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Abstract 

Maternal infection during prenatal life is a risk factor for neurodevelopmental disorders, 

including schizophrenia and autism, in the offspring. We and others have reported white 

mater microstructure abnormalities in prefrontal-striato-temporal networks in these 

disorders. In addition we have shown that early rather than late maternal immune 

challenge in the mouse model precipitates ventricular volume change and impairs 

sensorimotor gating similar to that found in schizophrenia.  However, it is not known 

whether the timing of maternal infection has a differential impact upon white matter 

microstructural indices. Therefore this study directly tested the effect of early or late 

gestation maternal immune activation on post-natal white matter microstructure in the 

mouse.  The viral mimic PolyI:C was administered on day 9 or day 17 of gestation. In-

vivo diffusion tensor imaging (DTI) was carried out when the offspring reached 

adulthood.  We describe a novel application of voxel-based analysis to evaluate fractional 

anisotrophy (FA). In addition we conducted a preliminary immunohistochemical 

exploration of the oligodendrocyte marker, 2’,3’-cyclic nucleotide 3’-phosphodiesterase 

(CNPase), to determine whether differences in myelination might contribute to any 

changes in FA observed. Our results provide experimental evidence that prenatal 

exposure to inflammation elicits widespread differences in FA throughout fronto-striatal-

limbic circuits compared to control saline exposure.  Moreover, FA changes were more 

extensive in the group exposed earliest in gestation. 

 

Keywords: DTI, VBM, FA, CNPase, PolyIC, prefrontal-striatal-limbic circuits.
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Introduction 

Evidence from multiple directions supports a consensus view that schizophrenia and 

related disorders including autism have onset early in neurodevelopment (Bailey et al., 

1998; Beckmann, 1999; Bullmore et al., 1998; Bunney et al., 1995; McAlonan et al., 

2005; Murray, 1994; Murray et al., 1992; Pilowsky et al., 1993).  We have previously 

reported diffusion tensor imaging (DTI) data supporting white matter microstructure 

anomalies in these conditions (Cheung et al., 2009; Cheung et al., 2008).  This likely 

contributes to the differences in functional connectivity consistently observed during 

higher-order cognitive processing in schizophrenia and autism compared to typically 

developing individuals (Demirci et al., 2009; Foucher et al., 2005; Just et al., 2007; 

Koshino et al., 2005; Schlosser et al., 2003; Zhou et al., 2007). 

 

Epidemiological studies implicate maternal infection during prenatal life as a strong risk 

factor for neurodevelopmental disorders in the offspring (Brown, 2006; Chess, 1971; 

O'Callaghan et al., 1991; Sham et al., 1992; Takei et al., 1995). This has established a 

platform for the development of rodent models in which maternal infection precipitates a 

behavioural phenotype with features similar to those found in schizophrenia and/or 

autism spectrum (Fatemi et al., 2005; Fatemi et al., 2008a; Shi et al., 2003).  It appears 

that non-specific activation of the maternal immune response (MIA) using viral 

analogues is sufficient to bring about behavioural phenotypic change in the offspring 

(Meyer et al., 2005, 2006; Meyer et al., 2007; Patterson, 2002; Watanabe et al., 2004) and 

that early gestational exposure triggers more extensive behavioural and neuroanatomical 

sequelae than later exposure (Li et al., 2009; Meyer et al., 2007). 
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There is preliminary data to support a link between prenatal inflammatory exposure in 

late gestation and changes in white matter markers in offspring (Fatemi et al., 2008b), 

however the latter study was restricted to pre-selected regions of interest (ROI) and 

examined only a late gestational exposure. Given the crucial role of timing in determining 

phenotypic outcome (Li et al., 2009; Meyer et al., 2007), we examined white matter FA 

in adult mice following exposure in early gestation, day 9 (GD9) and late pregnancy 

(GD17) time points.  Schizophrenia and autism spectrum disorders are complex and 

unlikely to be explained by any single, well-circumscribed lesion. Therefore, in order not 

to restrict our analysis to predefined ROIs, we planned to exploit voxel-wise analysis 

techniques (VBM) used in the human literature to explore FA in mouse brain in-vivo.  

From the clinical literature we predicted widespread involvement of white matter tracks, 

especially in front-striatal-limbic circuits and the corpus callosum (Cheung et al., 2009; 

Cheung et al., 2008; Ellison-Wright and Bullmore, 2009). We expected that FA 

anomalies would be more extensive in the early exposed group.  In addition we 

conducted a preliminary immunohistochemical exploration of the oligodendrocyte 

marker 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase) to determine whether 

myelination processes might contribute to any changes in FA observed.  
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Material and Methods 

Animals 

Timed pregnant female C57BL6/N mice were supplied by The University of Hong Kong, 

Laboratory Animal Unit, (LAU) for a study approved by the Committee on the Use of 

Live Animals in Teaching and Research at The University of Hong Kong. Prenatal 

treatment comprised either saline control or a 5ml/kg injection volume of 5 mg/kg 

PolyI:C (potassium salt, Sigma Aldrich) administered via the tail vein on GD9 or GD17. 

Offspring were weaned and sexed at postnatal day 21. Three to 4 male littermates were 

caged together for use in the experiments. Adult behavioural phenotype and ventricular 

volumes in these animals have already been reported (Li et al., 2009). Total number of 

mice used for these present experiments were: control, n =12 (GD9=5,GD17=7), Poly I:C, 

n = 18 (GD9=10, GD17=8). Mice used for DTI scanning were, Control, n = 8 (GD9 n= 3, 

GD17 n= 5); PolyI:C, n = 14 (GD9 = 8; GD17 = 6). Four control mice (GD9=2, 

GD17=2), and 4 PolyI:C (GD9=2,GD17=2) mice that had not been scanned nor tested in 

accompanying behavioural paradigms (Li et al., 2009)  were used for 

immunohistochemistry.  

