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Schizophrenia epidemiology can provide us with valuable
information to guide research directions. However, while
epidemiology is useful for generating candidate risk fac-
tors, it can not always deliver studies that prove causality.
We argue that the field needs more translational research
that links schizophrenia epidemiology with molecular, cel-
lular, and behavioral neuroscience. Cross-disciplinary proj-
ects related to candidate genetic or nongenetic risk factors
not only can address the biological plausibility of these fac-
tors, but they can serve as catalysts for discovery in neu-
roscience. This type of cross disciplinary research is
likely to be more efficient compared to clinically dislocated
basic neuroscience. Examples of this type of translational
research are provided based on (a) the impact of prenatal
nutrition and prenatal infection on brain development and
(b) understanding the causes and consequences of agenesis
of the corpus callosum. We need to build shared discovery
platforms that encourage greater cross-fertilization be-
tween schizophrenia epidemiology and basic neuroscience
research.
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Recently Identified Risk Factors in Schizophrenia

In this volume, Xu et al1 present evidence linking prenatal
exposure to famine with an increased risk of schizophre-
nia. The findings are consistent with 2 other studies.2,3

Severe famine is associated with adverse outcomes at
many levels—the striking drop in birth rates during

the famine is a stark testament to this.1 Why do neonates
who are lucky enough to survive this extreme nutritional
stressor go on to have an increased risk of developing
schizophrenia? Which aspects of brain development are
less able to buffer this type of perturbation?
Like many hypotheses in medicine, the first clues link-

ing prenatal famine and schizophrenia emerged from eco-
logical studies. These studies have compared the risk of
schizophrenia for birth cohorts who were in utero during
the famine vs control cohorts who were not exposed to
prenatal famine. Because ecological studies rely on indi-
rect assessment of the exposure, stronger evidence from
additional types of research is needed. Reliable case-
control level data on prenatal diet during famines are
not so readily available. Randomized controlled trials
of exposure to famine are neither feasible nor ethical.
Clearly, we do not need any additional evidence to con-
firm that famines have disastrous immediate and long-
term consequences for a wide range of health outcomes.
So, where to next for this type of research? Focused clin-
ical research looking at the physiological consequences of
prenatal exposure to famine can help.4 But the utility of
these clues is best addressed in experimental research
based on animal models. What are the consequences
of prenatal protein and calorie restriction to brain devel-
opment? Do data from animal models recapitulate clin-
ical findings?5 This work is now underway, and the early
results are promising. For example, Palmer et al6 exam-
ined a rat model of prenatal protein deprivation. They
identified a range of behavioral and neurochemical find-
ings that linked the prenatal exposure to altered dopami-
nergic and glutaminergic neurotransmission in the adult
offspring of the model.

Public Health and the Search for Candidate Exposures

Nutritional exposures are of particular interest from
a public health perspective because they can offer oppor-
tunities for public health interventions.7,8 Similarly, pre-
natal infection, an exposure that has long been on the
radar screen of schizophrenia epidemiology, offers the
chance of prevention via vaccinations or other public
health measures.9 Even if these exposures are thought
to explain only a small proportion of all cases, if the pub-
lic health interventions are cheap and safe, there is
a strong case to support this type of research. From
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the perspective of ‘‘dollar per disability-adjusted-life-year
averted,’’10,11 these interventions could be sound invest-
ments.

None of the nutritional or infectious candidate risk fac-
tors currently have a sufficiently coherent and robust ev-
idence base to allow us to make public health
recommendations. It is unlikely that we will ever reach
a level of evidence that could be classified as ‘‘beyond rea-
sonable doubt,’’ but it is feasible that we will reach a level
of evidence consistent with the ‘‘preponderance of
evidence.’’12

The Fertile Intersection Between Schizophrenia
Epidemiology and Developmental Neurobiology

In addition to translational research that progresses in-
formation from epidemiology to the arena of public
health, the research community also benefits from trans-
lating these clues into the field of neurobiology. Also
appearing in this volume, Kinney et al13 examine hypoth-
eses that might explain the latitude gradient in the prev-
alence of schizophrenia. They leverage these clues in
order to explore hypotheses related to prenatal vitamin
D deficiency14 and/or prenatal infection.15 Both these
candidate exposures demonstrate how information
from epidemiology can lead to new discoveries in devel-
opmental neurobiology.

