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Abstract

Objectives—C-reactive protein (CRP) is a well-established general marker of inflammation
from both infectious and noninfectious exposures. Previous studies have shown that maternal CRP
is associated with an increased risk of autism and schizophrenia. The aim of this study was to
examine the association between early to mid-gestational serum CRP levels, prospectively assayed
in maternal sera, and the risk of bipolar disorder (BPD).

Methods—This study is derived from the Finnish Prenatal Study of Bipolar Disorder (FIPS-B),
based on a nested case-control study design. A total of 378 BPD cases and 378 controls, matched
on date of birth and sex, with available maternal sera were identified from Finnish nationwide
registers. Maternal CRP levels were assessed using a latex immunoassay from archived maternal
serum specimens, collected primarily during the first and second trimesters of pregnancy.

Results—Increasing maternal CRP, examined as a continuous variable, was not associated with
BPD (OR=0.92, 95% CI: 0.81-1.05, p=0.24). The result did not change appreciably following
adjustment for potential confounders. There were no associations between CRP in the highest
quintile or decile, compared with their respective reference groups, and BPD.

Limitations—The limitations of the study include: relative young age of the cohort and
availability only of a single marker of inflammation.

Conclusions—In contrast to previous findings on schizophrenia and autism, gestational
maternal serum CRP levels were not associated with an increased risk of BPD. It is likely that
maternal inflammation may be an additional factor that differentiates schizophrenia from BPD.
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Introduction

Epidemiological studies have demonstrated that inflammation during pregnancy is
associated with an increased risk of psychiatric disorders such as schizophrenia and autism
spectrum disorders (ASD) (Brown et al., 2004; 2014; 2010; Canetta et al., 2014a; Buka et
al., 2001). Maternal cytokines produced as a result of immune activation from infectious and
other environmental insults have been suggested to increase risk of these outcomes by
disrupting development of the fetal brain (Meyer et al., 2005; 2009; Watanbe et al., 2010;
Kneeland et al., 2013). Birth cohort studies have demonstrated significantly elevated levels
of proinflammatory cytokines, including interleukin-8 (IL-8) (Brown et al., 2004) and tumor
necrosis factor-alpha (TNF-a) (Buka et al., 2001) among mothers of offspring with
schizophrenia. More recently, elevated maternal serum C-reactive protein (CRP) was
associated with an increased risk of schizophrenia (Canetta et al., 2014a) and ASD in the
Finnish Prenatal Studies, described below (Brown et al., 2014). Maternal infection during
pregnancy, which induces immune activation, has been associated with schizophrenia in
offspring in many studies (Brown et al., 2010) and emerging research has also implicated
prenatal infection in autism (Lee et a., 2015; Atladottir et al., 2010).

Compared to schizophrenia and ASD, there is a relative paucity of studies examining
prenatal inflammation and infection in relation to bipolar disorder (BPD), and the findings
are inconsistent. Using prospectively documented diagnoses of maternal influenza during
pregnancy, Parboosing et al. (2013) demonstrated a greater than 4-fold increased risk of
BPD in offspring. These findings were confirmed in a study from the same birth cohort,
which utilized serologically documented markers of prenatal infection. Specifically, Canetta
et al. (2014b) assayed influenza antibody titers in maternal serum collected during
pregnancy. Exposure to maternal influenza was associated with a 5-fold increased risk of
BPD with psychotic features though no association was found for BPD without psychosis.
Other studies, based on maternal interview and a documented influenza epidemic provided
further supportive evidence for maternal infection and BPD (Sacker et al., 1995; Cannon et
al., 1996; Machon et al., 1997). Studies of adult patients with BPD have also revealed
elevations in peripheral CRP levels (Dargél et al., 2015). However, the role of maternal
infection with other agents in BPD is unclear; for example, Mortensen et al. (2011), in a
study of neonatal blood samples stored on filter paper, found no association between
neonatal markers of prenatal infection (IgG and IgM antibodies for Toxoplasma gondii,
herpes simplex virus types 1 (HSV-1) and 2 (HSV-2) and cytomegalovirus (CMV)) and
BPD.