   

MRI 

DTI scanning of 12-week old offspring was carried out in a dedicated small animal 7 T 

scanner with quadrature RF coil with 23 mm inner diameter and maximum gradient of 

360 mT/m (70/16 PharmaScan, Bruker Biospoin GmbH, Germany). Mice were weighed 

then anaesthetized via a nose cone with isoflurane/air mixture at 3% for induction and 

1.5% for maintenance via a nose cone. Diffusion weighted images were acquired with a 
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respiration-gated 4-shot SE-EPI sequence with 2 different b-values (0.0 and  1.0 ms/μm2) 

along 30 gradient encoding directions (Hui et al., 2009; Wang et al., 2009a; Wang et al., 

2009b; Wang et al., 2008; Wu et al., 2007; Wu and Wu, 2009) extending from bregma-

2.92 to 1.98. The imaging parameters were TR/TE = 3000/30.3 ms, δ/Δ = 5/17 ms, slice 

thickness = 0.35 mm, FOV = 32.3 mm, data matrix = 128 × 128 (zero-filled to 256 × 256) 

and NEX = 4. The DTI component of the scan took 28 mins. 

 

Voxel based Morphometry (VBM) method  

MRI images were processed with the Statistical Parametric Mapping 2 (SPM2) software 

and the DTI toolbox, running under MATLAB 6.5. DTI toolbox was used to realign the 

DTI images to correct for motion and eddy current. FA map was calculated from the 

realigned DTI images (Cheung et al., 2008).  There were 3 main preprocessing steps. 

First, the skull was removed from the DTI and the T2 images. Second, distortions in the 

DTI images were spatially corrected by non-linear registration to the T2 structural image 

of the same mouse. Third, the DTI images were normalized to standard space using the 

structural T2 image as reference. 

 

In the first step, non-brain tissue were removed from the T2 image and the b0 image 

using the semi-automatic method previously described (Li et al., 2009). Distortion in the 

skull-free b0 and the T2 images was corrected as follows. The b0 and the T2 image were 

grossly co-registered by a rigid transformation. They were further registered by a 

secondary, two-dimensional affine transformation, where scaling and shearing were 

restricted to the X and to the Z direction, as the DTI coverage in the Y direction was short 
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of the whole brain T2. After two linear registrations, a third, non-linear registration was 

applied to further improve the mapping between DTI and the structural image. During 

this registration, a binary mask was applied to the T2 brain to mask regions that were out 

of the field of view of the b0 image. DTI distortions were mainly in the Z-X plane, 

therefore the number of bias functions in the Y direction was restricted to a single 

function. The parameters of the three transformations were merged together into a single 

transformation, and applied to correct the distortion of the skull-free FA map. The 

transformed FA map was modulated with the Jacobian determinant of the transformation 

to reflect the original FA value before the correction.  Finally, the T2 brain was 

normalized to standard space (Li et al., 2009). The parameter of this transformation was 

applied to the distortion corrected FA map. The normalized FA map was then smoothed 

with a 0.3mm Gaussian kernel before the analysis. 

 

In order to confine the statistical analysis to white matter only, a white matter mask was 

constructed by only including voxels that were above an FA value of 0.15 in all of the 

mice in the study.  One mouse in each of the groups, control, GD9 and GD17 was 

rejected because of excessive motions in the DTI scans, thus the final numbers for DTI 

analysis were 7 controls, 7 GD9 PolyI:C and 5 GD17 PolyI:C. The data were entered into 

a single design matrix in SPM2 and ANOVA used to compare FA in the PolyIC groups 

to the control group. The VBM statistics were threshold with p<.005 and a minimum 

cluster size of 50 voxels. 
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Immunohistochemistry Protocol 

Additional mice exposed to MIA or saline on GD9 or GD17, but not used for MRI or any 

other testing (Li et al., 2009) were deeply anesthetized by Hypnorm (12.5 

mg/kg)/Dormicum (6.25 mg/kg) mixture and perfused transcardially with 0.9% NaCl 

followed by 4% paraformaldehyde in o.1M sodium phosphate buffer pH 7.4. Brains were 

taken out and post-fixed with 4% paraformaldehyde for less than 24 h and then embedded 

in paraffin wax. Five μm thick sections were cut coronally from paraffin blocks of each 

brain. Sections were dewaxed and rehydrated before antigen retrieval with sodium citrate 

buffer (pH 6.0). They were then treated with 0.3% H2O2 in methanol for 15min to 

inactivate endogenous peroxidase. Sections were blocked with 1% BSA and 10% normal 

horse serum at room temperature for 1h, incubated with mouse monoclonal of CNPase 

(Abcam) diluted with 1:200 in 1% BSA at 4℃ overnight. Next day, sections were 

incubated with horse radish peroxidase (HRP)-conjugated donkey anti-mouse IgG 

(Abcam) diluted 1: 2000 in 1% BSA for 1h at room temperature. All the slides were 

washed with tris buffered saline (TBS, pH 8.4) or TBS-Tween 20 (TBST) 5min each for 

three times after incubated with H2O2 , primary and secondary antibodies. Finally, 

sections were developed using DAB kit (3,3’-diaminobenzidine, Invitrogen) under the 

light microscope at room temperature for 2-3 min, and stopped in running tape water. 

