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Abstract
Background—Phosphoinositide 3-kinase (PI 3-K) signaling plays a crucial role in neuronal growth
and plasticity. Recently, we demonstrated that suicide brain is associated with decreased activation
and expression of selective catalytic and regulatory subunits of PI 3-K. The present investigation
examined the regulation and functional significance of compromised PI 3-K in suicide brain at the
level of upstream phosphatase and tensin homolog on chromosome ten (PTEN) and downstream
substrates 3-phosphoinositide-dependent kinase 1 (PDK1) and Akt.

Method—mRNA expression of Akt1, Akt3, PTEN, and PDK1 by competitive RT-PCR; protein
expression of Akt1, Akt3, PTEN, PDK1, phosphorylated-Akt1 (Ser473), phosphorylated-Akt1
(Thr308), phosphorylated-PDK1, and phosphorylated-PTEN by Western blot; and catalytic activities
of Akt1, Akt3, and PDK1 by enzymatic assays were determined in prefrontal cortex (PFC) and
hippocampus obtained from suicide subjects and nonpsychiatric controls.

Results—No significant changes in the expression of Akt1 or Akt3 were observed; however,
catalytic activity of Akt1, but not of Akt3, was decreased in PFC and hippocampus of suicide subjects,
which was associated with decreased phosphorylation of Akt1 at Ser473 and Thr308. The catalytic
activity of PDK1 and the level of phosphorylated-PDK1 were also decreased in both brain areas
without any change in expression levels of PDK1. On the other hand, mRNA and protein expression
of PTEN was increased, whereas the level of phosphorylated-PTEN was decreased.

Conclusion—Our study demonstrates abnormalities in PI 3-K signaling at several levels in brain
of suicide subjects and suggests the possible involvement of aberrant PI 3-K/Akt signaling in the
pathogenic mechanisms of suicide.
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Introduction
Phosphoinositide 3 (PI 3)-kinase (PI 3-K)-mediated signaling is critical for many physiological
functions in the brain, including cell survival, synaptic plasticity, protein synthesis, and
membrane trafficking (1,2,3,4). Among various PI 3-Ks, the one that belongs to subclass IA,
is activated by neurotrophins via receptors with intrinsic protein tyrosine kinase activity (5).
Once activated, PI 3-K phosphorylates the 3′ position of membrane PI, phosphatidylinositol
(4,5) biphosphate, to form PI(3,4,5)-tri phosphate (PIP3) (6). PIP3 is a critical signaling
molecule that interacts with high affinity with several pleckstrin homology (PH) domain-
containing proteins that further regulate downstream signaling cascade.

The functions of PI 3-K depend on the ability of PI 3-K to activate one of its most important
downstream target Akt, which has emerged as a central node in the PI 3-K signaling (7,8,9).
Mammalian genome contains three Akt genes, encoding Akt1, Akt2, and Akt3, located at
chromosomes 14q32, 19q13, and 1q44, respectively (10,11,12). Akt1 and Akt3 are the
predominant isoforms expressed in the brain, whereas Akt2 is predominantly expressed in
skeletal muscle and embryonic brown fat (13). Activation of Akt depends on its recruitment
to plasma membrane and subsequent phosphorylation at Thr308 and Ser473, located at
catalytic domain and C-terminal regulatory domain, respectively (14). PI 3-K product PIP3 is
crucial in recruiting Akt to the plasma membrane, where Akt is phosphorylated by 3,-
phosphoinositide-dependent kinase 1 (PDK1), another substrate of PIP3. PDK1 is a Ser/Thr
kinase that is targeted to the plasma membrane after interaction with PIP3 at the PH domain,
where it phosphorylates Akt (15,16). PDK1 itself is regulated through transphosphorylation in
the activation loop (17). The PI 3-K signaling is directly regulated by dual-function
phosphatase, known as phosphatase and tensin homolog on chromosome ten (PTEN), which
possesses both tyrosine phosphatase and lipid phosphatase activity (18). As lipid phosphatase,
it regulates the intracellular level of PIP3 by dephosphorylating the D3 position of the inositol
ring, thereby directly antagonizing signaling through the PI 3-K/Akt pathway (19). It has been
shown that overexpression of PTEN is associated with decreased Akt activity (20). On the
other hand, activity of PTEN is itself regulated through phosphorylation, which causes
decreases in its activity (21,22).