We hypothesize abnormalities in Hippocampus and gamma aminobutyric acid (GABA)ergic
transmission as the possible biological models through which prenatal maternal immune
activation (MIA) may influence risk of BPD. First, studies using mouse models of maternal
exposure to the viral mimetic polyriboinosinic-polyribocytidilic acid [poly(l:C)], have
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demonstrated both presynaptic and postsynaptic hippocampal deficits as well as increased
hippocampal pro inflammatory cytokine (IL-1p) levels (Giovanoli et al., 2016). Brain
imaging studies have demonstrated reduction in sub regions of the hippocampus among
patients with BPD (Bearden et al., 2008). In addition, impaired associative learning, which
relies mainly on hippocampal neurons (Wirth et al., 2003) has been seen among BPD cases
(Brambilla et al., 2011). Second, GABAergic transmission abnormalities have been
hypothesized as being important in pathophysiology of BPD (Brambilla et al., 2003;
Sanacora et al., 2000). A recent study using optogenetics and slice electrophysiology
demonstrated reduced GABAergic transmission in the medial prefrontal cortex of adult MIA
offspring (Canetta et al. 2016).

CRP, primarily synthesized by hepatocytes, is a sensitive general marker of systemic
inflammation from both infectious and noninfectious exposures (Pepys and Baltz, 1983;
Gabay and Kushner, 1999). The release of proinflammatory cytokines such as interleukin-1
(IL-1), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-a) stimulate the
production of CRP. Factors associated with elevated CRP that might also alter fetal
development include obesity, cigarette smoking, and hormone use (Pearson et al., 2003).

In this study we examined the association between CRP prospectively assayed in maternal
sera and BPD in offspring. This study was based on the Finnish Prenatal Study of Bipolar
Disorder (FIPS-B), a nested case-control study utilizing information from the Finnish
nationwide registers. CRP has been considered in this study as an indicator of prenatal
maternal inflammation resulting from both infectious and non-infectious insults. Based on
previous findings from this same birth cohort, which demonstrated relationships between
maternal CRP and both schizophrenia and autism, we hypothesized that elevated levels of
maternal serum CRP during pregnancy would be associated with an increased odds of BPD
in offspring.

Materials and methods

This study is derived from the Finnish Prenatal Study of Bipolar Disorder (FIPS-B), which
is based on a nested case-control design. The study is a component of the Finnish Prenatal
Studies, which derive from a national birth cohort with a large serum biobank and
comprehensive psychiatric and other registries and which are aimed at examining prenatal
factors and other major psychiatric outcomes including schizophrenia and autism. The
sampling frame for the FiPS-B included all singleton live births in Finland between January
15t 1983 and December 315t 1998 (N= 1,009,846). The cases included BPD cases diagnosed
in Finland, identified from the Finnish Hospital Discharge Register (FHDR) by December
315t 2008 (see “Identification of cases and controls” below). Further criteria used to define
the subjects in the present study are elaborated below.

Description of the cohort and biobank

All offspring in the FiPS-B were derived from the Finnish Maternity Cohort (FMC). The
FMC consists of virtually all pregnancies with archived prenatal serum specimens drawn
beginning in 1983. The FMC serum biorepository contains blood samples from virtually all
(*99%) pregnant women in Finland; there are over 1 million serum samples, with an
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average of 60,000 new samples added each year. Following informed consent, blood samples
were collected at Finnish maternity clinics for the purpose of screening for congenital
infections (HIV, hepatitis B and syphilis). One maternal serum sample was obtained from
each pregnancy. The median gestational age of serum collection for subjects in this study
was 10 weeks (interquartile range: 8-12 weeks). After the screening, approximately 1-3 mls
of serum from each pregnancy were stored at —25°C at the Prenatal Serology Laboratory of
the National Institute of Health and Welfare in Oulu, Finland. All of the serum specimens
can be linked with offspring by a unique personal identification code (PIC), which has been
assigned to all residents of Finland since 1964 and has been computerized since 1971. The
PIC is a unique code issued to all Finnish citizens and foreign residents registered in the
population information system.

Description of other registers

The Finnish Population Register Center (PRC), established the Population Information
System in 1969 which was subsequently computerized in 1971. It is a computerized national
register containing basic information about Finnish citizens and foreign permanent residents.
The personal data included in the system include: name, PIC, address, citizenship and native
language, family relations and date of birth and death (if applicable). The Finnish Medical
Birth Register (FMBR) was established in 1987 and includes comprehensive and
standardized data on the perinatal period for all live births, and stillbirths of fetuses with
birth weight of at least 500 g or gestational age of at least 22 weeks. Statistics Finland is the
public authority established particularly for statistical services in Finland. The linkage of the
information across all the registers is achieved through the PIC.

