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The serine/threonine kinase Akt has been implicated in
the control of cell survival and metabolism. Here we
report the disruption of the most ubiquitously expressed
member of the akt family of genes, akt1, in the mouse.
Akt1−/− mice are viable but smaller when compared to
wild-type littermates. In addition, the life span of
Akt1−/− mice, upon exposure to genotoxic stress, is
shorter. However, Akt1−/− mice do not display a diabetic
phenotype. Increased spontaneous apoptosis in testes,
and attenuation of spermatogenesis is observed in
Akt1−/− male mice. Increased spontaneous apoptosis is
also observed in the thymi of Akt1−/− mice, and Akt1−/−

thymocytes are more sensitive to apoptosis induced by
�-irradiation and dexamethasone. Finally, Akt1−/−

mouse embryo fibroblasts (MEFs) are more susceptible to
apoptosis induced by TNF, anti-Fas, UV irradiation, and
serum withdrawal.
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The serine/threonine kinase Akt or protein kinase B
(PKB) is a downstream effector of phosphatidylinositol 3
(PI 3)-kinase. It was shown to be the mediator of growth
factor–dependent cell survival in a variety of cell types
(for reviews, see Datta et al. 1999; Kandel and Hay 1999).
It also has been implicated in executing many of the
metabolic functions of insulin and growth factors such
as protein and lipid synthesis, carbohydrate metabolism,
and transcription (for review, see Kandel and Hay 1999).
The kinase activity of Akt is constitutively activated in
human cancer as a result of mutation/deletion of the

tumor suppressor PTEN, a phospholipid phosphatase
that negatively regulates Akt activation (for review, see
Simpson and Parsons 2001), amplification of the cata-
lytic subunit of PI 3-kinase (Shayesteh et al. 1999), am-
plification of the akt genes (Staal 1987; Cheng et al.
1996; Miwa et al. 1996), through activation of growth
factor receptors (Porter and Vaillancourt 1998; Liu et al.
1999), and activation of Ras (Downward 1998b).
Three major isoforms of Akt/PKB, termed Akt1 or

PKB�, Akt2/PKB�, and Akt3/PKB�, encoded by three
separate genes with >85% sequence identity, have been
found in mammalian cells. All Akt/PKB isoforms are
assumed to have identical or similar substrate specificity
(for reviews, see Alessi and Cohen 1998; Coffer et al.
1998; Downward 1998a; Kandel and Hay 1999). Among
the three Akt isoforms, Akt1 is the predominantly ex-
pressed isoform in most tissues.
Despite extensive studies showing association of Akt

in mammalian cell survival and metabolism, direct ge-
netic evidence (except the use of dominant-negative
forms of Akt) for the requirement of Akt in these pro-
cesses, and in mammalian organisms in particular, has
not been documented.

Results

Targeted disruption of the akt1 gene

To assess the function of Akt1 in the mouse, Akt1 null
mutation was generated through homologous recombi-
nation by deleting exon 8–exon 13 of the akt1 gene (Fig.
1A). Southern blot analysis from three genotypes of mice
confirmed the correct recombination (Fig. 1B). Western
blot analyses using protein lysates derived from mouse
embryo fibroblasts (MEFs) of the three genotypes, and
two different specific antibodies for the Akt1 protein
show no detectable level of Akt1 protein in Akt1−/−

MEFs (Fig. 1C). Thus, the expression of Akt1 protein is
completely ablated. The Akt1−/− mice (genetic back-
ground 50% 129 R1 and 50% C57BL/6) are viable and
examination of 20 litters from Akt1 heterozygous (+/−)
mice mating showed a Mendelian ratio among wild-type
(Akt1+/+), heterozygous (Akt1+/−) and homozygous
(Akt1−/−) mice. However, Akt1 homozygous knockout
mice are smaller when compared to wild-type and het-
erozygous littermates (Fig. 1D). The body weight of
1-month-old mice shows that Akt1−/− mice are 15%–
20% smaller than wild-type and heterozygous of the
same-sex littermates (P < 0.01) (Fig. 1E). The smaller size
of Akt1−/− mice also is observed in a different genetic
background (50% 129 R1 and 50% CD1; data not
shown). This smaller body weight appears to be retained
throughout the mouse adulthood.

