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TABLE 4. FUNCTIONAL CLASSIFICATION OF KNOWN GENES DOWN-REGULATED AFTER TBI (ConT’D)

Accession Fold
Gene name number change
X-linked nuclear protein AAS571771 2.2
Peroxisome proliferative activated receptor, gamma, coactivator 1 AI552694 2.2
Zinc finger protein 37 AA388202 2.1
Zinc finger protein 90 AAS517408 2.1
Splicing factor, arginine/serine-rich 5 (SRp40, HRS) Al120315 2.1
Cathepsin S AAL46437 2.0
Cathepsin L AA619763 2.0
Carbonic anhydrase 5b, mitochondrial AA270290 2.0
Heat shock protein, 60 kDa AA444576 2.0
Nuclear receptor coactivator 4 AA619964 2.0
Zinc finger protein 46 AA269904 2.0
E4F transcription factor 1 AI324466 2.0
Membrane
ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit, isoform 1 AAT39359 3.1
ATPase, H+ transporting, lysosomal (vacuolar proton pump), alpha 70 kDa, isoform AA068612 2.7
Myelin basic protein expression factor 2, repressor W83960 2.5
Eph receptor A4 AJ325333 24
Integral membrane protein 2 AA387218 24
Integrin alpha 4 (Cd49d) AA152636 23
GPI-anchored membrane protein 1 AA450851 23
Inositol 1,4,5-triphosphate receptor 1 AAA44527 2.1
Very low density lipoprotein receptor AA020307 2.1
Gap junction membrane channel protein alpha 1 AAT38914 2.0
Cytoskeleton
Kinesin heavy chain member 2 AA241771 3.0
Alpha-spectrin 1, erythroid AA116814 2.1
Kinesin family member 21A AI390275 2.1
Adhesion and molecular recognition
Integrin alpha 4 (Cd49d) AA152636 2.3
Activated leukocyte cell adhesion molecule AA265329 2.0
Others
Solute carrier family 1, member 2 AA397107 4.5
Protein kinase, cAMP dependent, catalytic, beta AA683704 3.5
DEAD (aspartate-glutamate-alanine-aspartate) box polypeptide 5 AA414411 3.1
Adenomatosis polyposis coli AAB55420 3.0
Maternally expressed gene 3 W97303 3.0
Transferrin receptor AA413490 3.0
Neural precursor cell expressed, developmentally down-regulated gene 4 AA067727 29
Eukaryotic translation initiation factor 4, gamma 2 AA437871 2.8
Guanine deaminase AA959127 2.8
Maternal embryonic message 3 AW209270 2.7
DNA segment, Chr 6, ERATO Doi 109, expressed AA420359 2.5
Transforming growth factor alpha regulated gene 4 AA450513 2.5
Eukaryotic translation initiation factor 4A2 AA638385 2.4
MORF-related gene X AAS545943 2.4
Tetratricopeptide repeat domain AA881399 24
Complement receptor 2 AA208784 23
Cullin 3 AAS547180 2.3
Heat shock protein, 86 kDa 1 AAS529377 2.3
Tiall cytotoxic granule-associated RNA-binding protein-like 1 W41637 2.3
Tumor rejection antigen gp96 AA469667 23
Unc5 homolog (C. elegans) 3 AT047720 2.3
Dystrobrevin alpha AA386892 2.2
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TaBLE 4. FuncTIONAL CLASSIFICATION oF KNOWN GENES DOwN-REGULATED AFTER TBI (ConT’D)

Gene name

Platelet-activating factor acetylhydrolase, isoform 1b, beta 1 subunit

RAD?21 homolog (S. pombe)
ADP-ribosylation-like factor 6 interacting protein 2
cDNA sequence AB017026
Farnesyltransferase, CAAX box, alpha
Glia maturation factor, beta
Hippocampus abundant gene transcript 1
Integrin-associated protein

Itchy

Molybdenum cofactor synthesis 2
CAMP protein (Camp)

Pantophysin

Purkinje cell protein 1

Sarcoglycan, beta (43 kD dystrophin-associated glycoprotein)

SEC23A (S. cerevisiae)

Septin 3

Solute carrier family 3, member 1

T-complex testis expressed 1

WD40 protein Ciaol

ADP-ribosylation-like factor 6 interacting protein
Bcl2-interacting killer/like

Chromobox homolog 3 (Drosophila HP1 gamma)
Eukaryotic translation elongation factor 1 alpha 1
Eukaryotic translation initiation factor 1A
Neurogranin (protein kinase C substrate, RC3)
p21 (CDKN1A)-activated kinase 3

