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Abstract

Despite epidemiological studies implicated an association of prenata influenza viral infection
with adult schizophrenia, little etiopathogenetic evidence was available to support such
hypothesis. We performed experimental influenza B viral infection (B/Taiwan/25/99) using chick
and mouse embryos to address the question. Influenza B vira infection infections lead to brain,
head and eye teratogenesis, either through direct attacks or indirect maternal immune response
that affect through the placenta barrier. In this study, we extended to examine whether the
peripheral central nervous system can also be affected, particularly in view of neura crest
proliferation, migration, apoptosis, and differentiation. By using Hnk-1 and Sox-10 as markers,
we quantified to show that the neural crest cell proliferation and apoptosis appeared not affected
by influenza B viral infection. In contrast, the migration and differentiation of neural crest cells
were significantly affected by the infections. The migration was generally sluggish as compared
to their normal controls. Furthermore, cell mass of displaced neura crest cells were seen,
comparable to the observation previously reported in the brain. This affected migration caused
asymmetrical formation of dorsal root ganglia, which clearly indicated that influenza viral
infection may lead to periphera nervous system anomalies as well, although the functiona
detriments remained to be characterized. Our data significantly indicated that the peripheral
nervous system, apart from the central nervous system, has to be evaluated in case of novel
influenza prevalence.

Key words: influenza virus, teratogenesis, neuronal anomalies, neura crest cell, celular
proliferation, apoptosis, migration, differentiation



Introduction

Although alarge amount of epidemiologic surveys pointed to potential effects of influenzaviral
infection in the etiopathogenesis of schizophrenia, the underlying mechanisms have been largely
unknown, and whether influenzainfections lead to teratogenesis during early pregnancy has not
been documented in detail. We performed experimental influenza B viral infection
(B/Taiwan/25/99) using chick and mouse embryos to address the question. Influenza B vira
infection infections lead to brain, head and eye teratogenesis, either through direct attacks or
indirect maternal immune response that affect through the placenta barrier. In this study, we
extended to examine whether the peripheral central nervous system can also be affected,
particularly in view of neural crest proliferation, migration, apoptosis, and differentiation.

Results and discussions

In the present study, we further characterize the teratogenic effects of influenza B viral infection
using both chick and mouse embryo models. An aiquot of 20 ul of influenza B virus
(B/Taiwan/25/99, identity of virus confirmed by nucleic acid sequencing) at 5 x 108 p.f.u./ml was
used to infect chick embryos in ovo by injection into the sub-blastodermal space before neural
tube closure at Hamburger-Hamilton stage 9 [4]. The injections were performed essentialy
without direct injury to the embryos, as reveaed by controls following the same procedures
without virus [3]. The infected chick embryos and sham-infected controls were incubated
separately, and were allowed to develop until analyses.

We have formerly shown that in the CNS eye and brain maformations were found after the
infection, with unilateral distribution of viral RNA in the brain neuroepithelium and in the head
mesenchyme, as detected by in situ hybridization with a DIG-labeled RNA probe (Roche,
Indianapolis, IN, USA) specific for the HA segment of influenza B genome. The unilateral
distribution of viral RNA appeared to be due to single-sided exposure of the embryos to the virus,
as chick embryos normally turn during development until a single side of embryo facing the
sub-blastodermal space [4]. This unilateral effect alowed for a comparison where the
non-infected side was regarded as aquasi control within the same embryo.

With this regard, we tried to find unilateral teratogenic effects in the peripheral nervous system in
this study. We found that HNK-1 (Lab Vision, Fremont, CA, USA), an early marker for the chick
neural crest cells, was a'so asymmetrically distributed in the neural crest cell areas of the early S9,
S10, S11, S12 chick embryos following experimental infections. We further try to detect
distributions of apoptotic cells using an in situ apoptosis detection kit (Roche, Indianapoalis, IN,
USA). Unlike the extensive signals of apoptosis found in the brain region, we observed on no
significant increase of apoptotic activities in the neura crest cells, as compared to the
sham-infected controls. We then tried to determine whether influenza B virus infection might
affect neura crest migration and differentiation. We co-localized, by immunocytochemistry, the
vira RNA with signals of HB9 (motor neuron marker) (Developmenta Studies Hybridoma Bank,
lowa, A, USA), GFAP (astrocyte marker), and S-100 (astrocyte marker) (Lab Vision, Fremont,
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CA, USA) in the spina cord of chick embryos after infection. The results showed that both motor
neuron and astrocyte lineages could be targeted by the influenza B virus (figure 1; Sto V). By
using Hnk-1 and Sox-10 as markers, we quantified to show that the neural crest cell proliferation
and apoptosis appeared not affected by influenza B vira infection. In contrast, the migration and
differentiation of neural crest cells were significantly affected by the infections. The migration
was generally sluggish as compared to their normal controls. Furthermore, cell mass of displaced
neural crest cells were seen, comparable to the observation previously reported in the brain. This
affected migration caused asymmetrical formation of dorsal root ganglia, which clearly indicated
that influenza viral infection may lead to periphera nervous system anomalies as well, although
the functional detriments remained to be characterized.

