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Damage to the CNS results in a complex series of molecular and cellular changes involving the affected targets
and the ensuing glial reaction. The initial gene expression events that underlie these cellular responses may
serve as early biomarkers of neurotoxicity. Here, we examined gene expression profiles during the initial
phase of hippocampal damage resulting from systemic exposure of rats to the organometallic neurotoxicant,
trimethyltin (TMT, 8.0 mg/kg, i.p.). Using TMT as a neurodegeneration tool confers several advantages for
evaluating molecular events associated with neural damage: 1) regional and cellular targets and time course
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Trimethyltin borne factors, e.g. immune, to neural injury responses and 3) known protein and mRNA signatures of TMT-
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induced neurotoxicity can be used as positive controls to validate novel expression events associated
with exposure to this neurotoxicant. Using Affymetrix Gene Chip® to assess gene expression after TMT, com-
bined with Ingenuity Pathway Analysis®, we observed changes consistent for genes known to be affected
in hippocampus, while corresponding changes were not detected in cerebellum, a non-target region. In
agreement with previous observations, limited changes in expression of inflammation-related genes were
observed. Correlated expression profiles were found after exposure to TMT, including changes in gene
ontologies associated with neurological disease, cellular assembly and maintenance, as well as signaling
pathways associated with cellular stress, energy metabolism and glial activation. Selected gene changes
were confirmed from each category by q-RT-PCR and immunoblot analysis. The canonical relationships
identified implicate molecular pathways and processes relevant to detection of early stages of hippocampal
damage in the TMT model. These observations provide new insight into early events associated with neuro-
nal degeneration and associated glial activation that may serve as the basis for discovery and development of
biomarkers of neurotoxicity.

© 2011 Published by Elsevier Inc.

1. Introduction exposure to another because the molecular composition of the CNS

differs markedly with respect to brain region, the cell types within a

Toxic insults of the CNS can alter the expression of a variety of genes
and proteins. These effects can vary significantly from one neurotoxic
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given region or even with respect to a specific subcellular element.
Indeed, this innate molecular complexity (Heiman et al., 2008) likely
serves as the basis for the regional, cellular and subcellular vulnerability
to a specific neurotoxic exposure (O'Callaghan and Sriram, 2005). It also
serves as an impediment to detecting, much less predicting, the neuro-
toxic effects of diverse classes of chemicals and chemical mixtures.
While our knowledge of molecular changes associated with exposure
to a specific neurotoxic agent might be quite extensive, our knowledge
of molecular alterations common to all types of neurotoxic exposures
remains in its infancy. To address this problem, we have administered
known neurotoxic agents that affect different brain regions and the
cellular and subcellular constituents in these regions, as a means of
discovering and validating a panel of neuronal and glial biomarkers of
neurotoxicity (O'Callaghan, 1988, 1993; O'Callaghan and Miller, 1993;
O'Callaghan et al., 1995; O'Callaghan and Sriram, 2005). A number of
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neuronal biomarkers of neurotoxicity, some generally distributed and
others linked to the affected cell type, have emerged from these inves-
tigations. More importantly, the results of these studies have shown
that the glial reaction to injury (i.e. gliosis, reactive gliosis) represents
a dominant and homotypic response to diverse neurotoxic insults.
These latter observations suggest, at least with respect to the induction
of gliosis, that a common set of injury-induced changes underlies CNS
responses to diverse neurotoxic agents. Nevertheless, what has not
evolved from these studies is the identification of the gene or protein
changes common to the diverse targets of neurotoxic insults. Efforts
to verify toxicant-induced alterations in groups of genes/proteins linked
to effectors of disease and injury processes, for example, those associ-
ated with inflammatory reactions (Faulkner et al., 2004; Little et al,
2002), have not been borne out experimentally. Thus, identification
of molecular alterations associated with diverse types of neurotoxic
exposures remains a challenge to the development of widely applica-
ble biomarkers of neurotoxicity, biomarkers that are needed to screen
new and existing chemicals for neurotoxic effects. Indeed, implemen-
tation of proposed high-throughput screens for toxicity (Hartung,
2009) will rely on examination of toxicity pathways. At least with
respect to neurotoxicity, such pathways need to be identified and
validated before any broadly applicable approach to neurotoxicity as-
sessment can be introduced.

To date, most biomarkers of neurotoxicity have been established
on the basis of a protein-by-protein or a gene-by-gene analysis of
the neurotoxic effects of individual compounds. Given the difficulties
in establishing a common molecular basis of neurotoxicity using this
approach, implementing methodology designed to survey global
changes in gene expression, and subject these finding to pathway
analysis, offers the potential to reveal patterns of gene and protein
alterations common to diverse neurotoxic insults. Here we report
the results of a genomic scale assessment of gene expression changes
associated with the earliest stages of neuronal injury caused by
the known neurotoxicant, TMT. As a neuronal injury model to be
surveyed by gene-array analysis, TMT has several advantages. The
cellular targets of TMT in the rat brain, the time course of neuronal
damage and the time course of glial activation are known and have
been quantified (Balaban et al., 1988; Brock and O'Callaghan, 1987;
Chang and Dyer, 1983; Little et al., 2002; McCann et al., 1996;
Whittington et al., 1989). The blood brain barrier remains intact
after exposure to TMT, therefore, the contribution of blood-borne fac-
tors to the observed effects is obviated (Little et al., 2002). Finally, a
number of protein and mRNA markers of TMT-induced neurotoxicity
in the rat have been established (e.g. Brock and O'Callaghan, 1987;
Little et al., 2002) and these can be used as internal positive controls
for the results of gene array profiling. Using the Affymetrix Gene
Chip® microarray, and posthoc pathway analysis with the Ingenuity
Pathway Analysis® system, we identified alterations in gene expres-
sion during the first 5 days after exposure to TMT; many of the ob-
served changes have not previously been reported for this model
neurotoxicant. The associated network functions, canonical pathways
and biological functions affected by TMT include cellular structure
and maintenance, neurological disease, the ubiquitin-proteosome
system and cellular energy metabolism. Insights from these observa-
tions may provide the basis for understanding the etiology of the
earliest molecular changes common to multiple classes of neurotoxic
responses.

