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Abstract

Neuropsychiatric disorders (including dementia) have high personal, family, and social costs. Although
many neuropsychiatric disorders share common patterns of symptoms and treatments, there are no
validated biomarkers that define the underlying molecular mechanisms in the central nervous system
(CNS). We hypothesize that there are early and common molecular changes in the CNS that will serve as
sensitive indicators of CNS molecular stress and that will be predictive of neuropathological changes
resulted in increasing the risk for neuropsychiatric diseases. Using the rodent model, we showed that
systemic exposure to three diverse CNS stressors with different mechanisms of action (ketamine, low-dose
and high-dose ionizing radiation, interferon-ot) induced the expression of troponin T1 (Tnnt 1) within hours
in adult mouse brain tissue. Tnnt 1 expression was induced in neuronal (not glial) cells, the hippocampal
zone of neurogenesis, cerebral cortex, amygdale, and choroid plexus, which are important CNS locations in
behavior and mental health. We also identified nine neural signaling pathways that showed a high degree of
concordance in their transcriptional response in mouse brain tissue four hours after low-dose irradiation, in
the aging human brain (unirradiated), and in brain tissue from patients with Alzheimer’s disease. Our
studies provide new molecular information on shared mechanisms and expression profiles of diverse
neuropsychiatric disorders. This knowledge will be fundamental for developing molecular signatures of
early CNS stress biomarker for early diagnosis and treatment of neuropsychiatric diseases.



Introduction

The prevalence of major neuropsychiatric disorders such as schizophrenia, bipolar disorder, major
depressive disorders and dementia is high, with little insight into underlying causes and molecular defects.
Severe forms of depression affect 2-5% of the U.S. population, and up to 20% suffer from milder forms of
this illness. Approximately 1%—2% of the populations are afflicted by bipolar disorder [1] and ~ 1% suffers
from schizophrenia. The Alzheimer’s Association estimates that one in eight, or 13 percent of people over
age 65 have Alzheimer’s disease. The prevalence of Alzheimer’s disease (AD) and other dementias will
continue to increase with the rapid growth of our older population [2, 3]. The major neuropsychiatric
disorders are thought to arise from complex genetic and environmental interactive factors, and a common
clinical observation is that they are generally preceded by periods of biological, psychological and/or social
stress. A sensitive preclinical biomarker of CNS stress would be an important asset for practitioners to
identify early risk factors or early onset of neuropsychiatric disease when intervention is known to be most
helpful. A sensitive biomarker of CNS stress might also help to prevent tragic outcomes and to avoid
persistent mental impairments. In most other organ systems, there have been significant advances in
biomarker development for complex disorders (e.g., serum glucose and IgA1C to monitor diabetes, or
serum troponin to diagnose acute myocardial infarction). Unfortunately, to date, there are no validated
biomarkers for CNS stress or risks for neuropsychiatric diseases [1]. Thus, a successful biomarker(s) of
CNS stress will be a major advance in the field.

The treatment of major neuropsychiatric diseases was revolutionized by the introduction of several classes
of medications (such as lithium, haloperidol, tricyclic antidepressants, atypical anti-psychotics, Selective
Serotonin Reuptake Inhibitor (SSRI) anti-depressants, and Memantine for dementia). Yet, our progress in
understanding the genetic and neurobiological mechanisms underlying neuropsychiatric diseases has been
disappointing[1]. At best, only about 65 % of patients with mood disorders respond adequately to available
drugs[1]. Electric convulsive treatment (ECT) is still the most effect treatment for depression, mania and
catatonic psychosis. As for dementia, with an estimated worldwide prevalence of AD of ~30 million and a
quadrupling of numbers expected by 2050, a definite early diagnosis remains uncertain and there currently
is no effective treatment that delays the onset or slows the progression of AD[4]. It is imperative that we
identify biomarkers of CNS stress and understand the mechanisms underlying CNS stress responses and
their associations with the onset and evolution of neuropsychiatric diseases.

The mechanisms by which nongenetic and environmental factors such as bio-psycho-social stress influence
the risk of neuropsychiatric disorders remain uncertain and inter-individual variation in response is
typically large and similar treatments can be effective for apparently different disorders. For example,
interferon-o. (IFN-a) treatment, which has been used for the treatment of certain viral illnesses, cancers,
chronic hepatitis C, can induce a wide range of psychiatric symptoms. More than 30% of patients treated by
IFN-a presented various psychiatric disorders including depression, anxiety, intense and fluctuating
personality disorders, manic or psychotic symptoms, and suicidal tendencies[5]. In addition, some
neuropsychiatric disorders have symptom patterns and treatment that cross disciplinary boundaries.
Lichtenstein et al. (2009)[6] reported that schizophrenia and bipolar disorder partly share a common genetic
cause in a population-based study. In addition, most medications developed as anticonvulsants have
beneficial effects on bipolar disorder[7]. Also, the same disorder can be treated by completely different
approaches. For instance, depression can be effectively treated by monoamines (serotonin, norepinephrein
and dopamine), psychotherapy or ECT regardless of its functional mechanism. Based on these clinical
observations, we hypothesize that there are common early stress response mechanisms (a gate keeper) in
the CNS after exposures to diverse environmental stress/insults (Figure. 1). In support of this hypothesis,
we have performed a comparative study of the early CNS stress response in a rodent model to expose three
agents: including ketamine, ionizing radiation and IFN-o and as summarized below these three agents have
different effects on the CNS.