Identification of cases and controls

Cases for the present study were identified from the FHDR. The FHDR contains
computerized data on recorded diagnoses covering all somatic and psychiatric hospitals, as
well as all inpatient wards of local health centers, military wards, prison hospitals, and
private hospitals since 1969. Since 1998 the FHDR also includes outpatient care in public
specialized hospital units. All Finnish citizens are entitled to Finland’s national health
insurance, which is maintained by the state and financed through tax revenues. The FHDR
contains the patient’s PIC (including date of birth and sex), area of residence, hospital ID,
admission and discharge dates and primary and secondary diagnoses, according to the
International classification of Disease (ICD). The cases in the FiPS-B consisted of
individuals in the FMC with a diagnosis of BPD [International Statistical Classification of
Diseases (ICD) diagnostic codes 2962A-G, 2963A-G, 2964A-G, 2967A (ICD-9) and F31.x
(ICD-10)] using the most recent diagnosis who were followed up until December 31st, 2008.
In the present study, the cases (and matched controls, see below) were drawn from all
singleton offspring in the FMC born between January 15t 1988 and December 315t 1991
(N=257,608). The selection of cases and controls in this study was limited to these years due
to the lack of availability of data from the Finnish Medical Birth Register (FMBR), which
was established in 1987, the need to maintain greater uniformity of the serum specimens
with regard to the time of sampling and storage, and to maximize the duration of follow-up
(18-21 years) among the cohort given the age of onset of BPD. A diagnostic validity study
of the FHDR for BPD-I found 92% specificity for a diagnosis of BPD-I (Kieseppa et al.,
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2000) as compared to diagnostic interview by DSM-I111-R criteria (American Psychiatric
Association, 1987), and 99.7% specificity for diagnoses of psychotic disorders including
BPD-I (Perdld et al., 2007) compared to interview by DSM-IV criteria (American
Psychiatric Association, 1994). For the present study, there were a total of 442 BPD cases
identified. Among these cases, there were insufficient quantities of sera on 64 cases; thus,
maternal CRP data were obtained on 378 case control pairs. These cases were matched 1:1
to controls drawn from the birth cohort who were without BPD, schizophrenia, or diagnoses
related to these disorders (Supplemental material 1: list of diagnostic codes excluded from
controls) on sex, date of birth (+30 days), and residence in Finland at the time of diagnosis
of the matched case. A detailed description of the Finnish nationwide registers has been
reported elsewhere and will only be briefly described here (Chudal et al., 2014).

Ethical approval for the study was obtained from the Hospital district of Southwest Finland
and Institutional Review Board of the New York State Psychiatric Institute. The approval for
utilizing the health register data and their linkage for scientific research was obtained from
the Finnish data protection authority.

C-Reactive Protein Assay

Covariates

The measurements of CRP were carried out blind to case/control status. CRP was measured
on the clinical chemistry analyzer Architect c8200 (Abbott Laboratories, Abbott Park, IL,
USA) using a latex immunoassay (Sentinel, Milan, Italy). The precision between series
expressed as the coefficient of variation (mean + SD) was 5.1% + 2.3% and the systematic
error (bias) (mean £+ SD) was 2.7% + 7.4 during the course of the study. Assay sensitivity is
0.10 mg/L.

The covariates included maternal age, gestational week of the maternal blood draw, number
of previous births, maternal smoking during pregnancy, maternal educational level, parental
history of BPD, other parental psychiatric disorders (ICD codes used are shown in footnote,
Table 1) and province of birth. Information on maternal age was obtained from the
Population Register Center, gestational week of the maternal blood draw from the FMC;
number of previous births and maternal smoking during pregnancy from the FMBR,
maternal educational level from Statistics Finland; parental psychiatric history from the
FHDR and PRC; and province of birth from the PRC and Statistics Finland. The covariates
were classified as shown in Tables 1 and 2.

