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Abstract

Abnormalities of Toll-like receptors (TLRs) have been implicated in the pathophysiology of
depression and suicide. Interactions of TLRs with pathogen-associated molecular patterns (PAMP)
and damage-associated molecular patterns (DAMP) initiate signaling through myeloid
differentiation primary response-88 (MyD88) and produce cytokines through the activation of the
transcription factor nuclear factor kappa beta (NF-kB). We have earlier shown an increase in the
protein and mMRNA expression of TLR3 and TLR4 in the prefrontal cortex (PFC) of depressed
suicide (DS) subjects compared with normal control (NC) subjects. To examine if other TLRs are
altered in postmortem brain, we have now determined the protein and mRNA expression of other
TLRs (TLR1, TLR2, TLR5, TLR6, TLR7, TLR8, TLR9 and TLR10) in the PFC of DS, depressed
non-suicide (DNS), non-depressed suicide (NDS) and NC subjects. We determined the protein
expression by Western blot and mMRNA expression levels by real-time PCR (qPCR) in the PFC of
24 NC, 24 DS, 12 DNS and 11 NDS subjects. Combined with our previous study of TLR3 and
TLR4, we found that the protein expression of TLR2, TLR3, TLR4, TLR6 and TLR10, and
MRNA expression of TLR2 and TLR3 was significantly increased in the DS group compared with
NC group. This study demonstrated that certain specific TLRs are altered in DS subjects, and
hence those TLRs may be appropriate targets for the development of therapeutic agents for the
treatment of suicidal behavior.
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1. Introduction

Abnormalities of the immune function have been implicated in the pathophysiology of
depression and suicide (Drexhage et al., 2011; Steiner et al., 2008). Cytokines, which are a
heterogeneous group of messenger molecules produced by immunocompetent cells, play an
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important role in mediating immune functions. Evidence that cytokines might play an
important role in inducing depression is derived from both animal and human studies, as
described below

The administration of cytokines to animals and humans induces symptoms that have been
termed as sickness behavior (Dantzer, 2001). This sickness behavior is characterized by
symptoms such as weakness, malaise, restlessness, inability to concentrate, lethargy,
decreased interest in surroundings and reduced food intake, all of which are depression-like
symptoms (Dantzer, 2001).

About 30 to 40% of patients receiving chronic exogenous administration of I1L-2 for renal
cell cancer and metastatic melanoma experienced fatigue, anorexic sleep disorders,
depressed mood, anxiety and cognitive dysfunction (Dantzer and Kelley, 2007). These
symptoms are also seen in patients receiving chronic cytokine administration for hepatitis
(Capuron et al., 2002). The depressive symptoms may be alleviated by the administration of
antidepressants, such as paroxetine (Capuron et al., 2002). These symptoms appear to be
prevented by prophylactic therapy (Dantzer, 2006). It has been shown that paroxetine has an
effect on depressive symptoms but not on the fever, fatigue, and anorexia associated with
sickness behavior (Dantzer, 2006).

In humans, the involvement of cytokines in the regulation of behavioral symptoms has been
studied by the application of bacterial endotoxin LPS in human volunteers (Reichenberg et
al., 2001). LPS, a potent activator of proinflammatory cytokines was found to induce fever,
anorexia, anxiety, depressed mood and cognitive impairment, and the levels of anxiety,
depressed mood, depression and cognitive impairment were found to be related to the levels
of circulating cytokines (Miller et al., 2009; Reichenberg et al., 2002a; Reichenberg et al.,
2002b; Reichenberg et al., 2001).

The other major line of evidence that cytokines may play a role in depression is derived from
the observation that the levels of proinflammatory cytokines in the serum and cerebrospinal
fluid (CSF) is increased in patients with depression (see review by (Dowlati et al., 2010;
Hiles et al., 2012) and suicidal behavior (Black and Miller, 2015)

Depression and stress are major risk factors for suicidal behavior, and it has also been shown
that stressful events cause changes in cytokine levels both in animals and humans (Kim and
Maes, 2003; Minami et al., 1991). It is therefore not surprising that the role of cytokines has
been studied, although to a limited extent, in patients with suicidal behavior. Janelidze et al.
(2011) found that the levels of IL-6 and TNF-a were increased, and the levels of IL-2 were
decreased in those patients who attempted suicide. Lindqgvist et al. (2009) found increased
levels of IL-6 in the CSF of suicide attempters compared to normal control subjects, and
Nassberger and Traskman-Bendz (1993) found that patients with the history of suicide
attempts have increased blood levels of soluble IL-2 receptors compared to healthy controls.
Whereas there are several studies of cytokines in the serum of depressed and suicidal
patients, there are only a few studies which suggest that abnormal immune function may be
associated with the postmortem brain (Pandey et al., 2012; Shelton et al., 2010; Tonelli et al.,
2008). Pandey et al. (2012) found increased expression of proinflammatory cytokines,
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IL-1B, IL-6 and TNF-a, in the prefrontal cortex (PFC) of teenage suicide subjects. Tonelli et
al. (2008) found increased expression of TH2 cytokines (IL-4 and IL-13) in the Brodmann
area 11 of suicide subjects. Shelton et al. (2010), using the gene array method found some of
the immune genes altered in the PFC of depressed subjects compared to controls.
Abnormalities of the immune function have also been shown by studies of astrocytes and
microgliosis in suicidal patients, including both the depressed and schizophrenic suicidal
patient (Steiner et al., 2008).

Steiner et al. (2008) found increased microgliosis in the postmortem brain of suicidal
subjects suffering with depression and schizophrenia, suggesting immune function
abnormalities in suicide. Torres-Platas et al. (2011) found astrocyte hypertrophy in anterior
cingulate white matter of depressed suicides [also, see review by (Mechawar and Savitz,
2016)]. These studies indicate abnormal immune function in depression and suicide
postmortem brain. Torres-Platas et al. (2014a; Torres-Platas et al., 2014b) (2014b) found that
the ratio of primed over ramified microglia was significantly increased in depressed suicides
in the dorsal anterior cingulate cortex. However, there were no significant difference in
overall microglial densities between suicides and controls.

The evidence for the inflammatory response in the CNS is derived from a PET study
(Sandiego et al., 2015), who studied a neuroinflammatory response by administration of
LPS, also called endotoxin in humans, with a PET radiotracer [}1C]PBR-28, which binds to
the translocator protein, a molecular marker that is upregulated by microglial activation. LPS
administration significantly increased [11C]PBR-28 binding demonstrating microglial
activation throughout the brain.

Recently, Holmes et al. (2018) used [*1C]R PK11195 PET and compared TSPO availability
in different areas of the brain in MDD and control subjects and found significantly higher
TSPO availability in anterior cingulate cortex (ACC) and a smaller increase in in PFC and
insula of MDD subjects compared to controls suggesting of predominantly increased
microglial activation in brains of depressed subjects,

The observed increase in cytokines in postmortem brain of suicide subjects could be related
to increased transport of cytokines from the periphery into the CNS (Vitkovic et al., 2000)
by crossing the blood-brain barrier (BBB) through several mechanisms such as (a) active
transport through carriers (Dantzer et al., 2008); (b) passive diffusion through leaky regions
of the BBB; (c) transmission along different vagal pathways (Banks, 2006; Capuron and
Miller, 2011; Krishnadas and Cavanagh, 2012; Makhija and Karunakaran, 2013; Miller et
al., 2009). This increase in postmortem brain level of cytokines may also be caused by
increased synthesis of the cytokines in the brain (Szelenyi, 2001). The increased synthesis of
cytokines in the brain may be related to abnormal innate immunity in the brain. Innate
immunity in the brain is the initial microbial non-specific response that results in the rapid
production of chemokines and inflammatory cytokines (Bsibsi et al., 2002; Rivest, 2009).

The key components of the innate immune system are the receptors known as pathogen
recognition receptors (PRRS). The most important subgroup of PRRs is the family of Toll-
like receptors (TLRs). These receptors have the ability to recognize pathogens or pathogen-
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derived products, also known as pathogen-associated molecular patterns (PAMPS). They also
recognize products from tissue damage, such as heat shock proteins (HSPs), known as
damage-associated molecular pattern molecules (DAMPS). The interaction of these DAMPs
or PAMPs with TLRs initiate signaling through myeloid differentiation primary response-88
(MyD88) causing the activation of nuclear factor kappa beta (NF-kB) and resulting in the
production of cytokines and chemokines. Thus, increased cytokine levels in the PFC of
suicidal subjects could be related to the abnormality of innate immunity because of the
overexpression of TLRs.