Ring finger protein 11

Syntaxin 7

Synuclein, alpha

Tight junction protein 1

Tumor susceptibility gene 101

Accession Fold
number change
AA067153 2.2
AI154347 2.2
AA414388 2.1
AA414046 2.1
AA415472 2.1
AA575789 2.1
AA414014 2.1
AA204140 2.1
AA105796 2.1
AI592114 2.1
AI594093 2.1
Al325652 2.1
AA547170 2.1
W61688 2.1
AA867862 2.1
AI605734 2.1
AI385484 2.1
AI596504 2.1
AA117997 2.1
AA606940 2.0
AAT26901 2.0
AA547637 2.0
AA212150 2.0
AA422861 2.0
AAQ050507 2.0
AA387195 2.0
AA437704 2.0
AAL11166 2.0
AI510034 2.0
AW210329 2.0
AAQ065752 2.0

Accession numbers listed are GenBank accession numbers.

DISCUSSION

Our present data indicate that TBI influences cells in
remote areas such as the SVZ and DG. Proliferation, mi-
gration, and neuronal differentiation in the SVZ have
been reported in a brain ischemia model (Arvidsson et
al., 2002; Jin et al., 2001; Nakatomi et al., 2002), sug-
gesting that NSCs participate in self-repair after brain
damage causes neuronal and glial cell death (Pende et
al., 1997). However, NSCs do not appear to contribute
to effective neural regeneration after TBI; we did not ob-
serve BrdU-labeled neurons even at 14 days after brain
injury (data not shown). Proliferating cells might die or
become glial cells in our mechanical injury model. To
develop new strategies to manipulate NSCs for regener-
ation after TBI, it is necessary to understand the molec-

ular mechanisms that regulate proliferation, migration,
and differentiation of NSCs after TBI. Therefore, we
used cDNA microarrays to examine changes in gene ex-
pression after TBI, expecting that they might provide
useful information regarding the microenvironment
around NSCs.

Recent progress in cDNA microarray technology has
enabled simultaneous analysis of thousands of genes as-
sociated with specific biological events. This technique
has been used to investigate aging, inflammation, tumor
metastasis, seizures, and neurodegenerative disorders.
Several groups have used this technique to investigate
genetic mechanisms regulating the function and differ-
entiation of NSCs in the CNS. Geschwind et al. (2001)
used representational difference analysis and microarray
technology coupled -with anatomical screening to char-
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TABLE 5. EXpPrRESSED SEQUENCE TAGS DOWN-REGULATED AFTER TBI

Accession number Fold change

Accession number

Fold change Accession number  Fold change

AI592051 4.0 AA422260
W82301 3.4 AA4T3948
AA275241 33 AA691036
Al2274%4 3.2 AA693177
AA028359 3.1 AI596293
AA619844 3.1 AAD60830
W36425 3.1 AA474047
AA619869 3.0 AT120239
AA261404 2.9 Al592148
AA545397 29 AI597424
AAS596555 2.9 Al643212
AAT62383 29 AA000282
AI892497 29 AA185228
AA437919 2.8 AA466153
AA546964 2.8 AAS518515
W09948 2.8 AA638578
Al464603 2.7 AA645878
AA189752 2.6 AI019625
AA500239 2.6 AI020979
AA537011 2.6 AT120198
AT450492 2.6 AI390228
AT644761 2.6 AI390992
Al645264 2.6 AI508515
AA189544 2.5 AI508571
AA204221 2.5 AI553049
AA4T4446 2.5 AI608045
AAS547033 2.5 AA175485
AAS549540 2.5 AA175822
AA675294 2.5 AA242024
AA718770 2.5 AA245754
AAB80332 2.5 AA268576
AI427715 2.5 AA278088
AJ645217 2.5 AA414279
Al645230 2.5 AA419710
AA068481 2.4 AA444227

