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Downregulated AKT-mTOR signaling pathway proteins
in dorsolateral prefrontal cortex in Schizophrenia
Radhika Chadha 1 and James H. Meador-Woodruff1

Abnormal neurotransmission is central to schizophrenia (SZ). Alterations across multiple neurotransmitter systems in SZ suggest
that this illness may be associated with dysregulation of core intracellular processes such as signaling pathways that underlie the
regulation and integration of these systems. The AKT-mTOR signaling cascade has been implicated in SZ by gene association,
postmortem brain and animal studies. AKT and mTOR are serine/threonine kinases which play important roles in cell growth,
proliferation, survival, and differentiation. Both AKT and mTOR require phosphorylation at specific sites for their complete
activation. mTOR forms two functionally distinct multiprotein complexes, mTOR Complex 1 (mTORC1) and Complex 2 (mTORC2).
mTORC1 mediates ribosome biogenesis, protein translation, and autophagy, whereas mTORC2 contributes to actin dynamics.
Altered protein synthesis and actin dynamics can lead to an abnormal neuronal morphology resulting in deficits in learning and
memory. Currently, there is a lack of direct evidence to support the hypothesis of disrupted mTOR signaling in SZ, and we have
addressed this by characterizing this signaling pathway in SZ brain. We found a reduction in AKT and mTOR protein expression and/
or phosphorylation state in dorsolateral prefrontal cortex (DLPFC) from 22 pairs of SZ and matched comparison subjects. We also
found reduced protein expression of GβL, a subunit protein common to both mTOR complexes. We further investigated mTOR
complex-specific subunit composition and phosphorylation state, and found abnormal mTOR expression in both complexes in SZ
DLPFC. These findings provide evidence that proteins associated with the AKT-mTOR signaling cascade are downregulated in
SZ DLPFC.
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INTRODUCTION
Abnormal neurotransmission is a key feature of schizophrenia (SZ)
[1]. In SZ brain, myriad changes across multiple neurotransmitter
systems (dopamine, serotonin, GABA, glutamate, and others) [2–7]
suggest that rather than being a disorder of one specific
neurotransmitter pathway, SZ may instead be a disturbance of
core intracellular processes that regulate multiple systems.
Dysregulation of intracellular signaling pathways, especially path-
ways that integrate signals from multiple neurotransmitter
systems, have been implicated in the pathophysiology of this
disorder. For example, there are abnormalities in SZ associated
with the mitogen activated protein kinase (MAPK), 3′-5’ cyclic
adenosine monophosphate (cAMP), and glycogen synthase
kinase-3 beta (GSK3β) signaling pathways [8–11]. The AKT-mTOR
signaling pathway is another intracellular cascade that modulates
important cellular events, including protein synthesis and actin
dynamics, both of which are critical for neurotransmission and
have been implicated in the pathophysiology of SZ [12]. This
pathway plays a pivotal role in synaptic plasticity and facilitates
long-term memory formation [13, 14]. The mechanisms under-
lying synaptic strength, especially long-term potentiation and
long-term depression, depend on new protein synthesis and
cytoskeletal rearrangement, key functions of mTOR signaling.
Although the AKT-mTOR pathway is associated with intracellular
processes that are disrupted in SZ, it has not yet been well
characterized in this illness.