Shorter life span of Akt1−/− mice
upon exposure to �-irradiation

To analyze the response of Akt1−/− mice to genotoxic
stress, 15 littermates (including at least two different
genotypes) at different ages (from 1–8 mo old) were ex-
posed to �-irradiation (10 Gy). As shown in Figure 2A,
Akt1−/− mice are more sensitive to �-irradiation when
compared to wild-type controls, and the life span of
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Akt1−/− mice is significantly shorter following �-irradia-
tion. In the 15 littermates that were tested, 12 Akt1−/−

mice were the first to die, and only one out of the 25
Akt1−/− mice survived for 21 d after irradiation. In con-
trast, 5 of 30 wild-type mice survived for at least 8 wk
after �-irradiation (data not shown).

Akt1−/− mice do not display a diabetic phenotype

Akt is a downstream effector of many metabolic func-
tions of insulin. It mediates protein synthesis and gly-
colysis induced by insulin (for review, see Kandel and
Hay 1999). It has been shown to induce expression of the
glucose transporters GLUT-1 and GLUT-3 (Hajduch et
al. 1998; Barthel et al. 1999) and to induce translocation
of GLUT-4 to the plasma membrane (Kohn et al. 1996;
Cong et al. 1997; Tanti et al. 1997). Akt also can regulate
glycogen synthesis through phosphorylation and inacti-
vation of glycogen synthase kinase 3 (GSK-3) (Cross et al.

1995). When Akt1 null mice and their wild-
type littermates were examined for blood-
glucose and insulin levels, it appeared that
both levels were similar in wild-type and
Akt1 null mice (data not shown). Glucose-
tolerance tests of 3-month-old mice did not
show any significant difference between
wild-type and Akt1−/− mice (Fig. 2B). In addi-
tion, we have not been able to find a signifi-
cant difference between wild-type and
Akt1−/− mice in insulin-tolerance tests (data
not shown). It is, therefore, possible that
Akt1−/− mice do not display a diabetic phe-
notype either because of the redundant func-
tion of the three Akt isoforms or because of a
specific function of Akt2, which is expressed
at relatively high levels in insulin-responsive
tissues (Altomare et al. 1995, 1998). Indeed, it
has been shown recently that Akt2−/− mice
display insulin resistance (data not shown;
Cho et al. 2001) and exhibit a diabetic phe-
notype (Cho et al. 2001).

Attenuation of spermatogenesis and
spontaneous apoptosis in testes of
Akt1−/− mice

Histopathological examination shows no sig-
nificant difference in spleen, bone marrow,
salivary gland, pancreas, heart, lung, kidney,
adrenal, bladder, liver, tongue, lymph nodes,
stomach, small intestine, cecum, colon,
brain, decal-head femur, skin, breast, ovary,
and uterus between wild-type, Akt1+/−, and
Akt1−/− mice. However, qualitative histo-
pathological evaluation showed abnormali-
ties in testes in the Akt1−/− male mice. Tu-
bular atrophy in the testes and decreased di-
ameter of seminiferous tubules were
observed as early as 4 wk of age in Akt1−/−

males. The arrangement of normal layer of
differentiating germ cells is disturbed and the
thickness of germ cells in the tubules is un-
even in the 5-week-old males (Fig. 3A). Sper-
matogonia A and B, preleptotene spermato-
cytes, pachytene spermatocytes, and sperma-

Figure 2. (A) Akt1−/− mice are sensitized to genotoxic stress.
Survival of Akt1+/+ and Akt1−/− mice was scored for 21 d after
exposure to 10 Gy of �-irradiation. (B) Oral glucose tolerance
test (OGTT). Plasma glucose levels of 3-month-old Akt1−/−

male mice and their wild-type littermates were measured at 15,
30, 60, and 120 min after oral glucose load. The values are ex-
pressed as the mean ±SE (n = 4–6 for each genotype). Similar
results were obtained in three independent experiments.