2. Materials and methods
2.1. Animal dosing and tissue preparation

Male or female Long-Evans rats, six weeks of age, were obtained
from Charles River (Portage, MI). Rats were housed singly in plastic

tub cages with aspen shred bedding in a temperature- (21+1 °C)
and humidity-controlled (50+ 10%) colony room maintained on a

12 h light/12 h dark schedule. Rats received intraperitoneal injections
of vehicle (0.9% saline) or TMT hydroxide (8 mg/kg body weight as
the free base) TMT was obtained from K&K Laboratories, Division of
ICN Biomedical, Cleveland, OH. TMT-treated rats and saline controls
(for each time point) were sacrificed at 3 or 5 days after treatment
for gene expression analysis. Additional groups of rats were dosed
for neuropathology and immunoblot analyses; the latter included
the addition of a 7-day post-dosing time point. Following sacrifice
by decapitation, hippocampus and cerebellum were dissected, free-
hand; the left side immediately was frozen in liquid nitrogen (for
RNA extraction) and the right side was homogenized by sonification
in hot (85-95°C) 1% SDS for specific and total protein assays. All
samples were stored at — 75 °C prior to assay. All procedures were
performed under protocols approved by the Institutional Animal
Care and Use Committee of West Virginia University and the animal
colony was certified by the American Association for Accreditation
of Laboratory Animal Care.

2.2. Silver degeneration staining

A separate set of rats was administered TMT as described above.
At three days post dosing these rats were anesthetized with pento-
barbital (200 mg/kg, i.p.; Veterinary Laboratories, Lenexa, KS)
and then perfused transcardially with a perfusion wash solution
containing 0.8% NaCl (wt./vol.), 0.4% (wt./vol.) dextrose, 0.8% sucrose
(wt./vol.), 0.023% (wt./vol.) calcium chloride (anhydrous), 0.034%
(wt./vol.) sodium cacodylate (hydrated; Sigma Cat # C 0250) and a
perfusion fix solution containing 4.0% (wt./vol.) paraformaldehyde
powder, 4.0% sucrose, 1.434% (wt./vol.) sodium cacodylate (hydrated).
The brains then were sectioned and subjected to cupric silver degener-
ation staining using the facilities of Neuroscience Associates (Knoxville,
TN). Multiple brains were embedded in a gelatin matrix using Multi-
Brain™ technology (Neuroscience Associates, Knoxville, TN), frozen
in isopentane (—70 °C), sectioned in the coronal plane at 40 um on
an A0860 sliding microtome, and collected in 4.0% formaldehyde
containing 4.2% sodium cacodylate (pH 7.2). Each large section cut
from the block was made up of brains from control and TMT-treated
groups to insure uniform staining across groups and every eighth sec-
tion was stained. Thionine (0.05%) was used as a Nissl stain according
to the procedure of Vogt (1968). Amino Cupric Silver Staining was
performed according to the method of de Olmos et al. (1994).

2.3. RNA isolation and reverse transcription assay

Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA).
Samples were reverse-transcribed in duplicate using Superscript™
and oligo dT primers™ (Life Technologies/Gibco BRL, Carlsbad,
California) using 1-2 pg of total RNA according to the manufacturer's
protocol.

2.4. Gene Chip® analysis

Initially, an analysis of TMT-induced changes in gene expression
on post-dosing day 5 was obtained using the Affymetrix U34A Gene
Chip® (Affymetrix Corporation, Santa Clara, CA). Samples from
saline- or TMT-treated hippocampus and cerebellum (as a negative
control) were analyzed by pooling samples from 5 rats for each
brain area per chip. The successful outcome of these experiments,
combined with the availability of a newer Gene Chip® containing
16,000 genes/ESTs, prompted us to use this chip (A230) to obtain
data for samples prepared 3 days after exposure to TMT or saline
vehicle. In these latter experiments, one chip per rat per brain area
was used with a total of 4 animals for each treatment group. Briefly,
for both chips, total RNA was isolated from brains of control
and TMT-treated rats and purified by phenol/chloroform extraction.
Purified RNA (20 pg) was used for preparation of cDNA with the



74 AR. Little et al. / Neurotoxicology and Teratology 34 (2012) 72-82

Superscript Choice System (Invitrogen, Carlsbad, CA). After ammonium
acetate extraction and ethanol precipitation, the cDNA was used as a
template to produce biotinylated cRNA transcript by in vitro transcrip-
tion (Enzo, Farmingdale, NY). This cRNA was purified by an ammonium
acetate extraction and ethanol precipitation, fragmented with heat and
Mg?*, and hybridized to the rat U34A or 230A arrays in the Affymetrix
Hybridizaton oven 320. Subsequent washing and staining of the
arrays were performed using the Gene Chip Fluidics station protocol
Euk-GE-WS2 and scanned using the Affymetrix scanner (Hewlett-
Packard, Houston, TX).

2.5. Molecular pathway analysis

To understand how the genes identified by inferential statistics
are related, Ingenuity Pathway Analysis (IPA) software (Ingenuity®
Systems, Inc., Redwood City, CA) (www.ingenuity.com) was used
to identify biologically relevant networks, biological functions and ca-
nonical pathways affected early after TMT exposure. The whole data
set generated from the A230 Gene Chip containing gene identifiers
and their corresponding expression values were uploaded into the
application and a core analysis was conducted to identify networks
of genes as well as biological functions affected by the treatment.
A fold change cutoff of 1.4 was used to identify the genes whose
expression was affected by the TMT treatment. The identified
genes, known as Network Eligible genes or “focus” genes, were over-
laid onto a global molecular network developed from information
contained in Ingenuity's Knowledge Base. These “focus genes” were
used to query the database for interactions between focus genes
and all other gene objects stored in the base to construct biological
networks with a statistical score determined for each network.
This score indicates the probability of the focus genes being linked
in a network due to random chance. In these networks the differen-
tially regulated genes can be related using previously known associa-
tions between genes but are independent of established canonical
pathways.

The data set was subjected to canonical pathways analysis to iden-
tify the pathways from the Ingenuity Pathways Analysis library
of canonical pathways that were most significant to the data set. A ca-
nonical pathway contains the genes related to a particular process
such as oxidative phosphorylation or signaling through a given path-
way (e.g. ERK). The canonical pathways contained in the Ingenuity
database are developed by a comprehensive assessment of the extant
literature and are updated on a regular basis as new data emerge. Our
analyses were current to November 1, 2010. Only genes from the data
set that met the cut-off expression value of 1.4 or greater and were
associated with one of the canonical pathways found in Ingenuity's
Knowledge Base were included in the analysis. The significance of
the association between the data set and the identified canonical
pathways was measured in 2 ways: 1) a ratio of the number of mole-
cules from the data set that map to the pathway divided by the
total number of molecules in the knowledge base that map to that
canonical pathway and 2) Fisher's exact test to calculate a p-value
determining the probability that the association between the genes
in the data set and the identified canonical pathway is due to chance
alone.

