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ABSTRACT

BACKGROUND: Transcript levels for cytokines and the viral restriction factor interferon-induced transmembrane
protein are markedly higher in the prefrontal cortex in schizophrenia. These gene products are regulated by the
nuclear factor-kB (NF-«B) transcriptional complex. NF-kB activity, which requires the formation of NF-kB family
member heterodimers, is regulated by activation receptors, kinases, and inhibitors. Whether any of these factors
are altered in schizophrenia is not known. It is also unclear whether NF-kB-related disturbances reflect ongoing
cortical immune activation or a long-lasting response to a prenatal immune-related insult.

METHODS: Transcript levels for NF-kB pathway markers were assessed using quantitative polymerase chain re-
action in the prefrontal cortex from 1) 62 matched pairs of schizophrenia and unaffected comparison subjects, 2)
antipsychotic-exposed monkeys, and 3) adult mice exposed prenatally to maternal immune activation or in adulthood
to the immune stimulant polyinosinic-polycytidylic acid.

RESULTS: In schizophrenia subjects, but not antipsychotic-exposed monkeys, we found higher messenger RNA
levels for 1) most NF-kB family members, 2) all NF-xB activation receptors, 3) several kinases, and 4) one inhibitor
(IkBa) whose transcript level is itself regulated by NF-«B activity. A similar pattern of elevated NF-kB-related
messenger RNA levels was seen in adult mice that received daily polyinosinic-polycytidylic acid injections, but not
in adult mice subjected to maternal immune activation in utero.

CONCLUSIONS: Higher NF-«B activity, evidenced by elevated transcript levels for NF-kB family members, activation
receptors, and kinases, may contribute to increased markers of cortical immune activation in schizophrenia.
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Molecular evidence of immune activation has been consis-
tently reported in the prefrontal cortex (PFC) in schizo-
phrenia, particularly at the transcriptome level (1,2). For
example, RNA sequencing, microarray, quantitative poly-
merase chain reaction (PCR), and in situ hybridization
studies have repeatedly found elevated transcript levels for
immune markers, such as interferon-induced trans-
membrane protein (IFITM), in schizophrenia (3-8). Further-
more, several-fold elevations in messenger RNA (mRNA)
levels for cytokines, such as interleukin (IL)-6, IL-8, IL-18,
and interferon-B3, have also been consistently found in the
PFC of large cohorts of individuals with schizophrenia
(9-11). Interestingly, the nuclear factor-«B (NF-kB) complex
provides direct transcriptional control over the expression of
IFITMs and cytokines (3,4,12) that are overexpressed in
schizophrenia (9-11). In the PFC of schizophrenia subjects,
elevated mRNA levels for two NF-kB family members, NF-
kB1 and NF-«B2, and lower mRNA levels for Schnurri-2, an
NF-kB site-binding protein that inhibits NF-«B function (12),
have also been reported (11). These findings suggest that
higher NF-kB transcriptional activity may play an important

role in elevating IFITM and cytokine mRNA levels in the PFC
in schizophrenia.

Understanding the nature of elevated NF-«B activity and the
subsequent effects on the expression of immune markers in
schizophrenia requires investigating the factors that regulate
NF-«B transcriptional activity. For example, because NF-«xB1
and NF-kB2 lack transactivation domains, transcriptional
activity requires the formation of heterodimers with other
NF-kB family members that also contain Rel homology do-
mains, such as RelA, RelB, and cRel (4). Furthermore, NF-xB
transcriptional activity is initiated and regulated through
canonical and noncanonical pathways that involve a diverse
collection of activation receptors, several kinases that remove
inhibition of and/or enhance NF-kB activity, and inhibitors that
block NF-kB binding to DNA (Figure 1). Consequently, we
tested the hypothesis that signaling pathway components that
enhance, or reflect higher, NF-kB transcriptional activity are
elevated at the transcript level in the PFC in schizophrenia.