Recently, we reported that catalytic activity and expression of specific regulatory and catalytic
subunits of subclass IA PI 3-K are altered in PFC and hippocampus of suicide subjects (23).
The functional significance of these abnormalities further downstream at the level of substrates
is not clearly understood, however. Because functional response of PI 3-K depends on the
activation of Akt, the present study was undertaken to examine whether activation of Akt was
altered in brain of suicide subjects and whether this alteration was associated with changes in
expression of specific Akt isoform(s). Moreover, we examined whether PDK1 and/or PTEN
interplay any role in altered activation of Akt in suicide brain.

Methods and Materials
Subjects

The study was performed in the same PFC and hippocampus samples from suicide (n = 28)
and nonpsychiatric control subjects (referred as normal controls, n = 21) in which PI 3-K studies
were performed previously (23). Hippocampii were available only for 26 suicide subjects.
Postmortem brain samples were obtained from Maryland Psychiatric Research Center,
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University of Maryland, Baltimore. Detailed dissection of tissues is described in our earlier
publication (23). Toxicology screening for alcohol, a comprehensive battery for illicit drug
use, and screening for antidepressant/psychoactive drugs taken prior to death were performed
in blood/urine of each subject. Psychological autopsies were performed using the Diagnostic
Evaluation After Death (24) and the Structured Clinical Interview for the DSM-IV (25), as
described earlier (26). This study was approved by the Institutional Review Board of the
University of Illinois at Chicago, and written informed consent was obtained from next-of-kin
for each subject. Detailed demography of subjects is provided in Table 1.

mRNA Quantitation
The quality of RNA was rigorously characterized as described earlier (26) and only samples
with an RNA integrity number >7 were used. mRNA levels of Akt1, Akt3, PTEN, and PDK1
were determined by competitive RT-PCR (26,27). Cyclophilin was used as a housekeeping
gene. The sequences of external and internal primers are given in Table S1 (see Supplement
1). Decreasing concentrations of internal standard cRNAs (Ak1 and PDK1: 12-.75; Akt3:
50-3.12; PTEN: 75-4.7 pg) were added to 1 µg of total RNA. The PCR mixture was amplified
for 25 cycles and the aliquots were run on 1.5% agarose gel. The results are expressed as
attomoles of mRNA/ µg of total RNA.

Competitive RT-PCR for Akt1, Akt3, PDK1, and PTEN mRNA levels revealed amplification
product arising from the mRNA templates at 321, 362, 306, and 325 bp, respectively, and the
corresponding digestion products from the complementary RNA at 211, 249, 199, and 210 bp,
respectively (see Figure S1 A, B C, D in Supplement 1). The points of equivalence represent
the absolute amounts of Ak1, Akt3, PDK1, and PTEN mRNA present (see Figure S1 E, F, G,
H in Supplement 1).

Initially, we determined mRNA levels of all Akt isoforms (Akt1, Akt2, Akt3) in PFC and
hippocampus. We found that Akt1 and Akt3 were highly expressed in both PFC and
hippocampus, however, the expression of Akt2 was very negligible in these brain areas.
Therefore, in subsequent studies, we examined only the expression of Akt1 and Akt3.

Akt1 and Akt3 Assay
Tissue lysate preparation and immunoprecipitaions were performed as described earlier (26).
Tissue lysates (500 µg protein) were immunoprecipitated with antibodies directed against
Akt-1 or Akt3 (Upstate Biotechnology), pre-coupled to protein G-agarose. The
immunoprecipitates were washed and subjected to in vitro kinase assays. The incorporation
of 32P into Akt-specific substrate peptide RPRAATF (Upstate Biotechnology) were measured
during a 10-minute incubation at 30°C in the presence of 10 µM protein kinase A inhibitor
peptide. The phosphorylated substrate was separated from the residual [γ-32P]ATP with P81
phosphocellulose and the incorporated radioactivity was quantified. Endogenous
phosphorylation and nonspecific immunoprecipitation were determined by substituting buffer
for substrate cocktail and nonspecific sheep polyclonal IgG for Akt antibody, respectively, and
were subtracted. The mean (SD) values of the 100% control were as follows: Akt1, 105,200
(9,230); and Akt3, 85,900 (11,400) dpm.