With respect to developmental vitamin D deficiency as
a risk factor for schizophrenia, while data on season of
birth, latitude gradient, and migrant studies are tantaliz-
ing, the evidence from analytical epidemiology remains
scant.16,17 In contrast, rodent models of developmental
vitamin D deficiency have provided many findings that
may be of interest to schizophrenia research (eg, enlarged
ventricles, altered sensitivity to glutamatergic agents).18–20

This research has subsequently stimulated interest in the
role of this neurosteroid in adult brain function.21,22 Sim-
ilarly, while epidemiological research linking prenatal in-
fection and schizophrenia has been slowly accumulating
evidence over the decades, the pace of discovery has been
accelerated considerably by developmental neurobiology
groups using animal models.23,24 In particular, Feldon
and colleagues have undertaken an impressive array of
studies that have elucidated connections linking prenatal
immune activation and altered brain development.25 The
discoveries are now able to feedback into more focused
and hypothesis-driven analytical epidemiology.

Neurobiology is currently an intensely fertile area of
research, and the pace of discovery is astounding. For
the schizophrenia researcher, trying to engage with neu-
roscience is akin to ‘‘sipping from a fire hose.’’ Despite
this, we argue that it is critical that schizophrenia epide-
miology is firmly anchored to a neurobiologicaly in-
formed framework. While clinical research is clearly
important, animal models can play a key role in unravel-
ing the biological mechanisms linking early life disrup-

tions to later neuropsychiatric disorders. The field is
now mature enough to appreciate that animal models
will never recapitulate the full phenotype of clinical dis-
orders that impact on higher cognitive function. How-
ever, animal models provide an experimental platform
that allows researchers to focus on more substrate-
pure neurobiological correlates of clinical syndromes.26

Apart from the need to test our candidate exposures in
animal models, how can schizophrenia research best
guide neuroscience research? Schizophrenia researchers
have the skills to generate candidate exposures and to
identify neuroanatomical, neurochemcial, or behavioral
phenotypes of interest to clinical research. Animal mod-
els can help explore the neurobiological correlates of in-
termediate phenotypes of interest to our field (eg,
differential sensitivity to glutamatergic or dopaminergic
agents). Rodent models, zebra fish, or invertebrates such
as Drosophila and Caenorhabditis elegans can provide
powerful and efficient research platforms to explore
key research questions for both genetic and nongenetic
risk factors27–29 and to help identify the function of
genetic candidates.

Clinical Syndromes Catalyze Discovery Pathways

Like neuroscience, epidemiology is a broad discipline. As
discussed above, clues from risk factor epidemiology (eg,
prenatal nutrition and infection) have catalyzed novel
discovery pathways for developmental neurobiology.
Descriptive epidemiology also plays in important role in
defining key parameters such as the incidence and prev-
alence of a disorder. Genetic or molecular epidemiology
applies family- or population-based frameworks to the
assessment of genetic factors that influence health and
disease. Increasingly, epidemiological research is incor-
porating genetic variations into disease model (eg, Men-
delian randomization30). The intersection between genes
and the environment has been the focus on a recent
collection of articles appearing in Schizophrenia
Bulletin.31–34

While large population-based studies are important for
risk factor research, simple case series studies remain
a key foundation stone for neuroscience. Observant clini-
cians are central in the identification of neuropsychiatric
syndromes. The next section of this commentary will
briefly discuss how neuroscience has leveraged clues
from case series of disorders that share a common ana-
tomical feature—agenesis of the corpus callosum (ACC).
It is one of many examples of how the simplest form
of epidemiological study, the case series, can galvanize
research.
ACC is associated with a large number of human con-

genital disorders, with phenotypes ranging from severe
motor and sensory deficits as well as mental retardation,
to more mild symptoms involving learning difficulties,
language deficits, and social-behavioral problems.35
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Like schizophrenia, ACC is a heterogeneous group of dis-
orders. Unlike schizophrenia, it is characterized by a
prominent neuroanatomical feature. In recent years,
a large number of mouse mutants that display ACC
have been identified, and thus, some progress has been
made in identifying genes and the underlyingmechanisms
involved (reviewed in Lindwall et al36). Understanding
the basic biology of the system is essential for under-
standing the pathology.
Because ACC is a gross structural abnormality in the

brain, it is relatively easy to diagnose and study in both
humans and animal models. However, neuropsychiatric
conditions such as schizophrenia and autism are much
more complex and thus much more difficult to unravel.
These disorders involve aspects of brain function and cir-
cuitry that are more uniquely human and less amenable
to modeling in animals. However, in the case of autism,
translational and basic research has revealed new insights
into the genetic and molecular basis for this disorder
(reviewed recently in Geschwind,37 Walsh et al,38