Furthermore, maternal immune activation has been identi-
fied as a risk factor for schizophrenia (13) and can lead to long-
lasting transcriptome changes (14). However, evidence from
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Figure 1. Canonical and noncanonical nuclear
factor-kB (NF-kB) activation pathways and their al-
terations in schizophrenia. The NF-«B transcriptional

complex is composed of heterodimers between
NF-kB family members, including NF-kB1, NF-kB2,

Receptors

and other members of the NF-«xB family that contain
Rel homology domains, including RelA, RelB,
and cRel. In the canonical pathway, activation of
receptors (interleukin-1 receptor [IL-1R], toll-like
receptor 4 [TLR4], and tumor necrosis factor re-

(IKKe. and IKKp), which, in turn, phosphorylate, and
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murine models suggests that the pattern of elevated immune-
related transcriptome changes in schizophrenia is not attrib-
utable to prenatal exposure to maternal immune activation but
rather is consistent with an active, though not yet character-
ized, process that is present throughout adulthood (11).
Therefore, we also used murine models to test the hypothesis
that immune stimulation occurring in adulthood, but not pre-
natally, leads to a pattern of elevated cortical NF-kB tran-
scriptional activity similar to that seen in schizophrenia.

METHODS AND MATERIALS

Human Subjects

All procedures were approved by the University of Pittsburgh
Committee for the Oversight of Research and Clinical Training
Involving the Dead and Institutional Review Board for
Biomedical Research. Brain specimens were obtained during
routine autopsies conducted at the Allegheny County Medical
Examiner’s Office after consent was obtained from next of kin.
All subjects died outside of the hospital with minimal to no
agonal state events. An independent committee of experi-
enced research clinicians made consensus DSM-IV (15) di-
agnoses or confirmed the absence of a psychiatric diagnosis
for each subject using structured interviews with family
members and review of medical records (16). To reduce bio-
logical variance between groups, subjects with schizophrenia
(n = 39) or schizoaffective disorder (n = 23) were matched
individually to one unaffected comparison subject for sex and
as closely as possible for age (Supplemental Table S1). To
control for experimental variance, samples from paired sub-
jects were processed together. Mean age, postmortem inter-
val, RNA integrity number, and freezer storage time did not
differ between subject groups (t100 = 0.45, p = .65) (Table 1).
Mean (= SD) brain pH, an indicator of agonal state, was sta-
tistically different between the schizophrenia (6.6 = 0.3) and

lead to the degradation of, inhibitors of NF-«xB
(IxBa, 1kBp, IxBe), which reduces the brakes on
NF-«kB transcriptional activity. In the noncanonical
pathway, receptor activation increases the activity
of NF-kB-inducing kinase (NIK), which then leads
to activation of NF-kB2. Green arrows indicate
increased activity or function, and red lines indicate
decreased activity or function. Transcript levels in
schizophrenia subjects relative to unaffected
comparison subjects are indicated by the direction
of the blue arrows. IFITM, interferon-induced
transmembrane protein; LTRR, lymphotoxin beta
receptor.

comparison (6.7 = 0.2) groups (t122 = 2.6, p = .01), but the
difference was small and of uncertain significance.

Quantitative PCR

Quantitative PCR (QPCR) was performed with RNA from PFC
area 9 gray matter homogenates using the comparative cycle
threshold (CT) method with Power SYBR Green dye (Thermo
Fisher Scientific, Waltham, MA) and the ViiA 7 Real-Time PCR
System (Thermo Fisher Scientific) as previously described
(Supplemental Methods) (17). Three reference genes (beta
actin, cyclophilin A, and glyceraldehyde 3-phosphate dehy-
drogenase), which we previously reported to be stably
expressed in the present cohort of schizophrenia subjects and
comparison subjects (18), were used to normalize target
mRNA levels. The difference in CT (ACT) for each target tran-
script was calculated by subtracting the geometric mean CT
for the three reference genes from the CT of the target tran-
script (mean of four replicate measures). Because ACT repre-
sents the log2 transformed expression ratio of each target
transcript to the reference genes, the relative level of the target
transcript for each subject is reported as 27T (19,20).

Antipsychotic-Exposed Monkeys

All animal studies followed the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the University of Pittsburgh Institutional Animal
Care and Use Committee. Young adult male monkeys (Macaca
fascicularis) received oral doses of haloperidol, olanzapine, or
placebo (n = 6 monkeys per group) twice daily for 17 to 27
months, as previously described (21). RNA was isolated from
PFC area 9, and gPCR was conducted for the same three
reference genes and NF-«kB-related markers included in the
human study (Supplemental Table S2) with all monkeys from a
triad processed together on the same plate.