TLRs are a family of innate immune system receptors that initiate signaling in response to
PAMPs or DAMPs (Lehnardt et al., 2008; Pandey and Agrawal, 2006). The first TLR
protein was discovered in drosophila melanogaster (Kawai and Akira, 2007; Valanne et al.,
2011). Subsequently, many additional TLRs have been identified across diverse species,
including the human brain (Kielian, 2006; Mishra et al., 2006; Takeda et al., 2003). Recent
studies suggest that mammalian TLRs possess developmental roles during embryogenesis
(Ma et al., 2006; Vijay-Kumar et al., 2010), as well as physiological and metabolic roles in
adults (Okun et al., 2011). TLRs are expressed in a variety of mammalian immune system-
related cell types, including B-cells (Iwamura and Nakayama, 2008), mast cells (Eriksson et
al., 2006), macrophage, monocytes (Eriksson et al., 2006), dendritic cells, neutrophils and
basophils (Sutmuller et al., 2007). They are also widely expressed in the CNS (Bsibsi et al.,
2002; Kielian, 2006), and it has also been found that neurons (Lafon et al., 2006), microglia,
and astrocytes (Bowman et al., 2003; Bsibsi et al., 2006; Tang et al., 2007) express TLRs.
However, human neurons express only TLR-3 (Lafon et al., 2006).

It is therefore quite possible that, in addition to the transport of cytokines form the periphery
to the CNS, increased proinflammatory cytokine levels in the suicide brain, as reported by us
(Pandey et al., 2012), and by other investigators (Tonelli et al., 2008), may be related to
increased levels and stimulation of some of the TLRs. Thus, one of the mechanisms by
which the cytokines could be increased in the CNS may be related to the simulation of TLRs
by agonists, such as LPS. Therefore, it is quite possible that increased levels of
proinflammatory cytokines in the brain may be related to increased stimulation and
activation of various TLRs in the brain through their interaction with PAMPs or DAMPS
(Akira and Takeda, 2004). To test this hypothesis, we initially determined the protein and
MRNA levels of two important TLRs, TLR3 and TLR4, in the PFC of depressed suicidal
and depressed non-suicidal subjects (Pandey et al., 2014). We found that protein and mMRNA
expression levels of TLR3 and TLR4 were increased in the depressed suicide (DS) and
depressed non-suicide (DNS) subjects. Since different TLRs recognize and respond to
different PAMPs and DAMPs, it is possible that other TLRs may also be altered in the brain
of depressed and suicidal subjects.

To test this possibility, we determined the protein and mRNA expression levels of other
TLRs (i.e.,, TLR1, TLR2, TLR5, TLR6, TLR7, TLR8, TLR9 and TLR10) in the PFC of DS,
DNS, non-depressed suicide (NDS) and normal control (NC) subjects. We studied two
suicide groups (DS and NDS) and a non-suicide group (DNS) to also examine if TLRs
abnormalities are primarily related to suicide or depression.
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2. Materials and methods

2.1. Subjects and diagnoses

The study was performed in the PFC (Brodmann area 9 [BA9]) of 24 depressed suicide (DS)
subjects, 12 depressed non-suicide (DNS) subjects, 11 non-depressed suicide subjects
(NDS) and 24 non-psychiatric control subjects, hereafter referred to as normal control (NC)
subjects. Brain tissues were obtained from the Maryland Brain Collection at the Maryland
Psychiatric Research Center, Baltimore, Maryland. Tissues were collected only after a
family member gave informed consent. All tissue from normal control and suicide subjects
was grossly examined by experienced neuropathologists. Toxicology data were obtained by
the analysis of urine and blood samples. All procedures were approved by the University of
Maryland Institutional Review Board (IRB) and by the University of Illinois IRB.

2.1.1 Inclusion and Exclusion Criteria—The DS group consisted of subjects
diagnosed with MDD. Subjects with bipolar illness were not included in this group. Also,
subjects with a history of major medical disorders, neurological disorders (such as epilepsy)
and HIV were also excluded.

2.2. Diagnostic method

Subject diagnosis was based on the Structured Clinical Interview for DSM-1V (SCID 1)
(First et al., 1997). At least one family member and/or a friend, after giving written informed
consent, underwent an interview. Diagnoses were made by a consensus of two psychiatrists
from the data obtained in this interview, medical records from the case, and records obtained
from the Medical Examiner’s office. Normal control subjects were verified as free from
mental illnesses using these consensus diagnostic procedures.

2.3. Determination of mRNA levels

2.3.1. RNA extraction—Total RNA was extracted from 100 mg of tissue using TRIZOL
(Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA) reagent, which was followed with
DNase treatment according to the manufacturer’s instructions. The RNA concentration and
purity was determined by measuring the optical density with NanoDrop®ND-1000
(NanoDrop Technologies, LLC, Wilmington, DE) and using the 260/280 nm ratio with
expected values between 1.8 and 2.0. The RNA quality was assessed using an Agilent
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) to determine the RNA integrity
number (RIN).

2.3.2. mRNA guantitation by real-time PCR—Real-time PCR was performed using
Pre-designed Tagman gene expression assays (Applied Biosystems, Foster City, CA) for all
target and housekeeping genes, on MX3005p sequence detection system (Agilent). The
TagMan assay IDs are in Table 1. To determine the stability and optimal number of
housekeeping genes we used geNORM version 3.4 (PrimerDesign Ltd, UK) according to the
manufacturer’s instructions (Vandesompele et al., 2002) and tested twelve commonly used
reference genes of different functional classes in 10 samples from each test group. The
average gene-stability measure (M), ranked p-actin and GAPDH as the most stable genes in
our samples. PCR efficiency was tested over 5-log dilution series and confirmed that B-actin,
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GAPDH and all target genes had similar amplification efficiencies. For each primer/probe
set, the PCR reaction is carried out using 10 ul of cDNA diluted 1:10 fold. Each qPCR plate
includes a “no reverse transcriptase” and “no template” control to eliminate non-specific
amplification, one sample is run on a gel to confirm specificity and samples were run in
triplicates. Target gene gPCR data is normalized to the geometric mean of p-actin and
GAPDH and is expressed relative to the control samples using 2~ (AAC) method.

2.4. Determination of protein expression of TLRs by Western blot

Since TLRs are primarily present in the membrane fraction, the protein expression of TLRs
was determined by the Western blot method in membrane fractions, as described by us
earlier (Dwivedi and Pandey, 2000).

Quantitation of TLR1, TLR2, TLR5, TLR6, TLR7, TLR8, TLR9, and TLR10 in
membrane fraction by Western blot—Immunolabeling of TLRs was determined as
described in a previous study (Dwivedi and Pandey, 2000). Briefly, equal volumes of
membrane fractions isolated by this procedure (30 pg of protein in 20 uL) were loaded onto
7.5% (weight per volume) polyacrylamide gel and electrophoresed. The blots were initially
developed using monoclonal anti-TLR2 (1:1000 dilution) and polyclonal anti-TLR1, TLR5,
TLR6, TLR7, TLR8, TLRY, and TLR10 antibody (1:1000 dilution) and subsequently using
B-actin monoclonal antibody (1:5000 dilution). The levels of TLR1, TLR2, TLR5, TLR6,
TLR7, TLR8, TLRY, and TLR10 proteins were calculated as a ratio of the optical density of
the TLR antibody of interest to the optical density of p-actin antibody. The antibodies for
TLR1, TLR2, TLR5, TLR6, TLR7, TLR8, TLR9, and TLR10 were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, California, USA), and had molecular weights of 90
kDa, 100 kDa, 110 kDa, 96 kDa, 121 kDa, 120 kDa, 113 kDa and 90 kDa, respectively.

2.5. Statistical analysis and effect of confounding variables

We analyzed the data using SAS 9.4 statistical software package. We used ANCOVA (Proc
GLM) to jointly compare NC, DS, DNS, and NDS subjects adjusting the effects of age,
gender, postmortem interval (PMI), brain pH, presence of antidepressants (yes or no), non-
psychotropic medication (yes or no) and the use of ethanol (yes or no). For post-hoc
multiple comparisons, we used Bonferroni t Tests to adjust the type | error rates, and we
reported mean differences (mean-diff) and confidence interval (ClI) to test the significance at
the 0.05 level.