The AKT-mTOR signaling pathway is tightly regulated by
differential phosphorylation of key proteins (Fig. 1). AKT is a
serine/threonine (Ser/Thr) kinase that modulates signals from
growth factors, neurotransmitters, and cytokines, and regulates
cell growth, proliferation, survival, differentiation, and metabolism.
It requires phosphorylation at two key residues for full activation,
Ser 473 (S473) and Thr 308 (T308) [15]. mTOR is also a Ser/Thr
kinase which is central to two structurally and functionally distinct
complexes, mTOR complex I (mTORC1) and mTOR complex II
(mTORC2). AKT is functionally interconnected with both mTOR
complexes. Upstream of mTORC1, AKT inhibits the association of
tuberous sclerosis complexes I and II (TSC1 and TSC2). TSC1/TSC2
heterodimers activate Ras homolog enriched in brain (Rheb),
which in turn activates mTORC1 [12]. mTORC2 phosphorylates AKT
at S473, while phosphoinositide-dependent kinase 1 (PDK1)
phosphorylates AKT at T308 [16]. Like AKT, mTOR also requires
phosphorylation for full activation in both complexes at two
residues, Ser 2448 (S2448) and Ser 2481 (S2481), which are
regulated by distinct kinases [17]. mTORC1 is a multiprotein
assembly that includes regulatory associated protein of mTOR
(Raptor), Deptor, proline-rich AKT substrate 40 kDa (PRAS40), G
protein beta subunit like (GβL or mLST8) and mTOR itself [18]. This
complex facilitates ribosome biogenesis by phosphorylating
p70 S6 kinase (p70 S6K) [19], mediates protein translation by
phosphorylating eukaryotic translation initiation factor 4E-binding
protein, and inhibits autophagy by phosphorylating ULK1 [20].
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Raptor, one of the constituent proteins of mTORC1, is rapamycin-
sensitive and crucial for the kinase activity of this complex [17].
Deptor and PRAS40 inhibit mTORC1 activity [20, 21], while GβL
enhances the kinase activity of the complex [22]. Like mTORC1,
mTORC2 is a multiprotein assembly that includes rapamycin
insensitive companion of mTOR (Rictor), Deptor, Protor, GβL, stress
activated protein kinase-interacting (Sin1), and mTOR itself. Rictor
recruits mTORC2 substrates, while Protor and Sin1 promote Rictor-
mTOR binding to stabilize the complex [22, 23]. A key function of
mTORC2 is modulation of actin dynamics by regulating the
phosphorylation of protein kinase C α [18, 20].
AKT-mTOR signaling regulates protein synthesis and actin

cytoskeleton, which are critical events for long-term memory
formation as well as neural plasticity [24]. Although this signaling
pathway has not been well characterized in SZ, the intracellular
processes of actin polymerization, dendritic spine density, and
protein synthesis have all been reported to be disrupted in
multiple brain regions in SZ patients [25–28]. AKT mRNA, protein,
and activity have been found to be reduced in postmortem
frontal cortex and blood isolated from SZ subjects [29, 30].
Pharmacological inhibition of mTORC1 in mice blocks long-term
synaptic plasticity and memory storage by inhibiting protein
synthesis [31]. Dendritic spine alterations, which are associated
with abnormal actin dynamics, have been identified in multiple
brain regions in SZ [27]. Protein synthesis has been found to be
reduced in SZ patient-derived olfactory neurospheres (ONS). Data
integration analysis of proteomic and transcriptomic datasets
from ONS cells, as well as genome-wide association data from SZ
patients, highlight that dysregulated mTOR signaling is associated
with this illness [25]. These findings reflect a growing body of
evidence that suggests alterations in the expression and activity
in the AKT-mTOR signaling pathway in SZ. Therefore, we
hypothesized that abnormalities in the AKT-mTOR signaling
pathway are associated with SZ pathophysiology. To test this,
we measured the expression of key proteins and their phosphor-
ylation state in this signaling pathway in dorsolateral prefrontal
cortex (DLPFC) from SZ and comparison subjects. In addition,
we isolated mTOR complexes and assessed complex-specific
abnormalities in subunit composition and protein phosphoryla-
tion in these subjects.

METHODS
Subjects
Postmortem human brain samples were provided through the NIH
Neurobiobank. All samples were from the Mount Sinai/Bronx
Veterans Administration Medical Center brain collection. Assess-
ment, consent, and postmortem procedures were conducted as
required by the Institutional Review Boards of Pilgrim Psychiatric
Center, Mount Sinai School of Medicine, and the Bronx Veterans
Administration Medical Center as has been previously described
[32, 33]. Twenty-two subjects diagnosed with SZ using DSM-III-R
criteria were pairwise matched with comparison subjects by sex,
age, tissue pH, and postmortem interval (PMI) (Table 1). The
majority of SZ subjects utilized in this study were treated with
typical (first generation) antipsychotics. Nonpsychiatrically ill
subjects were selected from this brain bank to serve as a
comparison group. Criteria for subject exclusion included a history
of substance abuse, death by suicide, or coma for >6 h prior to
death. Subjects had no evidence of neuropathology, or signs of

Fig. 1 AKT-mTOR signaling pathway. AKT and mTOR are key kinases in this signaling cascade. They both require phosphorylation for
complete activation. mTOR forms two distinct complexes: mTORC1 and mTORC2. mTORC1 comprises of mTOR, Raptor, Deptor, PRAS40, and
GβL, and facilitates ribosome biogenesis, protein translation and autophagy. mTORC2 consists of mTOR, Rictor, Deptor, Protor, GβL, and Sin1,
and modulates cytoskeleton organization. AKT is functionally interconnected with mTOR complexes since it positively regulates mTORC1
activity via Rheb, whereas mTORC2 positively regulates AKT activity by phosphorylating it at S473.