PDK1 Assay
PDK1 activity was determined using an assay kit (Upstate Biotechnology). Tissue lysates (500
µg), prepared for Akt assay, were used for immunoprecipitation using PDK1 antibody. An in-
vitro kinase assay was performed in assay dilution buffer (500 mM Tris-HCl [pH 7.5], 1 mM
EGTA, 1 mM EDTA, 1% 2-mercaptoethanol, 25 µM PKA inhibitor peptide, 10 µM
microcystin, 100 mM magnesium acetate, and 1 mM ATP) in the presence of unactive SGK1,
AKT/SGK substrate peptide, and [γ-32P]ATP (1 µCi/µl) during a 10-minute incubation at 30°
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C. The phosphorylated substrate was separated as described above for Akt assay. Endogenous
phosphorylation was determined by substituting assay dilution buffer for the unactivated SGK
substrate and was subtracted. The mean (SD) value of the 100% control was 121,500 (14,470)
dpm.

Western Blot
Western blots were performed in tissue lysates prepared for Akt and PDK1 activity assays.
Equal amount of protein (25 µg) was resolved onto 10% (wt/vol) SDS-polyacrylamide gel and
blotted on an enhanced chemiluminescence membrane. Membranes were incubated with
monoclonal antibodies for Akt1, Akt3, PTEN (Cell Signaling), PDK1 (Santa Cruz), or
polyclonal phosphorylated-Akt1 (Thr308), phosphorylated-PTEN (Ser380) (Cell Signaling),
phosphorylated-PDK1 (Ser241) (Santa Cruz Biotechnology), or phosphorylated-Akt1
(Ser473) (AbCam) overnight at 4°C, followed by appropriate horseradish-peroxidase-linked
secondary antibody for 5 to7 hours at room temperature. Membranes were stripped and re-
probed with β-actin antibody (Sigma). The optical density (OD) of the bands we quantified as
described earlier (26), and the OD of each band was corrected by the OD of the corresponding
β-actin band. The specificity of each antibody was determined using blocking peptide and
parallel examination of positive cells (NIH/3T3, HeLa, U-937, MDA-MB-435) or recombinant
proteins. In addition, to test the specificity of p-Akt1 antibodies, we expressed the tagged
human Akt1 isoform in recombinant cells. All the antibodies were found to be specific.

Statistical Analysis
Data analyses were performed using SPSS (SPSS Inc, Chicago, IL). The differences in various
measures, demography variables, and the effects of gender, race, and antidepressant toxicology
were analyzed using the independent-sample t test. P values were 2-tailed. In measures where
SD was significantly different between normal control and suicide groups, we also applied
nonparametric Mann-Whitney test. We found that the differences in these measures were still
significant between the two groups in which we had found significant differences using
independent-sample t test. The differences between normal controls, depressed suicide
subjects, and non-depressed suicide subjects were evaluated by one-way ANOVA followed
by post-hoc (Tukey’s) comparisons. Statistical significance was assumed at p <.05. Pearson
product-moment analysis was applied for all correlational analyses.

Results
AKT Studies

Akt1 and Akt3 catalytic activities—The catalytic activity of Ak1 was significantly
decreased in PFC (t47 = 9.49, p <.001) and hippocampus (t45 = 6.23, p <.001) of suicide
subjects, without any change in the catalytic activity of Akt3 (PFC: t47 = 1.66, p = .10;
hippocampus: t45 = .42, p = .68) (Fig. 1).

mRNA and protein levels of Akt1 and Akt3—Because we observed a decrease in the
catalytic activity of Akt1, we examined whether this decrease was due to a decrease in its
expression. Comparison analysis showed that mRNA levels of neither Akt1 nor Akt3 were
different in PFC (Akt1: t47 = 1.58, p = .12; Akt3: t47 = .31, p = .78) (Fig. 2A) or hippocampus
(Akt1: t45 = .81, p = .42; Akt3: t45 = 1.53, p = .13) (Fig. 2B) between normal controls and
suicide subjects. When calculated as ratios to housekeeping gene cyclophilin, similar results
were noted.