We conducted a separate regression analysis for suicide group only, as the covariate suicide
method is relevant only for the two suicide groups (i.e., DS and NDS). In this analysis, we
included all the covariates mentioned above along with the suicide method (violent or non-
violent) to find their effectiveness for various protein and mRNA expressions. In addition we
tested whether depression and suicide have independent (and possibly interactive) effects on
the dependent variables by running a simple regression model by creating two dummy
variables — “depression” and “suicide” from three groups — DS, DNS and NDS.
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3. Results

3.1. Characteristics of study subjects

The demographic and the clinical characteristics of individual DS, DNS, NDS and NC
subjects are given in Table 2. In addition, a summary of different variables such as age,
gender, race, PMI, brain pH, suicide method, and the presence of antidepressants or ethanol
at the time of death for each of these four groups is shown in Table 3.

Several of the DS subjects also had some co-morbid diagnoses that included mostly ethanol
and polysubstance abuse, and in one case, panic disorder. DNS subjects had axis |1
diagnoses that included polysubstance and ethanol abuse, while NDS subjects had different
psychiatric disorders that included adjustment disorders, substance abuse, and in one case a
schizoaffective disorder.

In this study we determined the protein and mRNA expression of TLR1, TLR2, TLR5,
TLR6, TLR7, TLR8, TLR9 and TLR10 in the PFC of DS, DNS, NDS and NC subjects and
have combined these results with the protein and mRNA expression of TLR3 and TLR4
determined in the same cohort of DS, DNS, NDS and NC subjects in our previous study
(Pandey et al., 2014).

3.2 Effect of covariates on TLRs expression in the PFC of DS, DNS, NDS and NC subjects

We first examined the effect of covariates on the TLRs expression using generalized linear
model (Proc GLM in SAS) for each outcome measure. We excluded from this analysis the
suicide method as a covariate, because it is relevant only for the two suicide groups (i.e., DS
and NDS). ANCOVA analysis showed no significant effect of age on mRNA expression of
any of the TLRs, except that age has a significant effect on protein expression of TLR7 (t =
2.33, p = 0.02). There was a significant effect of PMI on the TLR7 expression of mRNA (t =
2.20,t1=10.03) and protein (t = —3.56, p = 0.0007). Brain pH has significant effect on protein
expression of TLR2 (t = 3.02, p = 0.004), and TLR10 (t = 2.61, p= 0.01) but no effect on
MRNA expression of any of the TLRs. Gender has a significant effect only on protein
expression of TLR10 (t =2.11, p = 0.04).

Ethanol abuse had a significant effect on protein expression of TLR7 (t = -2.82, p = 0.006)
and on mRNA expression of TLR9 (t = 2.03, p = 0.04). Non-psychotropic medication has a
significant effect on protein expression of TLR10 (t = -2.02, p = 0.04). Antidepressants had
no effect on either protein or mMRNA expressions of any of the TLRs studied.

3.3. Protein expression levels of TLRs in the PFC of DS, DNS, NDS and NC subjects

The protein expression of TLRs was determined using Western Blot. A representative
immunoblots showing the protein expression of TLRs in two NC, two DS, two DNS and two
NDS subjects are shown in Figure 1. As the immunoblots suggest, there appears to be
increased expression of TLR2, TLR6, TLR7 and TLR10 in DS subjects. There did not
appear to be increases in TLR1, TLR5, TLR8, or TLR9 in DS subjects. The protein
expression of all the TLRs is shown in Figure 2.
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We compared the expressions of TLRs between the groups by performing ANCOVA. The
ANCOVA F-tests showed that the above-mentioned four groups differ significantly in
protein expression of TLR2 [F (10,63) = 4.57, p < 0.0001], TLR3 [F (10,64) =3.73,p <
0.0006], TLR4 [F (10,63) = 2.03, p = 0.04], and TLR6 [F (10,60) = 3.29, p = 0.0017], TLR7
[F (10,60) = 3.47, p = 0.0012], TLR10 [F (10,60) = 4.11, p = 0.0002] controlling for the
other predictors. However protein expression of TLR1 [F (10,63) = 1.03, p = 0.43], TLR5 [F
(10,63) = 0.75, p=0.67], TLR8 [F (10,60) = 1.61, p = 0.12] and TLR9 [F (10,60) = 1.17, p
= 0.33] did not differ significantly among the four groups.

For multiple group comparisons, we used the Bonferroni (Dunn) t Tests. The results showed
significant differences between DS and NC {TLR2 [mean-diff = 0.37, Cl = (0.13, 0.61)],
TLR3 [mean-diff = 0.35, Cl = (0.12, 0.58)], TLR4 [mean-diff = 0.38, Cl = (0.04, 0.71)],
TLR6 [mean-diff = 0.56, Cl = (0.20, 0.91)] and TLR10 [mean-diff = 0.36, Cl = (0.01,
0.71)]}, NDS and NC {TLR3 [mean-diff = 0.46, Cl = (0.16, 0.75)], TLR6 [mean-diff = 0.59,
Cl =(0.13, 1.04)] and TLR7 [mean-diff = 0.31, Cl =(0.0, 0.62)]}, DS and DNS {TLR2
[mean-diff = 0.42, Cl = (0.12, 0.72)], TLR3 [mean-diff = 0.34, CI = (0.05, 0.63)], and TLR6
[mean-diff = 0.58, CI = (0.13, 1.03)]}, NDS and DNS {TLR3 [mean-diff = 0.45, Cl = (0.11,
0.80)], TLR6 [mean-diff = 0.61, Cl = (0.08, 1.14)]},

3.4. Gene expression of TLRs in the PFC of DS, DNS, NDS and NC subjects

In order to examine if there are changes in the mRNA expression of TLRs we also
determined the mRNA expression of these TLRs in DS, DNS, NDS and NC subjects (Fig.
3). The overall group effect using ANCOVA model for the GLR showed that the mRNA
expression of TLR2 [F (10,61) = 2.23, p = 0.03], TLR3 [F (10,58) = 1.93, p = 0.05], TLR4
[F (10,55) =1.97, p = 0.05], TLR7 [F (10,61) = 4.79, p < 0.0001] differed significantly
between the groups. However, these three groups did not differ significantly in the mRNA
expression of TLR1 [F (10,61) = 0.90, p = 0.54], TLR5 [F (10,61) = 0.92, p = 0.53], TLR6
[F (10,61) =1.11, p = 0.37], TLR8 [F (10,61) = 0.98, p = 0.47] and TLR9 [F (10,61) = 1.03,
p = 0.43],

Multiple group comparisons (Bonferroni t Test) revealed that there are significant
differences between NC and DS {TLR2 [mean-diff = 0.38, CI = (0.06, 0.71)], TLR3 [mean-
diff =0.32, Cl = (0.02, 0.62)]}, NC and NDS {TLR7 [mean-diff = 0.87, Cl = (0.47, 1.27)]},
NC and DNS {TLR3 [mean-diff = 0.39, CI = (0.00, 0.79)], TLR4 [mean-diff = 0.50, CI =
(0.03, 0.96)] and TLR7 [mean-diff = 0.43, Cl = (0.01, 0.85)]}.

3.5. Correlation in the protein and mRNA expression of various TLRs

In order to examine the co-expression of various TLRs in the PFC, we determined the
Pearson correlation coefficient in the protein and mRNA expression of various TLRs in the
PFC of NC subjects. The observed correlations are described for protein in the
supplementary Table S1 and for mRNA in the Table S2. We found that there was a
significant correlation between protein expression of TLR1, TLR3 and TLR4; between
TLR2 and TLR5; between TLR3, TLR1 and TLR4; between TLR4, TLR1, TLR3, and
TLR7; between TLR5 and TLR2; and between TLR7 and TLRA4. In contrast, there were no
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significant correlations in protein expression of TLR8, TLR9 and TLR10 with any other
TLRs (see supplementary Table S1)

When we examined the correlation of mMRNA expression between various TLRs, we found
that there was a significant correlation of mMRNA expression between TLR1, TLR5, TLR6
and TLR7; between TLR2 and TLR6; between TLR3 and TLR4; between TLR4 and TLRS3;
between TLR5, TLR1 and TLR6; between TLR6, TLR1, TLR5, TLR9 and TLR10; between
TLR7 and TLR1; between TLR9, TLR5, TLR6 and TLR10; and between TLR10, TLR6 and
TLR9 (see supplementary Table S2).

