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Abstract

Background—~Obstetric complications, particularly fetal hypoxia, are associated with increased
risk for schizophrenia later in life. Such factors are also related to increased severity of certain
neuropathological features of schizophrenia, including hippocampal and cortical gray matter
reduction, among individuals with a genetic susceptibility to the disorder. However, the molecular
mechanisms underlying these associations are unknown. Here we sought to determine whether
neurotrophic factors, which are stimulated as part of a neuroprotective response to fetal distress, are
differentially expressed in cord blood samples at the time of birth following fetal hypoxia, maternal
hypertension/small for gestational age status, and/or prematurity among individuals who developed
schizophrenia as adults, as compared with controls.

Methods—One hundred and eleven cases with psychotic disorders (70 with schizophrenia) and 333
controls matched for gender, race, and date of birth, were drawn from the Philadelphia cohort of the
National Collaborative Perinatal Project, in a nested case-control study. Brain derived neurotrophic
factor (BDNF) was assayed from cord and maternal blood samples taken at delivery and stored at
—20 C for 45-50 years.

Results—Among controls, birth hypoxia was associated with a significant (10%) increase in BDNF
in cord samples, while among cases, hypoxia was associated with a significant (20%) decrease in
BDNF. This differential response to fetal hypoxia was specific to schizophrenia and was not
explained by other obstetric complications or by the BDNF Val66Met polymorphism.

Conclusions—These findings provide serologically based prospective evidence of disrupted
neurotrophic signaling in response to birth hypoxia in the molecular pathogenesis of schizophrenia.
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Introduction

Numerous well-designed population-based studies have demonstrated increased risk for
schizophrenia among individuals exposed to disruptive influences in utero, particularly
complications related to fetal hypoxia (1-3). Such complications are associated with a 1.5 to
3 times increased risk for schizophrenia in the offspring (4). The molecular mechanisms by
which these and other obstetric risk factors contribute to schizophrenia are unknown, but are
likely to be at least in part gene-dependent (2;5;6). For example, hypoxia-related obstetric
complications are more strongly related to hippocampal and cortical pathology among
individuals with schizophrenia and their relatives than among the general population (7-11).

Neurotrophins represent prominent candidates for mediating the relationship between obstetric
complications and schizophrenia, in part because these factors play critical roles in protecting
against neuronal damage following disruptive intrauterine events in general (12-15),and in
part because a number of these proteins are known to be dysregulated in patients with
schizophrenia (16;17). Neurotrophins are secreted proteins that signal neurons to survive,
differentiate, or grow. In particular, brain-derived neurotrophic factor (BDNF) supports growth
and differentiation of new neurons by stimulating axonal and dendritic sprouting, and is critical
for survival of existing neurons under stressful conditions such as fetal hypoxia, effects that
depend on participation of the tyrosine kinase B receptor (TrkB) (18;19). The neural sequelae
of fetal hypoxia vary from alterations in neurite outgrowth to neuronal cell death, depending
on the severity and timing of insult (20). In many cases, immature neurons survive the hypoxic
insult but still have a compromised elaboration of synaptic interconnections (20), resulting in
reduced cortical thickness and increased cortical neuronal density, without observable neuronal
loss (21).These effects parallel the cellular pathology characteristic of schizophrenia, which is
associated with preserved cell number in cortex but reduced dendritic complexity and
decreased spine and synapse density (22-24). Altered BDNF function would be expected to
play a role in this pathology, given that postmortem studies have observed reduced mRNA
expression of BDNF receptors TrkB and TrkC in the prefrontal cortex of schizophrenia patients
(17;25), and in animal models, a reduction in TrkB expression is associated with dendritic
atrophy and decreased spine density in pyramidal neurons within kainic acid induced lesion
sites (26).

Based on the foregoing, we hypothesized that the BDNF response to hypoxia would be
inhibited in cord serum samples from individuals who developed schizophrenia later in life as
compared with demographically matched controls.