Protein levels of p-Akt1 (Ser473) and p-Akt3 (Thr308)—Representative Western blots
showing immunolabeling of Akt1 and Akt3 in the PFC of normal controls and suicide subjects
are given in Fig. 2C. Similar to mRNA results, no significant changes were noted in protein
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levels of Akt1 or Akt3 in the PFC (Akt1: t47 = .92, p = .36; Akt3: t47 = .55, p = .58, Fig. 2D)
or hippocampus (Akt1: t45 = .59, p = .56; Akt3: t45 = .83, p = .41, Fig. 2E) of suicide subjects.

Because we observed a decrease in the catalytic activity of selective Akt1 and phosphorylation
of Akt at Ser473 and Thr308 is essential for Akt1 catalytic activation, we examined the level
of p-Akt1 using antibodies that recognize phosphorylation of Akt1 at Ser473 and Thr308.
Representative Western blots showing Akt1 phosphorylation are given in Fig. 2C, and
comparison results are provided in Figs. 2D and E, respectively. We observed that the levels
of both p-Ser473Akt1 and p-Thr308Akt1 were significantly decreased in PFC (p-Akt1 Ser473:
t47 = 9.62, p <.001; p-Akt1Thr308: t47 = 8.46, p <.001) and hippocampus (p-Akt1 Ser473:
t45 = 6.88, p <.001; p-Akt1Thr308: t45 = 6.48, p <.001) of suicide subjects. Moreover, we
observed significant correlations between Akt1 activity and levels of p-Ser473Akt1 (suicide:
PFC, r = .60, p = .004; hippocampus, r = .47, p = .03; controls: PFC, r = .59, p <.001;
hippocampus, r = .38, p = .009) and p-Thr308Akt1 (suicide: PFC, r = .47, p = .03; hippocampus,
r = .56, p = .009; controls: PFC, r = .70, p<.001; hippocampus, r = .43, p = .002) in suicide and
control groups.

PDK1 Studies
Catalytic activity of PDK1—Catalytic activity of PDK1 was determined in the same lysate
in which Akt1 activity was assayed. The catalytic activity of PDK1 was significantly decreased
in PFC (t47 = 7.96, p <.001) and hippocampus (t45 = 5.44, p <.001) of suicide subjects (Fig
3A). Further analysis revealed that catalytic activity of PDK1 was significantly correlated with
Akt1 activity (suicide: PFC, r = 0.77, p = .005; hippocampus, r = 0.98, p <.001; controls: PFC,
r = .33, p = .05; hippocampus, r = 0.39, p = .006).

mRNA level of PDK1—No significant changes in mRNA levels of PDK1 were observed in
PFC (t47 = .91, p = .37) or hippocampus (t45 = 1.38, p = .18) of suicide subjects (Fig. 3B).
Similar results were noted when the PDK1 mRNA level was calculated as a ratio to cyclophilin.

Protein levels of total and phosphorylated PDK1—Representative Western blots
showing immunolabeling of PDK1 in PFC of normal controls and suicide subjects are given
in Fig. 3C. As with mRNA level, the protein level of total PDK1 was not altered either in PFC
(t47 = .74, p = .46) or hippocampus (t45 = 1.16, p = .25), however, phosphorylation of PDK1
at Ser241 was significantly decreased in these brain areas of suicide subjects (PFC: t47 = 5.71,
p <.001; hippocampus: t47 = 8.17, p <.001 (Fig. 3D).

PTEN Studies
mRNA level of PTEN—Because overexpression of PTEN is associated with decreased Akt
activity, we examined the expression of PTEN. A significantly increased mRNA level of PTEN
was noted in PFC and hippocmpus of suicide subjects (PFC: t47 = 11.90, p <.001; hippocampus:
t45 = 8.98, p <.001) (Fig. 4A). Data calculated as a ratio to cyclophilin reveled similar results.