After staining, the sections were dehydrated through an alcohol series, cleared with 

xylene, and mounted. Tissue sections for negative control were processed similarly but 

without addition of primary antibody.   
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Results 
 

VBM 
 

Voxel-wise analysis indicated widespread regions of significantly lower and higher FA in 

GD9 and GD17 PolyI:C exposed animals relative to controls.  As can be seen in Table 1 

and Figure 1, FA was lower in both GD9 and GD17 polyI:C exposed mice compared to 

controls in the left amygdala and cerebral peduncles and right fimbria.  There were 

additional regions of lower FA in the GD 9 group including anterior cingulate, ventral 

striatum and external capsule.  In contrast GD17 polyI:C animals had lower FA in right 

ventral subicular regions only.  FA was significantly increased in a region corresponding 

to the left stria medullaris in both GD9 and GD17 polyI:C groups.  The GD17 group also 

had increased FA in right stria medullaris and amygdala/piriform area while GD9 polyI:C 

exposed mice had multiple areas of increased FA including the left fimbria, lateral septal 

area and prefrontal lobe. (see Figure 1 and Table 1) 

 

Immunohistochemistry 

 
 

Inspection of CNPase stained sections confirmed a qualitative reduction in staining in the 

external capsule of GD9 polyI:C exposed mice, but not GD17 polyI:C exposed mice, in 

line with the VBM results.  See Figure 2. In addition, CNPase staining appeared 

increased in the left fimbria of GD9 polyI:C mice but not GD17 polyI:C mice compared 

to controls, also consistent with the direction of VBM findings. See Figure 3. 
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Discussion 

The present study yields direct experimental evidence that prenatal exposure to maternal 

inflammation disrupts white matter microstructure across a number of critical brain 

circuits.  In either early or late gestation, MIA elicited widespread bidirectional changes 

in FA throughout fronto-striatal-limbic circuits.  Regions with lower FA were more 

extensive in the early exposed group.  In both groups there were regions with increased 

FA but again, these were more extensive in the early exposed group. These FA anomalies 

observed were predominantly left-sided.  Preliminary immunohistochemical evidence 

revealed that mice exposed to MIA early in gestation had a qualitative reduction in the 

oligodendrocyte marker 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase)  in the 

external capsule and increase in the fimbria of mice corresponding with the tracts 

showing decrease and increase in FA respectively.  This is consistent with a white matter 

structural insult which at least partly affects myelination.   

 

Our results extend previous observations that prenatal infection exposure in late gestation 

modifies white matter markers in offspring (Fatemi et al., 2008a). The present result adds 

to previous work by our team and others indicating that the impact of MIA on postnatal 

brain and behavioural phenotype depends on the timing of exposure during gestation (Li 

et al., 2009; Meyer et al., 2006; Meyer et al., 2008b; Meyer et al., 2007). Specifically, we 

reported that MIA on GD9 in the mouse causes lateral ventricular enlargement and 

sensorimotor gating abnormalities in offspring (Li et al., 2009).  This closely mirrors 

schizophrenia in which lateral ventricular enlargement is the most consistent 

neuroimaging finding (Chua and McKenna, 1995) and sensorimotor gating impairment 
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constitutes an important endophenotype (Swerdlow et al., 2006, Quednow, 2009).  MIA 

at a later time point in pregnancy (GD17) does not cause ventricular enlargement in the 

offspring, nor marked sensorimotor gating abnormalities (Li et al., 2009). The 

observation fits with more recent serological evidence indicating that early inflammation, 

during the first trimester of human pregnancy, may have a critical role in elevating the 

risk of schizophrenia in offspring (Brown et al., 2004; Brown et al., 2005) and 

precipitating brain morphological changes in schizophrenia (Brown et al., 2009).   

 

A subsidiary aim of the present study was to apply voxel-based methods to analyse 

mouse DTI data. Although we have successfully used VBM to investigate CSF volume 

changes in the same animals (Li et al., 2009), the technique has not yet been applied to 

the more challenging DTI analysis of the rodent brain. Perhaps the most demanding 

component of the analysis was normalization of images to the T2 scan.  The 

preprocessing routine applied a non-linear 2D normalization procedure to localize FA 

images to a common space within the mouse template (Chan et al., 2007). Thereafter a 

voxel-by-voxel comparison of FA could be performed and we suggest this method could 

be usefully applied in other MRI studies which collect similar composite datasets.   

 

Our FA findings in the MIA mouse model are largely consistent with the pattern 

observed by ourselves and others in previous clinical imaging studies of schizophrenia 

and autism (Cheung et al., 2009; Cheung et al., 2008; Ellison-Wright and Bullmore, 

2009). In a comprehensive meta-analysis of DTI studies of schizophrenia, Ellison-Wright 

and colleagues found significantly decreased FA was most consistently identified in left 
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frontal and temporal deep white matter (Ellison-Wright and Bullmore, 2009). They 

concluded that lower frontal FA supported a disruption to white matter circuits 

interconnecting frontal lobe, thalamus and cingulate gyrus, while the temporal FA 

reduction involved tracts interconnecting the frontal lobe, hippocampus–amygdala, and 

temporal and other targets.  Our observation of predominantly left-sided anomalies in 

fronto-temporal regions, including those around the amygdala and hippocampus, is 

compelling both in the similarity of direction of change and distribution of anomalies to 

the human literature. Recently Rotarska-Jagiela conducted a DTI study of schizophrenia 

and also found lower FA in frontal pathways circuits, in addition to external capsule FA 

decreases as observed here (Rotarska-Jagiela et al., 2009).   

 

The latter study and others additionally reported increased FA was associated with more 

severe positive symptoms in the arcuate fasiculus (Hubl et al., 2004; Shergill et al., 2007). 

The arcuate fasciculus links the parieto-temporal
 
lobe with dorsal frontal lobe (BA 8, 46, 

and 6) (Catani et al., 2007; Catani et al., 2002; Catani et al., 2005; Catani and Mesulam, 

2008; Catani and Thiebaut de Schotten, 2008) and, in connecting Wernicke’s area to 

Broca’s area, it is a key component of language pathways in man. Rotarska-Jagiela et al. 

interpreted their findings by linking a ‘strengthening’ of aberrant connections to the 

severity and duration of hallucinations experienced.  In the mouse we also identified 

some restricted increases in FA.  These were most evident in the offspring of early 

exposed animals.  Sites of increased FA included regions around the stria medullaris, 

septum, fasciculus retroflexus and fimbria fornix.  The stria medullaris connects septal 

and anterior thalamic nuclei to the habenula.  The habenula is thought to have an 
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integrative function, acting in co-ordination with basal ganglia and 

dopaminergic/serotoninergic systems in cognitive processing (Lecourtier and Kelly, 2007) 

and regulation of dopaminergic reward-driven behaviour (Matsumoto and Hikosaka, 

2007).   