Methods and Materials

Description of Birth Cohort and Perinatal Risk Indicators

The study sample was drawn from the Philadelphia cohort of the National Collaborative
Perinatal Project (NCPP). The NCPP was a large-scale, prospective, multi-site study of
pregnant women and their offspring born from 1959-1965, selected to be representative of
patients receiving prenatal care at each study site (27). The Philadelphia cohort includes 9,236
surviving offspring of a sample of 6,753 pregnant women (2). As part of the original NCPP
study, data from examinations and interviews were recorded by trained staff beginning at the
time of maternal registration for prenatal care, using standardized protocols, through to the
delivery, with follow-up evaluations of offspring health at 8 months, 4 years and 7 years of
age (27). Maternal blood samples were collected throughout pregnancy and infant cord samples
at delivery and stored at —20°C in a repository. Three obstetric risk factors were included in
this analysis: birth hypoxia, maternal toxemia/small for gestational age (SGA) status, and
prematurity. Birth hypoxia is one of the most replicated obstetric risk factors for schizophrenia
in both cohort and case-control studies (4;28); it was coded as positive if the infant was blue
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during the first five minutes of life (i.e., rating of 0 on Apgar scale for skin color from 1to 5
minutes) and/or required resuscitation at delivery. We used only the color component of the
APGAR score so as focus the measure on fetal blood oxygenation. This index is a very general
measure of hypoxia, reflecting a relatively broad range of hypoxia severity; thus it has a base
rate that is much higher than that of true asphyxia. Sensitivity to a broader range of hypoxia
severity and a higher base rate were considered advantageous in this context given the sample
size available. Maternal toxemia/SGA status has been linked to psychotic disorder outcomes
in the Boston-Providence cohort of the NCPP and may imply a risk for chronic fetal hypoxia
(1); following the definition used in our prior study, this factor was coded as positive if the
mother had toxemia or hypertension during pregnancy or the infant was born small-for-
gestational age (i.e., birth weight below the 101 percentile for a given gestational age).
Premature birth, defined as a gestational age less then 37 weeks, has been associated with risk
for schizophrenia in some studies (4) and may moderate the effects of hypoxia and other
obstetric insults (9;20).

Diagnostic Follow-Up and Case-Control Selection

As described in detail elsewhere (2), a two-stage diagnostic assessment procedure was used to
ascertain offspring who had developed schizophrenia and affective psychoses by adulthood.
Briefly, stage one screening utilized a citywide psychiatric database, identifying 339 study
offspring who had been treated and diagnosed with some form of psychotic disorder.
Psychiatric records were located and reviewed for 144 of these individuals. Six experienced
diagnosticians performed the chart reviews, assigning diagnoses using DSM-1V criteria. Of
the 144 charts reviewed, 113 received confirmed diagnoses of major psychotic disorders,
including 62 individuals with schizophrenia (n=62), 10 with schizoaffective disorder,
depressed type, and 41 received a confirmed diagnosis of psychotic bipolar disorder (n=10) or
major depression with psychotic features (n=31). The inter-rater reliability for primary chart-
review diagnoses (based on independent reviews by two experienced clinicians for a random
sample of 94 cases) was 93% (i=.85). The agreement between primary chart-review diagnoses
and diagnoses based on direct interview for 15 of the cases was 92.8%.

The pool of potential controls was composed of all the remaining members of the cohort. These
subjects were grouped into four strata according to gender (male/female) and race/ethnicity
(Caucasian/African American), and within strata sorted by month and day of birth. The three
controls closest for month and day of birth within each gender X race stratum were selected
for each case.

Human subjects approval was granted by review groups at the University of Pennsylvania, the
City of Philadelphia, the University of California, Los Angeles, NICHD, the Johns Hopkins
School of Medicine, and local psychiatric facilities. Written consent was obtained from all
interviewed study participants.

A maternal blood sample was obtained from the NIH study repository for 111 of the cases (70
with schizophrenia or schizoaffective disorder-depressed type; 41 with psychotic bipolar
disorder or major depression with psychotic features) and their 333 controls. A cord blood
sample was obtained for 64 cases (40 with schizophrenia or schizoaffective disorder, 24 with
affective psychosis) and 188 controls. Demographic characteristics of the cases and controls
are given in Table 1.