Table 1. Summary of subject demographics.

Comparison Schizophrenia

N 22 22

Sex 5 F/17M 5 F/17M

Age (years) 70.5 ± 14.5 69.6 ± 11.6

Tissue pH 6.5 ± 0.3 6.4 ± 0.2

PMI (h) 13.4 ± 7 14.8 ± 5.3

On/Off/Unknown Rx 0/22 13/7/2

Race 13W/3B/1 A/5 H 17W/3B/0 A/2 H

Smoking status 3Y/10 N/5E/4U 9Y/5 N/3E/5U

Values presented are means ± standard deviation
Sex: F female, M male; PMI postmortem interval; Rx: On treated with
antipsychotic medications at time of death; Off off antipsychotic
medication for >6 weeks prior to death; Race: W white, B black, A Asian,
H hispanic; Smoking: N never, Y yes, E no smoking at least 6 months, U
unknown
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neurodegenerative disorders such as Alzheimer’s disease at
assessment.

Tissue preparation
Whole brains were dissected into 10 mm slabs in the coronal
plane. Gray matter from DLPFC (Broadmann areas 9/46) was
dissected into 1 cm cubes from SZ and comparison subjects and
stored at −80 °C until use. Samples were homogenized using a
Power Gen 125 homogenizer (Thermo Fisher Scientific, Rockford,
Illinois) in Sucrose-Tris buffer (0.32 M Sucrose, 5 mM Tris-HCl
ph 7.4) containing protease and phosphatase inhibitor tablets
(Complete Mini, EDTA-free and PhosSTOP, both from Roche
Diagnostics, Mannheim, Germany). Homogenates were sonicated
on ice for 5 s at setting 3 using a Sonic Dismembrator (Fisher
Scientific, Pittsburgh, Philadelphia) for western blot experiments.
Protein concentration was determined using a BCA assay kit
(Thermo Fisher Scientific, Rockford, Illinois) and homogenates
were aliquoted and stored at −80 °C until use.

Rodent antipsychotic drug treatment
We modeled chronic antipsychotic treatment utilizing male
Sprague-Dawley rats (250 g). They were housed in pairs for the
duration of the study (9 months), during which they were treated
with either haloperidol decanoate (28.5 mg/kg, n= 10) or vehicle
(sesame oil, n= 10) every 3 weeks for a total of 12 intramuscular
injections, as published previously [28, 32–34]. The dose of
haloperidol, duration of treatment, and the drug delivery protocol
was chosen based on previously published studies describing
antipsychotic treatment in rats [35, 36]. The animals were
sacrificed by decapitation and the brains immediately harvested.
The frontal cortex was dissected on ice, snap frozen on dry ice,
and stored at −80 °C. Samples were homogenized in Sucrose-Tris
buffer (0.32 M Sucrose, 5 mM Tris-HCl pH 7.4) containing
protease and phosphatase inhibitor tablets (Complete Mini,
EDTA-free and PhosSTOP, both from Roche Diagnostics, Man-
nheim, Germany). The protocol was approved by the Institutional
Animal Care and Use Committee of the University of Alabama at
Birmingham.

Co-immunoprecipitation
To investigate abnormalities in subunit composition and
protein phosphorylation in mTOR complexes, we optimized co-
immunoprecipitation of mTOR complexes using proteins specific
for each complex, Raptor for mTORC1 and Rictor for mTORC2. To
our knowledge, there are no existing reports of using this protocol
in postmortem human brain. Our lab has previously shown
immunoisolation of early endosomes with early endosome
antigen-1 (EEA1) protein [37]. We utilized a similar protocol and
optimized it for mTOR complexes. A 100 μg aliquot of each
homogenized sample in Sucrose-Tris buffer (not sonicated) was
used for all co-immunoprecipitations with 100 μl M-280 magnetic
sheep anti-rabbit IgG Dynabeads (Life Technologies, Grant Island,
New York). 10 μg anti-raptor (Millipore 05-1470) or anti-rictor
(Abcam 104838) antibodies were used for co-immunoprecipita-
tion, determined after optimizing the protocol to obtain maximum
depletion from the supernatant (Fig. 4 and Supplementary Fig. S2).
Cold TBS (Tris-buffered saline) with 0.1%Tween-20 was used to
wash beads before and after incubations. Magnetic beads were
washed three times and incubated with antibody at 4 °C with
rotation for 1 h. For Rictor co-immunoprecipitation, beads were
blocked for 15 min at 4 °C with rotation using 5% BSA (Bovine
serum albumin) in TBS, before incubating with antibody. Excess
antibody was removed by washing three times and the antibody-
bound beads were incubated with homogenate at 4 °C with
rotation for 2 h. Supernatant was collected and beads were
washed before elution with 2X reducing buffer for 10 min at 70 °C.
Western blot analysis was used to confirm the immunoprecipita-
tion of mTOR complexes.