The Biological Functional Analysis component of the IPA software
was also used to evaluate the uploaded database to identify the bio-
logical functions and/or diseases that were most significant to the
genes in the data set. This analysis provides information on the bio-
logical functions or diseases that were impacted by TMT treatment.
Genes in the data set that met the criterion of a 1.4 fold expression
cut-off and were associated with biological functions and/or diseases
in the Ingenuity knowledge base were included in the analysis.
A right-tailed Fischer's exact test was used to calculate a p-value
determining the probability that each function or disease assigned
to the data set was due to chance alone.

2.6. Real-time PCR

Candidate genes from the results of the Gene Chip® and IPA anal-
ysis were assayed by real-time PCR (q-RT-PCR) using Tag-man tech-
nology (PE Biosystems, Carlsbad, CA) as previously described (Little
et al., 2002). Briefly, fully amplified (40 cycles) PCR products of each
cDNA of interest were quantified using 260/280 ratios on a Beckman
DU650 spectrophotometer and were serially diluted in 10-fold incre-
ments. These samples were run on the same plate as samples used for
a standard curve. Standard curves were highly linear over 7-9 orders
of magnitude with correlation coefficients typically at or above 0.995.
Samples from each time-point were run together (controls and TMT
on the same plate), as was the 28S or S29 housekeeping gene in
separate wells. PCR reactions were conducted with primer concentra-
tions of 300 nM. A 2 x Master Mix (PE Biosystems, Carlsbad, CA) diluted
in water was used to bring the final reaction volume to 50 pl. Primers
were made using Primer Express® (Applied Biosystems, Carlsbad, CA)
and Amplify software based on accession numbers of sequences used
on the Affymetrix chip (Table 1).

2.7. Total protein assay

Total protein concentration of the homogenates was assayed by
the method of Smith et al. (1985). BSA was used as a standard.

Table 1
Primers used.
Gene name Size Primer sequence Source
and ID
Tau 74 ACACATCTCCACGGCACCTCAG Developed in
5" NM_017212 house (DIH)
Tau 3’ CAAGCTGTGGAGAGTCCACCA
PS1 79 ATGATGGTGGCTTCAGTGAGG DIH
5"NM_019163
PS13’ TCTTGCCAAGCCAATCCC
PS2 86 AGACTGGAGCACGACGCTGGCCTGCIT DIH
5’ NM_031087
PS2 3’ TTCTTGAACACGGCGAGCAGCAGGA
UCE-E2D3 69 TTTGGCCGGACCTTTGAG DIH
5" NM_031237
UCE-E2D3 3’ GCGCCATAGTCTGTGCTTTTC
UCE 5’ AA799453 62 TTGCCCCCTCATAAGCAGC DIH
UCE 3’ TCTTGCCAAGCCAATCCC
GR 72 GCATCTTCAGAACAGCAAAATCG DIH
5" NM_012576.1
GR 3’ TGGGATACAATTTCACACTGCC
STATS5a 5/ 78 GTGTGCCCTCAGGCTCACTAC DIH
NM_017064.1
STAT5a 3/ GGTCAAATTCACCATCTTGGTCA
Ccl2 395 TGCTGCTACTCATTCACTGGCAA McTigue et al.
5" NM_031530 (1998)
Ccl2 3/ CTGCTGCTGGTGATTCTCTTGT
GFAP 5 250 GCTAGCTACATCGAGAAGGTC Hauss-Wegrzyniak
etal. (1998)
GFAP 3’ TCCAGCCTCAGGTTGGTTTCA
CCR2 Proprietary Applied
Biosystems
CCR5 Proprietary Applied
Biosystems
TNF-a Proprietary Applied
Biosystems
IL-1a Proprietary Applied
Biosystems
IL-1p Proprietary Applied
Biosystems
LAMP1 Proprietary Applied
Biosystems
SNAP25 Proprietary Applied
Biosystems
S29 5’ BC058150 265 CGCTCTTGCCGCGTCT DIH
S29 3 CACATGTTCAGCCCGTATTT
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2.8. Immunoblot analysis

Changes in expression of selected proteins, chosen on the basis of
changes observed from the Gene Chip® and qPCR analysis, were ana-
lyzed by immunoblotting. Aliquots of brain homogenate were diluted
in sample buffer, boiled and loaded on 10% SDS-polyacrylamide gels
(Laemmli, 1970). Proteins were electrophoretically resolved and
transferred to 0.1 um nitrocellulose membranes (Tobin et al., 1979).
Subsequent steps were performed at room temperature. Membranes
were blocked for 1h in 5% non-fat dry milk prepared in PBS-T,
washed (1x15 min; 2x5 min) with PBS-T and incubated with the
following antibodies at 1:500 for 2 h: PS2 (cs-2192) (Cell Signaling
Technology, Beverly, MA), SNAP25 (ab 18002) (Abcam, Cambridge,
MA) and LAMP1 (9234) Gene Tex, Irvine, TX). Blots then were washed
with PBS-T (1x 15 min; 2 x 5 min) and incubated with anti-rabbit IgG-
HRP conjugate (1:2500) for 1 h. Except for SNAP25 and LAMP1, mem-
branes were washed in PBS-T (1x 15 min; 4 x5 min) and detection
was achieved using a chemiluminescent substrate Amersham ECL
(Piscataway, NJ, USA) on X-ray film (Fuji Medical Systems, Stamford,
CT). Films were exposed for 10 s to 3 min depending on signal intensi-
ty. Films were scanned using a Molecular Dynamics PDSI scanner and
software (Version 4.0) and quantified using Imagequant (Version 5.2)
software. For SNAP25 and LAMP1, membranes were washed in PBS-T
(1x15 min; 4x5 min) and detection and quantification was achieved
using Odyssey version 3.0 and scanned by LiCor (Odyssey 9120,
Lincoln, NB). An approximate linear relationship between the total
protein load per gel lane and the signal obtained was established for
each protein as previously described (O'Callaghan et al., 1999).