26 Biological Psychiatry January 1, 2019; 85:25-34 www.sobp.org/journal


http://www.sobp.org/journal

Biological
Psychiatry:
Celebrating
50 Years

Cortical Immune Activation in Schizophrenia

Table 1. Summary of Demographic and Postmortem

Characteristics of Human Subjects

Unaffected
Comparison Schizophrenia
Parameter Subjects Subjects
n 62 62
Sex, Male/Female 47/15 47/15
Race, White/Black 52/10 46/16
Age, Years 48.7 + 13.8 47.7 = 12.7
Postmortem Interval, Hours 18.8 = 5.5 19.2 = 8.5
Freezer Storage Time, Months 145.4 = 56.4 141.7 = 60.9
Brain pH 6.7 £ 0.2 6.6 = 0.3
RNA Integrity Number 8.2 £ 0.6 8.1 £ 0.6
Medications at Time of Death®
Antipsychotic - 54
Antidepressant — 27
Benzodiazepine/anticonvulsant - 24
NSAID 13 16
Substance Use Disorder History®
Lifetime - 40
Current at time of death - 25

Values for age, postmortem interval, freezer storage time, brain pH,
and RNA integrity number are group means + SD or n. For brain pH,
tio0 = 2.6, p = .01. For all others, t12o = 0.45, p = .65.

NSAID, nonsteroidal anti-inflammatory drug.

?For medications at time of death and substance use disorder
history, number of subjects in each applicable category is provided.

Poly(l:C)-Exposed Mice

As previously described (Supplemental Methods) (11), timed
pregnant C57BL/6J mice (n = 12 per condition) received
intraperitoneal injections of polyinosinic-polycytidylic acid
(poly(I:C)) 20 mg/kg or an equivalent volume of normal saline
daily for 3 days at middle (E11-13) or late (E15-17) gestation
(Supplemental Table S3) (22-24) in parallel with nonpregnant
adult mice (n = 8). The nonpregnant mice were euthanized 3
hours after the last injection (random estrous cycle). RNA was
isolated from frontal cortex homogenates from one 8-week-old
male or female offspring per mother injected with poly(l:C) (n =
7-8 per sex per condition) (Supplemental Table S3) and from
the nonpregnant adult mice that received daily injections.
gPCR assessment of NF-«kB-related markers (Supplemental
Table S2) was performed as described for the human studies
with the following exception: primer efficiency testing found
that transcript levels for toll-like receptor 4 (TLR4), tumor ne-
crosis factor receptor 2 (TNFR2), CD40, and IkBe in mouse
frontal cortex were insufficient for gPCR analysis.

Statistical Analysis

The analysis of covariance (ANCOVA) model reported for the
schizophrenia study includes mRNA level as the dependent
variable; diagnostic group as the main effect; and sex, age,
postmortem interval, brain pH, RNA integrity number, and
freezer storage time as covariates. Because each schizo-
phrenia subject was individually matched to a comparison
subject to account for the parallel processing of tissue samples
from a pair and to balance diagnostic groups for sex and age, a
second ANCOVA model with subject pair as a blocking factor

and including postmortem interval, brain pH, RNA integrity
number, and storage time was also used. Because both
ANCOVA models produced similar results, we report only the
first model. Because 15 different NF-kB-related mRNAs were
quantified in the human study, the Bonferroni correction for
multiple comparisons was employed to establish the statistical
significance level at o = .0033 (i.e., .05/15). Subsequent ana-
lyses of differences in mMRNA levels between subgroups of
schizophrenia subjects were then conducted using the first
ANCOVA model, as described in Results (25). Spearman’s rank
correlation coefficients (rs) were calculated to assess the re-
lationships between quantified mRNA levels. For the
antipsychotic-exposed monkey study, an ANCOVA model with
mRNA level as the dependent variable, treatment group as the
main effect, and triad as a blocking factor was employed. For
the mouse studies, measures of MRNA levels were compared
between groups using t tests with o = .05.