Kelleher and Bear39). Unexpectedly, research related to
understanding the pathogenesis of ACC is now cross-
linking with autism research. For example, an inbred
mouse strain that is associated with ACC40 displays
a range of behaviors associated with the clinical pheno-
type of autism (eg, altered vocalisation, repetitive and
stereotypic behaviors, altered social behavior).41–43 Curi-
ously, a recent report of a transgenic mouse engineered to
express a truncated Disrupted in Schizophrenia 1
(DISC1) gene was also reported to have a partial
ACC.44 As is typical for scientific discovery, research
stimulated by one research question can unexpectedly un-
cover answers for a completely different question.
Autism, like schizophrenia, is associated with many

different genetic disruptions, which in turn, impact on ap-
parently disparate cellular mechanisms including synap-
tic dysfunction, metabolism, RNA splicing, and neuronal
migration.37Much work needs to be done in order to link
these molecular and cellular features to neuroanatomy
and behavioral neuroscience. Here, the advances in imag-
ing technology continue to provide new insights into
brain structure and function.With respect to understand-
ing disruption of white matter tracts such as ACC, these
technique have particularly important. Magnetic reso-
nance imaging (MRI) techniques known as ‘‘diffusion
tensor imaging’’ (DTI) have been used to study the brain
in humans and animal models.45–47 In simple terms, DTI
allows for the axon tracts of the brain to be color coded
depending on their orientation. This can provide a 3-
dimensional view of the axon tracts of the brain and their
anatomical projections in relation to one another. Axo-
nal tracts can be viewed in any orientation, making this
type of analysis extremely powerful for identifying gross
defects in axon tract morphology. One problemwith DTI
is that it is not good at resolving areas where axonal bun-
dles cross one another. Newer imaging techniques such as

high angular resolution diffusion imaging (HARDI) cou-
pled with Q-ball reconstruction overcome the fiber cross-
ing problem and allow unprecedented anatomical
precision with which to study the brain. In cases of partial
ACC, it has been shown that cortical axons passing
through the callosal remnant are diverse in their origins
between different patients.48 Even patients who seem to
have similar callosal remnants by anatomical scans have
vastly different axonal connection patterns.48 Such
patients even show ectopic ‘‘sigmoid’’ bundles previously
found in ACC patients by DTI analysis.49

This imaging work demonstrates one way in which new
and powerful anatomical techniques can be applied to
studying brain connectivity in relation to function and
dysfunction. In schizophrenia research, valuable insights
have been gained from studying brain anatomy through-
out development by structural MRI and observing differ-
ences in brain regional activation through functional
MRI (reviewed in Paus et al50). Newer techniques such
as HARDI/Q-ball offer the possibility of understanding
brain connectivity in schizophrenic patients and ultimately
some insight into the anatomical basis of this disease.

Building-Shared Research Platforms

The neuroanatomical and neurohistochemical correlates
of schizophrenia are much more subtle than ACC.51

Within the context of the heterogeneity of this poorly un-
derstood group of brain disorders, this is to be expected.
But, regardless of this heterogeneity, research inspired by
the epidemiological clues such as prenatal nutrition and
prenatal infection are more likely to lead to the identifi-
cation of informative pathways compared with clinically
dislocated basic neuroscience research. Similarly, on its
own, epidemiology will never be able to address the bio-
complexity underpinning a poorly understood group of
disorders like schizophrenia.
Schizophrenia epidemiology can provide us with valu-

able information to guide research directions. These clues
are much too important to waste. But, while epidemiol-
ogy is useful for generating candidate risk factors, it can-
not always readily deliver studies that prove causality.52

The best returns will come from linking schizophrenia ep-
idemiology with molecular, cellular, and behavioral neu-
roscience. Cross-disciplinary projects related to
candidate genetic or nongenetic risk factors can address
the biological plausibility of these factors and can also
provide a road to new discoveries in neuroscience. We
need to build shared discovery platforms that encourage
greater cross-fertilization between schizophrenia epide-
miology and basic neuroscience research.

Funding

National Health and Medical Research Council (Senior
Research Fellowship to L.J.R.).

579

Schizophrenia Epidemiology and Neurobiology

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/article/35/3/577/1872370 by guest on 19 April 2024



References

1. Xu M, Sun W, Liu B, et al. Prenatal malnutrition and adult
schizophrenia: further evidence from the 1959-61 Chinese
famine. Schizophr Bull. Schizophrenia Bulletin Advance
Access published on January 20, 2009. doi:10.1093/schbul/
sbn168.

2. Susser ES, Lin SP. Schizophrenia after prenatal exposure to
the Dutch hunger winter of 1944-1945. Arch Gen Psychiatry.
1992;49:938–988.

3. St Clair D, Xu M, Wang P, et al. Rates of adult schizophrenia
following prenatal exposure to the Chinese famine of
1959–1961. JAMA. 2005;294:557–562.

