19) involution. The
abundance of phospho-Akt was dramatically reduced with
forced involution. In addition, there appeared to be moderate
enhancement of phospho-Akt in extracts prepared from
WAP-DES mice during forced involution compared with
that in nontransgenic mice. These results were obtained in
two separate sets of gels run with two independently pre-
pared sets of extracts. In both sets of extracts there was no
apparent effect of day of involution on the abundance of Akt.
Therefore, the densitometric data for day of involution were
collapsed within each genotype/involution combination to
allow statistical analysis of treatment effects. This analysis
demonstrated that the overall abundance of phospho-Akt
was decreased (P < 0.05) in forced involution to only 12% of
that observed during natural involution (Fig. 7B). Overall
abundance of total Akt during forced involution was de-
creased (P < 0.05) to 33% of that observed during natural
involution (Fig. 7C). The enhancement (P < 0.05) of phospho-
Akt in WAP-DES mice during forced involution, although
statistically significant, was relatively small compared to the
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overall reduction that was observed with forced involution.
In addition, this small, but statistically significant, increase in
phospho-Akt was not accompanied by a similarly significant
increase in total Akt. Like IRS-1 and -2, the decrease in Akt
preceded the onset of apoptosis during forced involution.
Reprobing of the blots demonstrated little effect of genotype
or involution on K18 abundance.

Discussion

This study demonstrates that overexpression of des(1-
3)IGF-I has a differential capacity to inhibit apoptosis in the
involuting mammary gland depending on whether the
involution is allowed to occur naturally or is forced. This
differential response could be the result of a number of
phenomena. These include decreased concentrations, bio-
availability or bioactivity of des(1-3)IGF-I during forced
involution, or decreased responsiveness of the mammary
epithelium to des(1-3)IGF-I during force involution.

The direct measurement of des(1-3)hIGF-I concentrations
demonstrate that the tissue concentrations present in the
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mammary glands of the WAP-DES mice during forced in-
volution are essentially the same as those observed during
natural involution, with the exception of elevated concen-
trations on day 22. Although this elevation on day 22 is
counterintuitive and currently unexplained, it also probably
has little relevance to the apoptotic processes that began on
days 18-20 postpartum. The concentrations of des(1-
3)hIGF-I are much higher than those of endogenous IGF-I
and are probably more than adequate to stimulate a respon-
sive epithelium. Because the des(1-3)IGF-I analog expressed
by the WAP-DES transgene has reduced affinity for all
IGFBPs (24-26), reduced bioavailability through interaction
with IGFBPs seems unlikely. The present studies cannot,
however, rule out the possibility that the differential ability
of WAP-DES to inhibit apoptosis is due to decreased bioac-
tivity during forced involution. Despite this caveat, we be-
lieve that the data strongly implicate the third possibility,
that mammary epithelial cells lose their responsiveness to
IGF signals during the early stages of forced involution.
The IRS proteins have been shown to mediate proliferative
and antiapoptotic responses in a number of different insulin/
IGF-I-responsive cell types and tissues, including breast tu-
mor cells (20, 27, 28). Analyses of the tyrosine phosphory-
lation state of IGF-IR or signaling molecules such as IRS-1
would presumably serve as a meaningful indicator of IGF-I
bioactivity based on cell culture models (29). Although the
procedures used in these studies were not sensitive enough
to detect phosphorylated IGF-IR in involuting mammary
tissue extracts, phosphorylation of IRS-1, IRS-2, and Akt was
detectable. The fact that the phosphorylation state of these
molecules showed only modest increases in the pooled ex-
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FiG. 5. Immunohistochemical detection of IRS-1 protein in mam-
mary tissue sections from mice during mammary involution. Mam-
mary tissue sections from nontransgenic mice undergoing either nat-
ural (A and B) or forced (C and D) mammary involution were stained
with anti-IRS-1 antibody at a dilution of 1:800. The images were
captured at a magnification of X400 and are representative of four
mice each. Exclusion of the primary antibody from the staining re-
actions served as a negative control (B and D). A, The arrows illustrate
IRS-negative mammary epithelial cell nuclei that are surrounded by
intensely IRS-1-positive cytoplasm.
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tracts from WAP-DES mice was probably due to high back-
ground phosphorylation in those derived from the nontrans-
genics. In addition to phosphorylation by insulin or IGF-I
receptors, IRS-1 and -2 could serve as substrates for JAK2-
dependent phosphorylation in response to PRL or GH stim-
ulation (30). Importantly, the level of tyrosine phosphoryla-
tion of IRS-1 declined significantly with the onset of forced
involution. This decline was associated not with decreased
IGF-IR abundance, but with a decrease in the abundance of
IRS-1 protein. The ability to detect IRS-2 phosphorylation
during forced, but not natural, involution is somewhat puz-
zling and remains unexplained. However, like IRS-1, a dra-
matic loss of IRS-2 protein occurred with the onset of forced
involution.