Western blot analysis
Western blot analyses were performed as previously described
[32, 38–40]. Samples were boiled in 6X reducing buffer (pH 6.8) to
a final 1X buffer concentration at 70 °C for 10 min. Fifteen
micrograms of protein was loaded in each lane of a 4–12%
gradient polyacrylamide bis-tris gel or 3–8% gradient polyacryla-
mide tris-acetate gel (Invitrogen, Carlsbad, California). Samples
were run in duplicate for 1.5 h at 150 V. Proteins were transferred
to nitrocellulose membranes using trans-blot SD semi-dry transfer
(Bio-rad, Hercules, California) at 16 V for 36min. Membranes were
blocked and probed using conditions optimized for each antibody
(Supplementary Table S1) such that detection was within the
linear range of the assay and each primary antibody was present
in excess. TBS with 0.1% Tween-20 was used for rinsing the
membranes. No significant difference in VCP expression was
observed between SZ and comparison groups, consistent with
previous studies [34, 41, 42]. Total expression of proteins was
used to normalize the expression of their phosphorylated
form. For western blot of mTOR complexes, half of each
co-immunoprecipitated product was loaded in each lane, and
the protein expression of the immunoprecipitating protein
(Raptor/Rictor) was utilized to normalize the expression of target
protein as an intra-lane loading control. Membranes were imaged
using a LiCor Odyssey scanner (LiCor, Lincoln, NE).

Data analysis
Image Studio Lite version 5.2 (LiCor) was used to measure the
signal intensity of each protein. Boxes were manually placed
around each band at the expected molecular weight of each
protein and background was subtracted. Data from duplicate
lanes were averaged for analysis. To determine whether data were
normally distributed, D’Agostino and Pearson omnibus normality
test was performed for each dependent variable. Outliers were
detected by the ROUT method (Q= 1%) and removed. Normally
distributed data from the subjects were analyzed using paired
Student’s t tests and data that were not normally distributed were
analyzed using Wilcoxon matched-pairs signed rank tests. Pearson
correlation coefficients were utilized to determine the association
between dependent measures and age, PMI, and tissue pH values.
Proteins measured in haloperidol-treated rats were analyzed using
unpaired t tests or Mann–Whitney U tests. For all analyses, α=
0.05. All data analyses were performed using GraphPad Prism
version 7.00 for Windows (GraphPad Software, La Jolla, California).

In silico analysis
We evaluated patterns of differential transcript/protein expression
associated with the AKT-mTOR signaling pathway in SZ using
Kaleidoscope, an interactive web application developed by Robert
E. McCullumsmith’s lab at the University of Toledo (https://kalganem.
shinyapps.io/BrainDatabases/). This application utilizes publicly avail-
able databases and is connected to bioinformatics tools like Brain
RNAseq, Brain Cloud, STRING, iLINCS, and the Allen Brain Atlas. We
selected datasets in the application to determine cell-specific
differential expression in past SZ studies. These datasets included
blood mRNA microarray expression obtained from SZ and control
subjects [43], data generated from laser capture microdissected
pyramidal neurons from superficial (lamina II-III; Super) or deep
(lamina V-VI; Deep) cortical layers of DLPFC (unpublished data), RNA
sequencing and proteomic data from neurons derived from induced
pluripotent stem cells (iPSCs) from SZ patients with a DISC1 mutation
and control subjects [44], RNA sequencing data from neurons and
neuron progenitor cells derived from iPSCs from early onset SZ
patients and controls [45], and microarray expression of pyramidal
cells in DLPFC layers 3 or 5 (L3/L5) [46, 47]. The datasets were
processed and analyzed using various R packages for differential
expression analysis. A heatmap of log2 fold change values was
constructed using the heatmap R package (https://www.rdocu-
mentation.org/packages/pheatmap/versions/1.0.12), and harmonized