2.4 AA543485 2.1
2.4 AA684094 2.1
2.4 AAT27007 2.1
2.4 AAT62870 2.1
2.4 AAT89551 2.1
2.3 AATI4176 2.1
2.3 AI390606 2.1
2.3 Al464905 2.1
23 Al536399 2.1
23 AI592084 2.1
2.3 Al614942 2.1
2.2 AW210318 2.1
22 AA063757 2.0
22 AA116742 2.0
2.2 AA254541 2.0
2.2 AA267285 2.0
22 AA288456 2.0
2.2 AA414193 2.0
2.2 AAS529691 20
22 AA544754 2.0
2.2 AA545395 2.0
2.2 AA546740 2.0
22 AAS555793 2.0
2.2 AA615254 2.0
2.2 AA619843 20
2.2 AA623811 2.0
2.1 AAT38637 2.0
2.1 AA982338 20
2.1 AT180948 2.0
2.1 ATI390650 2.0
2.1 AI509284 2.0
2.1 ATI595068 2.0
2.1

2.1

2.1

GenBank accession number and fold change are listed.

acterize gene expression patterns in pluripotent prolifer-
ating progenitor cells relative to cells at later stages of
differentiation. Luo et al. (2002) used microarrays con-
taining approximately 500 known genes related to cell
cycle regulation, apoptosis, growth, and differentiation to
assess and compare gene expression in fetal neuroep-
ithelial cells and progenitor cells.

Several microarray studies of CNS injury have also
been published. Song et al. (2001) analyzed 1263 genes
and found 76 transcripts were differentially expressed at
3 h and/or 24 h after spinal cord injury (SCI). As early
as 3 h after SCI they observed increased expression of
genes associated with transcription, inflammation, and
neurotransmitter dysfunction and found decreased ex-

pression of genes associated with ionic imbalance and
cytoskeletal damage and a disruption of protein phos-
phorylation and second-messenger signaling. By 24 h af-
ter SCI, in addition to these effects, endogenous atterpts
to regenerate and stabilize function of the injured spinal
cord begin.

Matzilevich et al. (2002) examined expression of 8,800
genes in the hippocampus of TBI rats by microarray.
They provided comprehensive information on 524 dif-
ferentially expressed genes in the hippocampus at 3 h
and/or 24 h following TBI. Their data indicated that, as
early as 3 h after TBI, expression of genes associated
with the cell cycle, glucose metabolism, reactive oxygen
species metabolism, and inflammation is increased. -By
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FIG.3. Differential expression of mRNA as assessed by RT-
PCR. Samples were taken from the SVZ of sham-operated rats
(left side) and from the ipsilateral SVZ of injured rats 4 days
after TBI (right side).

24 h, these transcripts had returned to basal levels, and
the expression of genes encoding membrane and cy-
toskeletal proteins was altered. Levels of genes related to
neurotransmitters and calcium signaling were also de-
creased. These data are similar to those of Song et al.
(2001).

Jenkins et al. (2002) examined global changes in hip-
pocampal proteins in immature 17-day-old rats 24 h
after TBI. They observed increased levels of glucose
metabolism, reactive oxygen species metabolism, and cy-
tosolic chaperone/stress proteins, and decreased levels of
cytoskeletal, nuclear, and membrane proteins.

Our results differ from those of previous reports. We
analyzed gene expression in an area remote from the site

of TBI, the SVZ, because we were interested in mecha-
nisms regulating NSCs in remote sites. We did not ob-
serve significant changes in expression of genes encod-
ing structural proteins, such as cytoskeletal proteins,
membrane proteins, and jon channels. We analyzed gene
expression at 4 days after TBI to focus on the regenera-
tive stage after injury. Therefore, little change in the ex-
pression of inflammatory genes and immediate early
genes was observed. In contrast, we observed increased
expression of genes associated with cell proliferation and
differentiation, such as cornichon-like (Cnil) and cystatin
C. Cnil is a homolog of Drosophila cornichon, which is
involved in epidermal growth factor receptor (EGFR) sig-
naling during development (Roth et al., 1995). Cystatin
C is a cofactor of fibroblast growth factor 2 (FGF2),
which is required when FGF2-responsive neural stem
cells proliferate (Taupin et al., 2000). EGF and FGF2
have been reported to cause proliferation and differenti-
ation of NSCs in the SVZ of adult rodents (Kuhn et al.,
1997), and they also may have important roles in the SVZ
after TBI.