Antibody Measurements and Genotyping

BDNF was measured in the serum samples using a solid phase immunoassay as previously
described (29). Reagents were obtained from Promega Corporation, Madison Wisconsin, and
the assay was performed following manufacturers instructions (30). This assay employs a
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monoclonal antibody with <3% cross-reactivity with other trophins and has a coefficient of
variation ranging from 2.2-8.8%. The assay is engineered to require reactivity to 2 distinct
epitopes of intact protein. The Val66Met polymorphism of the BDNF gene (rs6265) was
genotyped using the Tagman system and PCR as previously described (31) on DNA extracted
from cord blood. The minor allele (T) at this marker (resulting in a valine to methionine amino
acid substitution) is associated with lower depolarization-induced secretion of BDNF and a
failure of BDNF localization to secretory granules and synapses in transfected cell culture
(32).

Statistical Analysis

Results

To test our hypothesis, we conducted mixed model analysis of variance that took into account
the matching of three controls per case to test for differences in cord and maternal BNDF levels
between the case and control groups as a function of birth hypoxia, maternal toxemia/SGA
status, and prematurity. We fit random effects models that assessed the main effects and
interactions of case-control status and each of the obstetric risk factors, treating each “quartet”
of one case and three matched controls as a random effect (33).

These obstetric factors have previously associated with increased risk for schizophrenia in the
Philadelphia and New England cohorts of the NCPP or in other studies (1;2;4;28), so analyses
of their association with diagnostic outcome will not be repeated here. Rather, we seek to
identify molecular mechanisms underlying these associations by determining whether each
risk factor was associated with a differential profile of neurotrophin response in cases versus
controls.

Obstetric risk factors and BDNF

The results of the mixed model analyses (see Table 2) showed that BDNF in cord blood samples
was differentially expressed in cases versus controls as a function of birth hypoxia, but not as
a function of maternal toxemia/SGA status or prematurity. As shown in Figure 1, BDNF was
significantly increased (by 10%) in cord samples among controls exposed to hypoxia, but
significantly decreased (by 20%) among future cases (all psychoses) exposed to hypoxia. This
effect was specific to the cord samples — BDNF was not differentially expressed among cases
and controls according to hypoxia in maternal serum samples at the time of birth (Table 2).
Maternal and cord BDNF levels were not significantly correlated in this sample overall or
among cases and controls separately. There was also a significant effect of prematurity on cord
BDNF levels (Table 2), with infants born prematurely showing a significantly lower level of
BDNF (367.3+24.3) than those born at term (435.8+£15.9).

In secondary analyses, the differential downregulation in BDNF as a function of birth hypoxia
in cases compared with controls was found to be specific to the cases with a diagnosis of
schizophrenia or schizoaffective disorder-depressed type (F[1,111]=4.45, p=0.03), and was
not observed in the cases with psychotic bipolar disorder or major depression with psychotic
features (F[1,55]=0.06, p=0.80). This analysis was done because prior work has in general
shown greater relevance of obstetric risk factors to outcomes of schizophrenia than to outcomes
of affective psychosis (34).

BDNF genotype as a potential moderator

The frequency of the minor allele (T) of the BDNF Val66Met polymorphism was 4% in both
the patient and control groups (x2=0.59, df=1, p=.43) and did not differ significantly between
cases with schizophrenia versus affective psychosis (i.e., 4% vs 0%, ¥2=1.91, df=1, p=.17).
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Further, the interaction between schizophrenia and birth hypoxia on cord BDNF levels
remained after excluding subjects with the T allele (F[1,90]=5.13, p=.026).

Tests of Bias

We conducted a series of analyses to determine whether the cases included in the analysis
(whose charts were available for evaluation and diagnostic classification) differed in some way
from the larger group of potential cases identified through the psychiatric register. The 72 cases
with chart-review-based DSM-IV diagnoses of schizophrenia or schizoaffective disorder did
not differ from the remaining 121 probands with register diagnoses of schizophrenia or
schizoaffective disorder (whose charts were not reviewed and who were thus not included as
cases in the serological study) in terms of gender (65% vs. 59% male, respectively; x2=0.9,
df=1, p=0.33), race (3% vs. 6% Caucasian; y?=0.9, df=1, p=0.34), season of birth (24% vs.
27% winter-born; ¥2=0.3, df=1, p=0.57), year of birth (1962 + 2.2 vs. 1962 + 1.9; t=—0.2,
df=191 p=0.81), birth order (3.6 £ 2.7 vs. 3.1 + 1.9; t=1.4, df=191, p=0.16), mother’s age at
birth (24.2 + 6.6 vs. 23.8 £ 6.3; t=0.4, df=191, p=0.67), or years of maternal education (10.4
+2.4vs.10.7 £ 2.5;t=—0.6, df=191, p=0.49). The groups also did not differ significantly from
each other in terms of birth hypoxia (x2=0.48, df=1, p=0.49), maternal toxemia/SGA status
(x2=0.11, df=1, p=0.75), or prematurity (x2=0.06 df=1, p=0.81).