 

White matter FA in a region corresponding to the fasciculus retroflexus was observed to 

be increased in the GD17 animals.  This tract is of interest because it controls REM sleep 

through cholinergic projection to the hippocampus (Valjakka et al., 1998) and interacts 

with midbrain dopamine and serotonin activating systems (Carlson et al., 2000). Given 

the clinical observation of sleep pattern disregulation in conditions such as autism (Taira 

et al., 1998) and schizophrenia (Chouinard et al., 2004), our results encourage closer 

investigation of the role of this projection in such manifestations of developmental 

change.   Thus the present picture of abnormally increased FA in this key 

neurotransmitter control centre, fits well with the long-standing hypothesis of dopamine 

excess and dysregulation in schizophrenia (Murray et al., 2008). It also fits with the 

consistent reports of enhanced sensitivity to amphetamine in animals exposed to prenatal 

MIA particularly in the early exposed animals (Meyer et al., 2005; Meyer et al., 2008a).   

 

The fornix is a fundamental limbic pathway in the rodent, connecting the hippocampal 

complex with the septum and mammillary bodies.  The hippocampal-fornix system has 

long been implicated in the pathopysiology of schizophrenia, with neonatal lesions of the 

hippocampus driving phenotype changes in rodents analogous to features of 

schizophrenia ((Ellenbroek et al., 1998; Lipska and Weinberger, 2000).  Similarly 
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hippocampal systems are implicated in autism, leading to a theory that autism involves 

developmental change in this brain region (DeLong, 1992). Post-mortem evidence for 

abnormality in this limbic pathway in schizophrenia has been recorded in a study by 

showing the fibres of the left fornix in males were denser than comparison control males 

(Chance et al., 1999).  This is a striking parallel with the observation here of increased 

FA in the left fornix FA of GD9 exposed mice. Indeed the authors in the latter study 

suggested ‘a delay in late developmental processes, including myelination’ might explain 

their findings which were consistent with a ‘primary pathophysiological change in the 

development of global connectivity’.  

 

The white matter microstructural differences we observed were clearly asymmetric.  In 

recent years increasing attention has been focused on brain asymmetry in lower 

vertebrates.  It has become apparent that cognitive asymmetry of the vertebrate brain is 

conserved through evolution (Vallortigara et al., 1999). In rodents, as in humans, there is 

appreciable anatomical asymmetry generally, but not always, involving left-hemispheric 

enlargement (Spring et al., 2010).  Asymmetrical development is determined in early life 

through the Nodal signaling pathway which is regulated by the Wnt/Axin/b-catenin 

protein cascade (Carl et al., 2007).  Disruption to the Wnt signaling pathway (Beasley et 

al., 2002; Beasley, 2001; Everall, 1999) and a reduction in brain asymmetry is recognised 

in schizophrenia (Sommer et al., 2001). In lower vertebrates the role of this signaling 

pathway in controlling patterning of the dorsal diencephalic conduction system (DDC), 

comprising the habenula nuclei, stria medullaris and fasciculus retroflexus has been 

closely studied.  As discussed above, left-sided white matter FA was particularly 
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increased in components of the DDC in the immune-stimulated mouse model. The DDC 

has a highly conserved complex asymmetric organisation with right-ward lateralisation of 

the lateral habenula in the albino mouse, see review (Bianco and Wilson, 2009) and a 

larger right habenula and thicker fasiculus retroflexus in fish species (Adrio et al., 2000).  

Interestingly prenatal influenza A has been shown to specifically target the habenula 

complex (Mori et al., 1999). Taken together with our present findings, the evidence 

suggests that regions with asymmetric organization in mammalian brain are susceptible 

to inflammation occurring during prenatal life.  Thus our findings are consistent with 

interruption of brain asymmetry patterning during early life leading to post-natal 

neurodevelopmental disorder (DeLisi et al., 1997). We propose that future study should 

incorporate a more detailed examination of the time-specific effects of prenatal immune 

activation on the development of brain asymmetry in the mouse. 

 

We acknowledge that our work has a number of limitations.  Our DTI study did not 

include the cerebellum.  This is an important drawback as the cerebellum is implicated in 

both disorders, but particularly autism (Courchesne, 1997). However, we suggest that our 

VBM method to normalize DTI coverage to standard template brain has applications 

beyond the dataset acquired here.  Moreover, given the practical difficulties of manual 

tracing approaches in the mouse FA map, VBM offers an operator independent option for 

other studies seeking to capitalize on in-vivo imaging of mouse models. The 

immunohistochemistry component of our study should be considered as a first step only 

in exploring the basis of these white matter anomalies precipitated by prenatal 

inflammatory insult.  In indicating that myelination may contribute to the changes in FA 
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observed, our findings are consistent with accumulating evidence for dysregulation in the 

genetic control of myelination processes in schizophrenia (Dracheva et al., 2006).  

 

In conclusion, our present results support the aetiological validity of the hypothesis that 

early inflammatory insult leads to widespread connectivity anomalies in the brain 

relevant to neurodevelopmental disorders such as schizophrenia and autism.  The use of 

an in-vivo scanning method should pave the way for longitudinal study designs.  For 

example, in our future studies we hope to investigate white matter developmental indices 

from an earlier time point with a view to identifying possible biomarkers for 

neurodevelopmental conditions and potentially test the usefulness of novel therapeutic 

interventions on white matter maturation.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 17 

References 

 

Adrio, F., Anadon, R., Rodriguez-Moldes, I., 2000. Distribution of choline 

acetyltransferase (ChAT) immunoreactivity in the central nervous system of a 

chondrostean, the siberian sturgeon (Acipenser baeri). J Comp Neurol 426, 602-621. 

 

Bailey, A., Luthert, P., Dean, A., Harding, B., Janota, I., Montgomery, M., Rutter, M., 

Lantos, P., 1998. A clinicopathological study of autism. Brain 121 ( Pt 5), 889-905. 