In the present study, the number of BrdU-positive cells
increased in the SVZ after TBI, but the number of nestin-
positive cells did not increase. These findings suggest that
NSCs proliferate but soon die or differentiate into glial,
not neuronal, cells. Therefore, we hypothesized that
genes related to apoptosis and differentiation into neu-
ronal/glial lineages would be altered. However, we iden-
tified only a few known genes associated with apoptosis
and neuronal/glial fate. Further studies of the roles of
differentially expressed genes in regulating NSCs are
needed.

Possible Functional Implication of
Altered Gene Expression

Levels of Calm2 mRNA were increased in the SVZ
after TBI. Calmodulin is involved in calcium signaling
in eukaryotic cells and binds calcium ions to form a
Ca?*/calmodulin complex. This complex then binds and
inactivates autoinhibitory domains of protein kinases, in-
cluding myosin light chain kinase, Ca?*/calmodulin-
dependent kinases, protein kinase C (PKC), and Ca2*/
calmodulin-dependent adenylate cyclase (Arbuzova et
al., 2002; Means, 1994), and regulates cellular prolifera-
tion and differentiation. In particular, Ca2*/calmodulin-
dependent kinases have been shown to play essential
roles in the G1 to S phase transition in the cell cycle, and
many cellular regulatory cascades rely on CaM for their
function (Endres et al., 1999). Therefore, Calm? may pro-
mote cell proliferation in the SVZ after injury.

MLP, which showed increased expression after TBI,
is a member of the MARCKS gene family and a major
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FIG. 4. (A-D) In situ hybridization analysis of Calm2 mRNA (X200). Expression of Calm? mRNA was induced predomi-
nantly in the cells of the subependymal layer after TBI, although it does not appear to be expressed in ependymal cells (C,D).
Calm?2 mRNA was expressed at low levels in sham-operated rats (A,B). (E-H) Expression of gelsolin mRNA (X200). Gelsolin
mRNA was expressed at high levels in the ependymal and subependymal layers 4 days after TBI (G,H), whereas it was expressed
at low levels in sham-operated rats (E,F). (I-L) Expression of MLP mRNA (X200). Expression of MLP mRNA was induced
broadly around the ventricular zone after TBI (K,L). There were fewer intense signals in the SVZ of sham-operated rats L.
(M-P) Expression of MT-3 mRNA (X200). MT-3 was detected in the ependymal and subependymal layers and was upregulated
after TBI (O,P), whereas MT-3 was mildly expressed in sham-operated rats (M,N). The left panels for all genes are the SVZ of
sham-operated rats, and the right panels for all genes are the ipsilateral SVZ of injured rats 4 days after TBL

substrate of PKC. MARCKS binds the plasma membrane
through its N-terminal myristoyl moiety, and the effec-
tor domain can translocate reversibly into the cytosol, ei-
ther through cycles of phosphorylation by PKC and de-
phosphorylation or through temporary increases in the
intracellular calcium concentration leading to activation
of CaM. The interaction of PKC and CaM with
MARCKS is mutually exclusive. Therefore, MARCKS
family proteins are thought to be involved in the cross-
talk between PKC and CaM and to regulate diverse cel-
lular functions, including survival, migration, and adhe-
sion (Furukawa et al., 1997). CaZ* also activates the
actin-severing protein gelsolin, which mediates dynamic

changes in the actin filament network. Thus, gelsolin,
which was also upregulated in the present study, acts as
an intracellular Ca?* sensor, negatively regulating Ca®*
influx and thereby protecting against neuronal dysfunc-
tion and death (Hidalgo et al., 2001; Tsuji et al., 1992).
Further studies are needed to clarify how the Ca?*/CaM
complex is activated in NSCs after TBI.
Metallothionein 3 (MT-3; also known as growth in-
hibitory factor) is a member of the metallothionein (MT)
famity. All MT isoforms (MT-1, -2, -3, and -4) have been
implicated in nonessential physiological functions, such
as zinc and copper metabolism, protection against reac- -
tive oxygen species, and adaptation to stress. MT-3 plays
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additional roles in neuromodulatory events (Uchida et al.,
1991). MT-3 is expressed predominantly within the CNS
and is found at low levels in other tissues, although other
MTs are widely expressed in all tissues. MT-3 was orig-
inally described as a molecule able to inhibit the survival
and neurite formation of cortical neurons in vitro
(Anezaki et al., 1995; Hozumi et al., 1995). Stab wound
injury significantly increases MT-3 expression in reac-
tive astrocytes (Hozumi et al., 1996; Hwang et al., 1999;
Yuguchi et al., 1997). Brain injury by kainic acid also
upregulates MT-3 in reactive astrocytes in the CA3 sub-
field. MT-3 expression is increased transiently in the ip-
silateral cortex at 4 days after cortical ablation of the so-
matosensory cortex, whereas increased MT-3 expression
is increased in the peri-injury site for 2-3 weeks after in-
Jjury (Yuguchi et al., 1995).