RESULTS

NF-«B-Related Markers in PFC in Schizophrenia

NF-«B transcriptional activity requires the formation of het-
erodimers between NF-«kB1 and NF-kB2 and other NF-kB
family members, such as RelA, RelB, and cRel (Figure 1) (4).
Therefore, we determined whether mRNA levels for RelA,
RelB, and cRel were elevated in the PFC of the same
schizophrenia subjects in whom we had previously reported
higher NF-kB1 and NF-kB2 mRNA levels using the same
gPCR methodology (11). Schizophrenia subjects had higher
mean mRNA levels for RelA (+27%: F1 116 = 33.1, p < .0001)
(Figure 2) and cRel (+19%: Fq 116 = 27.3, p < .0001), but not
RelB (+3%: Fq,116 = 0.03, p = .87), relative to unaffected
comparison subjects. RelA and cRel mRNA levels were
higher in 81% and 74%, respectively, of schizophrenia
subjects relative to their matched comparison subject.
Furthermore, mRNA levels for RelA and cRel were positively
correlated with mRNA levels for NF-kB1 (rs = .60 and rs = .68,
respectively, p < .0001) and NF-xB2 (rs = .74 and rs = .61,
respectively, p < .0001) across all subjects as well as in
either schizophrenia subjects (all r¢ = .75, all p < .0001) or
comparison subjects (all r¢ = .48, all p < .0001) alone
(Supplemental Figure S1). These associations are consistent
with a higher rate of formation of NF-kB heterodimers.

We previously reported positive correlations between
NF-kB1 and several immune-related mRNAs that are regulated
by NF-kB transcriptional activity, including IL-6, IFITM1, and
IFITM2/3 (11). In the present study, we also found positive
correlations between mRNA levels for RelA and IL-6, IFITM1,
and IFITM2/3 across all subjects (all rs = .47, all p < .0001) and
in schizophrenia subjects alone (all rs = .59, all p < .0001);
however, only the correlation between RelA and IFITM1 was
statistically significant in comparison subjects alone (rs = .35,
p = .006). Similarly, we found positive correlations between
mRNA levels for cRel and IL-6, IFITM1, and IFITM2/3 across all
subjects (all r¢ = .44, all p < .0001) and in schizophrenia
subjects alone (all r¢ = .45, all p = .0003); however, only the
correlation between cRel and IFITM2/3 was statistically sig-
nificant in comparison subjects alone (rs = .25, p = .046). These
positive correlations are at least consistent with the idea that
higher levels of NF-kB heterodimers may lead to higher
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transcription rates of NF-kB-regulated immune-related mRNAs
in schizophrenia.

NF-kB transcriptional activity can be initiated through a
canonical activation pathway involving IL-1 receptor (IL-1R),
toll-like receptors (e.g., TLR4), and TNFR (Figure 1) (4). In
schizophrenia, mean mRNA levels were higher for IL-1R
(+71%: F1 116 = 15.8, p = .0001), TLR4 (+27%: F1,116 = 10.7,
p =.001), and TNFR (+60%: F1 116 = 26.1, p < .00001) in the
PFC relative to comparison subjects (Figure 2). When subject
pairs with a potential outlier (i.e., mRNA level more than 3 SDs
from the group mean) were excluded from the analysis (11), the
differences in mRNA levels in the schizophrenia subjects for
IL-1R (F1’114 = 256,p <.0001;n=1 OUtlier), TLR4 (F1,112 =8.2,
p = .005; n = 2 outliers), and TNFR (F1,114 = 31.8, p < .0001;
n = 1 outlier) remained statistically significant. In addition,
mRNA levels for these receptors were higher in 81% (IL-1R),
65% (TLR4), and 82% (TNFR) of schizophrenia subjects rela-
tive to their matched comparison subject. Elevated levels of
these receptors suggest that NF-«kB transcriptional activity is
increased through the canonical activation pathway in
schizophrenia.

Activation of receptors in the canonical NF-kB signaling
pathway leads to activation of the IkB kinase (IKK) complex
(e.g., IKKa, IKKB), which, in turn, phosphorylates inhibitors of
NF-kB (e.g., IkBa, IkB, IkBe), leading to their proteosomal
degradation (Figure 1). Because IkBs are normally bound to
NF-kB dimers and render the NF-«xB complex transcriptionally
inactive, this degradation of IkBs results in greater levels of
NF-kB transcriptional activity (4). In schizophrenia subjects,
transcript levels were slightly higher for IKKa (+8%: F1 116 =
10.0, p =.002) and IKKP (+12%: F4 116 = 10.2, p = .002) relative
to comparison subjects (Figure 2). Transcript levels were also
higher for the NF-«kB inhibitor [kBo (+53%: Fy 116 = 24.0, p <
.00001), but not for IkBe (+3%: Fy 116 = 1.2, p = .28) or IkBf
(+8%: Fq116 = 6.3, p = .013), which did not reach statistical
significance using the Bonferroni correction (¢ = .0033) in
schizophrenia subjects. Furthermore, IKKa, IKKB, and IkBa
mRNA levels were higher in the schizophrenia subject in 55%,
63%, and 74% of the subject pairs. Because transcript levels
for IkBa. are themselves regulated by NF-kB transcriptional
activity as part of a negative feedback loop (26), higher 1kBa.
mRNA levels are consistent with higher NF-kB activity.
Furthermore, higher levels of IKKs could lead to increased
phosphorylation and subsequent degradation of IkBa protein.
Taken together, elevated transcript levels for multiple NF-kB
family members, activation receptors, and kinases may
contribute to the marked elevations in levels of transcripts that
are regulated by NF-«B activity, including cytokine, IFITM, and
IkBa mRNAs, in schizophrenia (5-7,9-11).