These results suggest that in terms of protein expression, the TLR1, TLR3, TLR4, and
probably TLR7 are highly expressed together and for mMRNA, TLR1, TLR5, TLR6 and
TLR7 and TLR6, TLR1, TLR5, TLR9 and TLR10 are highly co-expressed together.
Whether the co-expression of these TLRs either in the protein or mMRNA expression has any
significance in their dysregulation in suicide is unclear at this time.

Based on the results of correlation between protein and mMRNA expression of TLRs, we
performed an additional analysis to check the dependency of mMRNA using mRNA data as a
covariate along with the other variables. None of TLRs in mRNA expression are significant
while predicting corresponding protein TLRs. However we observed that the significant
differences exist between DS and NC in TLR2, TLR3, TLR4, TLR6 and TLR10, between
NC and NDS in TLR3. These results support our analysis in section 3.3.

Mean RIN Values and relative abundance and expression of TLRs in the brain

The mean RIN (RNA integrity number) values for each group are summarized in Table 3.
There were no significant differences in mean RIN values between the four groups.

Since the levels of some TLRs were increased in the DS group, but not in the DNS group,
we examined if this was due to the lower expression levels of some of the TLRs in the brain.
The relative abundance of the mRNA levels of TLRs in NC subjects is shown in Figure 4.
The lowest mMRNA expression of TLRs was found in TLR3, TLR6 and TLRS, and the
highest in TLR1 and TLR4. However, TLR3 and TLR4 mRNA levels were abnormal in the
DS and DNS groups. Therefore, it appears that differences in TLRs found in DS and other
groups are probably not related to relatively lower abundance of a particular TLR.

Effect of suicide method, antidepressants, non-psychotropic medications and

ethanol on TLRs in two suicide groups

Since we observed increased protein and mMRNA expression of some TLRs, like TLR2,
TLR3, TLR4, TLR6 and TLR7, we examined if this increase in TLRs in suicide group is
related to previous antidepressant treatment, suicide method, non-psychotropic medication
treatment or ethanol use. We tested the effect of ethanol, non-psychotropic medication and
suicide method for the two suicide groups (i.e., DS and NDS) and the effect of
antidepressants for the DS group only. In the DS group, 11 out of 24 subjects were on
antidepressant treatment at the time of death, and 13 were free of antidepressant medication
(see Table 3). When we compared protein and mRNA expression of TLRs between
antidepressant-treated and antidepressant-free DS subjects, we found that there was a
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significant difference in the protein but not the mRNA expression of TLR8 (t =-2.21, p =
0.04). For the suicide groups (DS and NDS), there are significant differences between the
effect of the use vs. no use of nonpsychotropic medication on the mRNA expression of
TLR1 (t=-2.36, p=0.02), TLR5 (t=-2.54, p = 0.02), and TLR 8 (t = 2.09, p = 0.04). The
suicide method (i.e. violent vs non-violent) and ethanol use have a significant effect on the
MRNA expression of TLR8 (t = 2.16, p = 0.04) and TLR1 (t = 2.12, p = 0.04), respectively.

3.8 Effect of depression and suicide on TLRs

To study the effect of depression and suicide on TLRs, we ran a simple regression model by
creating two dummy variables depression and suicide from three groups — DS, DNS and
NDS. Our analysis showed that suicide has an independent effect on protein expression of
TLR3 (t=-3.07, p=0.0036), TLR4 (t = -2.35, p = 0.0233), TLR6 (t = -2.09, p = 0.04). No
independent effect of suicide or any interaction between suicide and depression have been
found on protein expression of other TLRs. Depression has an effect only on mRNA
expression of TLR7 (t =-3.51, p =0.001).

4. Discussion

In this study we determined the protein and mRNA expression of TLR1, TLR2, TLR5,
TLR6, TLR7, TLR8, TLR9 and TLR10 in the PFC of DS, DNS, NDS and NC subjects. In a
previous study, we have determined protein and mRNA expression of TLR3 and TLR4 in
the same cohort of DS, DNS, NDS and NC subjects (Pandey et al., 2014). Combining the
results from these two studies, the main finding was that the protein expression of TLR2,
TLR3, TLR4, TLR6 and TLR10 was significantly increased in the DS group compared with
the NC group using the Bonferroni (Dunn) t Test. The protein expression of TLR3, TLR6
and TLR7 was significantly increased in the NDS group compared with NC group, while
none of the TLRs had increased protein levels in the DNS group compared with NC group.

The mRNA expression of TLR2 and TLR3 was significantly increased in the DS group
compared with the NC group, TLR3, TLR4 and TLR7 were significantly increased in the
DNS group compared with NC group, and only TLR7 was increased in the NDS group
compared with the NC group.

These observations suggest upregulation of specific TLRs in the DS and NDS groups and to
a certain extent in the DNS group, thus suggesting abnormal innate immunity in suicide.
Since abnormalities of some of the TLRs were also observed in the DNS group, it is not
clear from this study if the dysregulation of innate immunity is specific to suicide or related
to diagnasis, such as depression.

In these studies, we also found that whereas both protein and mMRNA expression was
increased in the DS and NDS groups there was some dissociation between abnormal protein
and mRNA expression of some TLRs. For example, in the DS group protein expression of
TLR2, TLR3, TLR4, TLR6 and TLR10, but mRNA expression of only TLR2 and TLR3 was
increased compared with the NC group. Similarly, in the NDS group the protein expression
of TLR3, TLR6 and TLR7 but mRNA expression of only TLR7 was significantly increased
compared with the NC group.

Brain Behav Immun. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pandey et al.

Page 11

Although the reasons for dissociation between TLR3, TLR4 and TLR7 mRNA and protein
expression in DNS subjects are unclear, a similar dissociation was reported by Bosisio et al.
(2002) for TLR4 receptors activated by lipopolysaccharide (LPS). They found that LPS has
divergent effects on TLR4 expression at the mRNA and protein levels with upregulation of
mRNA and downregulation of protein. Our observation of increased mRNA but not protein
in DNS is similar to that observation. There may also be other reasons why changes in
MRNA levels do not match changes in protein levels. For example, steady state mMRNA
levels are regulated by the balance between rate of synthesis and rate of degradation. The
same is also true of protein levels. The changes in mMRNA levels for a particular gene reflect
changes in transcription of mRNA and its half-life. Additional processes, including RNA
splicing, polyadenylation, length of polyA tail, miRMA expression and the expression of
other noncoding RNAs, all influence the mRNA half-life. Some of the long non-coding
RNAs being discovered can act as endogenous antisense transcripts. Collectively these
factors impact RNA stability. Any changes in mRNA or protein levels reflect the balance of
these factors acting to affect mRNA half-life.

Among the covariates, besides PMI, brain pH and age, the two other important covariates
were the use of antidepressants and ethanol, especially in the DNS group. However, using
antidepressants and alcohol as covariates, no significant effect of antidepressants and ethanol
was observed.

However, our failure to observe differences in some of the TLRs in the DNS group, as we
observed in the DS group may, in part, be related either to depression or suicide. However, it
is also possible that one of the factors that may cause differences in TLR expression between
DS and DNS groups may be related to previous chronic exposure to antidepressants.
Antidepressant treatment has been shown to decrease or normalize the levels of several
TLRs in the PBMC of depressed patients, as reported by Hung et al. (2016), where they
found that antidepressant treatments completely normalized TLR3, TLR5, TLR7, TLR8 and
TLRO9 levels, whereas TLR1, TLR2, TLR4, and TLR6 were decreased below normal levels.
However, although some subjects in the DS group were also treated with antidepressants, we
did not find any significant effect of antidepressant treatment in this group. This may be
related to the small number (n = 11) of DS subjects who were treated with antidepressants
resulting in insufficient statistical power. In the DNS group, almost all the subjects were
treated with antidepressants, most probably chronically. So, it is not clear if the differences
between DS and DNS are related to suicide or to the antidepressant treatment. Consequently,
the role of diagnosis in abnormal expression of TLRs cannot be completely ruled out.