Despite increasingly accumulated epidemiological surveysin recently years pointing to prenatal
influenzavira infection as a causal factor of schizophrenia, little evidence regarding the
underlying etiopathogenesis was provided to support such hypothesis. Fatemi et al. reported serial
observations following maternal exposure of mouse embryos to human influenzavirus [6-10].
They found altered expression of synaptosome-associated protein 25 kDa (SNAP-25), nNOS, and
Reelin protein in different regions of the developing brain, as well as atered GFAP
immunoreactivity in the developing brains of neonatal mice following prenatal viral infection in
utero during the secondary trimester. Aronsson et al. [11] reported persistence of viral RNA in the
brain of offspring to mice infected with influenza A/WSN/33 during the second trimester of
pregnancy, giving evidence of direct access. Whereas Shi et a. [12] found that maternal influenza
infection caused marked behavioral and pharmacological changesin the offspring, and at |east
some of the behavioral changes were probably via an effect of the maternal immune response on
the fetus.

We had shown in a previous study that, given direct access by injecting the virusinto
sub-blastodermal space of chick embryo, influenza B virus (B/Taiwan/25/99) might cause
teratogenesisin the eye and brain [3]. The HA segment of viral RNA was directly localized in the
neural retina, brain, head surface ectoderm, spinal cord, and lung bud [3]. In the present study, we
show altered neural crest migration and extensive apoptosis in the head neuroepithelium and
mesenchyme. In addition, viral RNA was detected in the mouse embryos shortly after
implantation. The present data demonstrate that transplacental infection may occur, as reported by
Aronsson et a. [11] in amouse model during the second trimester of pregnancy. Furthermore, the
present data extend the potential influenza viral access period to the first trimester of pregnancy,
shortly after implantation. The transplacental effects of direct viral attack was investigated and
the extensive apoptotic activities was shown. Similarly, we isolated maternal serum after vira
infection, and found that maternal immune response against the viral particles had exerted similar
apoptotic effects on embryonic cells aswell as on O2A cells under in vitro conditions. Our result
indicated that both effects may be responsible for the teratogenesis of embryos and implied that
clinical should deal with both effects simultaneously to prevent any potential aftermath, if any.
The teratogenic effects of influenza viral infection are not only supported by studies from animal
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models, but also are supported by evidence from postmortem analyses of human fetuses. Nakai et
al. [13] investigated glia reaction and apoptosis in postmortem brains of 2 cases of acute
necrotizing encephal opathy, 6 cases of influenza encephal opathy, and 5 controls. They found
increased apoptosisin neurons and glial cellsin four brains with influenza encephal opathy. In
addition, they found that the increase in microgliawas greater in TUNEL-positive brains than in
TUNEL-negative brains [13]. Levine et a. [14] conducted in vitro studies showing that human
Schwann cells can be infected with human influenza A virus. Another study by Brask et a. [15]
demonstrated the changes in calcium currents and GABA ergic spontaneous activity in cultured
rat hippocampal neurons after a neurotropic influenza A virus infection. Taken together, these
evidences from animal embryo models, human fetuses, and in vitro studies raise concerns of
influenza viruse as a teratogenic agent during pregnancy.

Obvioudly, the underlying mechanisms for the etiopathogenesis of schizophrenia after
influenza-viral infections have to be further elucidated. We don’t know exactly how apoptosis of
head mesenchyme or atered expression of SNAP-25, nNOS, and Reelin proteinsin different
areas of the developing brain may cause neuronal dysfunctions leading to schizophrenia, nor do
we understand the significance of altered GFAP immunoreactivity. Moises et al. [16]
hypothesized glial cells as the locus of the genes-environment interactions in schizophrenia, with
glial asthenia as an important factor for the genetic liability to the disorder. Their hypothesis may
be supported by the previously reported alteration of GFAP (an astrocyte marker)
immunoreactivity [10] and increased apoptosisin the glial cells[13]. Tkachev et al. [17] reported
that brains with schizophrenia and bipolar disorders exhibited downregulation of key
oligodendrocyte and myelination genes, including transcription factors that regul ate these genes.
Such downregulation may be resulted from the extensive apoptosis after influenzaviral infection,
as demonstrated in the present study and in the postmortem analysis by Nakai et a. [13]. The
effect of direct viral accessis to be distinguished from indirect effects from maternal immune
responses. Alternatively, both direct and indirect effects, if it is the case, are to be confirmed.
More importantly, whether influenza viral infections cause neuropsychiatric disorders and/or
neurodegenerative diseases other than schizophreniaremains to be characterized. Another
concern will be the effects of influenza viral infection on the peripheral nervous system
development, which is also of equal significance and has to be evidenced with animal modelsto
warrant clinical evaluations. In this regard, we have clearly demonstrated that, at least in the
animal models used in this present study, the peripheral nervous system can potentially be also
affected by influenzaviral infections.