The dramatic decrease in phospho-Akt levels during
forced involution correlated with the decline in IRS-1 and -2
phosphorylation and expression and was only partially ex-
plained by a decrease in the abundance of Akt protein. This
decrease is consistent with previous reports demonstrating
IRS dependence of Akt phosphorylation (12, 22, 23). The
presence of detectable phospho-Akt in mammary extracts
during forced involution in the absence of detectable IRS
phosphorylation, however, supports the possibility that
other factors can mediate Akt phosphorylation in the absence
of IRS proteins. The observation that phospho-Akt was
higher in extracts prepared from WAP-DES mice during
forced involution suggests that these other factors may be
capable of mediating an IGF signal. The integrin-linked ki-
nase has been shown to phosphorylate and activate Akt in an
insulin-dependent, PI3 kinase-dependent, fashion (31).
These potential IRS-independent mechanisms, however,
must serve a relatively minor role, because the most dramatic
changes in Akt phosphorylation correlated with the loss of
IRS-1. During the course of these studies an attempt was also
made to measure the abundance of both BAD and phospo-
BAD as a means of determining whether the apoptotic path-
way downstream of Akt was also decreased during force
involution. These attempts were unsuccessful due to sensi-
tivity limitations of the available antibodjies.

The interpretation of the differences between forced and
natural involution with respect to IRS-1, IRS-2, and Akt abun-
dance must include two important considerations. Firstly,
these decreases occurred during a time when the mammary
gland undergoes significant epithelial cell loss. The wet
weight data in Fig. 1 illustrates this loss and agrees with
previously published morphometric data that suggest that
over the course of 6 days of forced involution the mammary
gland loses about half of its epithelial cell population (10). On
this basis, the abundance of epithelial markers such as K18
would be expected to change by 2-fold at most. The small
changes in K18 abundance after 4 days of involution in the
present study agree with previously published results (10),
which showed only minimal changes in K18 abundance over
6 days of forced involution. This is probably due to the fact
that despite losses over 4—6 days of involution the epithe-
lium remain the predominant contributor on a mass basis to
the protein that would be obtained from a whole gland
lysate. Hence the loss of epithelium that occurs during forced
involution is far too small to account for the 10-fold loss in
IRS-1, IRS-2, and phospho-Akt. The second consideration in
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F1G. 6. Abundance of IRS-1 and -2 mRNA during mammary involution. Ribonuclease protection analysis of the IRS-1 and -2 mRNA was
conducted in total RNA pools prepared from mammary tissue of either nontransgenic (lanes 1-4 and 9-12) or WAP-DES (lanes 5-8 and 13-16)
mice during either natural (lanes 1-8) or forced (lanes 9-16) involution. Each lane contains 40 ug RNA from a pooled RNA sample representing
a minimum of four mice. Total RNA prepared from mouse liver served as a positive control (lane 17). Yeast RNA served as a negative control
(lane 18). The undigested probe is in lane 19. The expected sizes of the undigested probes are 502, 384, and 168 nt for IRS-1, IRS-2 and cyclophilin,
respectively. The expected sizes of the protected fragments are 447, 329, and 103 for IRS-1, IRS-2, and cyclophilin, respectively.
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