Figure

Neurot anmmitter pathow ay
{dop amin e serotonin, etc.

~ { _;,_,:

F arly CNS stress biomarker (s profiles N _d

—_Cytokinepathway
finflamin ataly Teacton)

Figure 1. Working hypothesis of the link between CNS stress and risks of neuropsychiatric diseases
We hypothesize that there are common early stress response mechanisms (gate keepers) in the CNS that are
induced after exposures to a broad variety of environmental stress/insults, and that these mechanisms are
associated with increased risks for a broad range of neuropsychiatric diseases.

Ketamine: The highly complex glutamatergic system has been associated with a variety of
neuropsychiatric disorders, e.g., schizophrenia and bipolar disorder[8, 9], Alzheimer's Disease[10] and
seizure disorder[11]. Clinical treatment with a non-competitive glutamate N-methyl- D-aspartic acid
(NMDA) receptor antagonists such as ketamine, induce a broad range of cognitive adverse effects
including deficits in working memory, verbal fluency, vigilance tasks, and symptoms that resemble
various aspects of schizophrenia (dose-dependence). Yet, NMDA antagonists can both induce and
prevent neurotoxicity associated with excitotoxicity[12]. Memantine, an NMDA-receptor antagonist,
has been approved by the U.S. Food and Drug Administration (FDA) for the treatment of Alzheimer's
disease[10]. Zarate et al. (2006)[13] reported robust and rapid antidepressant effects following a single
intravenous dose of ketamine in humans. The paradoxical characteristics of the NMDA receptor
blocking drugs, such as ketamine, make these drugs valuable in the study of the pathophysiology of
neuropsychiatric illness and medical comorbidity[14].

Ionizing Radiation: External-beam radiotherapy of the human brain has been associated with neurological
damage and cognitive impairment, especially in children [15, 16]. Organic brain damage and accelerating
CNS aging were reported long after exposure to < 1 Sv in the Chernobyl nuclear reactor accident [17]. The
neurological deficits of high-dose radiation are progressively detrimental over time and are thought to be
due to demyelination and neural loss[18] with associated neural and cognitive deficiencies[19]. Some of
these cognitive defects have been observed as a consequence of impaired neurogenesis after exposure to
ionizing radiation.

IFN-a: Cognitive impairment and mood disorders are well recognized but poorly understood sequelae
of IFN-a therapy[5]. Wang et al. (2008)[20] provided evidence that mouse IFN-a, circulating
systemically, can enter the CNS and act in the brain locally through signal transducers and activators of
transcription (STAT1). Orsal et al., (2008)[21] reported that an increase of depression-like behavior in
mice after systemic IFN-a exposure.

For the current study, we utilized genome-wide expression profiling, RNA in situ hybridization
techniques and fluorescence immunohistostaining (Figure 2) to search for candidate common early CNS
stress response markers using mice treated with each of three different CNS stressors: ketamine, ionizing




radiation and IFN-a that may produce symptoms that resemble various aspects of neuropsychiatric diseases
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and mimic the pathophysiologic conditions of diseases in the brain.
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Left panel: microarray analyses.
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Right panel: RNA in situ hybridization and fluorescence immunohistostaining.
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Gene expression profiling in mouse brain after ketamine, ionizing radiation and IFN- ¢« treatment

We utilized genome-wide expression profiling to characterize the response of 8-10 week-old B6C3F1
male mice brain exposed to ketamine (by a single intraperitoneal (i.p.) injection at 80 mg/kg), ionizing
radiation (whole body y radiation at 0, 10 ¢cGy and 200 cGy, a "*’Cs source with a dose rate of 0.64 Gy
min™), and to IFN-a (by a single i.p. injection at 1 x 10° IU/kg ). RNA was isolated from the mouse
brains tissues at various early times post treatment and hybridized to Affymetrix microarrays (MGU-74
av2 GeneChips®) (Fig. 2). Several bioinformatics tools were used: GeneOntology (GO) enrichment
analysis, Ingenuity Pathways Analysis (IPA 5.0), and L2L microarray analysis tool. GO analyses were
performed using GO tree machine [22] to generate biological processes, molecular function and cellular
component categories that were differentially associated with the ketamine-induced modulated gene set.
GO categories were filtered based on significance of over-representation of ““hits’” by using a selected
threshold for P values of hypergeometric distribution (P < 0.001). The IPA knowledge base includes
updated literature information on molecular networks and biological processes and an extensive library
of well-characterized signaling and metabolic pathways to understand the transcriptional networks,
phosphorylation cascades and protein-protein interactions. Modulated gene sets were also analyzed in
IPA 5.0 for pathway enrichments with respect to reference chip MGU74Av2 to rank the top statistically
significantly over-represented canonical signaling and metabolic pathways and to determine whether
there was significant up- or down-regulation. The Fisher’s exact test was applied to examine the
statistical over-representation of the pathways, using a threshold P value of <0.05. Differentially
modulated genes were also overlaid onto the IPA knowledgebase interactome to identify networks that
were significantly enriched. Generated networks were arranged according to IPA score (the higher the
score, the lower the probability of finding focus genes in a given network by random chance). We used
the L2L microarray analysis tool [ver 2007.1[23]] to identify other data sets that shared significant
pathway enrichment with our radiation-induced gene set. L2L microarray analysis tool allowed us to
conduct an unbiased search.