Downregulated AKT-mTOR signaling pathway proteins in dorsolateral. . .
R Chadha and JH Meador-Woodruff

1061

Neuropsychopharmacology (2020) 45:1059 – 1067

https://kalganem.shinyapps.io/BrainDatabases/
https://kalganem.shinyapps.io/BrainDatabases/
https://www.rdocumentation.org/packages/pheatmap/versions/1.0.12
https://www.rdocumentation.org/packages/pheatmap/versions/1.0.12


data across different datasets were plotted to visualize the patterns of
expression of key targets in the AKT-mTOR signaling pathway. Data
values were harmonized using empirical cumulative probabilities
based on each dataset, and final values were represented in the range
of −1 to 1 in the heatmap [48].

RESULTS
Protein expression of total AKT, GβL, phospho-AKT, and phospho-
mTOR are reduced in SZ DLPFC
We characterized the expression of the key proteins in the AKT-
mTOR signaling pathway in the DLPFC in paired SZ and
comparison subjects (Fig. 2a). Total AKT expression (t(21)= 2.21,
p= 0.04) was reduced in SZ DLPFC (Fig. 2b). We found no changes
in the protein expression of PDK1, Rheb, and mTOR (Table 2). In
addition, we examined the total expression of mTOR complex
subunits (Table 1), and found the expression of GβL (t(20)= 2.38,
p= 0.03) decreased in SZ (Fig. 2b). We were unable to detect and
quantify PRAS40, Sin1, and Protor expression. We assessed the
phosphorylation status of AKT (S473 and T308) and mTOR (S2448
and S2481) as a proxy for their activity (Fig. 2a). We observed the
decreased expression of Phospho-AKT S473 normalized to total
AKT expression (t(20)= 2.04, p= 0.05) and phospho-mTOR S2448
normalized to total mTOR expression (t(21)= 2.94, p= 0.01)

(Fig. 2b). We also assessed the relationship between phospho-
AKT S473 and phospho-mTOR S2448 in SZ and comparison
subjects. Phospho-AKT S473 was positively correlated with
phospho-mTOR S2448 in comparison subjects (r= 0.81, p <
0.0001), but not in SZ subjects (r= 0.34, p= 0.12) (Fig. 2c).

Chronic antipsychotic treatment has no effect on protein
expression and phosphorylation state in rat brain
Proteins and their phosphorylated forms found to be abnormally
expressed in SZ subjects were measured in aged rats chronically
treated with haloperidol decanoate. No significant changes due to
haloperidol treatment were observed in the protein expression of
total AKT, phospho-AKT S473, GβL, and phospho-mTOR S2448
(Fig. 3).

mTOR protein expression and phosphorylation in mTORC1 and
mTORC2
We elucidated complex-specific abnormalities in structure and
function of mTOR complexes by co-immunoprecipitation using
Raptor and Rictor, key subunit proteins constituting mTORC1
and mTORC2, respectively. The protein expression of mTOR
and its phosphorylated status (S2448) was evaluated in the co-
immunoprecipitated products in paired SZ and comparison subjects
using Raptor/Rictor expression as the intra-lane loading control

Fig. 2 AKT-mTOR signaling pathway proteins are downregulated in SZ DLPFC. a Representative western blot analyses of protein expression
of key proteins in this signaling pathway which were measured in 22 paired Comparison and Schizophrenia subjects. Phosphorylation status
of AKT and mTOR as a proxy for their activity was assessed in the same subjects. b Decreased protein expression of AKT and GβL was
observed, whereas no change was found for expression of PDK1, Rheb, Deptor, mTOR, Raptor, or Rictor. Decreased phosphorylation of AKT at
S473 and mTOR at S2448 normalized to their total protein expression was observed. c Phospho-AKT S473 was positively correlated with
phospho-mTOR S2448 in comparison subjects, but not in SZ subjects. VCP was used to normalize the total expression of proteins. *p ≤ 0.05.
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(Fig. 4). We found an increased interaction of mTOR in both
mTORC1 (t(20)= 2.10, p= 0.04) (Fig. 4b) and mTORC2 (t(16)= 2.46,
p= 0.02) (Fig. 4e). We found no change in the ratio of phospho-
mTOR S2448 and mTOR protein expression for either mTORC1
(Fig. 4c) and mTORC2 (Fig. 4f). We accounted for variation in co-
immunoprecipitation of each complex between SZ and comparison
groups by assessing the expression of the pulldown protein, Raptor
or Rictor normalized to their total expression in the homogenate,
and found no significant differences between diagnostic groups
(Fig. S2 (B, D)).