Statistical analyses

To assess the potential for confounding, we first utilized bivariate analyses to evaluate
relationships between covariates and CRP in controls. Pearson’s chi squared test was used
for dichotomous variables and Student’s t-test was employed for continuous variables.
Subsequently, the covariates were examined for associations with case and control status.
Covariates were considered for inclusion in the models based on associations with both CRP
and BPD at p <0.1, in accord with standard texts (Rothman and Greenland, 1998).
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The analysis of the relationship between maternal CRP and BPD in offspring was based on a
nested case-control design in which the control subjects for each case were selected from the
population at risk and matched to cases on selected factors, as described in “Case and
control identification.” Initially, maternal CRP was examined as a continuous variable in
relation to BPD. The CRP variable was log transformed before analysis due to the skewed
distribution. Maternal CRP was also analyzed as a categorical variable to explore whether
there was a nonlinear relationship with BPD. As a CRP level 210 mg/L is considered
clinically abnormal (Pepys and Baltz, 1983), maternal CRP levels above this threshold were
examined in relation to risk of BPD, with levels < 10mg/L as the reference category. To
further facilitate interpretation of the data, additional analyses of the association between
CRP in quintiles (with the lowest quintile as the reference category) and in deciles (with the
lowest decile as the reference category) and BPD were conducted.

Appropriate to the nested case-control design, point and interval estimates of odds ratios,
unadjusted and adjusted for potential confounding factors, were obtained by fitting
conditional logistic regression models for matched sets. A two-sided P-value of <0.05 was
considered statistically significant. Statistical analyses were performed with SAS statistical
software (SAS Version 9.4; SAS Institute Inc., Cary, NC).

The mean age at diagnosis of the cases was 19.8 years (SD: 3.1, range: 4-25 years). As
shown in Table 1, gestational week of blood draw, previous births, parental BPD history and
maternal educational level were associated with maternal CRP in controls. Previous births,
parental BPD, parental psychiatric history, maternal smoking during pregnancy and province
of birth were associated with BPD (Table 2). Among the covariates, only previous births and
parental history of BPD were associated with both CRP in controls and BPD; hence, we
adjusted only for those covariates initially in the main analyses. For further reassurance we
also adjusted for all covariates.

Figure 1 shows the distribution of maternal CRP levels among cases and controls. In the
unadjusted analyses, increasing maternal CRP, defined as a continuous variable, was not
associated with BPD in offspring (OR=0.92, 95% CI: 0.81-1.05, p=0.24). There association
was not significant following adjustment for parental psychiatric history (OR=0.92, 95 %
Cl: 0.79-1.07, p=0.27), maternal age (OR=0.93, 95%ClI: 0.81-1.06, p=0.26), and previous
births (OR=0.91, 95% CI: 0.79-1.05, p=0.19). However, there were statistical trends
following adjustment for parental BPD (OR= 0.88, 95% CI: 0.76-1.01, p=0.07), maternal
smoking during pregnancy (OR=0.87, 95% CI: 0.76-1.01, p=0.06) and all available
covariates (OR=0.87, 95% ClI: 0.73-1.02, p=0.09). There were no differences in the
proportions of cases (7.1%) and controls (7.1%) with maternal CRP levels =10 mg/L
(OR=1.00, 95% ClI: 0.56-1.78, p=1.00). The median maternal CRP level was 2.22 mg/L
among cases and 2.80 mg/L among controls. Table 3 depicts the association between
maternal CRP levels in quintiles and deciles and BPD. There was no increased odds of BPD
for maternal CRP levels in the highest quintile (OR= 0.87, 95% CI: 0.54-1.41, p=0.57) and
decile (OR=1.00, 95% CI: 0.52-1.94, p=0.99). The range of CRP values among controls in
the highest quintiles and deciles were 5.96-63.34 mg/L and 8.80-63.34 mg/L, respectively.
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The corresponding reference values in the lowest quintiles and deciles were 0.11-0.53 mg/L
and 0.11-0.90 mg/L.

Discussion

This is the first study of the association between prenatal inflammation documented by
maternal serum CRP levels and the risk of BPD in offspring. No significant associations
were observed regardless of whether maternal CRP was defined as a continuous,
dichotomous or categorical variable. The findings of this study are in contrast to previous
studies, in this same birth cohort which documented associations between elevated maternal
CRP levels and both childhood autism (Brown et al., 2014) and schizophrenia (Canetta et
al., 2014a). It should be noted that the methods used in the studies on schizophrenia and
BPD were identical in terms of the source population, identification of cases and controls,
timing of maternal serum collection and CRP assay.