Ketamine treatment: Approximately 50 genes were differentially expressed in ketamine-treated mouse
brains compared with control mice that received i.p. injection with distilled water, (Table S1). Gene
Ontology (GO) analyses showed that ketamine exposure of brain tissue induced significant biological
processes, molecular functions and cellular components that were distinctly different from those treated
with distilled water. Figure 3 showed that ketamine-induced modulated genes were preferentially
associated with metabolism, cell organization and biogenesis, intracellular signaling cascade and
transcription in biological process analysis. The ketamine-induced signatures were significantly associated
with protein and nucleotide binding in molecular function analysis (Fig. S1), and with the nucleus, cellular,
membrane and cytoplasm component in cellular component analysis (Fig. S2). These GO analysis findings
indicate that ketamine-induced damage responses in the brain are complex and functionally diverse and are
significantly different from those of the controls.
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Figure 3. Gene Ontology (GO) analyses: Biological Process
GO analysis of biological processes associated with differentially expressed genes in brain tissue of mice
treated with ketamine.

Troponin T1 (Tnntl) gene showed consistent elevation (2- to 4-fold) across of the group of ketamine-
treated mice. Tnntl nucleotides (GenBank accession number: AV213431 and AJ131711) showed ~ 4-fold
increases for AV213431 (p <0.001) and ~ 2-fold increases for AJ131711(p< 0.03). Ingenuity Pathways
Analysis (IPA) and network analysis were applied to the differentially expressed transcriptome profiles
induced by ketamine exposure. Figure 4 revealed that Tnnt 1 (oval) is associated with calcium canonical
pathway (rectangle) and is regulated by FoxO1 (circle). Calcium metabolism plays a significant role in
neuropsychiatric diseases in the CNS[24]. Fox O1 is a gene involved in multiple metabolic pathways
including glycolysis, lipogenic and sterol synthentic pathways[25, 26], and central energy homeostasis.
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Figure 4. Tnnt 1 gene interaction network

IPA network analyses were applied to differentially expressed genes in mouse brain after in vivo ketamine
exposure. The two top networks were merged to create the gene interaction network that involved Tnnt 1
(oval), which is regulated by Fox O1 (circle) and involved in the Calcium signaling pathway (rectangle).
Dark gray color: up-regulated genes. Light gray color: down-regulated genes. White color: genes that were
not differentially expressed after ketamine treatment.

lonizing Radiation exposure: Analyses of transcriptome profiles of mouse brain tissue 4 hours after
whole body irradiation showed that low-dose exposures (10 cGy) induced genes not affected by high-
dose radiation (200 cGy) and that low-dose genes were associated with unique pathways and functions.
The low-dose response had two major components: pathways that are consistently seen across tissues
and pathways that were specific for brain tissue. Low-dose genes clustered into a saturated network (P
< 107) containing mostly down-regulated genes involving ion channels, long term potentiation and
depression, vascular damage, and other functions[27, 28].

IFN-« treatment: Analyses of transcriptional profiles of mouse brain tissue one hour post IFN-a
treatment showed no significant differentially expression between the IFN-a treated and distilled water
treated mice (Table S1).

Common induced expression of Tnnt 1 in mouse brain after exposure to three CNS stressors

Troponin complex (especially Troponin I) has been used routinely in emergency rooms for diagnosis and
monitoring acute myocardial stress and infarction [29, 30]. We hypothesize that the expression of Tnnt 1, a
gene associated with calcium homeostasis, may be a common and early molecular stress-response in CNS.
Therefore, Tnntl gene was chosen for further investigation of regional and cellular expression patterns
using RNA in situ hybridization in the adult mouse brain after systemic exposure to ketamine, ionizing
radiation and interferon-a., all of which have been associated with wide ranges of neuropsychiatric
complications.
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Adult B6C3F1 male mice were treated with either ketamine (a single i.p. injection at 80 mg/kg), whole
body gamma-radiation (0, 10 ¢cGy or 200 cGy) or human IFN-q. (single i.p. injection at 1 x 10° TU/kg).
Brain issues were isolated at 30 min post ketamine treatment and at 4 hours post IFN-a and irradiation
treatment. (Fig. 2). Patterns of Tnnt 1 transcript expression were compared in various CNS regions after
ketamine, radiation and IFN-a treatments. The control mice showed unique regional expression
patterns for the Tnnt 1 gene (Table 1): i.e., positive but weakly expression in the choroid plexus
epithelium cells, ependymal lining of ventricles, and in the Ammon’s horn of hippocampus region and
no detectable expression (negative) in pyramidal neurons and other regions. Tnnt 1 was induced in
Purkinje cells of cerebellum after ionizing radiation and ketamine treatment; but not after IFN-a
treatment. Tnnt 1 expression was consistently induced in pyramidal neurons of cerebral cortex,
amygdale and hippocampal zone of neurogenesis after all three treatment regimens including 10 cGy of
ionizing radiation (Table 1). Tnnt 1 was consistently enhanced in the choroid plexus after all three
exposures (Table 1). Since the choroid plexus produces the majority of cerebral-spinal fluid (CSF), in
the future, one might assess the status of Tnnt 1 modulation through CSF sampling.