2.9. Statistical analyses

Microarray data were analyzed using R statistical software and
packages from Bioconductor (Gentleman et al., 2004). Initial intensity
values in .cel files were subjected to background correction, normali-
zation and probe set summarization using GC-RMA method in the
“gcrma” package. Establishing the presence or absence of genes
was performed using the Wilcoxon signed rank-based test using the

“affy” package. Undetected genes were removed from further analysis.
Group comparison p-values were obtained by using a t-test using
“limma” package with empirical Bayes variance estimation. The
control for false discovery rate was implemented by the Benjamini
and Hochberg (1995) approach and expression summary data were
formatted for input in to Ingenuity Pathway Analysis Software (see
Molecular Pathway Analysis above). PCR and immunoblots analyses
were performed using JMP (version 6.0.3) statistical analysis software.
The test of significance for individual variables was performed using
one-way analysis of variance (ANOVA) followed by posthoc analysis
using Student-Newman-Keuls test.

3. Results
3.1. Onset of trimethyltin-induced neuronal degeneration in hippocampus

Nissl stains reveal some evidence for degeneration of hippocampal
dentate granule cells as early as three days after administration of
TMT to the rat (Chang and Dyer, 1983; Whittington et al., 1989). In
contrast, sensitive silver degeneration stains have been reported
to reveal some damage to both pyramidal and dentate granule cells
as early as post-dosing day 2 (Balaban et al., 1988), observations
consistent with evidence of microglial activation at the same post-
dosing time point (Little et al., 2002; McCann et al., 1996) as well as
the ensuing astrogliosis by no later than post-dosing day 5 (Brock
and O'Callaghan, 1987; Little et al., 2002). The cupric silver degenera-
tion staining shown in Fig. 1 confirms extensive TMT-induced-
degeneration of pyramidal and dentate neurons throughout the
dorsal hippocampus by post-dosing day 3, findings in agreement
with those reported by Balaban et al. (1988) using a slightly different
variant of the cupric silver stain. Nissl staining of alternate sections did
not reveal overt changes at the same time point (data not shown).
Together, these data serve as the basis for our choice of post-dosing
day 3 as the earliest time point to survey for gene-expression changes
associated with the onset of TMT-induced neuronal degeneration in
the hippocampus. The lack of evidence for damage to cerebellum at
the same time point, as determined by a variety of procedures (e.g.

Fig. 1. Silver degeneration staining reveals extensive hippocampal neuronal damage at 3 days after administration of TMT (8.0 mg/kg, i.p.) (B and D). Amino cupric silver degen-
eration staining shows argyrophic neurons throughout the pyramidal cell line and the dentate gyrus after TMT (B). Higher magnification shows argyrophilic pyramidal neurons in
CA3 region after TMT (D). Corresponding saline controls are shown in A and C. Neutral red is used as a counter stain. Scale bar =500 and 100 pm for A-B and C-D, respectively.
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see Balaban et al., 1988; Chang and Dyer, 1983), dictated our use of
this region as a negative control for changes observed in samples
from hippocampus.

3.2. Gene Chip® analysis verifies gene expression changes associated
with TMT-induced neuronal degeneration and gliosis and reveals novel
gene-expression patterns during the earliest stage of hippocampal
neurodegeneration

To determine if gene expression changes known to be associated
with the earliest phase of hippocampal degeneration due to TMT
could be detected by oligonucleotide array analysis, we used the
Affymetrix U34A Gene Chip® to interrogate approximately 8000
genes and ESTs. Initially, rats were sacrificed at post-dosing day 5,
a positive control time point, i.e. one coinciding with the earliest evi-
dence for enhanced expression of multiple glial proteins resulting
from the onset of TMT-induced neuronal damage (e.g. see Brock
and O'Callaghan, 1987; Little et al., 2002). Samples prepared from
cerebellum served as negative controls. A total of 228 genes showed
more than a 1.3-fold change in expression (up or down) in hippocam-
pus after TMT, in comparison to values obtained from saline controls
(data not shown). Notably, Gene Chip® analysis verified increased
expression of genes known to serve as markers for injury-induced
activation of microglia (CCL2, MHC-I and MHCII) and astroglia
(GFAP, vimentin, glutamine synthetase and PBDRc) (Fig. 2), findings
that confirm known microglial and astroglial responses to TMT-
induced hippocampal damage observed in this and other laboratories
(Andersson et al., 1994; Banati et al., 1997; Bo et al., 1994; Brock and
O'Callaghan, 1987; Cammer et al., 1989; Condorelli et al., 1990; Finsen
etal, 1993; Guilarte et al., 1995; Kuhlmann and Guilarte, 1997, 1999;
Little et al., 2002; Mikucki and Oblinger, 1991; Shaw et al., 1994;
Stringer, 1996; Xu and Ling, 1994). Although detected, none of the
more than 20 interleukin, interferon, or TNF super family genes on
the U34A array was induced by TMT at day 5 (data not shown).
These latter findings are consistent with our previously reported
negative results for IL-13, TNF-«, and IL-6, using q-RT-PCR analysis
(Little et al., 2002). Likewise, expression of the bulk of cerebellar
genes remained unchanged as a function of TMT exposure; the
known expression pattern for glial genes observed for hippocampus
(Fig. 2) did not emerge in the cerebellum (data not shown). In aggre-
gate, the data obtained for gene expression on post-dosing day 5 were
highly consistent with known changes in glial gene expression that
follow the onset of neurodegeneration due to TMT. This successful
outcome combined with the knowledge that neuronal damage due
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Fig. 2. Induction of astroglial- and microglial-associated genes at 5 days after adminis-
tration of TMT (8.0 mg/kg, i.p.). Data are based on microarray results from hippocam-
pal tissue pooled from 5 saline- and 5 TMT-treated rats (i.e., N=1 per treatment and
brain area) and are expressed as a percent of saline control data.

to TMT was ongoing prior to post-dosing day 5 (see Fig. 1) prompted
us to evaluate gene-expression patterns at post-dosing day 3. For this
purpose we used the A230 Gene Chip® to expand analysis to 16,000
genes and ESTs. A total of 207 genes exhibited more than 1.4 fold
change in expression (up or down) in hippocampus after TMT, in
comparison to values obtained from saline controls. Representative
examples of these data organized by gene class are presented in
Table 2. The fold changes in these genes were not large; these obser-
vations were consistent with sampling a time point at the very earli-
est stage of TMT-induced neurodegeneration. This fact, coupled with
the low number of Gene Chips® used (N=4), probably contributed
to the lack of statistical significance among all the gene-expression
changes observed as a function of exposure to TMT. Indeed, our
findings with the Gene Chips® speak to the value of performing a
priori power analyses for future experiments to inform experimental
design and hypothesis generation (Seo et al., 2006). Nevertheless,
these data provided a qualitative index of early expression changes
associated with the onset of TMT-induced neurodegeneration that,
in conjunction with Ingenuity® Pathway Analysis, were used to
inform subsequent q-RT-PCR analyses. Consistent with our previous
findings based on q-RT-PCR (Little et al., 2002), qualitative changes
in genes associated with inflammation were notably absent from
day 3 and day 5 data (data not shown), suggesting that inflammatory
processes were not in play during the early stages of neuronal degen-
eration caused by TMT.