Protein Levels of total and phosphorylated PTEN—Representative Western blots
showing immunolabeling of PDK1 are given in Fig. 4B. As shown in Fig. 4C, the protein level
of total PTEN was significantly increased in PFC (t47 = 5.57, p <.001) and hippocampus (t45
= 5.96, p <.001) of suicide subjects (Fig. 4C). However, when the level of Ser380
phopshorylated PTEN was examined as a ratio to the total PTEN, we found that the level of
p-PTEN was significantly lower in both PFC (t47 = 37.2, p <.001) and hippocampus (t45 =
42.1, p <.001) of suicide subjects (Fig. 4D).
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Effects of Confounding Variables
No significant effects of age, PMI, brain pH (Table S3 in Supplement 1), gender or race (Table
S4 in Supplement 1) were observed on any of the measures in which we found significant
differences between normal controls and suicide subjects, except that PTEN mRNA was
negatively correlated with PMI and brain pH and level of p-Akt1 (Ser473) was greater in
females than males in hippocampus (Table S4 in Supplement 1). The level of p-PTEN was
slightly but significantly lower in hippocampus of Black subjects.

Effect of Major Depression—To examine whether the changes in various measures in
suicide subjects were related to depression, we divided the suicide subjects into those who had
major depression and those who had other psychiatric disorders or no mental illnesses. Of the
28 suicide subjects, 11 had major depression, whereas in the suicide group with other
psychiatric disorders (n=17), there were 5 with adjustment disorder, 2 with schizoaffective
disorder, 1 with bipolar disorder, 1 with schizophrenia, 1 with polysubstance abuse, and 3 with
drug/alcohol abuse; there was no diagnosed psychiatric illness in 2 subjects, and the diagnosis
was not available in 2 subjects. We found that none of the variables was significantly different
between suicide subjects with major depression and suicide subjects with other psychiatric
disorders in both the PFC (Table 2) and the hippocampus (Table S2 in Supplement 1).

Effect of Antidepressant Toxicology—We did not find significant differences in any of
the measures between suicide subjects who tested positive for antidepressants at the time of
death (n= 5) and those who did not (n= 23) (Table S5 in Supplement 1).

Discussion
Recently, we demonstrated that the expression and activation of PI 3-K, a key component of
PI 3-K signaling, are compromised in brains of suicide subjects (26). The present study further
investigates whether abnormalities in PI 3-K signaling occur at the levels of downstream
substrate and/or upstream regulatory molecules.

Akt is one of the most important substrates of PI 3-K. It has been shown that the PH domain
of Akt mediates lipid-protein and protein-protein interactions and directly interacts with PIP3
to recruit Akt at the plasma membrane. This brings Akt to close proximity to regulatory PI 3-
K, which phosphorylates and activates Akt (33). When expression levels of two abundantly
expressed isoforms of Akt (i.e., Akt1 and Akt3) were examined, no significant changes were
observed in PFC and hippocampus of suicide subjects. Interestingly, when isoform-specific
catalytic activities of Akts were determined, we found that the activity of only Akt1 was
decreased, without any change in the activity of Akt3. These results explicitly implicate
selective Akt1 in suicide. Our finding are supported by previous studies showing similar results
in brains of suicide subjects (34,35), although, these studies do not specify changes in the
selective isoform of Akt.