Figure 1. Generation of Akt1−/− mice. (A) Targeted disruption strategy to delete
the akt1 gene. Shown from top to bottom, the wild-type akt1 allele with indi-
cated exons, the targeting vector, and the disrupted allele. The locations of the
PCR primers used to screen for homologous recombination are depicted by
small arrows. A short bar spanning the region between exons 4 and 5 depicts the
DNA fragment used as a DNA probe for Southern blots. (B) Mouse genotyping
by Southern blot analysis. Genomic DNA extracted from mouse tails was di-
gested by NcoI and hybridized with a DNA fragment spanning the region be-
tween exons 4 and 5. The wild-type fragment is ∼10 kb, whereas the deleted akt1
allele is ∼8.5 kb. (C) Western blot analysis of proteins extracted from mouse
embryo fibroblasts (MEFs) isolated from wild-type embryos (+/+), heterozygous
(+/−), and homozygous mutant embryos (−/−). (Top panel) Western blot analysis
of twofold concentrations of extract using Akt1-specific antibodies (UBI). (Bot-
tom panel) Western blot analysis with Akt1 pleckstrin homology (PH) domain-
specific antibodies (UBI). Blots were probed with anti-�-actin as a control. (D)
Side view of 5-week-old mice from the same littermate. Wild-type Akt1 (+/+)
and Akt1 homozygous deletion (−/−) mice are shown. (E) Relative body weight
of wild-type (+/+), heterozygous (+/−), and homozygous (−/−) Akt1 mutant mice
30 d after birth. The weight of each mouse is expressed relative to the mean
weight of sex-matched, wild-type littermates in each of seven different litters.
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tids can be recognized in the tubules of Akt1−/− testes.
However, only few matured sperms could be found in
the Akt1−/− tubules when compared to wild-type and
heterozygous tubules. Starting at 5 wk of age, many en-
larged spermatids are found in the luminal compartment
of semiferous tubules and several multinucleated giant
cells are present in the lumen (Fig. 3A, upper panels).
These giant cells were observed rarely in the wild-type
and Akt1+/− males before reaching 6 mo of age (Takano
and Abe 1987; data not shown).
To determine if apoptosis contributes to the abnormal-

ity in testes, TUNEL assays were performed on testis
sections. The apoptotic cells defined by TUNEL-positive
nuclei were found in the peripheral region near the base-
ment of semiferous tubules (Fig. 3B). These apoptotic
cells are confined to spermatogonium. The frequency of
TUNEL-positive cells is variable among the tubules, but
overall there are significantly more apoptotic cells in the
semiferous tubules in Akt1−/− males compared to wild-
type and Akt1+/− littermates. Quantitation of apoptosis
is summarized in Table 1 and is representative of testes
sections analyses from at least three mice of each geno-
type. Multinucleated giant cells, however, are not
TUNEL-positive, indicating that these cells are not un-
dergoing apoptosis. As stated above, the giant cells do
not appear in wild-type and Akt1+/− mice before 6 mo of
age, indicating that in addition to increased apoptosis,
the testes of Akt1−/− males show signs of premature ag-
ing. Alternatively, meiotic division is impaired in the
testes of Akt1−/− mice as was observed in mice with re-
duced level of p53 (Rotter et al. 1993).
The phenotype showing that apoptosis is confined

mostly to germ cells is similar, albeit less severe, to the
phenotype observed in “knockin” mice of Stem Cell Fac-
tor/Kit receptor mutated in the docking site for the regu-
latory subunit of PI 3-kinase (Blume-Jensen et al. 2000).
It was suggested that the inability of the mutated Kit
receptor to activate Akt and promote cell survival leads
to the death of germ cells (Blume-Jensen et al. 2000). The
results presented here provide a direct evidence for this

assumption. Unlike the Kit receptor mutant phenotype,
Akt1−/− mice are fertile although the number of mature
sperm cells is two to three times less in Akt1−/− mice
when compared to wild-type littermates (Fig. 3C). The
phenotype of Akt1 null mice is less severe than the Kit
receptor mutant phenotype likely because of the expres-
sion of other Akt isoforms in the testes.

Spontaneous apoptosis in thymi of Akt1−/− mice

TUNEL assays also were performed on other tissue sec-
tions including spleen, pancreas, thymus, heart, and
brain to determine spontaneous apoptosis. A significant
increase in spontaneous apoptosis was found in the
thymi of 4- to 8-week-old Akt1−/− mice. Spontaneous
apoptosis was observed throughout the thymus of
Akt1−/− mice when compared to the thymus of wild-type
mice littermates (Fig. 3D). Quantitation of apoptosis
showed about two- to threefold more apoptotic cells in
the thymus of Akt1−/− mice (Fig. 3E). In contrast, when
TUNEL assays were performed in spleen sections of lit-
termates, no detectable differences were observed be-
tween Akt1−/− and wild-type spleens (data not shown).
No significant increase in apoptosis was observed in all
other examined tissues.