3.3. Ingenuity® Pathway Analysis reveals relationships among networks
and molecules related to neurological disease, cellular assembly and
maintenance, and mitochondrial function

Using a fold change cutoff of 1.4, a total of 229 focus genes were
identified whose expression was affected early after TMT treatment.
Using these focus genes to interrogate the Ingenuity Knowledge
Base, 14 networks were constructed and found to be significant
with scores ranging from 8 to 50, where the Fisher's exact test indi-
cates any score over 2 is significant. For simplicity, only the networks
with significant scores (8 or above) and those deemed useful for
providing insight related to early neurotoxic events associated with
exposure to TMT (post-dosing day 3) are presented. The networks
are presented as graphical displays where the genes appear as
nodes and the molecular relationships between genes are repre-
sented by lines. The network titles refer to the primary functions of
the gene pathways identified as the pathway analysis seeks to discern
the connections between the genes affected by the TMT treatment
through the knowledge contained in the IPA database. As such the
analysis is not dependent on the study design and is not hypothesis
driven. Consequently, the networks identified as being affected
by TMT treatment are based on the known functions and intercon-
nectivity of the affected genes derived from the literature and placed
in the IPA knowledge base.

The genes contributing to the highest scoring network in the
hippocampus at 3 days post TMT exposure were those involved in
cellular assembly and organization, cellular function and mainte-
nance as well as neurological disease (Fig. 3). Of the top 5 network
functions affected by TMT, the highly significant scores ranged from
28 to 50 (Table 3). The top network (with a score of 50, see Table 3
and Fig. 3) incorporated 27 focus genes out of the 35 eligible genes.
A variety of nodes consisting of genes associated with signaling
molecules were significantly down-regulated (green), including in-
puts to the key proinflammatory transcription factor, NF-kB. Nodes
including structural and motor molecules were also decreased
whereas cellular distress signaling through HSP90 was increased
(red). Additional analysis of the data set using the Canonical Pathway
(Table 4) and Biological Functional Analysis (Table 5) components
of the IPA software, revealed a number of known processes and
biological functions affected by TMT exposure. These analyses in
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Table 2
Microarray data at 3 days after TMT.
Gene grouping by function A230 gene ID  Fold
change
Neuronal
Synaptophysin NM_012664.1 0.56
Serotonin 5HT-2 receptor gene NM_021862.1 1.34
GABA-alpha receptor gamma-3 subunit NM_024370.1 150
Proteolipid protein (spastic paraplegia 2) NM_030990.1 0.49
Amphiphysin NM_022217.1  1.37
Superiorcervical ganglia, neural specific 10 NM_053440.1 0.58
Neurofilament, light polypeptide NM_031783.1  0.80
Receptors
Mitochondrial precursor receptor D63411.1 148
Stromal cell derived factor receptor 1 (Sdfr1) NM_019380.1 0.56
Somatostatin 28 receptor NM_133522.1  0.69
Somatostatin sst2B receptor X98234.1 0.69
Phosphatases, kinases
Protein tyrosine phosphatase epsilon C D78610.1 0.60
Calcineurin subunit A alpha NM_017041.1  0.62
STATS5a NM_017064.1 1.47
RhoB NM_022542.1 0.76
Glycogen synthase kinase 3 alpha (Gsk3a) NM_017344.1 133
Myristoylated alanine-rich protein kinase BE111706 133
C substrate
Protein tyrosine kinase NM_013081.1  0.62
Metabolism
Aromatic L-amino acid decarboxylase U31884.1 0.24
Myoadenylate deaminase (AMP deaminase) J02811.1 1.23
Sterol carrier protein 2 M34728.1 0.43
3-Hydroxy-3-methylglutaryl-coenzyme A NM_017268.1  0.65
synthasel
Hypoxanthine-guanine phosporibosyltransferase M86443.1 0.51
Mitochondrial precursor receptor D63411.1 1.48
Development/growth factors
Adducin 3, gamma AA894279 0.68
TGF-beta 3 NM_013174.1 0.59
Structural
Kinesin-family protein 1Bp204 AB070355.1 1.70
Opioid-binding protein cell adhesion molecule-like NM_053848.1 1.29
Neurodegeneration
Tau X79321 1.24
Presenilin (PS) 1 NM_019163.1  1.68
Presenilin (PS) 2 NM_031087.1 ND
BM1k MHC class Ib antigen AJ243973.1 1.58
Stress/chaperone
Heat shock protein 60 NM_022229.1 0.72
Transcription/translation/degradation
Arf2, ADP-ribosylation factor 2 BE112160 5.23
Ubiquitin conjugating enzyme (E2D) (E217kB?) U13177.1 0.69
Ubiquitin conjugating enzyme (UCE) NM_031138.1  2.77
Ubiquitin conjugating enzyme E2I NM_013050.1 1.53
Ribosomal protein S2 AA944861 0.71
Ribosomal protein L4 NM_022510.1  1.67
Ribosomal protein S27 BI281702 0.72
Miscellaneous
Spermatogenesis related protein Gs4 NM_138855.1 0.59
mRNA for 512 antigen, clone 5 NM_019301.1 1.88
hnRNP protein BM384165 0.68
Alpha-actinin-2 associated LIM protein AF002281.1 1.32
Opioid-binding protein NM_053848.1 1.32
Golgi vesicular membrane trafficking protein p18 NM_01925 0.26
SMR2 NM_022709.1 0.55
Transforming growth factor beta 1 induced transcript 1~ BI279862 1.30
Heterogeneous nuclear ribonucleoprotein K NM_057141.1  0.68
Pore-forming calcium channel alpha-1B Subunit AF055477.1 1.6
variant
Endothelial type gp91-phox gene NM_023965.1 0.53
Cytokine-induced neutrophilchemoattractant-2 beta D21095.1 2.13

Table 2 (continued)

Gene grouping by function A230 gene ID  Fold

change

Transcription factors/signaling
Nuclear receptor subfamily 3, group C,
member 1 (Nr3c1) Corticosteroid Receptor

NM_012576.1 1.71

PAM COOH-terminal interactor protein 10b U88156.1 1.32
Sphingomyelin phosphodiesterase 3, neutral NM_053605.1  1.86
Phospholipase C-betal BE097028 0.74

Apoptosis

Bcl-2 related ovarian death gene product BOD-L AF065433.1 1.48

conjunction with the results from the network analysis (Table 3)
showed highly significant changes in events related to a variety of
cell signaling processes, cell morphology and mitochondrial function.
Of these three types of changes, signaling and morphology are known
components of glial response to injury and mitochondria have long
been viewed as potential targets of TMT (Chang et al., 1982; Cook
et al.,, 1984).

