Screening anti-inflammatory compounds in spinal cord injury

Abstract

Inflammatory responses contribute to secondary tissue damage following spinal
cord injury (SCI). A potent anti-inflammatory drug, methylprednisolone (MP) is the only
currently accepted therapy for acute SCI. In order to search for novel mechanisms, we

compared several anti-inflammatory compounds using our previ -described slice

; §‘gression profile by NS398, the selective COX-2
"4
ich the oveﬁa\\ effect of these up-regulated genes could be associated with

.
;|

a proposed neurop ﬁ effect. In summary, using microarray analysis, selective
COX-2 inhibitor was distinguished by its gene expression profiles amongst different anti-
inflammatory drugs. Understanding inflammatory cascades initiated by SCI should allow
design of improved therapies.
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Introduction

Initial mechanical disruption of spinal cord tissue leads to destruction of cells at
the injury site. The injury activates enzymatic mechanisms and initiates inflammatory
responses. Typically, the cell membrane is damaged and phospholipase A; (PLA;) can be

activated to hydrolyze membrane phospholipids into arachidonic:acid and this leads to

production of eicosanoids. Inflammatory mediators (e.g. %gpl ide, prostaglandins,

cytokines) are quickly released. Peripheral cells (e &S%&ytes, neutrophils and

rbate second%&
j ¢
s of motor function. A potent anti-inflammatory
o

y

%‘ﬁ)w to rescue 20% of motor function in

chronically paralyzeif(Beric et al., 1998; Davidoff et al., 1991), and this pain has been
shown to be related to production of PGs (Hains et al., 2001). With the utmost relevance,

the cyclooxygenase pathway mediates the formation of eicosanoids, including PGs.

Cyclooxygenase (COX; prostaglandin H2 synthetase) is a key enzyme for
hydrolysis of arachidonic acid. There are two gene isoforms of cyclooxygenase in
mammals, COX-1 and COX-2. Both are membrane-bound enzymes with a 71 kDa
molecular weight and 63% amino acid sequence homology (Vane et al., 1998). There is a

long narrow channel with a side pocket in the enzyme stmcrurjggm;& can contain and

% forms of

catalyze arachidonic acid (Wong et al., 1997). Even thoug@iﬁ\

kidney, wi ‘COX-2 is the

™

o, &
prodi‘m@w“‘ of PGs in different

d cancer (%nq et al., 1998). Induced COX-2 gene
o

tgg;sﬁﬁoids have been shown to induce

i,

esntgé,et al., 1998; Hains et al., 2001). Arachidonic acid

holipase Az (PLA;) and phospholipase C (PLC). AA is in turn

by the action of i‘l
transformed into PGS, the ubiquitous fatty-acid derivatives, by the action of COX enzyme
isoforms. It has been shown that PGs can act synergistically with IL-1. Initial release of
PGs from AA by COX-1 (constitutive form) contributes to IL-1’s bioavailability to

stimulate COX-2 (inducible form) synthesis for more PGs. PGs are responsible for most

of the IL-1-induced effects such as typical inflammation symptoms (fever, pain) (4).




Further enzymatic conversion of PGH; into other PGs and thromboxane, is exerted by
prostacyclin synthase and various isomerases. Lipoxygenase (5- and 12-) can also act on
AA and produce HPETE derivatives (Cook et al., 1993).

The COX-2 gene is a small (8.3 kb) immediate early gene, while COX-1 is a

much larger (22 kb) gene (Vane et al., 1998). In the CNS, COX ‘%RNA is detectable in

conditions, such as cytokines, growth factors, traumatic injury and acute and chronic

inflammation. A fter spinal injury, pathological tissue damage and oxidative stress
activate expression of COX-2, which plays a potential role in hypoxia-induced or

excitatory amino acid (EAA)-induced neuronal cell death (Strauss and Marini, 2002).

COX-2 inhibitors are novel anti-inflammatory and analgesic agents that
selectively inhibit COX-2 over COX-1, with three orders of magnitude greater affinities.

This avoids the disadvantage of gastrointestinal side effect by non-selective COX

inhibition. Specific inhibition of COX-2 by NS398 can preserve neuronal function after

inhibition in thés : s have not been systematically studied in the CNS.
In SCI, sincehe status of cells alters, mRNAs associated with the injury state will

be affected. A detailed and global knowledge of subsequent gene expression changes

following injury or treatment could provide meaningful insight of molecular mechanisms

in SCI that could be reasonable targets for therapeutic intervention. In the present study,

we applied DNA microarrays to compare gene expression following the five anti-




inflammatory treatments. We expected to see a major similarity between these treatments
due to their anti-inflammatory mechanisms. However, it was hypothesized in this work
that there may also be some novel molecular mechanisms of one compound over others.