Table 1. Comparisons of RNA expression patterns of Tnnt 1 in adult brain tissue of mice that received in vivo exposures of three CNS stress agents*

Controls®
(concurrent) Ketamine Radiation*** Interferon-0
Dose n/a 80 mg/Kg 10 cGy, 200 cGy 1x 10° IU/Kg
Sampling time post treatment (hour) concurrent 0.5 4 4
Exposure-induced expression patterns in:
Choroid plexus Positive Enhanced Enhanced Enhanced
Ependymal lining of ventricles Positive Enhanced Enhanced Enhanced
Hippocampus
Ammon's horn (CAl - CA3 regions) Positive Enhanced Enhanced Enhanced
Dentate gyrus region Negative Induced Induced Induced
Ammon’s horn (A) vs Dentate Gyrus region (DG) A>DG A>DG A=DG A>DG
Purkinje cells of cerebellum Negative Induced** Induced Not Induced
Pyramidal neurons of cereberal cortex Negative Induced Induced Induced
Amygdala Negative Induced Induced Induced
Glial cells Negative Not induced Not induced Not induced

§, concurrent controls for ketamine and interferon received i.p. injection with distilled water; radiation controls were sham exposed.
Concurrent controls for all three stressors showed similar expression patterns. n/a: not applicable; positive: expression detectable in unexposed; negative: not detectable
* Implication of RNA expression patterns of Tnnt 1 change: from weak to strong as "enhanced"; from negative to positive as "induced".
** About 200 Purkinje cells per animal were scored, cells with Tnnt 1 stain scored as induced.
Comparison was made between the ketamine-exposed and control animals, p <0.0001 [31]
*** Similar response in 10 ¢Gy and 200 ¢Gy animals, compared to control.
Modified from NeuroToxicology 30 (2009) 261-268, Lowe et al., Table 1, [32]

Ketamine-induced Tnntl RNA expression was validated and characterized using fluorescence
immunohistostaining in paraffin embedded brain tissue sections (Fig. 5). We found that protein expression
of Tnnt 1 was induced in mice treated with ketamine in the Purkinje cells, pyramidal neurons and in
hippocampus region as shown in Fig. 5A. The patterns of protein expression of Tnnt 1 in CNS were
consistent with those of RNA expression of Tnnt 1 (Fig. 5B) [31]. The high concordance between the
patterns of RNA and protein expression for Tnnt 1 in CNS (Fig. 5)[32] indicating that Tnnt 1 was induced
by ketamine at both RNA and protein levels.
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Figure. 5 Comparison of RINA and protein expression of Tnntl in mouse brain treated with ketamine
A, Fluorescence immunohistostaining B. RNAin sisz hybridization

Control Ketamine-treated Control Ketamine-treated

Figure 5. Comparison of protein and RNA expression of Tnntl in brain tissue of mice treated with
ketamine.

(A) Fluorescence immunohistostaining. Fluorescence red cytoplasm staining indicated Tnnt 1 protein
expression.

(B) RNA in situ hybridization. Dark gray cytoplasm staining indicated Tnnt 1 RNA expression.

Top panels: Purkinje cells of cerebellum; middle panels: pyramidal cells; bottom panels: Hippocampus.
The indication of arrows:

Top panels: Purkinje cells; middle panels: pyramidal cells; bottom panels: hippocampus.
(magnification: 40X).

(Reprinted from NeuroToxicology 30 (2009) 261-268, Lowe et al., Figure 4[32], with permission from
Elsevier).

Our studies allow us to compare the effects of treatment at the level of RNA expression (by microarray and
RNA in situ hybridization) and the level of protein expression (by fluorescence immunohistostaining).
There were some notable discrepancies among these endpoints in tissues. This may be due to the different
animals, different sections of brain tissues and different sampling times were used. Microarray analysis did
not show the induced-expression of Tnnt 1 after 4 hours irradiation treatment whereas we found increased
RNA expression using RNA in situ hybridization. This discrepancy between microarray and RNA in-situ
hybridization endpoints may be related to a difference in sampling site used for the microarray analysis
where the entire coronal section was used[27] and for RNA in situ hybridization where the specific regions
were used[32] (Fig. 2). For IFN-a treatment, the disagreement result between the microarray and RNA in
situ hybridization may be due to the different sampling time, where one hour post-treatment was used in
microarray and four hour post treatment was used in RNA in situ hybridization analysis. In addition, the
discrepancies may also arise from the less sensitivity of microarray assay when compared to RNA in situ
hybridization assay, as the evidence that Tnnt 1 expression that was about 4 fold increased detected by
microarray while about 20 fold increased in Purkinje cells of mice treated by Ketamine (Table 1)..

10/18 10/6/2011 5:36:14 PM file: CG, hot topic, lowe et al, 10-6-11



The significance of commonly induced Tnnt 1 expression in CNS shortly after exposure to three CNS
stressors

Troponin T is the subunit of troponin complex and interacts with tropomyosin, troponin C, troponin I and
F-actin; and troponin T1 (Tnnt 1) has higher Ca2+ affinity as compared with other subunits in peripheral
tissues[33]. Schevzov et al., (2005)[34] reported that the specific features of neuronal morphogenesis
during embryonic stage were regulated by the troponin complex. Tnnt 1 gene function has mechanistic
associations to calcium homeostasis, which in turn is associated with neurogenesis, and neuronal
migration[24].