NF-kB transcriptional activity can also be initiated through a
noncanonical activation pathway involving other TNFR super-
family members (e.g., TNFR2, CD40, lymphotoxin beta re-
ceptor [LTBRY]), which results in activation of NF-kB-inducing
kinase (NIK), leading to higher NF-kB activity (Figure 1) (4).
Mean mRNA levels were higher for TNFR2 (+40%: Fq116 =
11.3, p = .001), CD40 (+24%: Fy416 = 12.7, p = .001), LTBR
(+43%: F1116 = 22.7, p < .00001), and NIK (+18%: F1 116 =
18.5, p < .0001) in schizophrenia subjects (Figure 2). When
subject pairs with a potential outlier were excluded, differences
in mRNA levels in schizophrenia for TNFR2 (Fq 114 = 12.4, p =
.001; n =1 outlier), CD40 (F1 114 = 11.5, p =.001; n = 1 outlier),
LTBR (F1.112 = 27.6, p < .0001; n = 2 outliers), and NIK (Fy 114 =
19.1, p < .0001; n = 1 outlier) remained statistically significant.
In addition, mRNA levels were higher in the schizophrenia
subject in 65% (TNFR2), 61% (CD40), 69% (LTBR), and 71%
(NIK) of subject pairs. These findings suggest that NF-«B
transcriptional activity is also increased through the nonca-
nonical activation pathway in schizophrenia.

Transcript levels of NF-kB-related markers did not differ in
schizophrenia subjects as a function of antipsychotics (typical
only, atypical only, both, or none; all: F351 = 1.3, p = .29)
(Table 1; Supplemental Table S1), antidepressants (all: F1 54 =
2.3, p = .13), benzodiazepines and/or valproate (all: F154 <
1.8, p = .18; except for NIK: F; 54 = 6.7, p = .01), nonsteroidal
anti-inflammatory drugs (all: F1 54 = 1.7, p = .20), or smoking
(all: F146 = 1.1, p = .16) at time of death. NF-«B-related
markers also did not differ between schizophrenia subjects
with or without a history of an immune/inflammation-related
iliness (25), either chronic or as a cause of death (i.e., type 1
diabetes [subject 1712], psoriasis [subject 1088], alopecia
[subject 1211], peritonitis [subjects 781 and 1455], myocar-
ditis [subject 933], pneumonia [subjects 904, 1296, and 1734],
anaphylaxis [1706]) (all: F; 54 = 3.3, p = .07), or as a function
of living in a dependent setting, such as a group home, at time
of death (all: F154 =< 2.9, p = .10) (Supplemental Table S1)
(25). While levels of NF-kB-related mRNAs did not differ in
schizophrenia subjects as a function of a lifetime diagnosis of
a substance use disorder (all: F154 = 1.5, p = .22) (Table 1),
transcript levels for IkBa (+24%: F1 54 = 4.5, p = .038), TNFR
(+27%: F154 = 5.2, p = .026), IL-1R (+62%: F154 = 9.4, p =
.003), and LTPR (+25%: F; 55 = 4.3, p = .043), but not for the
11 other NF-«kB-related markers (all: F154 = 3.7, p = .06),
were elevated in schizophrenia subjects with a substance use
disorder that was current at time of death relative to other
schizophrenia subjects. However, schizophrenia subjects
without a substance use disorder current at time of death still
had elevated transcript levels for [kBa. (+40%: F1 66 = 9.6, p =
.003), TNFR (+46%: F166 = 14.8, p = .0003), IL-1R (+37%:

Figure 2. Transcript levels of nuclear factor-kB (NF-kB) signaling pathway markers in the prefrontal cortex in schizophrenia. Transcript levels for each
schizophrenia subject relative to the matched unaffected comparison subject are indicated by open circles. Data points to the left of the unity line indicate
higher levels in the schizophrenia subject relative to the unaffected comparison subject. Percent difference in diagnostic group means and primary statistical
analysis results are provided for each transcript. Mean (+ SD) transcript levels for schizophrenia subjects and unaffected comparison subjects, respectively,
were as follows: interleukin-1 receptor (IL-1R), 0.0031 =+ 0.0022 and 0.0018 =+ 0.0006; toll-like receptor 4 (TLR4), 0.0055 *+ 0.0024 and 0.0043 + 0.0012; tumor
necrosis factor receptor (TNFR), 0.0194 + 0.0104 and 0.0121 = 0.0022; TNFR2, 0.0045 *+ 0.0030 and 0.0032 =+ 0.0009; CD40, 0.0010 + 0.0004 and 0.0008
+ 0.0002; lymphotoxin beta receptor (LTBR), 0.0036 = 0.0017 and 0.0025 = 0.0006; IKKa, 0.0104 + 0.0020 and 0.0097 + 0.0012; IKKp, 0.0076 + 0.0020 and
0.0068 + 0.0010; NF-kB-inducing kinase (NIK), 0.0041 = 0.0010 and 0.0035 *+ 0.0006; IxBe, 0.0292 *+ 0.0160 and 0.0191 + 0.0042; I1kBf, 0.0124 + 0.0025
and 0.0115 =+ 0.0014; IkBe, 0.0088 + 0.0020 and 0.0086 0.0010; RelA, 0.0182 + 0.0052 and 0.0144 = 0.0017; RelB, 0.0022 = 0.0010 and 0.0021 =

0.0004; and cRel, 0.0059 = 0.0013 and 0.0049 = 0.0005. IKK, IxB kinase.
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F1,66 = 97, p= 003), and LTBR (+32% F1,66 = 10.5, p= 002)
relative to their comparison subjects.

NF-kB-Related Markers in Antipsychotic-Exposed
Monkeys

In the PFC, none of the transcripts for NF-kB family members,
receptors in the canonical or noncanonical activation path-
ways, kinases, or inhibitors of NF-xB that were elevated in
schizophrenia differed between monkeys with chronic expo-
sure to olanzapine, haloperidol, or placebo (all: F5 10 = 1.9,p =
.20) (Figure 3).

Effects of Maternal and Adult Immune Activation on
NF-xB-Related Marker Expression in Mouse Frontal
Cortex

We next determined whether maternal immune activation, a
risk factor for schizophrenia (13), could lead to a pattern of
changes in NF-kB signaling pathway mRNAs similar to that
seen in schizophrenia. However, no differences in NF-kB-
related mRNA levels were found in the frontal cortex of male or
female adult offspring of pregnant mice exposed to poly(l:C) for
3 days at middle (E11-13; all: ;¢ = 0.9, p = .39) or late
(E15-17; all: t3p = |0.9], p = .39) gestation relative to the adult
offspring of normal saline-exposed pregnant mice (Figure 4;
Supplemental Table S4). In contrast, adult nonpregnant female
mice that were exposed to poly(l:C) daily for 3 days and
euthanized 3 hours after the final injection had a pattern of
alterations in NF-kB-related mRNA levels that was similar,
though not identical, to that seen in schizophrenia. Higher
transcript levels for IL-1R (+88%: ti4 = 5.9, p = .0004), TNFR
(+40%: t14 = 5.5, p = .00008), IkBa. (+89%: t14 = 4.0, p = .001),
and RelA (+18%: t14 = 4.8, p = .0003) were found in the frontal
cortex of adult mice exposed to poly(l:C) relative to adult mice
exposed to normal saline (Figure 4). Interestingly, higher mRNA
levels for RelB (+29%: t14 = 2.6, p = .02), but not cRel (+6%:
t14 = 1.0, p = .36), were found in the frontal cortex of mice with
adult poly(:C) exposure, whereas in schizophrenia, mRNA
levels for cRel, but not RelB, were elevated in the PFC
(Figure 2). However, frontal cortex mRNA levels for LTPR, IKKa,
IKKB, NIK, and IkBf were not statistically significantly different
between adult mice exposed to poly(l:C) or normal saline (all:
ti4 = [1.8], p = .09). To determine if residual blood cells in brain
parenchyma may have contributed to these findings, an
additional group of adult nonpregnant female mice was
exposed to poly(l:C) daily for 3 days and then underwent
transcardial perfusion with normal saline 3 hours after the last
injection (Supplemental Figure S2). The pattern of altered NF-
kB-related mMRNA levels seen in the saline-perfused mice with
daily poly(l:C) exposure (Supplemental Figure S2) was highly
similar to that seen in mice that were not saline-perfused.
Taken together, these findings suggest that subacute expo-
sure to poly(l:C) only partially recapitulates NF-«B signaling
pathway alterations in schizophrenia.