Four hours following slice culture (a model of tissue injury), expression of 5,000 genes

was measured by our custom rat microarrays. A number of statigﬁganalyses (i.e.
F .

Materials and Methods

Animal Injury Cultured spinal cord slices were used as a model of SCI (Pan et al., 2002).
Adult rat spinal cords were quickly isolated, and then 1 mm slices were placed in wells of
a 24-well tissue culture plate. Four slices were typically placed in a single well with 0.5

ml of Opti-MEM medium with 1% N2 supplement (Life Tech;:é;@@i) The cultures

Y

; [3] MP (pretreatment 30

mg/kg i.p.; 0.5 mg/kg culture); [4] NS39

and [5] a mixture of 500

Long-Evans tats were pretreated with NS398 (10 mg/kg i.p.) or vehicle
intraperitoneally 1 hour before surgery. After deep anesthesia, rats were applied thoracic
(T9-T10) laminectomy. A 10 g X 2.0 mm diameter rod was released from a 25-mm height
onto the exposed spinal cord, using NYU impactor injury model. Immediately after

contusion, rats were treated with another dose (10 mg/kg i.p.). Twelve hours following




injury, the rats were euthanized and spinal tissue was isolated for further atomic
absorption spectroscopy and mRNAs analysis

Atomic absorption spectroscopy. Tissues were weighed to obtain the wet weight before
homogenization in Trizol (Invitrogen) to extract RNA. An aliquot (50 pl) of the Trizol

homogenate was removed and diluted in distilled water for atongﬁ%gorption
s N

spectroscopy to measure potassium using a Perkin-Elmer 3 vectrometer. Trizol alone

probes, 65-70nt in |

minimized. Allbioi

e ﬁw’leoﬁdes are provided on our searchable

s'were printed on poly-L-lysine-coated glass slides

pins. Poly-L—lysnné:sﬁdgﬁ%ere prepared and scanned at 532nm and 635nm in a GenePix

F
4000A Scanner (Axon Instruments Inc., Union City CA) to evaluate surface quality.

Slides were stored in a bench-top desiccator for at least three weeks prior to use.

Oligonucleotides were resuspended to 40 uM in 3X SSC and rehydrated with

shaking at room temperature. Printing was performed at 24°C with a relative humidity of

approximately 50%. After printing, arrays were stored overnight in a parafilm-sealed
plastic slide box in a desiccator at room temperature and post-processed by standard
procedures. Slides were stored at room temperature in a sealed plastic slide box in a
desiccator and used for up to three months after printing.

Hybridization. RNA was prepared from drug or vehicle treated ﬁé‘c&culmms. Tissues

J
Fluorescent %s were prepared using the Genisphere 3DNA dendrimer system

(Genisphere, Inc., Montvale NJ). Two micrograms of total cellular RNA were reverse-
transcribed from a “capture-sequence”-containing oligo-d(T);s primer using Superscript
II (Invitrogen). Following alkaline hydrolysis and ethanol precipitation, the cDNA was

pre-hybridized with dye- and capture sequence-specific fluorescent dendrimers at 53°C




for 45 min. Tagged probes were then hybridized with microarrays in hybridization buffer
(0.25 M NaPOs, 4.5% SDS, 1 mM EDTA, 1X SSC, 1 pg of rat Cot-1 DNA [Rat Hybloc,
Applied Genetics Laboratories, Melbourne FL], and 2 pl of Capture Blocker
[Genisphere]) using a GeneMachines hybridization chamber. The following day the

i,

0 software, resulting in

arrays were washed and scanned on an Axon GenePix 4000B.

Data Analysis Image files were processed using Axon Ge

compliant, web accessible database (B

enetics, Redwood Ci

into GeneSpring (Silicon

Quantitative Rea We confirmed selected microarray results by comparison
with mRNA levels obtained by quantitative reverse transcription PCR (Q-RT-PCR) using
selected gene-specific primer pairs. RNA was reverse transcribed with SuperScript II and
random primers as suggested by the manufacturer (Invitrogen). The PCR reactions were

carried out using 10 ng of cDNA, 50 nM of each primer, and SYBR Green master mix

(Applied Biosystems, Foster City CA) in 10 pl reactions. Levels of Q-RT-PCR product

were measured using SYBR Green fluorescence (Wittwer et al., 1997; Ririe et al., 1997)
collected during real-time PCR on an Applied Biosystems 7900HT system. A control
cDNA dilution series was created for each gene to establish a standard curve. Each

reaction was subjected to melting point analysis to confirm single amplified products.