 

Beasley, C., Cotter, D., Everall, I., 2002. An investigation of the Wnt-signalling pathway 

in the prefrontal cortex in schizophrenia, bipolar disorder and major depressive disorder. 

Schizophr Res 58, 63-67. 

 

Beasley, C., Cotter, D., Everall, I.P., 2001. Are abnormalities of the Wnt signalling 

pathway present in schizophrenia? Schizophr Res 49, 50-50. 

 

Beckmann, H., 1999. Developmental malformations in cerebral structures of 

schizophrenic patients. Eur Arch Psychiatry Clin Neurosci 249 Suppl 4, 44-47. 

 

Bianco, I.H., Wilson, S.W., 2009. The habenular nuclei: a conserved asymmetric relay 

station in the vertebrate brain. Philos Trans R Soc Lond B Biol Sci 364, 1005-1020. 

 

Brown, A.S., 2006. Prenatal infection as a risk factor for schizophrenia. Schizophr Bull 

32, 200-202. 

 

Brown, A.S., Begg, M.D., Gravenstein, S., Schaefer, C.A., Wyatt, R.J., Bresnahan, M., 

Babulas, V.P., Susser, E.S., 2004. Serologic evidence of prenatal influenza in the etiology 

of schizophrenia. Arch Gen Psychiatry 61, 774-780. 

 

Brown, A.S., Deicken, R.F., Vinogradov, S., Kremen, W.S., Poole, J.H., Penner, J.D., 

Kochetkova, A., Kern, D., Schaefer, C.A., 2009. Prenatal infection and cavum septum 

pellucidum in adult schizophrenia. Schizophr Res 108, 285-287. 

 

Brown, A.S., Schaefer, C.A., Quesenberry, C.P., Jr., Liu, L., Babulas, V.P., Susser, E.S., 

2005. Maternal exposure to toxoplasmosis and risk of schizophrenia in adult offspring. 

Am J Psychiatry 162, 767-773. 

 

Bullmore, E.T., Woodruff, P.W., Wright, I.C., Rabe-Hesketh, S., Howard, R.J., Shuriquie, 

N., Murray, R.M., 1998. Does dysplasia cause anatomical dysconnectivity in 

schizophrenia? Schizophr Res 30, 127-135. 

 

Bunney, B.G., Potkin, S.G., Bunney, W.E., Jr., 1995. New morphological and 

neuropathological findings in schizophrenia: a neurodevelopmental perspective. Clin 

Neurosci 3, 81-88. 



 18 

Carl, M., Bianco, I.H., Bajoghli, B., Aghaallaei, N., Czerny, T., Wilson, S.W., 2007. 

Wnt/Axin1/beta-catenin signaling regulates asymmetric nodal activation, elaboration, and 

concordance of CNS asymmetries. Neuron 55, 393-405. 

 

Carlson, J., Armstrong, B., Switzer, R.C., 3rd, Ellison, G., 2000. Selective neurotoxic 

effects of nicotine on axons in fasciculus retroflexus further support evidence that this a 

weak link in brain across multiple drugs of abuse. Neuropharmacology 39, 2792-2798. 

 

Catani, M., Allin, M.P., Husain, M., Pugliese, L., Mesulam, M.M., Murray, R.M., Jones, 

D.K., 2007. Symmetries in human brain language pathways correlate with verbal recall. 

Proc Natl Acad Sci U S A 104, 17163-17168. 

 

Catani, M., Howard, R.J., Pajevic, S., Jones, D.K., 2002. Virtual in vivo interactive 

dissection of white matter fasciculi in the human brain. Neuroimage 17, 77-94. 

 

Catani, M., Jones, D.K., ffytche, D.H., 2005. Perisylvian language networks of the human 

brain. Ann Neurol 57, 8-16. 

 

Catani, M., Mesulam, M., 2008. The arcuate fasciculus and the disconnection theme in 

language and aphasia: history and current state. Cortex 44, 953-961. 

 

Catani, M., Thiebaut de Schotten, M., 2008. A diffusion tensor imaging tractography 

atlas for virtual in vivo dissections. Cortex 44, 1105-1132. 

 

Chan, E., Kovacevic, N., Ho, S.K., Henkelman, R.M., Henderson, J.T., 2007. 

Development of a high resolution three-dimensional surgical atlas of the murine head for 

strains 129S1/SvImJ and C57Bl/6J using magnetic resonance imaging and micro-

computed tomography. Neuroscience 144, 604-615. 

 

Chance, S.A., Highley, J.R., Esiri, M.M., Crow, T.J., 1999. Fiber content of the fornix in 

schizophrenia: lack of evidence for a primary limbic encephalopathy. Am J Psychiatry 

156, 1720-1724. 

 

Chess, S., 1971. Autism in children with congenital rubella. J Autism Child Schizophr 1, 

33-47. 

 

Cheung, C., Chua, S.E., Cheung, V., Khong, P.L., Tai, K.S., Wong, T.K., Ho, T.P., 

McAlonan, G.M., 2009. White matter fractional anisotrophy differences and correlates of 

diagnostic symptoms in autism. J Child Psychol Psychiatry 50, 1102-1112. 

 

Cheung, V., Cheung, C., McAlonan, G.M., Deng, Y., Wong, J.G., Yip, L., Tai, K.S., 

Khong, P.L., Sham, P., Chua, S.E., 2008. A diffusion tensor imaging study of structural 

dysconnectivity in never-medicated, first-episode schizophrenia. Psychol Med 38, 877-

885. 

 



 19 

Chouinard, S., Poulin, J., Stip, E., Godbout, R., 2004. Sleep in untreated patients with 

schizophrenia: a meta-analysis. Schizophr Bull 30, 957-967. 

 

Chua, S.E., McKenna, P.J., 1995. Schizophrenia--a brain disease? A critical review of 

structural and functional cerebral abnormality in the disorder. Br J Psychiatry 166, 563-

582. 