To conclude, our data significantly indicated that the peripheral nervous system, apart from the
central nervous system, has to be evaluated in case of novel influenza prevalence.



References
1. Brown AS, Susser ES. In utero infection and adult schizophrenia. Ment Retard Dev Disabil
Res Rev 8:51-57, 2003.

2. Karkinen J, Saxen L. Maternal influenza, drug consumption, and congenital defects of the
central nervous system. Am J Obstet Gynecol 118:815-818, 1974.

3. Chen B-Y, Chang H-H, Chiou H-L, Lin DP-C. Influenza B virus-induced eye and brain
malformations during early chick embryogenesis and localization of the viral RNA in specific
areas. JBiomed Sci (in press: 11, 2004).

4. Hamburger V, Hamilton H. A series of normal stages in the development of the chick embryo. J
Morph 88:49-92, 1951.

5. Frasson M, Picaud S, Leveillard T, Simonutti M, Mohand-Said S, Dreyfus H, Hicks D, Sabel J.
Glial cell line-derived neurotrophic factor induces histologic and functional protection of rod
photoreceptors in the rd/rd mouse. Invest Ophthalmol Vis Sci 40:2724-2734, 1999.

6. Fatemi SH, Sidwell R, Kist D, Akhter P, Meltzer HY, Bailey K, Thuras P, Sedgwick J.
Differential expression of synaptosome-associated protein 25 kDa[SNAP-25] in hippocampi of
neonatal mice following exposure to human influenza virus in utero. Brain Res 800:1-9, 1998.

7. Fatemi SH, Sidwell R, Akhter P, Sedgewick J, Thuras P, Bailey K, Kist D. Human influenza
viral infection in utero increases NNOS expression in hippocampi of neonatal mice. Synapse
29:84-88, 1998.

8. Fatemi SH, Emamian ES, Kist D, Sidwell RW, NakgiimaK, Akhter P, Shier A, Sheikh S,
Bailey K. Defective corticogenesis and reduction in Reelin immunoreactivity in cortex and
hippocampus of prenatally infected neonatal mice. Mol Psychiatry 4:145-154, 1999.

9. Fatemi SH, Earle J, Kanodia R, Kist D, Emamian ES, Patterson PH, Shi L, Sidwell R. Prenatal
viral infection leads to pyramidal cell atrophy and macrocephaly in adulthood: implications for
genesis of autism and schizophrenia. Cell Mol Neurobiol 22:25-33, 2002.

10. Fatemi SH, Emamian ES, Sidwell RW, Kist DA, Stary JM, Earle JA, Thuras P. Human
influenzavira infection in utero aters glia fibrillary acidic protein immunoreactivity in the
devel oping brains of neonatal mice. Mol Psychiatry 7:633-640, 2002.

11. Aronsson F, Lannebo C, Paucar M, Brask J, Kristensson K, Karlsson H. Persistence of viral
RNA in the brain of offspring to mice infected with influenza A/WSN/33 virus during pregnancy.
JNeurovirol 8:353-357, 2002.



12. Shi L, Fatemi SH, Sidwell RW, Patterson PH. Maternal influenzainfection causes marked
behavioral and pharmacological changes in the offspring. J Neurosci 23:297-302, 2003.

13. Nakai Y, Itoh M, Mizuguchi M, Ozawa H, Okazaki E, Kobayashi Y, Takahashi M, Ohtani K,
Ogawa A, NaritaM, Togashi T, Takashima S. Apoptosis and microglia activation in influenza
encephal opathy. Acta Neuropathol (Berl) 105:233-239, 2003.

14. Levine J, Buchman CA, Fregien N. Influenza A virus infection of human Schwann cellsin
vitro. Acta Otolaryngol 123:41-45, 2003.

15. Brask J, Owe-Larsson B, Hill RH, Kristensson K. Changes in calcium currents and
GABAergic spontaneous activity in cultured rat hippocampal neurons after a neurotropic
influenzaA virusinfection. Brain Res Bull 55:421-429, 2001.

16. Moises HW, Zoega T, Gottesman II. The glia growth factors deficiency and synaptic
destabilization hypothesisof schizophrenia. BMC Psychiatry 2:1-14, 2002.

17. Tkachev D, Mimmack ML, Ryan MM, Wayland M, Freeman T, Jones PB, Starkey M,
Webster MJ, Yolken RH, Bahn S. Oligodendrocyte dysfunction in schizophrenia and bipolar
disorder. Lancet 362:798-805, 2003.