Results

Inflammatory responses are notorious for exacerbating secondary tissue damage
following spinal cord injury. Anti-inflammatory treatments have been shown to be
effective to reduce inflammation and spare spinal tissue for functional improvement.

Previously we have detected a localized inflammatory cytokine onse after acute

spinal cord contusion. Using slice cultures (Pan et al., 20

und that this cytokine

S LT : G :
expression change in spmﬁ&gssue itself eai‘\l‘g{ @f‘ér iny
R

3

to predict subsequent biological events in secondary

groups of spinal cord cultures were treated with each of 5 anti-inflammatory compounds:
acetaminophen, indomethacin, MP, NS398 and a mixture of rat recombinant IL-1
receptor antagonist and soluble TNF receptor:Fc. In most cases, rats were pretreated with
drugs to achieve maximal effect at the time of injury. Since all compounds were anti-

inflammatory, it was expected that there would be a large extent of overlapping gene

response. However, we would like to see the differences in mRNA effect by these
treatments and identify novel mechanisms beyond anti-inflammation.

Spotted glass microarrays with 4,916 genes were prepared on poly-I-lysine coated
glass slides. Each array was hybridized with fluorescence labeled cDNAs specific for
treatment group and control sample. Data were normalized usin; ’g‘ﬁ;;(:ess and loaded into

public database, http://base.rutgers.edu. In Figure 1, the

s filtered by ANOVA

eigenvector. This allows us t;y focus only on those eigenvectors corresponding to 10% or
&

4
\é@% first eigenvector, which explained nearly 50% of the total

variability, included similar values for each of the 5 anti-inflammatory treatments. This
was expected, but uninteresting. The second eigenvector, explaining approximately 25%
of the variability, described a surprising effect within our experiment. This vector
described a pattern of response that was quite unique to NS398, the COX-2 inhibitor. We

interpreted this result as demonstrating a unique pattern of cellular mechanisms affected



http://base.rutgers.edu.

by COX-2 inhibition during spinal cord injury. These unique mechanisms represented
the goal of our analysis. However, since PCA does not partition the data, we were unable
to interpret the response pattern biologically.

Genes were clustered by “gene shaving” (Figure 3) those genes orthogonal to the

principal components. The group corresponding to the second al component and

™
produces more robust clusters

one K-Medians c itl ;xcellent fit by ReD that also roughly corresponds to the
pattern of the second principal component. This cluster was also uniquely up-regulated
by NS398. This cluster contains only 7 genes and is a subset of the gene shaving cluster.
The combination of these two clustering methods (Figure 7) allows us to focus on the

most reproducible, most robust effects that are specific for NS398. Selected genes from

microarray result were confirmed in their changes between drug treated and vehicle

controls (Figure 8). Again, our interpretation of the genes within this cluster suggests a
protective function following SCI.
To test our hypothesis, we performed an in vivo contusion injury and we assessed

the lesion volume after NS398 treatment. NS398 treatment resulted in a significant

segments (Figure 9).




Discussion
Examination of the putative roles of these selective genes suggests that NS398
may promote attraction of activated macrophages (MCP-1; MIP-1at), which we interpret
as beneficial for removal of cellular debris from the injury site, assuming that an
appropriate activation signal is present. Stress responses, such

ne oxygenase and

en induced prior to

possibly, Hsp 70, have been shown to be protective, particifa

and protects macrophages from the induction of apoptosis, and reverses the TGFpB-
mediated repression of macrophage activation. Interestingly, while reduction of decorin
levels promotes scar-less healing of peripheral injuries, ectopic addition of decorin
protein reduced CNS glial scarring following cortical incision. This list of genes and their

potential effects provides rich fodder for generating testable hypothesis of mechanisms

mediating COX-2 antagonist function. However, we interpret this list of genes as being
overall beneficial for tissue resolution, protection from stress responses, blood vessel

remodeling, astrocytic remodeling, neuronal differentiation, macrophage activation, and
reduced glial scarring. We are also aware of the possible shunting of arachidonates into

endocannabinoids, which themselves may be neuroprotective. 4@@%{%&




Figure legends

| Figure 1 DNA microarray analysis of five different anti-inflammatory treatments
after spinal cord injury. The data was collected from 4 hr cultures with five different
treatments (methylprednisolone, acetaminophen, indomethacin, NS398, and cytokine

inhibitors) compared to vehicle treated. Individual uninjured an iﬁ?};ged versus pooled

4
%

expression ratio represents fold change of the genqyﬁf“ﬁ d;’“hg treal

cqg%onems were identified with the corresponding eigenvalues.
Each principal component represented a particular gene expression pattern. In Part B,

scree plot shows percentage of the total variances explained by each principal

In the analysis, components after where the curve leveled off were discarded due to

insignificance of explained variance and uninformative. Specifically, eigenvector 1 (red

component. In the graph, principal components were sorted by their accounted variances.

color) was shown to account 50% of overall variance, which is significantly large, but not
interesting since the gene expression pattern is similar across treatments. Eigenvector 2
(green color), which accounts for 25% of the total variance revealed an unexpected

expression profile, in which genes were only up-regulated by COX-2 inhibitor, NS398.