We next examined the mechanisms of Akt1 activation in suicide brain. The major mechanism
of Akt1 activation is through its phosphorylation at Thr308 and Ser473 residues located in the
C-terminal regulatory domain and activation loop, respectively. Akt1 can be partially activated
through phosphorylation of Ser308 alone (36); however, phosphorylation of both Ser473 and
Thr308 residues is necessary for its full activation (37,38). Interestingly, when the Thr308
residue in the activation loop of Akt is unphosphorylated, it negatively regulates the activity
of Akt. When examined, we found that phopshorylation of Akt1 at both Thr308 and Ser473
was significantly reduced in PFC and hippocampus of suicide subjects, suggesting that
decreased activation of Akt1 in suicide brain may be associated with reduced phosphorylation
of Akt1 at Ser473 and Thr308 residues.
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To further examine the regulation of Akt1 activation, we studied PDK1, an upstream regulatory
kinase, whose PH domain binds to the PI 3-K product PIP3 with high affinity (16). Binding of
PIP3 targets PDK1 to the plasma membrane, where it phosphorylates Akt at the Thr308 residue
(39). It has been shown that overexpression of PDK1 is sufficient to activate Akt; however,
for maximal activity, the presence of PIP3 is essential (15). Conversely, PDK1 itself is activated
by phosphorylation at the Ser241 residue in the activation loop (40). When expression of
PDK-1 was examined, we did not find any significant change in mRNA level of PDK1 in PFC
or hippocampus of suicide subjects. However, using antibodies that detect total or
phosphorylated PDK1 (Ser241), we found less expression of phosphorylated PDK1 in both
brain areas of suicide subjects, without any change in the expression of total PDK1. This was
accompanied by reduction in catalytic activity of PDK1. Given that PDK1 specifically
phosphorylates Akt1 at the Thr308 residue, and that Thr308 phosphorylation is lower in suicide
brain, there is a strong possibility that decreased phosphorylation of Thr308 is due to
diminished phosphorylation and activation of PDK1. In the present study, we carefully matched
the subjects based on PMI and correlated each measure with this variables. We did not find
any significant correlations, suggesting that the observed results were not influenced by this
variable. Nonetheless, one should be cautions in interpreting the phopshorylation data in
postmortem brain, as there are studies suggesting that phopshorylation of certain proteins may
decrease within the few hours of death.

To examine whether 3’phosphorylated phospholipids play any role in less activation of Akt,
we studied the status of PTEN, a lipid phosphatase that converts PIP3 into phosphatidylinositol
(4,5) biphosphate, thus antagonizing the functions of PI 3-K (41,42,43). PTEN is widely
expressed in the brain and preferentially expressed in neurons (44). It has been shown that
overexpression of wild-type PTEN decreases Akt activity, whereas dominant-negative PTEN
increases Akt activity in neurons (45). On the other hand, phosphorylation of PTEN prevents
its interaction with PIP3, thus inactivating its activity (21,46). In the present study, we found
that expression of PTEN was significantly increased in PFC and hippocampus of suicide
subjects, which suggests that there is an added mechanism of regulation of PI 3-K/Akt through
PTEN in brain of suicide subjects. An increased level of PTEN may result in less availability
of PIP3 and, thus, less recruitment of Akt1 and PDK1 to the plasma membrane. Because Akt1
is active only when it is in close proximity to PDK1, a decrease in the PIP3 pool via PTEN
may hinder the facilitation of Akt activation. Interestingly, we observed that the level of p-
PTEN, when calculated as a ratio to total PTEN, was lower in brains of suicide subjects. This
suggests that PTEN may be less active in suicide brain, which may have occurred as a
compensatory response to increased expression of PTEN. Nevertheless, our findings of
increased expression of PTEN has relevance to less activation of Akt in suicide brain, as
expression of PTEN is directly correlated with increased PTEN activity, and increased
expression of PTEN causes decrease in PIP3 pool. Our results thus suggest that PTEN may be
playing an important role in regulating Akt1 activity in suicide brain. Our findings are
supported by a recent study showing similar changes in the level of total PTEN in brain of
suicide subjects (34).

The reason as well as significance of reduced activation of selective Akt1 in suicide brain is
not clear at the present time, although both Akt1 and Akt3 share a high degree of amino acid
identity and substrate specificity. Interestingly, there are some marked differences regarding
the involvement of Akt isoforms in behavioral phenotypes and physiological functions. Akt1-
deficient mice show reduced working memory performance (47), whereas Akt3-deficient mice
exhibit reduced brain size (48). On the other hand, there is a lack of functional compensation
between these two Akt isoforms in Akt-deficient mice, which suggests that not all Akt isoforms
perform equally. In addition, recent studies suggest that functions of Akt isoforms are fine
tuned by Akt-interacting proteins such as inosine monophosphatase, histone H3
methyltransferase, leucine-rich repeat protein phosphatase, c-Jun N-terminal kinase (JNK),
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JNK interacting proteins, RasGap, and Ca2+-calmodulin kinase (49). Further studies will be
required to examine how these interacting proteins delineate specific functions elucidated by
each Akt isoform.