 

Courchesne, E., 1997. Brainstem, cerebellar and limbic neuroanatomical abnormalities in 

autism. Curr Opin Neurobiol 7, 269-278. 

 

DeLisi, L.E., Sakuma, M., Kushner, M., Finer, D.L., Hoff, A.L., Crow, T.J., 1997. 

Anomalous cerebral asymmetry and language processing in schizophrenia. Schizophr 

Bull 23, 255-271. 

 

DeLong, G.R., 1992. Autism, amnesia, hippocampus, and learning. Neurosci Biobehav 

Rev 16, 63-70. 

 

Demirci, O., Stevens, M.C., Andreasen, N.C., Michael, A., Liu, J., White, T., Pearlson, 

G.D., Clark, V.P., Calhoun, V.D., 2009. Investigation of relationships between fMRI 

brain networks in the spectral domain using ICA and Granger causality reveals distinct 

differences between schizophrenia patients and healthy controls. Neuroimage 46, 419-

431. 

 

Dracheva, S., Davis, K.L., Chin, B., Woo, D.A., Schmeidler, J., Haroutunian, V., 2006. 

Myelin-associated mRNA and protein expression deficits in the anterior cingulate cortex 

and hippocampus in elderly schizophrenia patients. Neurobiol Dis 21, 531-540. 

 

Ellenbroek, B.A., van den Kroonenberg, P.T., Cools, A.R., 1998. The effects of an early 

stressful life event on sensorimotor gating in adult rats. Schizophr Res 30, 251-260. 

 

Ellison-Wright, I., Bullmore, E., 2009. Meta-analysis of diffusion tensor imaging studies 

in schizophrenia. Schizophr Res 108, 3-10. 

 

Everall, I., Cotter, D., Honaver, M., Lovestone, S., Anderton, B., Kerwin, R., 1999. Wnt 

signalling abnormalities in focal cortical dysplasia: Implications for schizophrenia. 

schizophr Res 36, 80-80. 

 

Fatemi, S.H., Pearce, D.A., Brooks, A.I., Sidwell, R.W., 2005. Prenatal viral infection in 

mouse causes differential expression of genes in brains of mouse progeny: a potential 

animal model for schizophrenia and autism. Synapse 57, 91-99. 

 

Fatemi, S.H., Reutiman, T.J., Folsom, T.D., Huang, H., Oishi, K., Mori, S., Smee, D.F., 

Pearce, D.A., Winter, C., Sohr, R., Juckel, G., 2008a. Maternal infection leads to 

abnormal gene regulation and brain atrophy in mouse offspring: implications for genesis 

of neurodevelopmental disorders. Schizophr Res 99, 56-70. 



 20 

Fatemi, S.H., Reutiman, T.J., Folsom, T.D., Sidwell, R.W., 2008b. The role of cerebellar 

genes in pathology of autism and schizophrenia. Cerebellum 7, 279-294. 

 

Foucher, J.R., Vidailhet, P., Chanraud, S., Gounot, D., Grucker, D., Pins, D., Damsa, C., 

Danion, J.M., 2005. Functional integration in schizophrenia: too little or too much? 

Preliminary results on fMRI data. Neuroimage 26, 374-388. 

 

Hubl, D., Koenig, T., Strik, W., Federspiel, A., Kreis, R., Boesch, C., Maier, S.E., 

Schroth, G., Lovblad, K., Dierks, T., 2004. Pathways that make voices: white matter 

changes in auditory hallucinations. Arch Gen Psychiatry 61, 658-668. 

 

Hui, E.S., Cheung, M.M., Chan, K.C., Wu, E.X., 2009. B-value dependence of DTI 

quantitation and sensitivity in detecting neural tissue changes. Neuroimage. 

 

Just, M.A., Cherkassky, V.L., Keller, T.A., Kana, R.K., Minshew, N.J., 2007. Functional 

and anatomical cortical underconnectivity in autism: evidence from an FMRI study of an 

executive function task and corpus callosum morphometry. Cereb Cortex 17, 951-961. 

 

Koshino, H., Carpenter, P.A., Minshew, N.J., Cherkassky, V.L., Keller, T.A., Just, M.A., 

2005. Functional connectivity in an fMRI working memory task in high-functioning 

autism. Neuroimage 24, 810-821. 

 

Lecourtier, L., Kelly, P.H., 2007. A conductor hidden in the orchestra? Role of the 

habenular complex in monoamine transmission and cognition. Neurosci Biobehav Rev 31, 

658-672. 

 

Li, Q., Cheung, C., Wei, R., Hui, E.S., Feldon, J., Meyer, U., Chung, S., Chua, S.E., 

Sham, P.C., Wu, E.X., McAlonan, G.M., 2009. Prenatal immune challenge is an 

environmental risk factor for brain and behavior change relevant to schizophrenia: 

evidence from MRI in a mouse model. PLoS One 4, e6354. 

 

Lipska, B.K., Weinberger, D.R., 2000. To model a psychiatric disorder in animals: 

schizophrenia as a reality test. Neuropsychopharmacology 23, 223-239. 

 

Matsumoto, M., Hikosaka, O., 2007. Lateral habenula as a source of negative reward 

signals in dopamine neurons. Nature 447, 1111-1115. 

 

McAlonan, G.M., Cheung, V., Cheung, C., Suckling, J., Lam, G.Y., Tai, K.S., Yip, L., 

Murphy, D.G., Chua, S.E., 2005. Mapping the brain in autism. A voxel-based MRI study 

of volumetric differences and intercorrelations in autism. Brain 128, 268-276. 

 

Meyer, U., Feldon, J., Schedlowski, M., Yee, B.K., 2005. Towards an immuno-

precipitated neurodevelopmental animal model of schizophrenia. Neurosci Biobehav Rev 

29, 913-947. 



 21 

Meyer, U., Feldon, J., Schedlowski, M., Yee, B.K., 2006. Immunological stress at the 

maternal-foetal interface: a link between neurodevelopment and adult psychopathology. 