Biological Functional Pathway analysis of the TMT database
(Table 5) also categorized affected genes into a number of higher
level biological entities, including diseases and disorders; molecular
and cellular functions as well as physiological system development
and function. Each of these higher level categories contains several
lower level categories as indicated by the subcategories and their
associated p-values. For example, the diseases and disorders category
has p-values ranging from 2.01E — 09 to 8.66E — 04 and contains sub-
sets of all the genes in the category that are relevant to genetic (140
relevant genes) and neurological (111 relevant genes) disorders
as well as those considered important in developmental disorders
(9 relevant genes). This analysis again highlights the early effects of
TMT on processes and functions related to cell morphology and func-
tion as well neurological disease.

Table 6 shows the top 10 up-regulated and down-regulated genes
in the rat hippocampus following TMT treatment (ranked by the
magnitude of fold-change). The top molecular changes included
increases in LAMP1, a lysosomal membrane protein, along with an
expected increase in the astrocyte protein, GFAP. Among the top
three decreases in molecules was SNAP25, a finding suggestive of
early loss in synapses, a finding also consistent with the previously
observed change in synaptophysin (p38) and synapsin (Brock and
O'Callaghan, 1987).

3.4. Selected gene expression analysis by q-RT-PCR

In addition to the top molecules identified by IPA, the top network
functions, canonical pathways and biological functions identified by
IPA served to direct the selection of specific candidate genes for fur-
ther analysis. From each of these IPA-directed categories, we selected
IPA-identified molecules, as well as genes from the microarray
analysis with the greatest changes in expression, to be verified by
q-RT-PCR using RNA prepared from a separate set of animals
(Fig. 4). Consistent with IPA results, lysosomal and synaptic genes,
LAMP1 and SNAP25, showed small but significant increases and
decreases, respectively, findings that suggested mitochondria and
synaptic terminals were early targets of TMT-induced neurotoxicity.
Other mitochondrial signaling genes and intracellular receptor and
translocation genes identified or implicated by microarray analysis
also were affected. Increases in STAT5a, UBC and GR were dramatic
and, while increases in STAT5a and UBC were not statistically signif-
icant at 3 days, they were by 5 days post TMT. GR and PS1 increases
at day 3 were confirmed by PCR while PS2, B-catenin, and Tau could
not be confirmed at day 3 but all were significantly increased by
5 days (Fig. 4).
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Fig. 3. The top network of differentially expressed focus genes in the rat hippocampus 3 days after administration of TMT (8.0 mg/kg, i.p.) as identified by IPA analysis. Intensity of the red
(up-regulated) or green (down-regulated) color shows the level of gene expression. Gray represents a gene found in the TMT data set but one that did not meet the cutoff criteria of 1.4 fold.

3.5. Immunoblot analysis of selected proteins based on q-RT-PCR data

To assess the correlation between gene and protein expression
changes resulting from exposure to TMT, immunoblots for proteins
implicated by IPA and gq-RT-PCR were performed (Fig. 5). For most
of the proteins analyzed, post-dosing day 3, 5, and 7 time points
were examined. Several of our attempts to extend q-RT-PCR findings
to corresponding proteins failed due to a lack of apparent confir-
mation by immunoblot or a failure to obtain discernable results

Table 3
[PA® associated network functions.
Score
1 Cellular assembly and organization, cellular function and maintenance, 50
neurological disease
2 Cell signaling, cellular function and maintenance, molecular transport 45
3 Post-translational modification, protein folding, genetic disorder 45
4 Cell-to-cell signaling and interaction, nervous system development and 39
function, genetic disorder
5 Lipid metabolism, small molecule biochemistry, cell morphology 28
Table 4
IPA® top canonical pathways.
Score
Oxidative phosphorylation 2.77E—07
14-3-3-mediated Signaling 1.85E—05
ERKS5 signaling 3.13E—04
Mitochondrial dysfunction 4.75E—04
Clathrin-mediated endocytosis signaling 5.58E—04

on immunoblots (data not shown). Nevertheless, several changes
suggested by the IPA and q-RT-PCR data were confirmed at the
protein level (Fig. 5). At 3 days after TMT treatment, the 23 kD c-
terminal fragment of PS2 was increased by nearly 2 fold. SNAP 25
was decreased by day 5, whereas LAMP1 was increased by 7 days
post TMT. Overall, these data for selected proteins are consistent
with results obtained with the oligonucleotide arrays, IPA and q-RT-
PCR, or previously published data, and they are suggestive of the
functional significance of the observed changes in gene expression.

Table 5
IPA® top biological functions.

Name p-value # Molecules

Diseases and disorders
Genetic disorder
Neurological disease

2.01E—09-3.86E—02 140
2.01E—09-4.60E—02 111

Psychological disorders 2.01E—09-335E—02 56
Skeletal and muscular disorders 591E—09-2.73E—02 79
Developmental disorder 8.66E —04-2.73E — 02 9
Molecular and cellular functions

Cellular assembly and organization 1.63E—04-481E—02 53
Cellular function and maintenance 1.63E—04-3.86E—02 21
Protein synthesis 234E—04-3.18E—02 34
Cell morphology 345E—04-3.86E—02 44
Cell-to-cell signaling and interaction 5.92E—04-449E—02 30
Physiological system development and function

Nervous system development and function 8.44E—06-4.58E—02 69
Tissue development 8.44E—06-3.86E—02 17
Behavior 1.49E—04-2.88E—02 15
Embryonic development 4.04E —03-2.65E — 02 9
Organ development 4.04E—03-2.65E—-02 12
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Table 6
IPA ® top molecules.