Discussion

These results provide evidence that a critical cell signaling mechanism is disrupted at the time
of birth in individuals destined to develop schizophrenia as adults, such that neurotrophic
factors fail to be recruited during biological stress invoked by birth hypoxia, potentially leading
to dendritic atrophy and disruption of synaptogenesis in the fetus.

The downregulation of BDNF was specific to the fetus and was not observed in maternal
samples obtained at the time of delivery. The specificity of this effect to the cord samples held
regardless of whether the analysis of maternal samples was limited to those subjects who also
had cord samples available. This pattern suggests that a fetus-specific vulnerability factor
results in dysregulation of neurotrophic signaling in response to birth hypoxia. Notably, the
downregulation of BDNF was specific to birth hypoxia — there were no differences in
expression of BDNF in either cord or maternal samples in relation to maternal toxemia/SGA
status or prematurity. Some degree of specificity of acute perinatal hypoxia is to be expected
given that BDNF levels in cord samples from the time of delivery should index perinatal
complications more directly than complications arising earlier in the course of pregnancy. It
remains to be determined whether the latter may also be associated with failure to mount a fetal
neuroprotective response via BDNF. Notably, however, a similar profile of specificity has been
observed in the association of birth hypoxia, and not SGA status or prematurity, with gray
matter reduction in schizophrenia patients and their siblings, and differentially so compared
with normal controls (9).

The factors responsible for the differential pattern of neurotrophin expression in cases versus
controls as a function of hypoxia remain to be identified. We examined and ruled out the
Val66Met polymorphism in the BDNF gene as moderating this effect, although it should be
noted that the Met allele frequency observed in this predominantly African-American sample
is much lower than has been seen in predominantly Caucasian samples from the US population
(35) but is comparable to other populations of African origin (see
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=6265). Given that circulating BDNF may
emanate from platelets, brain neurons, vascular endothelial cells, activated T cells, B cells and
monocytes (36;37), it is not possible to isolate the tissue source of the reduced BDNF levels
observed in this study to brain neurons. Nevertheless, it is worth noting that postmortem studies
have observed reduced mRNA expression of BDNF receptors TrkB and TrkC in the prefrontal
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cortex of schizophrenia patients (17;25), and in animal models, a reduction in TrkB expression
is associated with dendritic atrophy and decreased spine density in pyramidal neurons within
kainic acid induced lesion sites (26), while there are no reports examining its expression in
platelets or vascular endothelial cells. Further, in patients with chronic schizophrenia,
circulating BDNF levels are lower in serum but not whole blood, suggesting a deficit in
neurotrophic factor release (38). BDNF neuroprotection is regulated by the Ras-MAPK
signaling pathway and depends on sustained activation of the cCAMP response element-binding
protein (CREB) and ERK 1/2 phosphorylation (18;19). Itis of interest in this regard that several
putative susceptibility genes for schizophrenia are involved in Ras-MAPK and ERK signaling
(39-44) and along with BDNF and its receptors may thus be considered candidate genes for
mediating the differential BDNF response to obstetric insults in individuals who develop
schizophrenia as adults. Given that cord blood BNDF may reflect immune system function
(45), and considering that immune cell BDNF secretion is associated with white matter volume
in multiple sclerosis (46), it is also possible that an immunological mechanism is involved in
the lower BDNF levels among cases exposed to hypoxia.