Brain Behav Immun 20, 378-388. 

 

Meyer, U., Murray, P.J., Urwyler, A., Yee, B.K., Schedlowski, M., Feldon, J., 2008a. 

Adult behavioral and pharmacological dysfunctions following disruption of the fetal 

brain balance between pro-inflammatory and IL-10-mediated anti-inflammatory signaling. 

Mol Psychiatry 13, 208-221. 

 

Meyer, U., Nyffeler, M., Yee, B.K., Knuesel, I., Feldon, J., 2008b. Adult brain and 

behavioral pathological markers of prenatal immune challenge during early/middle and 

late fetal development in mice. Brain Behav Immun 22, 469-486. 

 

Meyer, U., Yee, B.K., Feldon, J., 2007. The neurodevelopmental impact of prenatal 

infections at different times of pregnancy: the earlier the worse? Neuroscientist 13, 241-

256. 

 

Mori, I., Diehl, A.D., Chauhan, A., Ljunggren, H.G., Kristensson, K., 1999. Selective 

targeting of habenular, thalamic midline and monoaminergic brainstem neurons by 

neurotropic influenza A virus in mice. J Neurovirol 5, 355-362. 

 

Murray, R.M., 1994. Neurodevelopmental schizophrenia: the rediscovery of dementia 

praecox. Br J Psychiatry Suppl 6-12. 

 

Murray, R.M., Jones, P., O'Callaghan, E., Takei, N., Sham, P., 1992. Genes, viruses and 

neurodevelopmental schizophrenia. J Psychiatr Res 26, 225-235. 

 

Murray, R.M., Lappin, J., Di Forti, M., 2008. Schizophrenia: from developmental 

deviance to dopamine dysregulation. Eur Neuropsychopharmacol 18 Suppl 3, S129-134. 

 

O'Callaghan, E., Sham, P., Takei, N., Glover, G., Murray, R.M., 1991. Schizophrenia 

after prenatal exposure to 1957 A2 influenza epidemic. Lancet 337, 1248-1250. 

 

Patterson, P.H., 2002. Maternal infection: window on neuroimmune interactions in fetal 

brain development and mental illness. Curr Opin Neurobiol 12, 115-118. 

 

Pilowsky, L.S., Kerwin, R.W., Murray, R.M., 1993. Schizophrenia: a 

neurodevelopmental perspective. Neuropsychopharmacology 9, 83-91. 

 

Quednow, B.B., Schmechtig, A., Ettinger, U., Petrovsky, N., Collier, D.A., Vollenweider, 

F.X., Wagner, M., Kumari, V., 2009. Sensorimotor gating depends on polymorphisms of 

the serotonin-2A receptor and catechol-O-methyltransferase, but not on neuregulin-1 

Arg38Gln genotype: a replication study. Biol Psychiatry 66, 614-620. 

 

Rotarska-Jagiela, A., Oertel-Knoechel, V., DeMartino, F., van de Ven, V., Formisano, E., 

Roebroeck, A., Rami, A., Schoenmeyer, R., Haenschel, C., Hendler, T., Maurer, K., 



 22 

Vogeley, K., Linden, D.E., 2009. Anatomical brain connectivity and positive symptoms 

of schizophrenia: a diffusion tensor imaging study. Psychiatry Res 174, 9-16. 

 

Schlosser, R., Gesierich, T., Kaufmann, B., Vucurevic, G., Hunsche, S., Gawehn, J., 

Stoeter, P., 2003. Altered effective connectivity during working memory performance in 

schizophrenia: a study with fMRI and structural equation modeling. Neuroimage 19, 751-

763. 

 

Sham, P.C., O'Callaghan, E., Takei, N., Murray, G.K., Hare, E.H., Murray, R.M., 1992. 

Schizophrenia following pre-natal exposure to influenza epidemics between 1939 and 

1960. Br J Psychiatry 160, 461-466. 

 

Shergill, S.S., Kanaan, R.A., Chitnis, X.A., O'Daly, O., Jones, D.K., Frangou, S., 

Williams, S.C., Howard, R.J., Barker, G.J., Murray, R.M., McGuire, P., 2007. A 

diffusion tensor imaging study of fasciculi in schizophrenia. Am J Psychiatry 164, 467-

473. 

 

Shi, L., Fatemi, S.H., Sidwell, R.W., Patterson, P.H., 2003. Maternal influenza infection 

causes marked behavioral and pharmacological changes in the offspring. J Neurosci 23, 

297-302. 

 

Sommer, I., Ramsey, N., Kahn, R., Aleman, A., Bouma, A., 2001. Handedness, language 

lateralisation and anatomical asymmetry in schizophrenia: meta-analysis. Br J Psychiatry 

178, 344-351. 

 

Spring, S., Lerch, J.P., Wetzel, M.K., Evans, A.C., Henkelman, R.M., 2010. Cerebral 

asymmetries in 12-week-old C57Bl/6J mice measured by magnetic resonance imaging. 

Neuroimage 50, 409-415. 

 

Swerdlow, N.R., Light, G.A., Cadenhead, K.S., Sprock, J., Hsieh, M.H., Braff, D.L., 

2006. Startle gating deficits in a large cohort of patients with schizophrenia: relationship 

to medications, symptoms, neurocognition, and level of function. Arch Gen Psychiatry 63, 

1325-1335. 

 

Taira, M., Takase, M., Sasaki, H., 1998. Sleep disorder in children with autism. 

Psychiatry Clin Neurosci 52, 182-183. 

 

Takei, N., Sham, P.C., O'Callaghan, E., Glover, G., Murray, R.M., 1995. Schizophrenia: 

increased risk associated with winter and city birth--a case-control study in 12 regions 

within England and Wales. J Epidemiol Community Health 49, 106-107. 