Using RNA in situ hybridizations, we confirmed that RNA expression of Tnnt 1 was induced in mouse
brain tissue after exposures to ketamine, ionizing radiation and IFN-a[32]. We speculate that the
expression of Tnnt 1, a gene associated with calcium homeostasis, in the CNS may be a common and early
molecular stress-response and that the mechanism of Tnnt 1 as a CNS molecular stress biomarker may be
associated with disturbance of calcium homeostasis and neurogenesis and neuronal migration (Fig. 6). We
believe that the induced expression of Tnnt 1 and co-modulated biomarkers of calcium signaling/other
neuronal pathways in adult CNS will serve as a sensitive early indicator of CNS molecular stress that is
predictive of neuropathological changes in the hippocampal zone of neurogenesis and the amygdala. Future
studies to investigate the temporal expression relationship between the Tnnt 1 and calcium signaling
markers and the temporal expression relationship between the calcium signaling pathway and neurogenesis
are warranted (Fig. 6).

Figure6

Ketamine Interferon lonizing radiation

N

Molecular profiling

Candidate early CNS stress biomarker(s)

|

Tnnt1 Other molecular signaturesiprofiles

N\ d

=)
T

Neurogenesisineuron migration
Calcium homeostasis

< LN

Anxiety Depression Cognitive Psychosis
dysfunction

oB  Svz DG svz
—F =,
S 2 ¢ < A

il BN S

ol

Figure 6. In vivo system approach to validating candidate biomarkers of early CNS stress
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A comprehensive panel of transcriptional biomarkers will be needed to measure and monitor CNS stress

It is naive to expect that any single gatekeeper function and biomarker will be sufficiently robust to identify
all CNS stress mechanisms underlying neuropsychiatric diseases. A growing body of evidence suggests
that neuropsychiatric disorders are the consequences of dysregulation of complex intracellular signaling
cascades and neuronal networks, rather than the consequences of deficits or excesses of individual
neurotransmitters[35]. To capture the complexity of CNS stress response at a more global or “-omics”
level, we examined gene expression profiles to identify a panel of CNS stress biomarkers and stress
responses mechanisms associated with several different types of cognitive dysfunction.

As an example of our in vivo systems approach, we compared the CNS transcriptional profiles of mice
exposed to the stress exposure of low-dose ionizing radiation versus published CNS signatures
associated with normal aging and Alzheimer disease. Specifically, we compared our set of radiation
response genes against a compendium of data sets of transcriptional profiles of various genetic and
disease conditions including those from individuals with diminished cognitive function (L2L
microarray analysis tool, version 2007.1[23]) to identify shared pathways and functions. Two
knowledge bases shared significant overlap with our set of down regulated genes of mice exposed to
low dose radiation: the aging human brain[36] and patients with Alzheimer’s disease[37]. IPA was
applied to the set of genes that was modulated in postmortem human cortex tissue from individuals of
advanced ages up to 106 years old [n = 30][36], and to the gene set that was modulated in hippocampal
tissue from Alzheimer’s patients [n = 22][37]. Comparison of the relative pathway enrichments for low-
dose radiation mouse, human aging and Alzheimer’s disease gene expression profiles showed
remarkably consistent findings not only in the direction of expression modulation (predominantly
down-regulation) but also in the specific pathways involved (Table 2).

Table 2. Knowledgebase comparisons identified several low-dose cognition-related CNS pathways that
are similarly affected in the aging human brain and in the brain of Alzheimer’s disease patients.

Pathway Mouse Human
Low-dose
irradiation Alzheimer's
brain* Aging**  Disease***
Integrin Signaling ] ] ]

Synaptic Long Term Depression
Synaptic Long Term Potentiation
cAMP Mediated Signaling

G-protein coupled Receptor Signaling
Glutamate Receptor Signaling

Actin Cytoskeleton Signaling

Axonal Guidance Signaling

U U
U U
U U
U U
= =
= =
ERK/MAPK Signaling = =4

00 0 cccce

* Brain tissue from mice that received 10 ¢Gy of whole-body radiation (unique low-dose genes)[28].
**Brain tissue from aging human[36].
***Hippocampal brain tissue from Alzheimer’s disease patients[37].

Pathway enrichment analyses for the up- and down-regulated genes among three transcriptome data sets:
brain tissue from mice exposed to low-dose radiation[28], brain tissue from aging humans[36], and brain
tissue from Alzheimer’s disease patients[37]. The agreement of pathways across all three data sets is
represented by three types of arrows. An arrow pointing upward indicates that the pathway was
significantly up-regulated in all three data sets. An arrow pointing down indicates that the pathway was
significantly down-regulated in all three data sets. A left-and-right arrow indicates that the pathway was
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significantly modulated in all three data sets but that the direction of gene modulation was not the same in
all three data sets. (The threshold for significance is at p < 0.05.)