In silico analysis
Transcript and/or protein expression of genes associated with
the AKT-mTOR signaling pathway across different cell types in
SZ demonstrate differential patterns of expression (Fig. 5 and
Supplementary Fig. S3). In silico analysis revealed that AKT1 mRNA

expression is upregulated in peripheral blood mononuclear cells
obtained from SZ patients as compared with controls. PRKCA (PKC
α), a downstream target of mTOR signaling, was increased at both
mRNA and protein levels. Deptor and RPS6 (ribosomal protein S6)
mRNA expression was decreased in iPSCs derived from SZ cases
with a DISC1 mutation. Deptor is associated with mTOR in both
complexes, whereas RPS6 is a downstream target of mTOR
signaling. In silico analysis reveals subtle differences in expression
of other genes associated with AKT-mTOR signaling in one or
more of the datasets evaluated (Fig. 5).

DISCUSSION
In this study, we characterized the expression and phosphoryla-
tion status of proteins associated with the AKT-mTOR signaling
pathway in DLPFC in paired SZ and comparison subjects.

Fig. 3 No effect of chronic antipsychotic treatment on protein expression and phosphorylation in aged rats. Protein expression and
phosphorylation status of targets reduced in schizophrenia were measured in rats chronically treated with haloperidol and vehicle (control). a
Representative western blots from rat frontal cortex. b No changes were observed in rat frontal cortex following haloperidol treatment in
expression of total AKT, phospho-AKT S473, GβL, and phospho-mTOR. Data are shown as means ± SEM.

Table 2. Protein expression and phosphorylation status of key proteins in the AKT-mTOR signaling pathway in SZ and comparison subjects.

Protein Comparison Schizophrenia Test statistic p value

AKT 1.23 ± 0.10 1.01 ± 0.06 t (21)= 2.21 0.04*

Phospho-AKT S473/AKT 0.76 ± 0.08 0.60 ± 0.04 t (20)= 2.04 0.05*

Phospho-AKT T308/AKT 0.94 ± 0.10 0.80 ± 0.06 t (21)= 1.91 0.07

PDK1 2.13 ± 0.29 2.10 ± 0.24 t (21)= 0.14 0.89

Rheb 1.15 ± 0.15 1.27 ± 0.16 t (20)= 1.41 0.17

mTOR 2.82 ± 0.30 2.56 ± 0.39 t (21)= 1.10 0.28

Phospho-mTOR S2448/mTOR 1.14 ± 0.07 0.91 ± 0.07 t (21)= 2.94 0.01*

Phospho-mTOR S2481/mTOR 0.98 ± 0.11 1.04 ± 0.18 W=−25 0.68

GβL 1.18 ± 0.11 0.98 ± 0.07 t (20)= 2.38 0.03*

Deptor 0.07 ± 0.01 0.08 ± 0.02 W= 24 0.71

Raptor 1.74 ± 0.09 1.74 ± 0.15 t (21)= 0.05 0.96

Rictor 0.39 ± 0.07 0.35 ± 0.05 t (21)= 0.89 0.38

Signal intensities of each measure from immunoblotting represented as means ± SEM
*p ≤ 0.05
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We identified abnormalities in the protein expression and/or
phosphorylation status of AKT and mTOR kinases. AKT requires
phosphorylation at both S473 and T308 for complete activation
[15]. We observed decreased phospho-AKT S473 expression
(Fig. 2b). We also observed a trend (p= 0.07) consistent with
decreased phospho-AKT T308 expression (Table 2). AKT has been
implicated in SZ pathophysiology and our results are consistent
with prior reports of altered AKT expression and phosphorylation
in SZ brain [29, 30, 49]. We also found that while total mTOR
expression is unchanged, phosphorylation status of mTOR at
S2448 is decreased in SZ DLPFC (Fig. 2b). This suggests a reduction
in mTOR activity in SZ, since it requires phosphorylation at both
S2448 and S2481 for complete activation. To our knowledge, there
are no prior reports of assessment of mTOR expression and
phosphorylation in postmortem brain. We have utilized phosphor-
ylation status as a proxy for kinase activity of AKT and mTOR in this
study, consistent with other studies [9, 29]. Since we observed a
reduction in the phosphorylation status of both AKT and mTOR
kinases, we propose that AKT-mTOR signaling is downregulated in
SZ brain which may lead to functional consequences. While AKT
positively regulates mTORC1 activity via Rheb, mTORC2 regulates
AKT activation by phosphorylation at S473 [12]. Interestingly,
phospho-AKT S473 and phospho-mTOR S2448 have a strong
positive correlation in nonpsychiatrically ill but not in SZ subjects
(Fig. 2c). This suggests that the association between the activities
of the two kinases is disrupted in SZ.
mTOR forms two different complexes that exhibit distinct