Fold change up-regulated

neuronal, microglial and astroglial staining methods show that
TMT-induced damage to hippocampal pyramidal and dentate neu-
rons can occur as early as 2-3 days post dosing and that this damage
likely is responsible for the rapid activation of microglia and astroglia

Molecules Exp. value N ) g
(Balaban et al., 1988) (Fig. 1). Importantly, the blood brain barrier
gl\%f 1 EZ; remains intact, limiting the contribution of blood-borne factors to
HTRC 12.405 the initiation or progression of damage and gliosis (Little et al,
HSP90AB1 11.922 2002). Despite the severe neuronal loss that eventually results from
CORO6 11.863 exposure to TMT, we found that early gene expression events
RABZB 11.841 were restricted to relatively small numbers of transcripts. These
IGF2R 11.765 . . .
MEIS2 1728 were clustered into networks anc.l relationships that may serve t.o
RIOK2 11.721 inform our knowledge of mechanisms of neural damage and gliosis
MBNL2 11.646 that underlie neurotoxic responses to this compound, and perhaps
broader classes of neurotoxicants.
Fold change down-regulated We conducted our initial gene-array survey at 5 days post-dosing
Molecules Exp. value with TMT to determine if we would capture known expression events
DCAFG 1—6.540 related to the neurotoxic effects of this compound. This qualitative
DS 1—4.788 survey, not unexpectedly, revealed enhanced expression of numerous
SNAP25 1—4.301 glial genes in hippocampus, while these same genes remained

4. Discussion

We used the known neurotoxicant, TMT, to identify gene expres-
sion changes associated with the earliest stages of neurodegeneration
and gliosis. Previously, many features of TMT neurotoxicity have been
established that provided the basis for choosing this compound as
a neural degeneration tool. Multiple, independent, morphological
and biochemical indices have established the time-course of TMT-
induced damage to the hippocampus and the accompanying micro-
glial and astroglial responses (Brock and O'Callaghan, 1987; Chang
and Dyer, 1983; Little et al., 2002; McCann et al., 1996). Sensitive

unchanged in the cerebellum, a non-target region for TMT. Thus,
our use of oligonucleotide microarrays to survey genes expressed
just after the onset of TMT-induced hippocampal neurotoxicity was
successful in confirming known glial responses to neural damage
(Balaban et al., 1988; Brock and O'Callaghan, 1987; Kuhlmann and
Guilarte, 1997, 1999; Little et al., 2002; McCann et al., 1996). Because
such glial responses are shared across numerous, trauma-disease and
chemically-induced insults of the CNS (Eng et al., 2000; Kreutzberg,
1996; Norenberg, 2005; O'Callaghan and Sriram, 2005; Sofroniew,
2005, 2009; Streit, 2005), raised the possibility that gene expression
events occurring prior to glial activation may be shared across multi-
ple models of neural damage. Such changes in gene expression, in
turn, may serve as the basis for discovering early molecular processes

4
PS1 PS2 * Tau
8 ES
3 3
6 £
4 * g :
2 1 ljl 1
0 0- 04
— - SNAP 25 UCE 2 - LAMP1
D *
&0 12
= €
% ig [ Saline
= g B TMT
é 1 . 14
= 4
% 2
E o 0 0
3
GR STAT5a B -catenin %
12 12 3
10 10
8 2
6
4 4 1
#*
2 2
0- 0+ 0
3 5 3 5 3 5
Days After TMT

Fig. 4. Changes in gene expression by q-RT-PCR analysis at 3 and 5 days after administration of TMT (8.0 mg/kg, i.p.). TMT affected the expression of mRNA associated with neu-
rodegeneration (presenilins [PS], tau), synaptic terminals (SNAP 25), mitochondrial function (UCE and LAMP1), stress (GR) and cell signaling related to glial activation (STAT5a)
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Fig. 5. Changes in hippocampal protein expression by immunoblot analysis at 3-7 days
after administration of TMT (8.0 mg/kg, i.p.). Representative immunoblots corresponding
to each protein are shown for saline- and TMT-treated rats. Values are mean + SEM for
3-4 animals per group. *Significantly different from corresponding saline control, p<0.05.

linked to a variety of neurotoxic exposures. When we screened
hippocampal samples prepared 3 days after exposure to TMT, genes
with expression levels below 0.5 or above 1.5 were few in number
and were restricted to small numbers of functional categories.
With the exception of neuronal genes, such as synaptophysin, and
neurodegeneration and degradation genes, such as presenilin 1 and
ubiquitin conjugating enzyme, respectively, no gene clusters stood
out as being related to changes that might be expected during the
very early stages on TMT-induced neurotoxicity. Moreover, none of
the observed changes reached statistical significance. Nevertheless,
the microarray data for post-dosing day 3 served to drive highly
significant findings in multiple networks and pathways using the
Ingenuity Pathway Analysis tool.

Visualization tools now are widely employed to identify and com-
municate salient findings obtained from high-throughput screens,
such as gene microarray analysis (Gehlenborg et al., 2010). Even
with the relatively small numbers of genes that appeared to be
changed as a function of exposure to TMT at day 3, our intent was
not only to find early changes related to neural damage by this com-
pound, but also to visualize and construct pathways which would
aid in future exploration of mechanisms underlying neurotoxicity
and associated glial responses. An overall goal would be to identify

neurotoxicity pathways of broad use in toxicity screening as proposed
in the Tox 21 initiative (Hartung, 2009). When we used the IPA tool
for this purpose, the summary functions and pathways revealed
were, in large measure, those associated with neurological disease,
cellular assembly and maintenance, as well as signaling pathways as-
sociated with cellular stress, energy metabolism and glial activation.
While the decreases in genes associated with cell structure, such as
tubulin and MAP1B, could be viewed as down-regulation events asso-
ciated with changes in cellular morphology in otherwise intact cells,
it seems more likely that these changes simply were a reflection of
neuropathology already ongoing at this time. Thus, consistent with
the silver degeneration staining we observed at post-dosing day 3,
alterations in oxidative phosphorylation, induction of GFAP and 14-
3-3 scaffolds associated with glial activation, as well as induction
of HSP90, all would be expected expression changes associated
with neuropathology. Our novel findings of an increase in LAMP1,
a lysosomal associated membrane protein also is consistent with
this view. LAMP1 can regulate APP, is associated with astrogliosis
and autophagy, and is known to play a role in cell death (e.g. see
Hashimoto et al., 2010). Finally, the addition of SNAP25 to our prior
identification of synapsin I and synaptophysin as synapse-associated
entities that decrease following TMT (Brock and O'Callaghan, 1987),
also is an observation consistent with neuronal damage or death,
either at the level of the neuronal perikarya or as local loses of
message/protein in nerve terminals early in the time course of TMT
neurotoxicity.