Overall, the rate of birth hypoxia was equivalent in the cases and controls in this study.
However, in the overall cohort from which the cases and controls were drawn, exposure to
birth hypoxia was associated with an increased risk for an early onset form of schizophrenia
(2). Inthe subset of cases and controls used in this study, the same degree of association between
hypoxia and early-onset schizophrenia was present, but with the smaller sample size, at only
a trend level of significance (p=0.08). A specific association between hypoxia-associated
obstetric complications and an early onset of form of schizophrenia has also been replicated
in an independent cohort from Finland (3). In view of this pattern, and considering the
differential BDNF response among cases versus controls, birth hypoxia may not increase the
risk for developing schizophrenia in the absence of a particular biological vulnerability, such
as failure to mount a neurotrophin protective response. However, the presence of both this
biological vulnerability and birth hypoxia may contribute to an increased risk for a form of
schizophrenia characterized by an early age at onset. While discussion of the potential
mechanisms involved is necessarily speculative at this point, such a pattern could reflect a
reduced degree of dendritic complexity and synaptic density arising at birth, which then
interacts with subsequent regressive brain developmental processes during adolescence (e.g.,
synaptic pruning) in pushing individuals below some critical threshold of interneuronal
connectivity associated with expression of psychosis (5;47). If this interpretation is correct, it
is possible that administration of neurotrophins (perhaps modified chemically to promote
increased CNS penetration) during critical stages of brain development may have some
protective benefits in individuals who are genetically susceptible to schizophrenia.

Itis also possible that, rather than moderating the effect of birth hypoxia on cord BDNF levels,
genetic factors associated with vulnerability to future schizophrenia cause both a higher rate
of birth hypoxia and lower BDNF levels in fetal serum. This interpretation is somewhat less
likely, however, given that presence of a family history of schizophrenia is not correlated with
birth hypoxia independently of maternal health risk behaviors (48).

One limitation of this study is that the majority of cases were diagnosed by chart review rather
than by direct interview. The chart-review diagnoses were found to be reliable; independent
evaluations of a random sample of medical records by different reviewers produced a high rate
of diagnostic agreement (x=.85, 93% simple agreement), and there was high agreement
between the chart-review-based diagnoses and those based on the Structured Clinical Interview
for DSM-IV diagnoses in the 15 cases who were interviewed directly (i.e., 92.8%).

Another limitation is that ascertainment of psychiatric morbidity relied on a recorded history
of local psychiatric service utilization, which missed cases who were deceased or had not yet
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come to treatment at the time of follow-up, who had been treated at facilities that were no
longer operating or did not cooperate with the chart reviews, or who, because of emigration or
changes in social class, utilized psychiatric facilities other than those whose patient rolls were
screened. Our use of a case-control (rather than a cohort analytic) design mitigates the potential
biasing effects of incomplete ascertainment to the extent that the cases used in the study are
representative of the overall pool of affected individuals in the birth cohort. One indication that
the cases who were included in this study are likely to be representative is that they were found
to be comparable in terms of demographics and obstetric history to the 121 probands with a
treated history of schizophrenia or schizoaffective disorder whose charts were not available
for review and were thus not included in the serological study. Of note, the control sample for
this study included all remaining members of the cohort, not simply unaffected controls. This
helps mitigate the concern that the observed differences between cases and controls could be
attributable to atypical patterns of BDNF expression in the controls. While some cases of
untreated or otherwise unascertained schizophrenia or affective psychosis could have been
included as controls, the rate of ascertained morbidity for these diagnoses in this cohort was
quite high and comparable to that in similar populations (2). Further, the existence of any such
misclassified controls would result in an under-estimation (rather than over-estimation) of the
BDNF effect in the cases.

Although the samples of schizophrenia cases and controls were large and sufficient for
detecting statistical differences between groups, the numbers of affective psychosis cases with
and without birth hypoxia were relatively small, and small sample sizes could have mitigated
against detecting effects in this group.

The samples were stored for 40+ years at —20° C. Protease inhibitors were not added to the
samples, but serum contains a number of protease inhibitors such as alpha-1 antitrypsin so the
amount of proteolytic cleavage while frozen is limited. Steroid protein measurements from
NCPP samples are consistent with values from published studies of fresh samples collected at
similar points in gestation (49), and the measured values of BDNF from this study are
comparable to those from other studies using fresh samples conducted by the Yolken lab. The
fact that the samples for cases and controls were collected and stored in an identical fashion
(blindly with respect to adult psychiatric outcome) makes it very unlikely that the results of
this study could be due to storage artifacts.