Akt1−/− thymocytes and MEFs are more susceptible
to apoptosis

Thymocytes derived from Akt1−/− mice were examined
further for the response to �-irradiation and dexametha-

Table 1. Quantitation of TUNEL-positive cells from
testes section

Genotype
Positive
tubes

Positive
cells

Negative
tubes

Positive
cells/tube

Aktl+/+ 16 36 135 0.24
Aktl−/− 23 65 52 0.86

Figure 3. Spontaneous apoptosis in the testes and thymus of Akt1−/− mice. (A) Morphology and histology of testes from Akt1+/+ and
Akt1−/−. Testes were fixed with 4% paraformaldehyde, processed with paraffin, sectioned, and stained with hematoxylin/eosin. (Top
panel) Seminiferous tubules of Akt null (−/−); (bottom panel) seminiferous tubules of wild-type (+/+) littermate (200× magnification).
Arrows indicate multinucleated giant cells. (B) Spontaneous apoptosis in tubules from Akt1−/− mice. Comparison of TUNEL-positive
cells in tubules from Akt1−/− mice (top panel) and from wild-type littermate (bottom panel). Cells with dark stained nuclei are
apoptotic cells (200× magnification). (C) Sperm count of Akt1+/+ male mice (n = 8, ±SE) and Akt1−/− male mice (n = 10, ±SE; P < 0.001).
(D) Spontaneous apoptosis is observed throughout the thymi of Akt1−/− mice. TUNEL assays were performed on sections from thymi
of Akt1−/− (top panel) and wild-type (bottom panel) mice. Cells with dark stained nuclei are apoptotic cells. Magnification, 400×. (E)
Percentage of apoptotic cells as measured by TUNEL-positive cells in sections from thymi of age-matched (1–2 mo old), wild-type, and
Akt1−/− mice as measured by counting 10 fields of each section (P < 0.001).

Akt1 knockout mice
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sone. Upon exposure to �-irradiation
and dexamethasone, wild-type thy-
mocytes undergo apoptosis. These
two stimuli of apoptosis operate
through two distinct mechanisms as
p53 deletion protects from �-irradia-
tion and not from dexamethasone-in-
duced apoptosis (Clarke et al. 1993;
Lowe et al. 1993). When thymocytes
from both wild-type and Akt1−/− mice
were cultured, there was no signifi-
cant difference in their survival (Fig.
4A). However, thymocytes derived
from Akt1−/− mice are significantly
more sensitive to both �-irradiation
and dexamethasone treatment when
compared to wild-type thymocytes
(Fig. 4B,C). This is consistent with a
recent observation showing that acti-
vated Akt targeted to thymocytes in
transgenic mice provides a survival
advantage upon exposure to �-irradia-
tion and dexamethasone (Jones et al.
2000).
Because Akt1 is the predominantly

expressed Akt isoform in MEFs (data
not shown), MEFs derived from
Akt1−/− mice were subjected to vari-
ous apoptotic stimuli. As shown in
Figure 4D, Akt1−/− MEFs are signifi-
cantly more susceptible to apoptosis
induced by anti-Fas, tumor necrosis
factor (TNF), ultraviolet (UV) irradia-
tion, and serum withdrawal. Depending on the apoptotic
stimulus, Akt1−/− MEFs show a two- to threefold in-
crease in DNA fragmentation compared to wild-type
MEFs, indicating that the knock-out of Akt1 sensitizes
cells to apoptosis. Thus, Akt provides protection from
both death-receptor and non-death receptor-mediated
apoptosis. This is consistent with the observation that
PTEN−/− MEFs are more resistant to both death receptor
and non-death receptor-mediated apoptosis (Stambolic et
al. 1998).