DISCUSSION

We investigated NF-«xB activation pathways in the PFC in
schizophrenia by quantifying transcript levels of NF-kB family
members, receptors, kinases, and inhibitors in the canonical
and noncanonical NF-«kB activation pathways (Figure 1). First,
we found higher mRNA levels for the NF-xB family members
RelA and cRel in schizophrenia subjects. Transcript levels for
these NF-xB family members were strongly positively corre-
lated with previously reported transcript levels for NF-kB1 and
NF-kB2 (11), indicating that the same schizophrenia subjects
have the highest levels of these NF-kB family members across
studies. These findings are at least consistent with the pres-
ence of greater levels of functional NF-kB heterodimers in the
disorder. Second, we found markedly higher mRNA levels for
multiple receptors that initiate the canonical and noncanonical
NF-kB activation pathways. Third, transcript levels for kinases
(e.g., IKKa, IKKB, and NIK) that are activated by these re-
ceptors and remove inhibition of and/or enhance NF-«B ac-
tivity were also elevated in schizophrenia. Fourth, one inhibitor
(i.e., IkBa) that blocks the binding of the NF-«B transcriptional
complex to DNA was also elevated in schizophrenia. However,
transcript levels for IkBo. are themselves regulated by NF-kB
transcriptional activity (26), and consequently higher IkBa
mRNA levels are also an indication of higher NF-kB activity.
Higher levels of IKKs could also lead to increased phosphor-
ylation and subsequent degradation of IkBa protein. Fifth, we
also found that NF-kB-related markers were higher in the
majority (55%-82%) of schizophrenia subjects relative to their
matched comparison subjects. Sixth, transcript levels for
multiple NF-kB family members were positively correlated with
levels of transcripts that are regulated by NF-kB activity,
including cytokines and IFITMs, in schizophrenia. Seventh,
although the potential contribution of antipsychotic medication
effects cannot be entirely ruled out, no statistically significant
effects of antipsychotic medications were found on any NF-
kB-related mRNA levels in human or monkey subjects. Finally,
exposure to immune stimulation in adult mice resulted in
higher frontal cortical mRNA levels for NF-kB-related mRNAs
that were similar, though not identical, to that seen in schizo-
phrenia. Although additional studies are needed to determine
the extent to which these changes in transcript levels are
associated with changes in protein levels, these findings
together suggest that NF-«B activity is greater in the PFC in
schizophrenia and may contribute to marked elevations in
levels of immune-related transcripts that are regulated by NF-
kB activity in the disorder (5-7,9-11).

We also mined unpublished RNA sequencing data from the
CommonMind Consortium that were obtained from the PFC of
many of the same schizophrenia and comparison subject pairs
(n = 57 pairs) and found results that were highly similar to the
present study (27). For example, levels of eight transcripts
(IL-1R, TNFR, TNFR2, LTAR, IKKB, NIK, RelA, and cRel) that
were found to be higher in schizophrenia subjects in the

Figure 3. Transcript levels of nuclear factor-xB (NF-kB) signaling pathway markers in the prefrontal cortex of antipsychotic-exposed monkeys. Quantitative
polymerase chain reaction analysis revealed no statistically significant differences in transcript levels for any NF-«B family members, receptors in the canonical
and noncanonical NF-kB activation pathways, kinases, or inhibitors in prefrontal cortex area 9 of monkeys chronically exposed to either olanzapine (O) or
haloperidol (H) compared with placebo (P). Mean values are shown as horizontal black bars. IKK, IkB kinase; IL-1R, interleukin-1 receptor; LTBR, lymphotoxin
beta receptor; NIK, NF-kB-inducing kinase; TLR4, toll-like receptor 4; TNFR, tumor necrosis factor receptor.
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present study were also similarly higher in the same schizo-
phrenia subjects using unpublished CommonMind Consortium
RNA sequencing data at a false discovery rate of 0.05. Levels
of two transcripts (IxBf and IkBe) were found to be unchanged
in schizophrenia subjects in both the present study and by
RNA sequencing data, and levels of two transcripts (CD40 and
RelB) were considered too low for analysis in the RNA
sequencing data. Another recent RNA sequencing study in a
separate large cohort of schizophrenia subjects also found
significantly altered expression of multiple immune-related
genes in the PFC, although NF-kB-related mRNAs were not
among the transcripts identified to have differential expression
in schizophrenia using this approach (8).