4. Heijmans BT, Tobi EW, Stein AD, et al. Persistent epigenetic
differences associated with prenatal exposure to famine in
humans. Proc Natl Acad Sci U S A. 2008;105:17046–17049.

5. McGrath JJ. The surprisingly rich contours of schizophrenia
epidemiology. Arch Gen Psychiatry. 2007;64:14–16.

6. Palmer AA, Brown AS, Keegan D, et al. Prenatal protein
deprivation alters dopamine-mediated behaviors and dopami-
nergic and glutamatergic receptor binding. Brain Res. 2008;
1237:62–74.

7. Insel BJ, Schaefer CA, McKeague IW, Susser ES, Brown AS.
Maternal iron deficiency and the risk of schizophrenia in off-
spring. Arch Gen Psychiatry. 2008;65:1136–1144.

8. Brown AS, Susser ES. Prenatal nutritional deficiency and risk
of adult schizophrenia. Schizophr Bull. 2008;34:1054–1063.

9. Yolken RH, Torrey EF. Are some cases of psychosis caused
by microbial agents? A review of the evidence. Mol Psychia-
try. 2008;13:470–479.

10. Andrews G, Issakidis C, Sanderson K, Corry J, Lapsley H.
Utilising survey data to inform public policy: comparison of
the cost-effectiveness of treatment of ten mental disorders.
Br J Psychiatry. 2004;184:526–533.

11. Andrews G, Sanderson K, Corry J, Issakidis C, Lapsley H.
Cost-effectiveness of current and optimal treatment for
schizophrenia.Br JPsychiatry. 2003;183:427–435 discussion 436.

12. Sullivan PF. The dice are rolling for schizophrenia genetics.
Psychol Med. 2008;1–4.

13. Kinney DK, Teixeira P, Hsu D, et al. Relation of schizophre-
nia prevalence to latitude, climate, diet, infant mortality, and
skin color: a role for prenatal vitamin D deficiency and infec-
tions? Schizophr Bull. In press.

14. McGrath J. Hypothesis: is low prenatal vitamin D a risk-
modifying factor for schizophrenia? Schizophr Res. 1999;
40:173–177.

15. Brown AS. Prenatal infection as a risk factor for schizophre-
nia. Schizophr Bull. 2006;32:200–202.

16. McGrath J, Eyles D, Mowry B, Yolken R, Buka SL. Low
maternal vitamin D as a risk factor for schizophrenia: a pilot
study using banked sera. Schizophr Res. 2003;63:73–78.

17. McGrath J, Saari K, Hakko H, et al. Vitamin D supplemen-
tation during the first year of life and risk of schizophrenia: a
Finnish birth-cohort study. Schizophr Res. 2004;67:237–245.

18. Kesby JP, Burne TH, McGrath JJ, Eyles DW. Developmental
vitamin D deficiency alters MK 801-induced hyperlocomo-
tion in the adult rat: an animal model of schizophrenia.
Biol Psychiatry. 2006;60:591–596.

19. Feron F, Burne TH, Brown J, et al. Developmental vitamin
D3 deficiency alters the adult rat brain. Brain Res Bull.
2005;65:141–148.

20. EylesD, Brown J,Mackay-SimA,McGrath J, FeronF. Vitamin
D3 and brain development. Neuroscience. 2003;118:641–653.

21. McGrath J, Feron F, Eyles D. Vitamin D: the neglected neu-
rosteroid? Trends Neurosci. 2001;24:570–572.

22. McCann JC, Ames BN. Is there convincing biological or be-
havioral evidence linking vitamin D deficiency to brain
dysfunction? FASEB J. 2008;22:982–1001.

23. Patterson PH. Maternal infection: window on neuroimmune
interactions in fetal brain development and mental illness.
Curr Opin Neurobiol. 2002;12:115–118.

24. Zuckerman L, Weiner I. Maternal immune activation leads to
behavioral and pharmacological changes in the adult
offspring. J Psychiatr Res. 2005;39:311–323.

25. Meyer U, Feldon J, Yee BK. A review of the fetal brain cyto-
kine imbalance hypothesis of schizophrenia.Schizophr Bull. April
11, 2008; doi:10.1093/schbul/sbn022.

26. Arguello PA, Gogos JA. Modeling madness in mice: one
piece at a time. Neuron. 2006;52:179–196.

27. Scott EK, Mason L, Arrenberg AB, et al. Targeting neural
circuitry in zebrafish using GAL4 enhancer trapping. Nat
Methods. 2007;4:323–326.

28. van Swinderen B. Attention-like processes in Drosophila
require short-term memory genes. Science. 2007;315:
1590–1593.