To further examine the effect of depression and suicide on TLRs, we ran a simple regression
model as described in the Results (section 3.8). The results showed a significant effect of
suicide on protein expression of TLR3, TLR4 and TLR6. Depression has an effect on
MRNA expression of TLR7. These results suggest that TLRs interact more with suicide than
with depression.

There is a strong relationship between the CNS and the immune system, perhaps mediated
by the innate immune system (Akira and Takeda, 2004; Rivest, 2009). There are two types
of immune systems. One is known as the innate immune system and the other one as
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adaptive immune system. The adaptive immune system is able to recognize and remember
specific pathogens and then mount an attack each time that pathogen is encountered (Akira
et al., 2006). The innate immune system responds to specific signals, which are derived from
pathogens or other danger signals, such as bacterial wall components like LPS and the
components from tissue damage such as ATP, uric acid and HSPs (Kawai and Akira, 2007).
TLRs bind some of these components and then initiate a signal transduction ultimately
resulting in the production and the release of the proinflammatory cytokines and chemokines
in order to neutralize pathogens and initiate tissue repair (Kumar et al., 2011).

TLRs are the major family of PRRs in the cells (Rock et al., 1998) and they are key first
molecules required for the induction of innate immune responses to various microbial
ligands and endogenous host factors released by damaged cells (Janeway and Medzhitov,
2002). TLRs are type-1 transmembrane proteins that consist of 11 functional members and
are classified into two subgroups based on their subcellular localization. One group consists
of TLR3, TLR7, TLR8, TLR9 and TLR10 and they are expressed in the intracellular
compartment such as the endoplasmic reticulum, endosomes, lysosomes, and
endolysosomes (Takeda and Akira, 2005). On the other hand, TLR1, TLR2, TLR4, TLRS5,
TLR6 and TLR11 are generally found on the surfaces (Akira et al., 2006). Intracellular
TLRs recognize nucleic acid-based PAMPs and are particularly specialized in viral
recognition, whereas cell surface TLRs sense mainly microbial membrane components, such
as glycolipids, lipopeptides and fragilins of various organisms, including bacteria (Kawai
and Akira, 2007). Different TLRs recognize specific PAMPs and DAMPs [for review see
Takeda and Akira, (2005)]. Among the TLRs, the TLR4 mainly recognizes LPS form
bacteria (Akira et al., 2006; Poltorak et al., 1998; Qureshi et al., 1999). TLR4 also
recognizes a variety of other ligands from viruses, fungus and mycoplasma (Piccinini and
Midwood, 2010). Many of the endogenous substances, such as high mobility group
protein-1 (HMGB-1), heparin sulfate, are some of the typical DAMPS that act as TLR4
agonists (Piccinini and Midwood, 2010). The TLR2 responds to a wide array of molecules
with triglyceride moieties proteins, polysaccharides, and the major TLR2 ligands include
lipoproteins, highly expressed in the outer membrane of gram-positive bacteria (Oliveira et
al., 2014; Takeuchi et al., 1999). TLR3 senses and recognizes double-stranded RNA
(dsRNA), an intermediate generated during most viral infections, and acts as a sentinel
agonist against viruses (Alexopoulou et al., 2001). The activation of TLR3 and TLR4 by
their agonists results in the secretion of the microbial peptides and proinflammatory
cytokines, such as TNF-a and IL-6 which contribute to an inflammatory response to clear
viruses and bacteria, respectively in the CNS function (Alexopoulou et al., 2001). TLR-7
and TLR-8 require RNA from single stranded viruses (Diebold et al., 2004; Heil et al.,
2004). The summary of TLRs and their ligands is shown in Table 4.

The specificity of agonist recognition by TLRs also depends on TLR dimerization. For
example, most TLRs form homodimers; however, only TLR2 forms heterodimers with
TLR1 and TLR6, as well as with CD36 (cluster of differentiation 36). TLRs may also be
divided into groups based on PAMPs they recognize. TLR1, TLR2, TLR4 and TLR6
recognize lipids, TLR4 recognizes LPS, as mentioned before. TLR2 dimerizes with TLR1 to
recognize triacylated lipopeptides, and with TLRS6, it recognizes several PAMPs (Akira et
al., 2006).
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TLRs are expressed in many tissues and organs, but they are also highly expressed in several
cells of the CNS, which include microglia (TLR1 to TLR9), astrocytes (TLR1 to TLR5 and
TLR9) and neurons (TLR3). Among these TLRs, TLR3 is the only TLR which is expressed
in the neuron (Lafon et al., 2006). TLRs also play an important role in neurodevelopment
and neurodegeneration, and are expressed in the developing as well as in the adult brain and
play a role in plasticity. They also play an important role in neuronal apoptosis thought the
inhibition of neurite outgrowth (Ma et al., 2006).

TLRs mediate many beneficial effects, which include developmental and adult
neuroplasticity (Okun et al., 2011). TLR2 and TLR4 are expressed in adult NPC and have
been shown to regulate hippocampal neurogenesis in the adult brain (Rolls et al.,
2007).TLR2, TLR3 and TLR4 are expressed in hippocampal neurons (Okun et al., 2010;
Rivest, 2009), suggesting that this could modulate cognitive attributes. These TLRs can
modulate cognitive functions and it has been shown that TLR3 deficient mice exhibited
enhanced hippocampus-dependent working memory, whereas developmental TLR4
deficiency enhanced spatial reference memory acquisition and memory retention and
impaired contextual fear learning (Okun et al., 2011). TLR activation, either due to infection
or stress, may cause prolonged inflammation in the brain, which could subsequently lead to
progressive neurotoxicity and neurodegeneration (Lehnardt et al., 2008). TLRs can act alone
or heterodimerize to create specific responses to a given stimulus (Hayward and Lee, 2014).

Since TLRs are the main mediators of the innate immunity in the CNS, it is crucial to
examine if the expression of TLRs is altered in psychiatric patients. Although ours is the
first study of TLRs in the postmortem brain of psychiatric patients (Pandey et al., 2014),
TLRs have been studied in the blood of psychiatric patients. For example, Garcia-Bueno et
al. (2016) studied the protein expression of TLR4, MyD88, and NF-kB in the blood and PFC
of patients with schizophrenia. They found an increase in the protein expression of TLR4 in
the PFC of schizophrenic patients compared with normal control subjects. The expression of
MyD88 was also increased in the PFC of schizophrenic patients (Garcia-Bueno et al., 2016;
Garcia Bueno et al., 2016).

The levels of the TLRs have also been studied in the blood of depressed patients by Hung et
al. (2014). They found that the mRNA levels of TLR3, TLR4, TLR5 and TLR7 were
significantly increased in the peripheral blood of depressed patients, but had lower
expression of TLR1and TLR6 in patients with major depression. Our results of TLRs in the
brain are also similar as well as dissimilar to those observed by Hung et al. (2014). For
example, we found that the mRNA expression of TLR2, TLR3, TLR4, TLR6, and TLR7
was increased in the PFC of depressed subjects. On the other hand, in the peripheral blood
there were increases in TLR3, TLR4, TLR5, and TLR7, and lower expression of TLR1 and
TLR6.These differences could be related to the tissue used -- peripheral blood vs.
postmortem brain. Although it is important to study the TLRs in the peripheral blood for
their possible use as biomarkers, the determination of the TLRs in the brain may be quite
relevant to study the innate immune system in the CNS.
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5. Conclusion

Among the TLRs we studied in the PFC, our observation that the protein and mRNA
expression of TLR2 and TLR3 was increased in DS subjects is intriguing. As discussed
earlier, TLR2 is very important and plays a role in cognitive function and brain function,
responds to certain pathogens, and is abnormal in Alzheimer’s disease. Its abnormality in
DS brain may be crucial and play a role in the pathogenesis of suicide and depression
resulting in increased formation of cytokines.

6. Limitations

The main limitation of this study is that we do not have information on the body mass index
(BMI) and that most of the DNS subjects were on antidepressant treatment at the time of
death. It is therefore quite possible that the difference between DS and DNS may be related
to antidepressant treatment. However, in the DS group we did not observe differences in the
expression of TLRs between those subjects who were on antidepressants compared with
those subjects who were antidepressant-free, as described in the results section.