Six pathways that are known to be associated with neuropsychiatric diseases were in full agreement
among all data sets. Five out of six showed consistent down-regulation (Table 2) and the integrin
signaling pathway was the only pathway that was consistently up-regulated. In addition, three pathways
(axonal guidance signaling, actin cytoskeleton signaling, and ERK/MAPK signaling) were significantly
affected in all three data sets, but they differed somewhat in the direction of their effects (up- or
downregulation)[28].

Our findings suggest that low-dose irradiation modulates the expression of gene pathways that are also
involved in human cognitive dysfunction associated with normal aging and Alzheimer’s disease. These
findings support our hypothesis that there may be common mechanisms of CNS stress response,
independent of the nature of the stressor. Future studies are warranted to determine whether other CNS
stressors show similar responses and to characterize the time course of induction, duration, and persistence
of stress responses in relation to the onset of neuropsychiatric illnesses.



Concluding remarks and clinical implications

We demonstrated that the expression of Tnnt 1 was significantly induced in mouse brain tissue, including
in the choroid plexus, after in vivo exposures to ketamine, ionizing radiation and IFN-a,, all of which are
known to increase the risks of neuropsychiatric diseases. The involvement of the choroid plexus which
produces CSF raising the interesting possibility that CNS stress biomarkers may be detected in CSF in the
future. Using a systems biology approach, we demonstrated that six neural signaling pathways associated
with neuropsychiatric diseases were concordantly modulated in mouse brain tissue after low-dose (10 cGy)
irradiation, in normal aging of the human brain (unirradiated), and in brain tissue from patients with
Alzheimer’s disease. This suggests that diverse CNS stressors and pathologies can share common
molecular stress response mechanisms.

Our systems approach addresses a critical challenge of how to identify candidate biomarkers of early CNS
stress for validation studies towards applications for preclinical diagnoses and for monitoring the treatments
of neuropsychiatric diseases. Effective biomarkers of the CNS stress responses will open doors to urgently
needed advances in the development and testing of new diagnostic and treatment strategies for
neuropsychiatric disorders. Our studies provide several specific insights into the mechanisms of CNS
stress-responses that may become useful for developing early diagnostics for CNS stress (as examples: (1)
the association with Calcium signaling may lead to the development of brain imaging methods base on
calcium ligands, and (2) choroid plexus secretions associated with stress responses may be detectable in the
CSF as protein biomarkers or as other molecular signatures). CNS stress response biomarkers and
molecular stress signatures hold the promise to enable rapid advances in early diagnosis and, hopefully, to
provide mechanism-based treatments options of neuropsychiatric diseases in the future.



Conflict of interest
The authors declare no competing financial interests.

Acknowledgments

We thank Ms. Sanchita Bhattacharya for her initial assistance with expression microarray and GO analysis.
This work was supported by the Director, Office of Science, Office of Biological and Environmental
Research, of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231 with funding from
the DOE Office of Science Low Dose Research Program (SCWO0391) to AJW and with funding from the
Lawrence Berkeley National Laboratory LDRD Program to AJW.

Disclaimer
This documentwaspreparedss an accountof work sponsoredyy the United StatesGovernmentWhile this

documents believedto containcorrectinformation,neitherthe United StatesGovernmentnor any agency
thereof,nor the Regentsof the University of California, nor any of their employees makesany warranty
expressor implied, or assumesany legalresponsibilityfor the accuracy,completenessyr usefulnessof any
information,apparatusproduct,or processdisclosed,or representshatits usewould not infringe privately
ownedrights. Referencehereinto any specific commercialproduct, processor service by its tradename
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsemen
recommendatiorgr favoringby the United StatesGovernmentr any agencythereof,or the Regentsof the
University of California. The views and opinions of authors expressedherein do not necessarilystate or
reflect thoseof the United StatesGovernmentor any agencythereofor the Regentsof the University of
California.

Copyright notice

This manuscripthasbeenauthoredby an author at LawrenceBerkeleyNationalLaboratoryunderContrac
No. DE-AC02-05CH11231with the U.S. Departmentof Energy. The U.S. Governmentretains,and the
publisher,by acceptingthe article for publication,acknowledgesthat the U.S. Governmentretainsa non-
exclusive, paid-up, irrevocable,world-wide licenseto publish or reproducethe publishedform of this
manuscriptpr allow othersto do so,for U.S. Governmenpurposes.


nischwartz
Text Box
Disclaimer
This document was prepared as an account of work sponsored by the United States Government. While this document is believed to contain correct information, neither the United States Government nor any agency thereof, nor the Regents of the University of California, nor any of their employees, makes any warranty, express or implied, or assumes any legal responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by its trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof, or the Regents of the University of California. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof or the Regents of the University of California.
Copyright notice
This manuscript has been authored by an author at Lawrence Berkeley National Laboratory under Contract No. DE-AC02-05CH11231 with the U.S. Department of Energy. The U.S. Government retains, and the publisher, by accepting the article for publication, acknowledges, that the U.S. Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for U.S. Government purposes.



Reference:

(1]

(2]

(3]

(4]
(5]

(7]
(8]

[10]

[11]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

Nestler, E.J.; Gould, E.; Manji, H.; Buncan, M.; Duman, R.S.; Greshenfeld, H.K.; Hen, R.;
Koester, S.; Lederhendler, I.; Meaney, M.; Robbins, T.; Winsky, L.; Zalcman, S. Preclinical
models: status of basic research in depression. Biol. Psychiatry, 2002, 52, 503-528.