Regardless of the specificity, PI 3-K/Akt signaling is recognized as one of the most critical
pathways for many physiological functions in the brain. For example, PI 3-K/Akt plays a
crucial role in cell survival mediated by neurotrophins and GSK-3β (50,51). Similarly, Akt-
mediated phosphorylation of CREB and NF-κB is critical in inducing expression of survival
genes such as Bcl-xL, IAPs, and Bcl-2, whereas, Akt-mediated phosphorylation of Forkhead
family of transcription factors diminishes death promoting signals (9). In addition, Akt blocks
the functioning of p75 neurotrophin receptor, which activates pro-apoptotic JNK/p53/Bad
pathway (52). Moreover, components of the PI 3-K/Akt pathway are also involved in a variety
of other neuronal functions. For example, TrkB-mediated axonal growth and spatial memory
formation and BDNF-mediated dendritic remodeling occur via PI 3-K/Akt activation (53,54).
PI 3-K/Akt signaling also regulates neuronal polarity and appropriate integration of neurons
into functional circuits (55). In addition, translational machinery is regulated via Akt-mediated
phosphorylation of p706K (56). Important roles for PTEN have also been ascribed such that
PTEN controls neuronal size (57) and knockdown of PTEN induces dendritic growth (58). It
is pertinent to mention that suicide brains exhibit reduced availability of neurotrophins (28,
32,59), TrkB (28,60), CREB (61,62) and GSK-3β (63), and show induction of p75 neurotrophin
receptor (26). Given that abnormalities occur in structure (64,65,66,67,68,69,70) and neural
plasticity (71) in suicide brains, our findings of reduced activation of PI 3-K, PDK1, and Akt1
and increased expression of PTEN, are quite relevant and suggest that these abnormalities may
be critical in aberrant structure and functioning of suicide brains. Interestingly, it has recently
been demonstrated that stress-induced downregulation of Akt in the ventral tegamental area
cause vulnerability to develop depression in mice and rats (72) and that Akt and PDK1 activities
are regulated by antidepressants, mood-stabilizing agents (73), and electroconvulsive shock
(74). These studies further substantiate the role of PI 3-k/Akt signaling in depression/suicide.

Some studies demonstrate that Akt is a candidate gene for schizophrenia (reviewed in 75) and
a recent study shows that Akt activity is decreased in postmortem brain of both depressed
suicide and non-suicide depressed subjects (35). In the present study, we observed that changes
in Akt and other measures were not related to depression but were present in all suicide subjects.
Since we used Axis-I life time diagnosis for depression, whether the changes in PI 3-K/Akt
occur in context of depression need to be further confirmed.