Figure 3 PC based Gene Shaving Accentuated Uniq By COX-2

N qf% 4
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each cluster equally:

with the comp

Figure 4 Distinct profile by COX-2 inhibition in Gene Shaving (heat map). In the

heat map result of gene shaving, seven treatments were shown on the X-axis. Six clusters
of gene identified were listed from bottom to the top on Y-axis. “Red” color represented
down-regulation of the genes, and “Yellow” as up-regulation. Genes were expressed

equally in both conditions in “Orange”. Clearly, in cluster one, gene expression ratios




were similar in different drug treatments. Amongst the seven conditions in the second

clusters, COX-2 inhibitor uniformly up-regulated the genes.

Figure 5 K-Medians distinguishes COX-2 inhibitor from other treatments. In K-

Median clustering, five centroids were selected as the centers ofg’é&mgclusters‘ Distance

calculates the relative data‘;fg_e‘ipth from each observation (gene) to centers of the data
matrix, which are si&wng the bars on the top part of the graph. Instead of measuring
distance, it allows to'measure vector pointing from genes to the cluster centers, which
makes this method independent of data scale. The protrusions at the bottom part of the
graph represent the noise (outliers) inside the each cluster. Five clusters were presented
along the X-axis from the left to the right. Apparently, the cluster at the far right end of

the graph has very few outliers and presented as a well-isolated cluster of genes. This

result confirmed the clusters from K-Medians and improved the accuracy of the gene list

inside it.

Figure 7 Identification of the most reproducible gene list only up-regulated by

COX-2 inhibitor using multiple statistical analyses. In this tablé, nes identified by

different methods were listed on the Y-axis. Black box ch ke'&:ih presence of the genes

Vimentin has been shown to be conducive to neurogenesis. Finally, heat shock protein

(hsp)-70 and heme oxygenase-1 have both been implicated to induce protective stress
response in ischemia injury model. Therefore, the overall effect by up-regulating these

genes would be predicted as protective and pro-repair.




Figure 8 Confirmation of mRNA changes by Quantitative Real-time PCR
Quantitative Real-time PCR are conducted to verify the changes of the genes observed in
microarray analysis. GAPDH is used as internal control to correct the difference in
mRNA amount for each sample. Gene expressions were shown by log ratio of drug

treated vs vehicle control. As shown in Figure 8, Q-RT-PCR shos

ood agreement with

microarray data in regulation pattern for the correspondin enes; The magnitude of gene

regulation is found more prominent in Q-RT-PCR tlian in, ﬁl\croanayégxal sis. In general,

the two separate approaches confirm the same’e

analysis.

\}98"01‘ vehicle. Upon contusion injury, rats
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L
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Figures

Figure 1 Statistical filtering by ANOVA
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Figure 3 Gene Shaving
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Figure 4 Heat-map representation of Gene Shaving
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Figure 5 K-Median Clusters
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Figure 6 Relative Data Depth (ReD)

0.5

Data Depth
0

=
i militi
T I i i ||| i oyl i i 1340 il B oI JIenil:A
Hi MLt 01 o B R il ML [t I i Hilh eI e i R Ao o o l| il i
Y it i Ao o R R o il 1 i ol g I 1l (0o AL T
[ il gt A B o B i I|N|IV | l it it U1 I T £
X il I iyl il Illn|” il N = LTI 1 ‘!l" i eyl
i il I lijjir Jiittt el g A G il e
: |||).m|| ol IHI“ ot jiily m il i :l”l!,n. l”||'r
| | 1 i \r | il
[ Il i it H il ! iV I
i Hithn il lllln i Il iy i
L il it Myl i nr
! I I il gl I
! il it !
= it i it ;
- Ml iy it it [
| g ayphtpe Hlp e I
il ity i | u
bing iflr 0 n I
! i N [
i it !
! | It ! 0
w y
g a N
L] 1 L] L] L] ] ]
Index




Figure 7 Comparison of multiple statistical analyses
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Figure 8 Confirmation of mRNA change by Quantitative Real-time PCR
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Figure 9 Lesion Volume Reduction by COX-2 inhibitor

Part A

40 -
35 4

30

i

25 4

20 -

Lesion Volume

Vehicle

Part B

Cellloss [ mer
B12 hr
[ONS938

120.0 4