Discussion

The relatively subtle phenotype of Akt1−/− mice suggests
that Akt2 and Akt3 may substitute to some extent for
Akt1 as was shown for the Akt1 and Akt2 in Caenorhab-
ditis elegans (Paradis and Ruvkun 1998). As Akt2 and
Akt3 are expressed in both testes and thymus, it is not
clear why only these particular organs are affected by the
ablation of Akt1. One possibility is that germ cells and
thymus cells are exclusively dependent on Akt for their
survival and therefore even a reduced threshold level of
Akt activity is sufficient to affect their survival. Alter-
natively, despite a similar level of expression of the other
Akt isoforms in these organs, Akt1 is more profoundly
activated in the cells of these organs and/or may have
exclusive protein substrates in these cells. Further stud-
ies including deletions of akt2 and akt3 genes are re-
quired to verify these possibilities.
In Drosophila, the PTEN/PI 3-kinase/Akt signaling

pathway is associated with cell survival, organismal size,
metabolism, and disruption of the Akt gene in Dro-
sophila impaired normal cell survival during embryogen-

esis, and results in a decreased cell size (Goberdhan et al.
1999; Huang et al. 1999; Verdu et al. 1999; Gao et al.
2000; Scanga et al. 2000). The disruption of the akt-1
gene in the mouse, although by itself does not impair
embryogenesis, has been shown here to affect cell sur-
vival and organismal size and growth retardation in adult
mice. It has to be seen if the combined disruption of the
three akt genes in the mouse would result in embryonic
lethality as a result of impaired cell survival during em-
bryogenesis.
Surprisingly, despite multiple downstream effectors of

Akt and the ubiquitous expression of Akt1, ablation of
Akt1 by itself does not have a gross phenotypic impact.
This observation implies that reduced threshold level of
Akt activity can be tolerated and therefore suggests that
small molecules aimed at reducing Akt activity could be
excellent therapeutic regimens for the treatment of can-
cers in which the PI 3-kinase/Akt pathway is constitu-
tively activated.

Materials and methods
Gene targeting and generation of homozygous mutant mice
The targeting vector contains a neo gene cassette from pPNT (Ty-
bulewicz et al. 1991) as a positive selective marker, and the diphtheria
toxin gene cassette was used as a negative selective marker into theNot1
site of the vector. A fragment of the 3� untranslated region in exon 13 of
the mouse akt1 gene was used to screen a 129 genomic library from
Stratagene. An isolated 8-kb KpnI fragment from the 3�-end, noncoding
region of the akt1 gene then was used as the long arm and was inserted
into the KpnI site of the targeting vector. The oligonucleotides 5�-
GTAGAGGTTGCCCACACGCTTAC-3� and 5�-CTCGCCCCCGTTG-
GCATACTCC-3� were used to isolate a 1.0-kb fragment containing ex-
ons 6 and 7 of akt1 as the short arm. This fragment was inserted into the
HindIII/NotI sites of the targeting vector. The targeting vector was lin-

Figure 4. Akt1−/− thymocytes and MEFs are more susceptible to apoptosis. (A) Survival
of thymocytes in the absence of treatment. (B) Survival of thymocytes following expo-
sure to �-irradiation (500 rad). (C) Survival of thymocytes upon treatment with 1 µM of
dexamethasone. Values represent the average of four independent experiments of thy-
mocytes derived from three mice of each genotype (±SE). (�) Percentage survival of
wild-type thymocytes; (�) percentage survival of Akt1−/− thymocytes as measured by
trypan blue exclusion. (D) Akt1−/− MEFs are sensitized to apoptosis by various apoptotic
stimuli. MEFs derived from Akt1+/+, Akt1+/−, and Akt1−/− embryos were treated with 1
µg/mL anti-Fas antibody (Pharmingen), 10 ng/mL TNF� (Life Technologies), 5 µg/mL
cycloheximide CHX (Sigma), UV irradiation (60 or 120 J/m2) in the presence (20% FCS)
or absence (0% FCS) of fetal calf serum in the medium and apoptosis was quantitated 24
h following treatment. Apoptosis induced just by serum deprivation (0% FCS) was quan-
titated 48 h following serum deprivation. Apoptosis was measured by quantitation of
DNA fragmentation using the cell death detection ELISA method (Boehringer Mann-
heim). The average of 3 independent experiments (±SE) is shown (*, P < 0.01; **,
P < 0.05).
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earized by digestion with ClaI, and electroporated into R1 embryonic
stem (ES) cells. The G418-resistant clones were screened initially by
PCR. Two positive clones were expanded for Southern blot analysis fol-
lowing digestion of genomic DNA by NcoI. An external probe (a DNA
fragment between exons 4 and 5 isolated using the oligo primers 5�-
CCACCGCCATTCAGACTGTG-3�, and 5�-CAGGTACTCAAACTC-
GTTCATGG-3�) and an internal probe were used to verify correct tar-
geting. All PCR fragments were confirmed by sequencing. The two posi-
tive ES-cell clones were injected into C57BL/6J blastocysts. Chimeras
from these clones were transmitted through germ line. The heterozygous
mice were intercrossed to obtain homozygous mice. The genotype of the
mice was confirmed by Southern blot analysis.