Overall, our present study demonstrates reduced activation and expression of Akt1 in suicide
brain, which appears to be regulated by PDK1 and PTEN. Although, it is difficult to correlate
the functional assays with a specific PI 3-K subclass, however, given that activity of PDK1 is
dependent on the availability of PIP3 generated in response to PI 3-K and catabolized through
activation of PTEN, and that abnormalities occur in PI 3-K activation in suicide brain (23), our
present study indicates the possibility that functionality of PI 3-K signaling is decreased in
suicide brain. These abnormalities in PI 3-K signaling may be crucial in the pathophysiologic
mechanisms of suicide.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The catalytic activities of Akt1 and Akt3 in PFC and hippocampus of suicide subjects and
normal controls. Akt1 and Akt3 catalytic activities were determined after immunoprecipitating
Akt1 and Akt3 using specific antibodies In vitro kinase assays were performed in assay dilution
buffer by measuring the incorporation of 32P into Akt-specific substrate peptide RPRAATF
(Upstate Biotechnology) during a 10-minute incubation at 30°C in the presence of 10 µM
protein kinase A inhibitor peptide. The phosphorylated substrate was separated from the
residual [γ-32P]ATP with P81 phosphocellulose and the incorporated radioactivity was
quantified. Results are presented as percent of control. PFC samples were from 21 normal
controls and 28 suicide subjects, and hippocampus samples were from 21 normal controls and
21 suicide subjects. The suicide group was compared with the control group (*P<.001).
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Figure 2.
mRNA levels of Akt1 and Akt3 1 in the PFC (A) and hippocampus (B) of suicide subjects and
normal controls. Western blots showing the immunolabeling of total Akt1, total Akt3, phospho
Akt1 (Thr308), and phosphor-Akt3 (Ser473) in the PFC of 3 normal controls and 3 suicide
subjects (C). Protein samples from tissue lysates were subjected to 10% polyacrylamide gel
electrophoresis and transferred to enhanced chemiluminescence–nitrocellulose membranes,
which were then incubated with primary antibody specific for total Akt1, total Akt3, phospho
Akt1 (Thr308), phosphor-Akt3 (Ser473), or β-actin and corresponding secondary antibody.
The bands were quantified as described in the “Materials and Methods” section. Ratios of the
optical densities of Akts to that of β-actin were calculated. The mean ± SD of immunolabeling

Dwivedi et al. Page 14

Biol Psychiatry. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of total Akt1, total Akt3, phospho Akt1 (Thr308), and phosphor-Akt3 (Ser473)
immunolabeling in PFC and hippocampus from normal controls and suicide subjects are given
in D and E, respectively. The PFC samples were from 21 normal controls and 28 suicide
subjects, and the hippocampus samples were from 21 normal controls and 21 suicide subjects.
The suicide group was compared with the control group (*P<.001).
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Figure 3.
A. Catalytic activity of PDK1 in PFC and hippocampus of suicide subjects and normal controls
An in vitro kinase assay was performed in the presence of unactive SGK1, AKT/SGK substrate
peptide (Upstate Biotechnology) and [γ-32P]ATP (1µCi/µl) during a 10-minute incubation at
30°C. The phosphorylated substrate was separated from the residual [γ-32P]ATP with P81
phosphocellulose, and the incorporated radioactivity was quantified. B. mRNA levels of PDK1
in PFC and hippocampus of suicide subjects and normal controls. C. Western blots showing
the immunolabeling of total PDK1 and phospho PDK1 in the PFC of 3 normal controls and 3
suicide subjects. Protein samples from tissue lysates were subjected to 10% polyacrylamide
gel electrophoresis and transferred to enhanced chemiluminescence–nitrocellulose
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membranes, which were then incubated with primary antibody specific for total PDK1,
phospho PDK1or β-actin and corresponding secondary antibody. The bands were quantified
as described in the “Materials and Methods” section. Ratios of the optical densities of total
PDK1 and phospho PDK1 to that of β-actin were calculated. D. The mean ± SD of
immunolabeling of total PDK1 and phospho PDK1 immunolabeling in PFC and hippocampus
from normal controls and suicide subjects. PFC samples were from 21 normal controls and 28
suicide subjects, and hippocampus samples were from 21 normal controls and 21 suicide
subjects. The suicide group was compared with the control group (*P<.001).
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Figure 4.
A. mRNA levels of PTEN in the PFC and hippocampus of suicide subjects and normal controls.
B. Western blots showing the immunolabeling of PTEN in the PFC of 3 normal controls and
3 suicide subjects. Protein samples from tissue lysates were subjected to 10% polyacrylamide
gel electrophoresis and transferred to enhanced chemiluminescence–nitrocellulose
membranes, which were then incubated with primary antibody specific for PTEN or β-actin
and corresponding secondary antibody. C. The mean ± SD of immunolabeling of total PTEN
in the PFC and hippocampus from normal controls and suicide subjects is given. D. The mean
± SD of ratio of p-PTEN to total PTEN. PFC samples were from 21 normal controls and 28
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suicide subjects, and hippocampus samples were from 21 normal controls and 21 suicide
subjects. *P<.001.
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