 

Valjakka, A., Vartiainen, J., Tuomisto, L., Tuomisto, J.T., Olkkonen, H., Airaksinen, 

M.M., 1998. The fasciculus retroflexus controls the integrity of REM sleep by supporting 

the generation of hippocampal theta rhythm and rapid eye movements in rats. Brain Res 

Bull 47, 171-184. 

 



 23 

Vallortigara, G., Rogers, L.J., Bisazza, A., 1999. Possible evolutionary origins of 

cognitive brain lateralization. Brain Res Brain Res Rev 30, 164-175. 

 

Wang, S., Wu, E.X., Cai, K., Lau, H.F., Cheung, P.T., Khong, P.L., 2009a. Mild 

hypoxic-ischemic injury in the neonatal rat brain: longitudinal evaluation of white matter 

using diffusion tensor MR imaging. AJNR Am J Neuroradiol 30, 1907-1913. 

 

Wang, S., Wu, E.X., Qiu, D., Leung, L.H., Lau, H.F., Khong, P.L., 2009b. Longitudinal 

diffusion tensor magnetic resonance imaging study of radiation-induced white matter 

damage in a rat model. Cancer Res 69, 1190-1198. 

 

Wang, S., Wu, E.X., Tam, C.N., Lau, H.F., Cheung, P.T., Khong, P.L., 2008. 

Characterization of white matter injury in a hypoxic-ischemic neonatal rat model by 

diffusion tensor MRI. Stroke 39, 2348-2353. 

 

Watanabe, Y., Hashimoto, S., Kakita, A., Takahashi, H., Ko, J., Mizuno, M., Someya, T., 

Patterson, P.H., Nawa, H., 2004. Neonatal impact of leukemia inhibitory factor on 

neurobehavioral development in rats. Neurosci Res 48, 345-353. 

 

Wu, E.X., Wu, Y., Nicholls, J.M., Wang, J., Liao, S., Zhu, S., Lau, C.P., Tse, H.F., 2007. 

MR diffusion tensor imaging study of postinfarct myocardium structural remodeling in a 

porcine model. Magn Reson Med 58, 687-695. 

 

Wu, Y., Wu, E.X., 2009. MR study of postnatal development of myocardial structure and 

left ventricular function. J Magn Reson Imaging 30, 47-53. 

 

Zhou, Y., Liang, M., Tian, L., Wang, K., Hao, Y., Liu, H., Liu, Z., Jiang, T., 2007. 

Functional disintegration in paranoid schizophrenia using resting-state fMRI. Schizophr 

Res 97, 194-205. 

 

 

 

 

 



Table 1  

Voxel-based analysis of white matter FA  
            
FA lower than control   L/R GD9  GD17 
                  x     y     z         x     y     z 
 
External Capsule    R 4.6 -3.1 -3.0  
 
Ventral subiculum/Entorhinal cortex  R   2.5 -5.5 -3.6 
         2.1 -5.2 -3.5 
 
Cerebral peduncle    L -1.7 -6.0 -2.5 -1.6 -6.1 -2.1 
 
Amygdala     L -3.2 -6.0 -2.5 -3.8 -5.8 -1.1 
      L -2.3 -6.8 -1.4 -2.4 -6.8 -1.4 
 
Corpus callosum/Cingulum   L -1.3 -1.4 2.2 
Dorsal hippocampal commissure 
 
Fimbria/Ventral hippocampal commissure R 1.5 -1.6 -1.1 0.7 -1.7 -0.7 
 
Ventral striatum                   L  -1.7 -5.8 0.7 
     
Anterior Cingulate/motor cortex                 L           -1.6 -1.4 1.0     
              
 
FA higher than control   L/R GD9  GD17 
 
Piriform area/Amygdala    R   3.1 -6.7 -1.7 

Stria Medullaris/Fasciculus Retroflexus  R   0.2 -2.9 -1.6 

Stria Medullaris     L -0.5 -2.9 -1.1  -0.5 -2.9 -1.2 

Fimbria      L -2.0 -2.9 -1.4 

Fimbria/Stria terminalis    L -1.4 -3.2 -0.8 

Orbital cortex     L -1.6 -3.3 1.9 

Dorsal anterior cingulate    L -0.5 -1.3 1.7 

Prelimbic cortex     L -0.7 -4.4 2.5 

Lateral septum     L -1.0 -3.4 0.7 
            
 
GD9, GD17 are mice exposed to PolyI:C on either gestation day 9 or day 17. x,y,z are 
co-ordinates based on the Allen C57/B6 Allen mouse brain atlas. z indicates the distance 
from Bregma in mm, x refers to horizontal plane, y refers to the vertical plane. L/R, left, 
right hemisphere.         
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B. 

 

Fig. 1. Voxel-based analysis 

A. FA differences in mice exposed to PolyI:C on gestation day 9 compared to control 

saline exposed animals. B. FA differences in mice exposed to PolyI:C on gestation day 

17 compared to control saline exposed animals. Red indicates a relative increase in FA in 

PolyI;C exposed animals, blue indicates a relative decrease. 
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Fig.2. CNPase protein expression in right external capsule.  



Images captured at approximate position of the red rectangle, about bregma -3.18mm, 

show greater CNPase protein expression in control compared to GD9 PolyI:C or GD17 

PolyI:C. Mouse atlas is from Allen Institute (Lein et al., 2007). a .Control. c. GD9 

PolyI:C. e. GD17 PolyI:C. b,d.f. images at higher magnification indicated by the squares 

in a, c and e respectively. The double-headed arrows indicate the thickness of EC. Scale  

bars: a,c, e, 200 μM; b,d, f, 50 μM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. CNPase expression in left fimbria. 

Fimbria images captured at the approximate position of the red oval, about bregma -

1.26mm, showed greater CNPase SIGNAL in GD9 PolyI:C group compared to control 

a b 

c 



group. Mouse atlas is from Allen Institute (Lein et al., 2007).  a. control group. b. GD9 

PolyI:C group. c. GD17 PolyI:C group. Scale bars: a ,b, c, 200 μM. 