functions which are dependent upon the association of specific
proteins [20]. Dysregulation in the association of different proteins
in these complexes likely affect their activity. Since we observed
decreased expression of phospho-mTOR S2448, a modification
common to the activity of both mTORC1 and mTORC2, we

predicted functional consequences associated with both com-
plexes. We also observed a reduction in the protein expression
of GβL (Fig. 2b), which is incorporated into both complexes
and additionally supports our hypothesis of deficits in
mTOR complexes. We investigated mTOR complexes by co-
immunoprecipitating them with Raptor and Rictor, and examined
complex-specific subunit composition and phosphorylation in the
same subjects. We found increased mTOR expression in both
mTORC1 and mTORC2 (Fig. 4). Interestingly, we did not observe
alterations in the expression of phospho-mTOR S2448 in either
complex. This suggests that there is an increase in the recruitment
of mTOR proteins into the complexes. mTOR may be differentially
incorporated into the complexes and contribute to the dysregula-
tion of complex-specific mTOR activity in SZ. Since total mTOR
phosphorylation, but not complex-specific phosphorylation, was
found to be changed, the increase in mTOR association with the
complexes maybe due to a compensatory mechanism to restore
normal functioning of downstream cellular processes in SZ
subjects.
Genetic findings implicate the AKT-mTOR signaling pathway in

SZ and other neuropsychiatric disorders [50]. Specifically, an AKT1
haplotype associated with lower AKT transcript and/or protein
expression, is preferentially transmitted to individuals with SZ of
European [29] and Japanese origin [51]. Another AKT1 haplotype
has been shown to be associated with the risk of SZ in Iranian
populations [52]. AKT mRNA, protein, and activity have been
found to be decreased in both blood and postmortem frontal
cortex in SZ [29, 30]. AKT-mTOR signaling is associated with
learning and memory as well as key cellular processes that are
altered in SZ. Synaptic plasticity and memory formation require
new protein synthesis as well as actin dynamics-dependent
changes, both of which are modulated by mTOR signaling [20].

Fig. 4 mTOR protein expression and phosphorylation in mTORC1 and mTORC2. mTOR complexes were co-immunoprecipitated from
comparison and schizophrenia DLPFC. a mTORC1 was co-immunoprecipitated using Raptor, and b mTOR expression and c phosphorylation
status (S2448) was assessed by western blot analysis. d mTORC2 was co-immunoprecipitated using Rictor, and similarly, e mTOR expression,
and f phosphorylation status was evaluated. We observed increased mTOR expression in both mTORC1 and mTORC2 in schizophrenia. *p ≤
0.05.
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AKT knockout in mice results in deficits in hippocampal/prefrontal
cortex dependent learning and synaptic plasticity [53]. Rapamycin-
induced inhibition of mTOR activity leads to reduced hippocampal
dendritic protein synthesis, induced by the activation of glutamate
receptors in rat hippocampal [54] and mouse cortical neurons [55].
Actin polymerization, assessed by measuring the ratio of
filamentous (F) actin to globular (G) actin, is downregulated in
mTORC2-deficient neurons, and when actin polymerization is
restored in mTORC2-deficient mice, deficits in synaptic plasticity
are rescued [56]. We recently demonstrated that actin polymer-
ization is reduced in the anterior cingulate cortex in SZ [28]. Since
we observed the downregulation of the AKT-mTOR signaling
pathway in SZ brain, we predict that it may contribute to deficits
in downstream events of protein synthesis and cytoskeletal
rearrangement. Therefore, the abnormalities of protein expression,
phosphorylation, and mTOR complex formation in AKT-mTOR
signaling found in this study may contribute to learning and
memory deficits associated with SZ. In addition, the AKT-mTOR
signaling pathway is influenced by signals from neurotransmitter
receptors, growth factors, and cellular stress [57]. Specifically,
mTOR integrates signaling from N-methyl-D-aspartate receptors,
brain-derived neurotrophic factor and dopaminergic receptors via
phosphoinositide-3 kinase, which have all been implicated in SZ
[22, 58–60]. Altogether these findings suggest that disrupted AKT-
mTOR signaling may lead to reduced protein synthesis and
abnormal neuronal morphology, and result in a decreased brain
network connectivity in SZ [61].
There are several limitations to consider in interpreting results