�-Irradiation and survival of mice
Fifteen littermates including 30 Akt1+/+ mice and 25 Akt1−/− mice from
1–8 mo old were irradiated with 10 Gy in a 137Cs irradiator. Mice were
scored for survival for 8 wk.

Isolation of MEFs, thymocytes, and splenic T cells
MEFs were isolated from 14.5-day-old embryos from heterozygous Akt1
mice mating, and expanded for another two passages before the assay.
Thymocytes and splenic T cells were prepared by gently pressing the
thymus or the spleen between two sterile slides, then were washed with
PBS following cold Hank’s balanced salt solution (HBSS), and were re-
suspended in Iscove’s modified Dulbecco’s medium (IMDM) with 15%
fetal calf serum (FCS) and 50 µM �-mercaptoethanol at 106 cells/mL.

Protein analysis
Western blot analysis was performed as described previously (Kennedy et
al. 1997). Protein extracts from MEFs derived from wild type, Akt1+/−,
and Akt1−/− were used for the Western blot analysis using anti-Akt1
antibodies (catalog no. 06-558) and Anti-Akt1 PH domain antibodies
(catalog no. 06-608) from Upstate Biotechnology.

TUNEL and apoptotic assays
Tissues were dissected and fixed in 4% paraformaldehyde overnight, de-
hydrated, and embedded in paraffin, then subjected to TUNEL assay.
TUNEL assay was performed according to Boehringer Mannheim’s in
situ cell death detection instructions as described previously (Chen et al.
1994). For quantitation of apoptosis in testes, sections of testes derived
from mice with different genotypes and from the same litter were sub-
jected to TUNEL assay. The number of both TUNEL-positive and
TUNEL-negative tubules was determined, and TUNEL-positive cells per
each tubule were counted. For quantitation of apoptosis in thymus, sec-
tions of thymus derived from mice both with different genotypes and
from the same littermate. The percentage of TUNEL-positive cells was
determined by counting both the positive and negative cells from 10
random fields in each section. The average of the 10 fields was used and
standard deviation (SD) was also from those 10 fields. For determining
survival of cultured thymocytes, thymocytes were �-irradiated with 500
rad or treated with 1 µM of dexamethasone and then cultured at 106

cell/mL on a 96-well plate in IMDM with 15% FCS and 50 µM �-mer-
captoethanol. The cell viability was determined by trypan-blue exclusion
at different time points. MEFs were treated with different apoptotic
stimuli (1 mg/mL anti-Fas antibody, 10 ng/mL TNF�, 5 µg/mL cyclo-
heximide, 60 or 120 J/m2 UV irradiation, and 0% FCS in DME). About
100,000 cells per 3-cm plate were allowed to attach for 36 h. After in-
duction of apoptosis, floating and attached cells were harvested 24 h after
the treatment, except for the serum-deprived cells that were harvested 48
h after serum deprivation. Cells were lysed at room temperature for 30
min and dilutions of these extracts were used for the cell death ELISA
that was performed according to the manufacturer’s protocol (Boehringer
Mannheim). P values were determined using paired t-test.

Sperm count
Testes were dissected from the animals and were kept in PBS. Small
dissecting scissors were used to open and release the sperm from the
testis. The sperm was counted under the microscope (only stages 14–16
were included).

Oral glucose tolerance test
Oral glucose tolerance tests were carried out as described previously
(Tamemoto et al. 1994).
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