Another limitation is the lack of data on the history of suicides in the DNS group. In the
DNS group, the depressed subjects died a natural death. It is quite possible that some of the
subjects may have had a history of previous suicide attempts or suicide ideation; however,
we do not have adequate information on this to examine if previous suicide attempts have
any significant effect on TLRs expression. However, in this study we examined the effect of
completed suicide, which may be different than suicide attempts or suicidal ideation.
Nonetheless, this is one of the limitations of the study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding

This research was supported by grants RO1IMH098554 and RO1 MH106565 (Dr. Pandey) from the National
Institute of Mental Health, Rockville, MD. The funding source had no role in the study design; collection, analysis
and interpretation of data; or writing of the manuscript.

References

Akira S, Takeda K, 2004 Toll-like receptor signalling. Nat Rev Immunol 4, 499-511. [PubMed:
15229469]

Akira S, Uematsu S, Takeuchi O, 2006 Pathogen recognition and innate immunity. Cell 124, 783-801.
[PubMed: 16497588]

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA, 2001 Recognition of double-stranded RNA and
activation of NF-kappaB by Toll-like receptor 3. Nature 413, 732-738. [PubMed: 11607032]

Banks WA, 2006 The blood-brain barrier in psychoneuroimmunology. Neurol Clin 24, 413-419.
[PubMed: 16877115]

Black C, Miller BJ, 2015 Meta-Analysis of Cytokines and Chemokines in Suicidality: Distinguishing
Suicidal Versus Nonsuicidal Patients. Biol Psychiatry 78, 28-37. [PubMed: 25541493]

Brain Behav Immun. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pandey et al.

Page 15

Bosisio D, Polentarutti N, Sironi M, Bernasconi S, Miyake K, Webb GR, Martin MU, Mantovani A,
Muzio M, 2002 Stimulation of toll-like receptor 4 expression in human mononuclear phagocytes by
interferon-gamma: a molecular basis for priming and synergism with bacterial lipopolysaccharide.
Blood 99, 3427-3431. [PubMed: 11964313]

Bowman CC, Rasley A, Tranguch SL, Marriott I, 2003 Cultured astrocytes express toll-like receptors
for bacterial products. Glia 43, 281-291. [PubMed: 12898707]

Bsibsi M, Persoon-Deen C, Verwer RW, Meeuwsen S, Ravid R, Van Noort JM, 2006 Toll-like receptor
3 on adult human astrocytes triggers production of neuroprotective mediators. Glia 53, 688—695.
[PubMed: 16482523]

Bsibsi M, Ravid R, Gveric D, van Noort JM, 2002 Broad expression of Toll-like receptors in the
human central nervous system. J Neuropathol Exp Neurol 61, 1013-1021. [PubMed: 12430718]

Capuron L, Hauser P, Hinze-Selch D, Miller AH, Neveu PJ, 2002 Treatment of cytokine-induced
depression. Brain Behav Immun 16, 575-580. [PubMed: 12401471]

Capuron L, Miller AH, 2011 Immune system to brain signaling: neuropsychopharmacological
implications. Pharmacol Ther 130, 226-238. [PubMed: 21334376]

Dantzer R, 2001 Cytokine-induced sickness behavior: mechanisms and implications. Ann N 'Y Acad
Sci 933, 222-234. [PubMed: 12000023]

Dantzer R, 2006 Cytokine, sickness behavior, and depression. Neurol Clin 24, 441-460. [PubMed:
16877117]

Dantzer R, Kelley KW, 2007 Twenty years of research on cytokine-induced sickness behavior. Brain
Behav Immun 21, 153-160. [PubMed: 17088043]

Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW, 2008 From inflammation to sickness
and depression: when the immune system subjugates the brain. Nat Rev Neurosci 9, 46-56.
[PubMed: 18073775]

Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C, 2004 Innate antiviral responses by means
of TLR7-mediated recognition of single-stranded RNA. Science 303, 1529-1531. [PubMed:
14976261]

Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, Lanctot KL, 2010 A meta-analysis
of cytokines in major depression. Biol Psychiatry 67, 446-457. [PubMed: 20015486]

Drexhage RC, Weigelt K, van Beveren N, Cohen D, Versnel MA, Nolen WA, Drexhage HA, 2011
Immune and neuroimmune alterations in mood disorders and schizophrenia. Int Rev Neurobiol
101, 169-201. [PubMed: 22050852]

Dwivedi Y, Pandey GN, 2000 Adrenal glucocorticoids modulate [3H]cyclic AMP binding to protein
kinase A (PKA), cyclic AMP-dependent PKA activity, and protein levels of selective regulatory
and catalytic subunit isoforms of PKA in rat brain. J Pharmacol Exp Ther 294, 103-116. [PubMed:
10871301]

Eriksson M, Meadows SK, Basu S, Mselle TF, Wira CR, Sentman CL, 2006 TLRs mediate IFN-
gamma production by human uterine NK cells in endometrium. J Immunol 176, 6219-6224.
[PubMed: 16670332]

First MB, Spitzer RL, Gibbon M, Williams JB, 1997 Structured Clinical Interview for DSM-IV Axis |
Disorders (SCID-I) American Psychiatric Publishing, Inc., Arlington, Virginia, USA.

Garcia-Bueno B, Gasso P, MacDowell KS, Callado LF, Mas S, Bernardo M, Lafuente A, Meana JJ,
Leza JC, 2016 Evidence of activation of the Toll-like receptor-4 proinflammatory pathway in
patients with schizophrenia. J Psychiatry Neurosci 41, E4655.

Garcia Bueno B, Caso JR, Madrigal JL, Leza JC, 2016 Innate immune receptor Toll-like receptor 4
signalling in neuropsychiatric diseases. Neurosci Biobehav Rev 64, 134-147. [PubMed:
26905767]

Hayward JH, Lee SJ, 2014 A Decade of Research on TLR2 Discovering Its Pivotal Role in Glial
Activation and Neuroinflammation in Neurodegenerative Diseases. Exp Neurobiol 23, 138-147.
[PubMed: 24963278]

Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S, Lipford G, Wagner H, Bauer S,
2004 Species-specific recognition of single-stranded RNA via toll-like receptor 7 and 8. Science
303, 1526-1529. [PubMed: 14976262]

Brain Behav Immun. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pandey et al.

Page 16

Hiles SA, Baker AL, de Malmanche T, Attia J, 2012 Interleukin-6, C-reactive protein and
interleukin-10 after antidepressant treatment in people with depression: a meta-analysis. Psychol
Med 42, 2015-2026. [PubMed: 22336436]

Holmes SE, Hinz R, Conen S, Gregory CJ, Matthews JC, Anton-Rodriguez JM, Gerhard A, Talbot PS,
2018 Elevated Translocator Protein in Anterior Cingulate in Major Depression and a Role for
Inflammation in Suicidal Thinking: A Positron Emission Tomography Study. Biol Psychiatry 83,
61-69. [PubMed: 28939116]

Hung YY, Huang KW, Kang HY, Huang GY, Huang TL, 2016 Antidepressants normalize elevated
Toll-like receptor profile in major depressive disorder. Psychopharmacology (Berl) 233, 1707-
1714. [PubMed: 26415953]

Hung YY, Kang HY, Huang KW, Huang TL, 2014 Association between toll-like receptors expression
and major depressive disorder. Psychiatry Res 220, 283-286. [PubMed: 25155940]

Iwamura C, Nakayama T, 2008 Toll-like receptors in the respiratory system: their roles in
inflammation. Curr Allergy Asthma Rep 8, 7-13. [PubMed: 18377768]

Janelidze S, Mattei D, Westrin A, Traskman-Bendz L, Brundin L, 2011 Cytokine levels in the blood
may distinguish suicide attempters from depressed patients. Brain Behav Immun 25, 335-339.
[PubMed: 20951793]

Janeway CA Jr., Medzhitov R, 2002 Innate immune recognition. Annu Rev Immunol 20, 197-216.
[PubMed: 11861602]

Kawai T, Akira S, 2007 TLR signaling. Semin Immunol 19, 24-32. [PubMed: 17275323]

Kielian T, 2006 Toll-like receptors in central nervous system glial inflammation and homeostasis. J
Neurosci Res 83, 711-730. [PubMed: 16541438]

Kim YK, Maes M, 2003 The role of the cytokine network in psychological stress. Acta Neuropsychiatr
15, 148-155. [PubMed: 26983358]