Plassman, B.L.; Langa, K.M.; Fisher, G.G.; Heeringa, S.G.; Weir, D.R.; Ofstedal, M.B.; Burke,
J.R.; Hurd, M.D.; Potter, G.G.; Rodgers, W.L.; Steffens, D.C.; Willis, R.J.; Wallace, R.B.
Prevalence of dementia in the United States: the aging, demographics, and memory study.
Neuroepidemiology, 2007, 29, 125-132.

Barton C, Y.K.D., Review Syllabus: A Core Curriculum in Geriatric Medicine. 7th ed.; American
Geriatrics Society: New York, 2010.

Holtzman, D.M.; Morris, J.C.; Goate, A.M. Alzheimer's disease: the challenge of the second
century. Sci. Transl. Med., 2011, 3, 77sr71.

Valentine, A.D.; Meyers, C.A. Neurobehavioral effects of interferon therapy. Curr. Psychiatry
Rep., 2005, 7, 391-395.

Lichtenstein, P.; Yip, B.H.; Bjork, C.; Pawitan, Y.; Cannon, T.D.; Sullivan, P.F.; Hultman, C.M.
Common genetic determinants of schizophrenia and bipolar disorder in Swedish families: a
population-based study. Lancet, 2009, 373, 234-239.

Hahn, C.G.; Gyulai, L.; Baldassano, C.F.; Lenox, R.H. The current understanding of lamotrigine
as a mood stabilizer. J. Clin. Psychiatry, 2004, 65, 791-804.

Manji, H.K.; Quiroz, J.A.; Payne, J.L.; Singh, J.; Lopes, B.P.; Viegas, J.S.; Zarate, C.A. The
underlying neurobiology of bipolar disorder. World Psychiatry, 2003, 2, 136-146.

Blackwood, D.H.; Pickard, B.J.; Thomson, P.A.; Evans, K.L.; Porteous, D.J.; Muir, W.J. Are
some genetic risk factors common to schizophrenia, bipolar disorder and depression? Evidence
from DISC1, GRIK4 and NRG1. Neurotox. Res., 2007, 11, 73-83.

Lipton, S.A. Paradigm shift in NMDA receptor antagonist drug development: molecular
mechanism of uncompetitive inhibition by memantine in the treatment of Alzheimer's disease and
other neurologic disorders. J. Alzheimers Dis., 2004, 6, S61-74.

Kovacs, A.; Mihaly, A.; Komaromi, A.; Gyengesi, E.; Szente, M.; Weiczner, R.; Krisztin-Peva,
B.; Szabo, G.; Telegdy, G. Seizure, neurotransmitter release, and gene expression are closely
related in the striatum of 4-aminopyridine-treated rats. Epilepsy Res., 2003, 55, 117-129.

Sharp, J.W.; Petersen, D.L.; Langford, M.T. DNQX inhibits phencyclidine (PCP) and ketamine
induction of the hsp70 heat shock gene in the rat cingulate and retrosplenial cortex. Brain Res.,
1995, 687, 114-124.

Zarate, C.A., Jr.; Singh, J.B.; Carlson, P.J.; Brutsche, N.E.; Ameli, R.; Luckenbaugh, D.A.;
Charney, D.S.; Manji, H.K. A randomized trial of an N-methyl-D-aspartate antagonist in
treatment-resistant major depression. Arch. Gen. Psychiatry, 2006, 63, 856-864.

Imre, G.; Fokkema, D.S.; Den Boer, J.A.; Ter Horst, G.J. Dose-response characteristics of
ketamine effect on locomotion, cognitive function and central neuronal activity. Brain Res. Bull.,
2006, 69, 338-345.

Hall, P.; Adami, H.O.; Trichopoulos, D.; Pedersen, N.L.; Lagiou, P.; Ekbom, A.; Ingvar, M.;
Lundell, M.; Granath, F. Effect of low doses of ionising radiation in infancy on cognitive function
in adulthood: Swedish population based cohort study. BMJ, 2004, 328, 19.

Meadows, A.T.; Gordon, J.; Massari, D.J.; Littman, P.; Fergusson, J.; Moss, K. Declines in 1Q
scores and cognitive dysfunctions in children with acute lymphocytic leukaemia treated with
cranial irradiation. Lancet, 1981, 2, 1015-1018.

Loganovsky, K. Do Low Doses of Ionizing Radiation Affect the Human Brain? . Data Science
Journal, 2009.

van der Kogel, A.J.; Sissingh, H.A. Effect of misonidazole on the tolerance of the rat spinal cord
to daily and multiple fractions per day of X rays. Br. J. Radiol., 1983, 56, 121-125.

Raber, J.; Rola, R.; LeFevour, A.; Morhardt, D.; Curley, J.; Mizumatsu, S.; VandenBerg, S.R.;
Fike, J.R. Radiation-induced cognitive impairments are associated with changes in indicators of
hippocampal neurogenesis. Radiat. Res., 2004, 162, 39-47.

Wang, J.; Campbell, I.L.; Zhang, H. Systemic interferon-alpha regulates interferon-stimulated
genes in the central nervous system. Mol. Psychiatry, 2008, 13, 293-301.