Given the higher rate of schizophrenia among males in this cohort (2), it could be argued that
there is an under-ascertainment of female schizophrenia patients, such that the present results
may generalize only to male schizophrenia patients. Arguing against this interpretation,
however, is the fact that the hypoxia effect on risk for schizophrenia in this cohort was not
differential according to gender (2), and the differential BDNF response to hypoxia in cases
versus controls detected in this study was independent of gender.

Rates of schizophrenia are known to vary by factors such as urban residence, social class, and
minority status, factors whose variability is greatly truncated in this cohort compared with the
general population. Unfortunately, the truncated racial diversity did not permit us to examine
race as a modifier of the differential BDNF response to birth hypoxia in cases versus controls.
A race-specific effect seems unlikely, however, since hypoxia-related OCs have been found
to be associated with schizophrenia in several Scandinavian countries whose populations are
nearly entirely Caucasian (3;4).

In conclusion, we found that individuals exposed to fetal hypoxia and who developed
schizophrenia as adults showed a decreased level of BDNF in cord blood samples from the
time of birth, findings that suggest dysregulation of neurotrophic signaling in the pathogenesis
of schizophrenia and suggest novel molecular targets for preventive intervention.
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Figure 1.

Least-square mean (+ SEM) BDNF levels in cord blood samples by fetal hypoxia in cases
versus controls (as derived from the full mixed model analysis of variance shown in Table 2).
While controls showed an increase in BDNF as a function of exposure to hypoxia, cases
exposed to hypoxia showed a significant decrease in BDNF.
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Table 1
Demographic and obstetric characteristics of the case and control groups by primary diagnosis.
Schizophrenia Affective Psychosis
Characteristic Cases (N=70) Controls (N=210) Cases (N=41) Controls (N=123)
Female, N (%) 23 (32.8%) 69 (32.8%) 24 (58.5%) 72 (58.5%)
African American 68 (97.1%) 204 (97.1%) 35 (85.4%) 105 (85.4%)
Birth Hypoxia 22 (31.4%) 60 (28.6%) 8 (19.5%) 31 (25.2%)
Maternal Toxemia/SGA 12 (17.1%) 52 (24.8%) 8 (19.5%) 18 (14.6%)
Prematurity 14 (20.0%) 37 (17.6%) 8 (19.5%) 22 (17.9%)
T/C or T/T Val66Met 3 (7.9%) 9 (7.8%) 0 (0.0%) 5 (8.1%)
Birth year, mean (SD) 1962 (2.1) 1962 (2.1) 1962 (2.0) 1962 (2.0)
Mother’s age, yrs 24.4 (6.6) 245 (6.3) 24.2 (7.4) 23.8(5.9)
SES 2.9 (1.9) 3.4(19) 3.3(L.9) 3.5(L.9)
Maternal education, yrs completed 10.4 (2.4) 10.8 (2.6) 9.7 (1.9) 10.7 (3.5)
BDNF, infant, pg/ml 434.2 (128.6) 432.3 (141.9) 465.9 (165) 457.6 (127.3)
BDNF, mother, pg/ml 406.3 (65.5) 399.8 (65.4) 392.1 (69.2) 386.4 (65.6)

SGA=small for gestational age.

Biol Psychiatry. Author manuscript; available in PMC 2009 November 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Page 13

Cannon et al.
Table 2
Mixed model analysis of variance? results for diagnosis and obstetric predictors on cord and maternal blood levels of
BDNF.
Cord BDNF? Maternal BDNFS

Predictor? F p F p
Diagnosis 0.65 0.42 1.23 0.27
Birth Hypoxia 3.37 0.07 0.05 0.82
Maternal Toxemia/SGA 0.81 0.37 0.33 0.56
Prematurity 8.18 0.005 0.79 0.37
Diagnosis x Birth Hypoxia 5.04 0.02 1.27 0.26
Diagnosis x Maternal Toxemia/SGA 0.52 0.47 0.05 0.83
Diagnosis x Prematurity 0.21 0.65 0.00 0.99

1 . . . . .
Each case was matched with 3 control subjects on age, gender, and race, and sociodemographic stratum was modeled as a random variable.

2Each effect tested with 1 and 173 degrees of freedom.

3Each effect tested with 1 and 317 degrees of freedom.

4 . . . .
All predictors were modeled simultaneously, thereby controlling for overlap among predictors.

SGA=Small for gestational age.
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