Schizophrenia and BPD share several clinical features and epidemiological characteristics.
Studies suggest that one reason for these similarities is an overlap between genetic factors in
these two disorders (Lichtenstein et al., 2009; Mortensen et al., 2010; Lencz et al., 2013).
There are, of course, notable differences in the clinical manifestations of these disorders,
originally elaborated by Kraepelin (Kendler and Jablensky, 2011). Recently, Brown has
suggested that the identification of maternal risk factors including prenatal infection may
offer one strategy to parse the phenotypes of schizophrenia and BPD, in addition to clinical
characteristics and neurobiological findings (Brown. 2015). While there have not been a
sufficient number of studies of maternal infection and BPD, particularly using prenatal
specimens, the evidence to date suggests that, apart from influenza (Canetta et al., 2014a;
Parboosing et al., 2013), some infections associated with schizophrenia do not appear to be
strong risk factors for BPD (Mortensen et al., 2011). Although one study indicated that
maternal exposure to the type | strain of T. gondii was related to an increased risk of
affective psychosis, a separate analysis specifically for BPD was not conducted (Xiao et al.,
2009). Hence, while further work on maternal inflammation and infection in relation to BPD
is necessary, our study provides one piece of evidence that maternal inflammation, at least as
indicated by CRP levels, may be an additional factor that differentiates schizophrenia from
BPD. This finding can be reconciled with our previously observed association between
maternal influenza and BPD (Parboosing et al., 2013) if the effect of influenza is mediated
by mechanisms other than inflammation or other molecules that mediate the maternal
immune response.

The strengths of the study include: 1) availability of CRP obtained from maternal serum
specimens, collected during early to mid-pregnancy; 2) selection of cases and matched
controls from nationwide registers, which provides a representative sample and minimizes
selection bias. 3) prospectively collected data from medical records which minimizes recall
bias and 4) the availability of information on several potential confounders.
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Limitations

The limitations of the study are as follows: 1) the study sample was smaller (n=756) than the
previous studies on schizophrenia (N=1554) and ASD (N=1354) in this birth cohort.
Therefore this study with a two sided significance level of 0.05, assuming a common
standard deviation of 0.5, had a power of 69% to detect a difference in the log (CRP) means
of 0.8 in cases and 0.88 in controls. This is relatively low in comparison to 90% power in the
previous study on schizophrenia. However, on conducting a simulation run using the present
study unadjusted odds ratio (OR=0.92), mean CRP values and standard deviation (SD) and
imputing the sample sizes of previous studies on Schizophrenia, the associations remained
insignificant [(p=0.09 (N=1554) and p=0.11 (N= 1354)]"; 2) the mean age of the BPD cases
was 19.8 years and the oldest subjects were 25 years of age. Due to the predefined sampling
frame, the duration of follow-up for this study is limited and not enough to identify all cases
that will develop BPD in the cohort. Thus, the lack of association may only be applicable to
BPD cases with an earlier age of onset. 3) as noted above, the cases were identified from
nationwide registers including inpatient and outpatient diagnoses, which do not accurately
differentiate cases with or without psychotic features. Hence, were we were not able to test
for an association between maternal CRP and BPD with psychotic features; 4) the
availability of several inflammatory markers would have enabled examining the complex
interactions among different markers of inflammation and acute phase reactant proteins in
terms of immune mediated risk of BPD in offspring. However, due to the study protocol and
financial restrictions of serological analyses only one marker of maternal inflammation i.e.
CRP was used in this study; 5) maternal blood sample used for CRP analysis was collected
at only one time point during pregnancy. Therefore, it is possible that our sample would not
accurately measure the elevated CRP levels resulting from an exposure long before
collection of maternal blood sample; 6) lastly, we did not have information on important
confounders e.g. maternal Body Mass Index (BMI) and maternal drug use during pregnancy,
which are associated with CRP levels during pregnancy. In addition, we had no information
on maternal infections during pregnancy and thus cannot separately examine maternal CRP
levels due to infectious versus non- infectious causes.

In conclusion, we have examined, for the first time, the relationship between maternal CRP
and BPD. Our data suggest that maternal inflammation, at least as indicated by CRP, was not
related to odds of BPD, in contrast to our findings on schizophrenia and autism in this same
birth cohort. Future studies are essential to attempt to replicate these findings and to assess
the relationship between maternal CRP and BPD with psychotic features.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Inflammation in pregnancy is associated with increased risk of
psychiatric disorders.

. CRP is marker of inflammation from both infectious and noninfectious
exposures.
. Elevated maternal CRP is associated with an increased risk of

schizophrenia and ASD.

. No significant associations were seen with elevated maternal CRP and
offspring BPD.

. Maternal inflammation may be a factor that differentiates schizophrenia
from BPD.
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Figure 1.
Distribution of maternal C-reactive protein levels in case and control subjects
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