(21]

[22]

(23]
(24]
[25]

[26]

[27]

(28]

[30]
(31]

[32]

[33]

[34]

[35]
[36]

[37]

Orsal, A.S.; Blois, S.M.; Bermpohl, D.; Schaefer, M.; Coquery, N. Administration of interferon-
alpha in mice provokes peripheral and central modulation of immune cells, accompanied by
behavioral effects. Neuropsychobiology, 2008, 58, 211-222.

Zhang, B.; Schmoyer, D.; Kirov, S.; Snoddy, J. GOTree Machine (GOTM): a web-based platform
for interpreting sets of interesting genes using Gene Ontology hierarchies. BMC Bioinformatics,
2004, 5, 16.

Newman, J.C.; Weiner, A.M. L2L: a simple tool for discovering the hidden significance in
microarray expression data. Genome Biol., 2005, 6, R81.

Zheng, J.Q.; Poo, M.M. Calcium signaling in neuronal motility. Annu. Rev. Cell Dev. Biol., 2007,
23, 375-404.

Matsumoto, M.; Han, S.; Kitamura, T.; Accili, D. Dual role of transcription factor FoxO1 in
controlling hepatic insulin sensitivity and lipid metabolism. J. Clin. Invest., 2006, 116, 2464-2472.
Zhang, W.; Patil, S.; Chauhan, B.; Guo, S.; Powell, D.R.; Le, J.; Klotsas, A.; Matika, R.; Xiao, X.;
Franks, R.; Heidenreich, K.A.; Sajan, M.P.; Farese, R.V.; Stolz, D.B.; Tso, P.; Koo, S.H.;
Montminy, M.; Unterman, T.G. FoxO1 regulates multiple metabolic pathways in the liver: effects
on gluconeogenic, glycolytic, and lipogenic gene expression. J. Biol. Chem., 2006, 281, 10105-
10117.

Yin, E.; Nelson, D.O.; Coleman, M.A.; Peterson, L.E.; Wyrobek, A.J. Gene expression changes in
mouse brain after exposure to low-dose ionizing radiation. Int. J. Radiat. Biol., 2003, 79, 759-775.
Lowe, X.R.; Bhattacharya, S.; Marchetti, F.; Wyrobek, A.J. Early brain response to low-dose
radiation exposure involves molecular networks and pathways associated with cognitive functions,
advanced aging and Alzheimer's disease. Radiat. Res., 2009, 171, 53-65.

Keller, T.; Zeller, T.; Peetz, D.; Tzikas, S.; Roth, A.; Czyz, E.; Bickel, C.; Baldus, S.; Warnholtz,
A.; Frohlich, M.; Sinning, C.R.; Eleftheriadis, M.S.; Wild, P.S.; Schnabel, R.B.; Lubos, E.;
Jachmann, N.; Genth-Zotz, S.; Post, F.; Nicaud, V.; Tiret, L.; Lackner, K.J.; Munzel, T.F.;
Blankenberg, S. Sensitive troponin I assay in early diagnosis of acute myocardial infarction. N.
Engl. J. Med., 2009, 361, 868-877.

Ebell, M.H.; Flewelling, D.; Flynn, C.A. A systematic review of troponin T and I for diagnosing
acute myocardial infarction. J. Fam. Pract., 2000, 49, 550-556.

Lowe, X.R.; Lu, X.; Marchetti, F.; Wyrobek, A.J. The expression of Troponin T1 gene is induced
by ketamine in adult mouse brain. Brain Res., 2007, 1174, 7-17.

Lowe, X.R.; Marchetti, F.; Lu, X.; Wyrobek, A.J. Molecular stress response in the CNS of mice
after systemic exposure to interferon-alpha, ionizing radiation and ketamine. Neurotoxicology,
2009, 30, 261-268.

Jin, J.P.; Chen, A.; Huang, Q.Q. Three alternatively spliced mouse slow skeletal muscle troponin
T isoforms: conserved primary structure and regulated expression during postnatal development.
Gene, 1998, 214, 121-129.

Schevzov, G.; Bryce, N.S.; Almonte-Baldonado, R.; Joya, J.; Lin, J.J.; Hardeman, E.; Weinberger,
R.; Gunning, P. Specific features of neuronal size and shape are regulated by tropomyosin
isoforms. Mol. Biol. Cell, 2005, 16, 3425-3437.

Quinones, M.P.; Kaddurah-Daouk, R. Metabolomics tools for identifying biomarkers for
neuropsychiatric diseases. Neurobiol. Dis., 2009, 35, 165-176.

Lu, T.; Pan, Y.; Kao, S.Y.; Li, C.; Kohane, I.; Chan, J.; Yankner, B.A. Gene regulation and DNA
damage in the ageing human brain. Nature, 2004, 429, 883-891.

Blalock, E.M.; Chen, K.C.; Sharrow, K.; Herman, J.P.; Porter, N.M.; Foster, T.C.; Landfield, P.W.
Gene microarrays in hippocampal aging: statistical profiling identifies novel processes correlated
with cognitive impairment. J. Neurosci., 2003, 23, 3807-3819.



Supplement

Figure S1
GO analysis, molecular function

Figure S2
GO analysis, cellular component

Table S1
Up load, microarray data

18/18

Lowe and Wyrobek, 2011

10/6/2011 5:36:14 PM file: CG, hot topic, lowe et al, 10-6-11