Krishnadas R, Cavanagh J, 2012 Depression: an inflammatory illness? J Neurol Neurosurg Psychiatry
83, 495-502. [PubMed: 22423117]

Kumar H, Kawai T, Akira S, 2011 Pathogen recognition by the innate immune system. Int Rev
Immunol 30, 16-34. [PubMed: 21235323]

Lafon M, Megret F, Lafage M, Prehaud C, 2006 The innate immune facet of brain: human neurons
express TLR-3 and sense viral dsSRNA. J Mol Neurosci 29, 185-194. [PubMed: 17085778]

Lehnardt S, Schott E, Trimbuch T, Laubisch D, Krueger C, Wulczyn G, Nitsch R, Weber JR, 2008 A
vicious cycle involving release of heat shock protein 60 from injured cells and activation of toll-
like receptor 4 mediates neurodegeneration in the CNS. J Neurosci 28, 2320-2331. [PubMed:
18322079]

Lindgvist D, Janelidze S, Hagell P, Erhardt S, Samuelsson M, Minthon L, Hansson O, Bjorkqvist M,
Traskman-Bendz L, Brundin L, 2009 Interleukin-6 is elevated in the cerebrospinal fluid of suicide
attempters and related to symptom severity. Biol Psychiatry 66, 287-292. [PubMed: 19268915]

Ma'Y, Li J, Chiu I, Wang Y, Sloane JA, Lu J, Kosaras B, Sidman RL, Volpe JJ, Vartanian T, 2006 Toll-
like receptor 8 functions as a negative regulator of neurite outgrowth and inducer of neuronal
apoptosis. J Cell Biol 175, 209-215. [PubMed: 17060494]

Makhija K, Karunakaran S, 2013 The role of inflammatory cytokines on the aetiopathogenesis of
depression. Aust N Z J Psychiatry 47, 828-839. [PubMed: 23636913]

Mechawar N, Savitz J, 2016 Neuropathology of mood disorders: do we see the stigmata of
inflammation? Transl Psychiatry 6, €946. [PubMed: 27824355]

Miller AH, Maletic V, Raison CL, 2009 Inflammation and its discontents: the role of cytokines in the
pathophysiology of major depression. Biol Psychiatry 65, 732-741. [PubMed: 19150053]

Minami M, Kuraishi Y, Yamaguchi T, Nakai S, Hirai Y, Satoh M, 1991 Immobilization stress induces
interleukin-1 beta mRNA in the rat hypothalamus. Neurosci Lett 123, 254256.

Mishra BB, Mishra PK, Teale JM, 2006 Expression and distribution of Toll-like receptors in the brain
during murine neurocysticercosis. J Neuroimmunol 181, 46-56. [PubMed: 17011049]

Nassberger L, Traskman-Bendz L, 1993 Increased soluble interleukin-2 receptor concentrations in
suicide attempters. Acta Psychiatr Scand 88, 48-52. [PubMed: 8372695]

Brain Behav Immun. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pandey et al.

Page 17

Okun E, Griffioen K, Barak B, Roberts NJ, Castro K, Pita MA, Cheng A, Mughal MR, Wan R, Ashery
U, Mattson MP, 2010 Toll-like receptor 3 inhibits memory retention and constrains adult
hippocampal neurogenesis. Proc Natl Acad Sci U S A 107, 15625-15630. [PubMed: 20713712]

Okun E, Griffioen KJ, Mattson MP, 2011 Toll-like receptor signaling in neural plasticity and disease.
Trends Neurosci 34, 269-281. [PubMed: 21419501]

Oliveira J, Busson M, Etain B, Jamain S, Hamdani N, Boukouaci W, Amokrane K, Bennabi M, Le
Guen E, Dargel AA, Houenou J, lvanova R, Bellivier F, Henry C, Kahn JP, Charron D,
Krishnamoorthy R, Vervoitte L, Leboyer M, Tamouza R, 2014 Polymorphism of Toll-like receptor
4 gene in bipolar disorder. J Affect Disord 152-154, 395-402.

Pandey GN, Rizavi HS, Ren X, Bhaumik R, Dwivedi Y, 2014 Toll-like receptors in the depressed and
suicide brain. J Psychiatr Res 53, 62—68. [PubMed: 24565447]

Pandey GN, Rizavi HS, Ren X, Fareed J, Hoppensteadt DA, Roberts RC, Conley RR, Dwivedi Y, 2012
Proinflammatory cytokines in the prefrontal cortex of teenage suicide victims. J Psychiatr Res 46,
57-63. [PubMed: 21906753]

Pandey S, Agrawal DK, 2006 Immunobiology of Toll-like receptors: emerging trends. Immunol Cell
Biol 84, 333-341. [PubMed: 16834572]

Piccinini AM, Midwood KS, 2010 DAMPening inflammation by modulating TLR signalling.
Mediators Inflamm 2010

Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, Birdwell D, Alejos E, Silva M, Galanos
C, Freudenberg M, Ricciardi-Castagnoli P, Layton B, Beutler B, 1998 Defective LPS signaling in
C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282, 2085-2088. [PubMed:
9851930]

Qureshi ST, Lariviere L, Leveque G, Clermont S, Moore KJ, Gros P, Malo D, 1999 Endotoxin-tolerant
mice have mutations in Toll-like receptor 4 (TIr4). J Exp Med 189, 615-625. [PubMed: 9989976]

Reichenberg A, Kraus T, Haack M, Schuld A, Pollmacher T, Yirmiya R, 2002a Endotoxin-induced
changes in food consumption in healthy volunteers are associated with TNF-alpha and IL-6
secretion. Psychoneuroendocrinology 27, 945-956. [PubMed: 12383455]

Reichenberg A, Weiser M, Rabinowitz J, Caspi A, Schmeidler J, Mark M, Kaplan Z, Davidson M,
2002b A population-based cohort study of premorbid intellectual, language, and behavioral
functioning in patients with schizophrenia, schizoaffective disorder, and nonpsychotic bipolar
disorder. Am J Psychiatry 159, 2027-2035. [PubMed: 12450952]

Reichenberg A, Yirmiya R, Schuld A, Kraus T, Haack M, Morag A, Pollmacher T, 2001 Cytokine-
associated emotional and cognitive disturbances in humans. Arch Gen Psychiatry 58, 445-452.
[PubMed: 11343523]

Rivest S, 2009 Regulation of innate immune responses in the brain. Nat Rev Immunol 9, 429-439.
[PubMed: 19461673]

Rock FL, Hardiman G, Timans JC, Kastelein RA, Bazan JF, 1998 A family of human receptors
structurally related to Drosophila Toll. Proc Natl Acad Sci U S A 95, 588-593. [PubMed:
9435236]

Rolls A, Shechter R, London A, Ziv Y, Ronen A, Levy R, Schwartz M, 2007 Toll-like receptors
modulate adult hippocampal neurogenesis. Nat Cell Biol 9, 1081-1088. [PubMed: 17704767]
Sandiego CM, Gallezot JD, Pittman B, Nabulsi N, Lim K, Lin SF, Matuskey D, Lee JY, O’Connor KC,
Huang Y, Carson RE, Hannestad J, Cosgrove KP, 2015 Imaging robust microglial activation after

lipopolysaccharide administration in humans with PET. Proc Natl Acad Sci U S A 112, 12468-
12473. [PubMed: 26385967]

Shelton RC, Claiborne J, Sidoryk-Wegrzynowicz M, Reddy R, Aschner M, Lewis DA, Mirnics K,
2010 Altered expression of genes involved in inflammation and apoptosis in frontal cortex in
major depression. Mol Psychiatry 16, 751-762. [PubMed: 20479761]

Steiner J, Bielau H, Brisch R, Danos P, Ullrich O, Mawrin C, Bernstein HG, Bogerts B, 2008
Immunological aspects in the neurobiology of suicide: elevated microglial density in schizophrenia
and depression is associated with suicide. J Psychiatr Res 42, 151-157. [PubMed: 17174336]

Sutmuller R, Garritsen A, Adema GJ, 2007 Regulatory T cells and toll-like receptors: regulating the
regulators. Ann Rheum Dis 66 Suppl 3, iii91-95. [PubMed: 17934105]

Brain Behav Immun. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pandey et al.