29. Swinderen B. The remote roots of consciousness in fruit-fly
selective attention? Bioessays. 2005;27:321–330.

30. Smith GD, Ebrahim S. Mendelian randomization: prospects,
potentials, and limitations. Int J Epidemiol. 2004;33:30–42.

31. van Os J, Murray R. Gene-environment interactions in
schizophrenia. Introduction. Schizophr Bull. 2008;34:1064–
1065.

32. van Os J, Rutten BP, Poulton R. Gene-environment interac-
tions in schizophrenia: review of epidemiological findings and
future directions. Schizophr Bull. 2008;34:1066–1082.

33. Oh G, Petronis A. Environmental studies of schizophrenia
through the prism of epigenetics. Schizophr Bull. 2008;34:
1122–1129.

34. Henquet C, Di Forti M, Morrison P, Kuepper R, Murray
RM. Gene-environment interplay between cannabis and psy-
chosis. Schizophr Bull. 2008;34:1111–1121.

35. Paul LK, Brown WS, Adolphs R, et al. Agenesis of the cor-
pus callosum: genetic, developmental and functional aspects
of connectivity. Nat Rev Neurosci. 2007;8:287–299.

36. Lindwall C, Fothergill T, Richards LJ. Commissure forma-
tion in the mammalian forebrain. Curr Opin Neurobiol. 2007;
17:3–14.

37. Geschwind DH. Autism: many genes, common pathways?
Cell. 2008;135:391–395.

38. Walsh CA, Morrow EM, Rubenstein JL. Autism and brain
development. Cell. 2008;135:396–400.

39. Kelleher RJ, 3rd, Bear MF. The autistic neuron: troubled
translation? Cell. 2008;135:401–406.

40. Wahlsten D, Metten P, Crabbe JC. Survey of 21 inbred
mouse strains in two laboratories reveals that BTBR T/+ tf/
tf has severely reduced hippocampal commissure and absent
corpus callosum. Brain Res. 2003;971:47–54.

41. McFarlane HG, Kusek GK, Yang M, Phoenix JL, Bolivar
VJ, Crawley JN. Autism-like behavioral phenotypes in
BTBR T+tf/J mice. Genes Brain Behav. 2008;7:152–163.

42. Crawley JN. Mouse behavioral assays relevant to the symp-
toms of autism. Brain Pathol. 2007;17:448–459.

43. Moy SS, Nadler JJ, Young NB, et al. Mouse behavioral tasks
relevant to autism: phenotypes of 10 inbred strains. Behav
Brain Res. 2007;176:4–20.

580

J. J. McGrath & L. J. Richards

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/article/35/3/577/1872370 by guest on 19 April 2024



44. Shen S, Lang B, Nakamoto C, et al. Schizophrenia-related
neural and behavioral phenotypes in transgenic mice express-
ing truncated Disc1. J Neurosci. 2008;28:10893–10904.

45. Zhang J, Miller MI, Plachez C, et al. Mapping postnatal
mouse brain development with diffusion tensor microimag-
ing. Neuroimage. 2005;26:1042–1051.

46. Zhang J, Richards LJ, Yarowsky P, Huang H, van Zijl PC,
Mori S. Three-dimensional anatomical characterization of
the developing mouse brain by diffusion tensor microimag-
ing. Neuroimage. 2003;20:1639–1648.

47. Huang H, Zhang J, Wakana S, et al. White and gray matter
development in human fetal, newborn and pediatric brains.
Neuroimage. 2006;33:27–38.

48. Wahl M, Strominger Z, Jeremy RJ, et al. Variability of
homotopic and heterotopic callosal connectivity in partial

agenesis of the corpus callosum: a 3T diffusion tensor imag-
ing and Q-ball tractography study. AJNR Am J Neuroradiol.
2008.

49. Tovar-Moll F, Moll J, de Oliveira-Souza R, Bramati I,
Andreiuolo PA, Lent R. Neuroplasticity in human callosal
dysgenesis: a diffusion tensor imaging study. Cereb Cortex.
2007;17:531–541.

50. Paus T, Keshavan M, Giedd JN. Why do many psychiatric
disorders emerge during adolescence? Nat Rev Neurosci. 2008;
9:947–957.

51. Harrison PJ. The neuropathology of schizophrenia. A critical
review of the data and their interpretation. Brain. 1999;
122(pt 4):593–624.

52. Davey Smith G, Ebrahim S. Epidemiology–is it time to call it
a day? Int J Epidemiol. 2001;30:1–11.

581

Schizophrenia Epidemiology and Neurobiology

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/article/35/3/577/1872370 by guest on 19 April 2024