Chronic exposure to drugs of abuse has been reported to
increase NF-kB activity (28-31). We found that NF-kB-related
mRNA levels did not differ in schizophrenia subjects as a
function of a lifetime diagnosis of a substance use disorder.
However, transcript levels for several receptors that initiate NF-
kB activation pathways (i.e., IL-1R, TNFR, and LTBR) and for
IkBa. were even higher in the PFC of schizophrenia subjects
with a diagnosis of a substance use disorder that was current
at time of death relative to other schizophrenia subjects.
Importantly, several lines of evidence indicate that higher levels
of NF-«kB activity in the PFC reflect the disease process of
schizophrenia. First, exclusion of schizophrenia subjects with a
substance use disorder current at time of death still revealed
elevated transcript levels for these receptors and IkBa in
schizophrenia subjects relative to comparison subjects. Sec-
ond, levels of most NF-kB-related mRNAs did not differ in
schizophrenia subjects as a function of a substance use dis-
order current at time of death. Nonetheless, these findings
indicate that substance abuse, to a certain extent, may further
exacerbate elevated levels of NF-«kB activity in the illness and
reinforce the importance of investigating potential effects of
drug abuse in future studies of NF-kB-related markers in
psychiatric illness. It remains possible that individuals with
schizophrenia had a greater cumulative lifetime exposure to
immune and inflammation-related illnesses relative to com-
parison subjects because individuals with schizophrenia are
more likely to experience homelessness, live in group homes,
and spend more time in hospitals. However, the cohort of
schizophrenia subjects in the present study comes from a
community-based population. Furthermore, we found that
transcript levels of NF-kB-related markers did not differ in
schizophrenia subjects as a function of the presence or
absence of an immune- or inflammation-related illness at death
or living independently versus in a dependent setting, such as
a group home.

Maternal immune activation has been reported to be a risk
factor for schizophrenia in offspring (13) and can induce
epigenetic modifications that can affect gene expression
postnatally (14). However, we found that several days of
maternal immune activation during middle or late gestation in

mice did not lead to higher levels of NF-kB-related mRNA
levels in the frontal cortex of young adult offspring. Consistent
with this finding, we previously reported that maternal immune
activation also did not affect levels of NF-kB-regulated
immune-related mRNAs, such as IL-6 and IFITMs (11). Taken
together, these findings suggest that maternal immune acti-
vation may not be sufficient to cause long-lasting changes in
NF-kB-related mRNAs in the PFC in schizophrenia.

An important limitation of the present study is that gPCR in
gray matter homogenates does not permit identification of the
specific cell types that express higher levels of NF-«B-related
mRNAs in the PFC in schizophrenia. However, recent cell
type—specific RNA sequencing studies in human brain found
that several activation receptors (i.e., TNFR2, CD40), kinases
(i.e., NIK), and NF-«B family members (i.e., cRel, NF-xB1) are
selectively and highly expressed in microglia, but not in as-
trocytes, neurons, or oligodendrocytes, while the remaining
NF-kB-related markers are most commonly found to be heavily
enriched in both microglia and astrocytes, but not in neurons
or oligodendrocytes (32,33). It is also possible that residual
white blood cell contamination may partly contribute to our
findings, and unfortunately, peripheral serum samples are not
available for any of the human subjects. However, this expla-
nation seems unlikely, as even with the use of multiple different
primer sets, we could not quantify well-known white blood
cell-specific markers (i.e., CD3 for T lymphocytes, CD19 for B
lymphocytes, CD66b for granulocytes) in our gray matter ho-
mogenates. Furthermore, a highly similar pattern of elevated
NF-«B-related mRNA levels was seen in adult mice with daily
poly(l:C) exposure regardless of whether the mice underwent
transcardial saline perfusion. Taken together, these lines of
evidence suggest that microglia and/or astrocytes are the
most likely source of elevated NF-kB activity in the PFC in
schizophrenia. Future studies are needed to determine the
effects of elevated NF-kB transcriptional activity on cortical
circuitry dysfunction in schizophrenia.
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