from this study. Age, sex, pH, PMI, and chronic treatment with
antipsychotic drugs are potential confounding factors which may
have effects on protein expression and phosphorylation. We
pairwise matched SZ and comparison subjects by sex, age, tissue
pH, and PMI to control for this. In addition, we performed
correlation analyses to assess associations between protein
expression/phosphorylation and age, pH, and PMI, and found no

significant relationships. Some studies suggest that antipsychotic
drugs may target AKT signaling. In vivo studies have suggested
that acute treatment with haloperidol in rats activates GSK3β-AKT
signaling [12, 62, 63]. To control for antipsychotic treatment, we
have demonstrated that chronic haloperidol treatment has no
effect on protein expression and/or phosphorylation of AKT,
mTOR, and GβL in rat brain (Fig. 3). A potential limitation of the co-
immunoprecipitation strategy utilized in this study is the feasibility
of pulling down large mTOR complexes (~1 MDa) [64, 65]. mTOR
complexes have been co-immunoprecipitated in cell culture
studies and there were no prior reports of utilizing human
postmortem brain tissue [17, 66]. We optimized the technique
using mild homogenizing conditions to maximize the likelihood
that complexes remain intact and were able to demonstrate
maximum depletion from the supernatant of Raptor/Rictor
(Figs. 4a, d). However, due to the limitation of using frozen
postmortem brain tissue, we were unable to show complete
depletion of Raptor/Rictor from the homogenate and therefore,
our results account for a fraction of the complexes. We also
accounted for the variation in co-immunoprecipitation of Raptor
and Rictor between SZ and comparison subjects and did not
observe a significant difference (Supplementary Fig. S2).
An additional limitation of this study is that we measured region

level but not cell-type specific protein expression. To begin to
address this, we performed in silico analyses and evaluated the
expression of genes associated with the AKT-mTOR signaling
pathway from multiple cell-type specific datasets which are
publicly available (Fig. 5 and Supplementary Table S3). We noted
changes in expression in neurons in one or more datasets for some
of the proteins measured in this study, including AKT. However,
there is a lack of studies investigating abnormalities in AKT-mTOR
signaling in nonneuronal brain cell types in SZ and related models.
In addition, we cannot determine posttranslational modifications
such as phosphorylation using RNA sequencing and microarray
data, thus it will be critical to study signaling at the cellular level to

Fig. 5 Differential expression of genes associated with the AKT-mTOR signaling pathway across different cell types in SZ brain. Heatmap
of log2 fold change values harmonized across different datasets. Fold change, log2 fold change, and p values are reported in Supplementary
Table S3. Genes with increased expression in SZ relative to comparison subjects are represented in shades of red, while genes with decreased
expression are represented in shades of yellow. White represents expression not assessed for that gene in the corresponding dataset. This
information was acquired from the web application Kaleidoscope, which compiles data from transcriptomic/proteomic datasets generated
from different SZ models. Genes are listed on the y-axis and datasets are listed on the x-axis.
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develop novel and specific pharmacological targets. As evident
from this in silico analysis, there are few studies in SZ research
which investigate abnormalities in a cell-type specific manner.
Moreover, several studies suggest that there is limited correlation
between mRNA and protein expression [67, 68]. Future studies
investigating the protein expression of AKT and mTOR kinases in
cell-type specific populations using SZ postmortem brain and
other models will be important.
In summary, we have shown the decreased expression and/or

phosphorylation status of both AKT and mTOR, which suggests
that the AKT-mTOR signaling pathway is downregulated in SZ
brain. We have demonstrated that there are complex-specific
abnormalities in mTOR expression, and mTOR complex formation
and activity may be disrupted in SZ. Our findings support a model
of deficits in the AKT-mTOR signaling pathway in SZ brain.
Future studies to investigate the functional consequences of
altered AKT-mTOR signaling cascade on intracellular processes
such as protein synthesis, cytoskeleton rearrangement, and
autophagy will be required to further elucidate its role in SZ.
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