Page 18

Szelenyi J, 2001 Cytokines and the central nervous system. Brain Res Bull 54, 329-338. [PubMed:
11306183]

Takeda K, Akira S, 2005 Toll-like receptors in innate immunity. Int Immunol 17, 1-14. [PubMed:
15585605]

Takeda K, Kaisho T, Akira S, 2003 Toll-like receptors. Annu Rev Immunol 21, 335-376. [PubMed:
12524386]

Takeuchi O, Hoshino K, Kawai T, Sanjo H, Takada H, Ogawa T, Takeda K, Akira S, 1999 Differential
roles of TLR2 and TLR4 in recognition of gram-negative and grampositive bacterial cell wall
components. Immunity 11, 443-451. [PubMed: 10549626]

Tang SC, Arumugam TV, Xu X, Cheng A, Mughal MR, Jo DG, Lathia JD, Siler DA, Chigurupati S,
Ouyang X, Magnus T, Camandola S, Mattson MP, 2007 Pivotal role for neuronal Toll-like
receptors in ischemic brain injury and functional deficits. Proc Natl Acad Sci U S A 104, 13798-
13803. [PubMed: 17693552]

Tonelli LH, Stiller J, Rujescu D, Giegling I, Schneider B, Maurer K, Schnabel A, Moller HJ, Chen
HH, Postolache TT, 2008 Elevated cytokine expression in the orbitofrontal cortex of victims of
suicide. Acta Psychiatr Scand 117, 198-206. [PubMed: 18081924]

Torres-Platas SG, Comeau S, Rachalski A, Bo GD, Cruceanu C, Turecki G, Giros B, Mechawar N,
2014a Morphometric characterization of microglial phenotypes in human cerebral cortex. J
Neuroinflammation 11, 12. [PubMed: 24447857]

Torres-Platas SG, Cruceanu C, Chen GG, Turecki G, Mechawar N, 2014b Evidence for increased
microglial priming and macrophage recruitment in the dorsal anterior cingulate white matter of
depressed suicides. Brain Behav Immun 42, 50-59. [PubMed: 24858659]

Torres-Platas SG, Hercher C, Davoli MA, Maussion G, Labonte B, Turecki G, Mechawar N, 2011
Astrocytic hypertrophy in anterior cingulate white matter of depressed suicides.
Neuropsychopharmacology 36, 2650-2658. [PubMed: 21814185]

Valanne S, Wang JH, Ramet M, 2011 The Drosophila Toll signaling pathway. J Immunol 186, 649—
656. [PubMed: 21209287]

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, Speleman F, 2002 Accurate
normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol 3, RESEARCH0034.

Vijay-Kumar M, Aitken JD, Carvalho FA, Cullender TC, Mwangi S, Srinivasan S, Sitaraman SV,
Knight R, Ley RE, Gewirtz AT, 2010 Metabolic syndrome and altered gut microbiota in mice
lacking Toll-like receptor 5. Science 328, 228-231. [PubMed: 20203013]

Vitkovic L, Konsman JP, Bockaert J, Dantzer R, Homburger V, Jacque C, 2000 Cytokine signals
propagate through the brain. Mol Psychiatry 5, 604-615. [PubMed: 11126391]

Brain Behav Immun. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pandey et al.

Page 19

HIGHLIGHTS
. The expression of several TLRs is increased in prefrontal cortex of depressed
suicide subjects
. There is a dissociation in gene and protein expression of several TLRs in

depressed suicide subjects

. These findings suggest an abnormality of innate immunity in depression and
suicide
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Figure 1.
Representative Western blots showing the immunolabeling of TLR1, TLR2, TLR5, TLRS,

TLR7, TLR8, TLR9 and TLR10 in the prefrontal cortex (PFC) of two normal control (NC),
two depressed suicide (DS), two depressed non-suicide (DNS) and two non-depressed
suicide (NDS) subjects.
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Table 1.

TagMan primers/probes used for qPCR analysis

TagMan accession

Probe location (exon boundary)

Assay function

ACTB
GAPDH
TRL1
TRL2
TRL5
TRL6
TRL7
TRLS8
TRL9
TRL10

Hs99999903 m1
Hs99999905_m1
Hs00413978_m1
Hs01014511_m1
Hs00152825_m1
Hs00271977_s1

Hs00152971_m1
Hs00607866_mH
Hs00152973_m1
Hs01935337_s1

1-1
3-3
2-3
1-2
3-4
2-2

1-2
1-2
2-2

House Keeping (HK)
HK

target gene

target gene

target gene

target gene

target gene

target gene

target gene

target gene
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Table 3.
Summary of Patients’ Characteristics
Normal Controls  Depressed Depressed Non-Depressed
(n=24) Suicide Non-Suicide  Suicide
(n=24) (n=12) (n=11)
RIN 6.8+1.2 69+13 6.8+0.8 70+£1.2
Age 42.08 +15.35 38.96 + 15.40 49.50 +17.18 42.00 + 24.22
(Years)
PMI 16.54 £+ 6.56 18.92 + 6.02 17.92 £9.32 *
(hours) 23.27+6.17
H * *

Brain pH 7.02£0.15 6.96 £0.25 SEIenT SRR
Race 7 Black 2 Black 3 Black 11 White

17 White 22 White 9 White
Gender 20 Males 14 Males 7 Males 10 Males

4 Females 10 Females 5 Females 1 Felame
Antidepressants NONE 11 YES 11 YES 0 YES
(at time of death) 13 NO 1NO 11 NO
Ethanol NONE 9 YES 1YES 4 YES
(at time of death) 15 NO 11 NO 7NO
Suicide Method N/A 12 Violent N/A 9 Violent

12 Non-Violent 2 Non-Violent

Values are mean + SD

Abbreviations: RIN, RNA integrity number, PMI, postmortem interval

*
p< 0.05 (compared with NC group)
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Table 4.

Toll-like receptors and their ligands

Receptor  Ligand

TLR1 Triacyl lipopeptides, Soluble factors

TLR2 Lipoprotein/lipopeptides, Peptidoglycan, Lipoteichoic acid, Lipoarabinomannan, Phenol-soluble modulin,
Glycoinositolphospholipids, Glycolipids, Porins, Atypical lipopolysaccharide, Atypical lipopolysaccharide, Zymosan, Heat-shock
protein 70

TLR3 Double-stranded RNA

TLR4 Lipopolysaccharide, Taxol, Fusion protein, Envelope protein, Heat-shock protein 60,
Heat-shock protein 70, Type 111 repeat extra domain A of fibronectin, Oligosaccharides of hyaluronic acid, Polysaccharide
fragments of heparan sulphate, Fibrinogen

TLR5 Flagellin

TLR6 Diacyl lipopeptides, Lipoteichoic acid, Zymosan

TLR7 Imidazoquinoline, Loxoribine, Bropirimine, Single-stranded RNA

TLR8 Imidazoquinoline, Single-stranded RNA

TLR9 CpG-containing DNA

TLR10 N.D.

TLR11 N.D.

N.D., not determined; TLR, Toll-like receptor

(Adapted from Akira and Takeda, Nature Reviews 4:499-511, 2004)

Brain Behav Immun. Author manuscript; available in PMC 2020 January 01.



	Abstract
	Introduction
	Materials and methods
	Subjects and diagnoses
	Inclusion and Exclusion Criteria

	Diagnostic method
	Determination of mRNA levels
	RNA extraction
	mRNA quantitation by real-time PCR

	Determination of protein expression of TLRs by Western blot
	Quantitation of TLR1, TLR2, TLR5, TLR6, TLR7, TLR8, TLR9, and TLR10 in membrane fraction by Western blot

	Statistical analysis and effect of confounding variables

	Results
	Characteristics of study subjects
	Effect of covariates on TLRs expression in the PFC of DS, DNS, NDS and NC subjects
	Protein expression levels of TLRs in the PFC of DS, DNS, NDS and NC subjects
	Gene expression of TLRs in the PFC of DS, DNS, NDS and NC subjects
	Correlation in the protein and mRNA expression of various TLRs
	Mean RIN Values and relative abundance and expression of TLRs in the brain
	Effect of suicide method, antidepressants, non-psychotropic medications and ethanol on TLRs in two suicide groups
	Effect of depression and suicide on TLRs

	Discussion
	Conclusion
	Limitations
	References
	Figure 1.
	Figure 2
	Figure 3
	Figure 4.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