We used the IPA tool to direct our selection of expression candi-
dates for confirmation by q-RT-PCR and immunoblot analyses. The
changes seen by q-RT-PCR came from several categories implicated
by IPA results, including those associated with neurodegenerative
diseases (Tau, presenilins), stress activation (GR), protein processing
and degradation (UCE, LAMP1) and cell signaling related to neural
damage (STAT5a, B-catenin, SNAP25). While we did not succeed in
confirming all g-RT-PCR candidates by immunoblot analysis, perhaps
due to the lack of sufficiently sensitive and specific antibodies or ex-
amining an inappropriate time point, we did find significant effects
on synaptic, neurodegenerative and lysosomal proteins consistent
with neural damage. Given that the 3-day post TMT sampling time
point coincides with the earliest evidence for hippocampal neuronal
damage (Balaban et al., Fig. 1) and microglial activation (McCann
et al., 1996), we did not expect to see large changes in gene expres-
sion nor the involvement of large numbers of genes or proteins at
this early time point. We did anticipate, however, that we might ob-
serve expression changes that would implicate mechanisms leading
to full-blown neuropathology associated with later time points after
administration of TMT. While small in magnitude, changes in the
transcripts and proteins that emerged from the IPA, q-RT-PCR and im-
munoblot analysis included those known to be associated with
advanced neurodegenerative disease states. Thus, our findings now
suggest that these same transcripts can be involved early, during
the induction phase of neuronal damage and gliosis.

Perhaps the most informative data that emerged from the present
investigation was the lack of effects of TMT on expression of inflam-
matory mediators. Neuronal degeneration and subsequent gliosis in-
stigated by TMT were not associated with altered expression of genes
in clusters associated with inflammatory responses. Indeed, the IPA-
identified network affected the most significantly by TMT showed
decreased input through NF«B, a key down-stream effector of inflam-
matory mediators. Given that microglial and astroglial activation
occurs within 3 and 5-days post administration of TMT, respectively
(Brock and O'Callaghan, 1987; Little et al, 2002; McCann et al.,
1996), evidence for glial-derived or glial-affected proinflammatory
cytokine expression should be observed at these time points. When
we previously used the TMT model to examine cytokine and chemo-
kine signaling events associated with neural injury, we were
surprised to find that extensive hippocampal damage due to this
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toxicant was not accompanied by enhanced expression of the key
elements of the proinflammatory process (Little et al., 2002). For
example, at 1, 2, 3, 5, 7 and 21 days post TMT, we failed to observe
increases in TNF-a, IL-1ac and IL-1(3 or IL-6, as assessed by q-RT-PCR
and immunoblots or ELISA (Little et al., 2002). Additionally, another
prior observation showed that anti-inflammatory pretreatment of
rats with corticosterone did not affect TMT-induced neurotoxicity
and astrogliosis (O'Callaghan et al., 1991). Together, these previous
findings are in concordance with those observed in the present
genome-wide survey and data mining by IPA. Nevertheless, a micro-
glial activation response clearly is observed in response to our
TMT exposure regimen (McCann et al.,, 1996) and, in general, this
cellular reaction is associated with increased expression of MHC
class Il molecules, findings often viewed as evidence of inflammation
or neuroinflammation (Graeber and Streit, 2010). The activated
microglial phenotype most clearly represents a microsensor of under-
lying neuropathology (Kreutzberg, 1996). Neuropathology can elicit
neuroinflammatory responses in association with activation of micro-
glia, but the beneficial or detrimental effects of such responses remain
unclear (Graeber and Streit, 2010). In aggregate, our present data are
suggestive of another neuropathology phenotype, one in which sub-
stantial neuronal loss and ensuing gliosis can occur in the absence
of substantial evidence of neuroinflammation.

From the aforementioned it would be tempting to generalize our
findings to gene expression changes observed after hippocampal
damage associated with other agents or conditions. This would be
premature, however, because even for hippocampal damage due to
TMT, marked species-specific responses appear to exist. For example,
it has been well-established that a variety of neuroinflammatory me-
diators are expressed in hippocampus after administration of TMT to
the mouse (e.g. see Harry et al.,, 2008). Whereas administration of
TMT to the rat results primarily in damage to hippocampal pyramidal
neurons, its administration to mice favors damage to dentate granule
neurons. Damage to the latter appears to confer a neuroinflammatory
phenotype. Thus, a shift of damage to a different neuronal cell type
within the hippocampus may engender different gene expression
profiles apparently associated with activated microglia (Harry et al.,
2008), findings in accordance with the diversity of microglial immu-
noregulatory markers across and within a given brain region (de
Haas et al., 2008; Sriram et al., 2006). Moreover, it also is possible
that key inflammatory events underlying TMT neurotoxicity and
glial activation were below the level of detection or expressed at an
earlier time point (e.g. see Morita et al., 2008) in the present study.
Clearly, in contrast to our present data, strong evidence exists for a
role of inflammatory processes in a variety of CNS disease states and
processes (Block et al., 2007; Gao and Hong, 2008).

In summary, the present findings show that gene-expression
changes early in the time course of TMT-induced neurotoxicity
encompass categories that include synaptic and neurodegeneration-
related networks and protein processing and degradation pathways.
The networks and associated genes affected by TMT at post dosing
day 3, while related to known damage pathways and events, were
not accompanied by neuroinflammatory responses. Combined with
the results of our previous studies, we conclude that extensive hippo-
campal neuronal damage and gliosis can occur in the absence of in-
flammation and disruption of the blood-brain barrier (Little et al.,
2002). Moreover, our results suggest that components of the ubiqui-
tin-proteosome system (UPS) and its down-stream targets known
to be associated with neurodegenerative disease (Alves-Rodrigues
et al.,, 1998; Kantamneni et al., 2011), can be very early participants
and perhaps instigators of the neurodegenerative process. The effects
of the dysregulation of the UPS deserve further evaluation as primary
or secondary events leading to neurodegeneration after TMT and in
association with a variety of neurodegenerative diseases. Thus, a
future focus on the expression domains affected by TMT may serve
as the beginning for establishing broadly applicable neurotoxicity

pathways that eventually may be used as components of high-
throughput toxicity screens (Hartung, 2009).
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