In the present study, expression of MT-3 mRNA was
induced in the SVZ but not in areas adjacent to the TBI.
However, the function of MT-3 in the SVZ is unknown,
and studies of gain or loss of function of MT-3 are needed
to address the role of MT-3 under pathological conditions.

In summary, we have described differential gene ex-
pression in the SVZ after TBI. Future studies of specific
genes will help clarify mechanisms regulating NSCs in
the SVZ after brain injury and may help in the develop-
ment of strategies to regenerate the CNS after damage.
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The morphological and neurochemical effects
of diffuse brain injury on rat central
noradrenergic system
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The central noradrenergic system is widely distributed throughout the brain and is closely related to
spontaneous motility and level of consciousness. The study presented here evaluated the morphological as
well as neurochemical effects of diffuse brain injury on the central noradrenergic system in rat. Adult male
Sprague-Dawley rats were subjected to impact-acceleration brain injury produced with a weight-drop
device. Morphological changes in locus coeruleus (LC) neurons were examined by using immuno-
histochemistry for dopamine-f-hydroxylase, and norepinephrine (NE} turnover in the cerebral cortex was
measured by high performance liquid chromatography with electrochemical detection. The size of LC
neurons increased by 11% 24 h after injury but had decreased by 27% seven days after injury. Axons of
noradrenergic neurons were swollen 24 h and 48 h after injury but the swelling had dwindled in seven
days. NE turnover was significantly reduced seven days after injury and remained at a low level until eight
weeks after injury. These results suggest that focal impairment of axonal transport due to diffuse brain injury
causes cellular changes in LC and that the neurochemical effect of injury on the central noradrenargic
system lasts over an extended period of time. Chronic suppression of NE turnover may explain the sustained
behavioral and psychological abnormalites observed in a clinical situation. {Neurol Res 2003; 25:
35-41]

Key Words: Locus coeruleus; diffuse brain injury; norepinephrine (NE); 3-methoxy-4-hydroxyphenylglycol

(MHPG); dopamine-B-hydroxylase

INTRODUCTION

Protracted disturbance of consciousness and lowered
motility are the major problems in patients who survive
severe head injury. Neuropsychological deficits prevent
them from returning to a normal life even if they have
physically recovered. Various neurotransmitter path-
ways in the central nervous systems are likely to be
damaged in diffuse brain injury, and alterations in
neurotransmitters may be the main cause of psycho-
logical and behavioral abnormalities after diffuse brain
injury.

The central noradrenergic system, distributed widely
throughout the brain, is closely related to changes in
activity and level of consciousness 'in post-traumatic
subjects’™®, Recent studies suggest that the release and
turnover of norepinephrine (NE) are affected by
traumatic brain injury, the mode and severity being
dependent on various factors such as the type, site and
side of injury, time after injury and site of assesment®~'*.
Recent studies have also indicated that central NE
facilitates functional recovery after various types of
experimental brain injury such as sensorimotor cortex
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ablation, cerebral contusion or fluid percussion injury'>".

In a rat model of local brain injury, NE release and
turnover increased during the first few hours and then
started to decrease 24 h after injury’*?223 These effects
of injury on the central noradrenergic system may play a
major role in the disturbance of consciousness and
behavioral deficits following diffuse brain injury. In the
present study, the effects of diffuse brain injury on the
central noradrenergic system were investigated in rats.
The morphological changes in the central noradrenergic
system were evaluated in the locus coeruleus (LC)
neurons and the neurochemical changes were assessed
in terms of NE metabolism.

MATERIALS AND METHODS

Diffuse brain injury model v
An impact-acceleration injury model was Eroduced
according to the method of Marmarou et al.**?° with
modifications. Adult male Sprague-Dawley rats weigh-
ing 500-550g were anesthetized with intraperitoneal
chloral hydrate (350 mg kg~'), and an additional injec-
tion was administered during the experiment if needed.
A midline scalp incision was made and periosteum was
reflected to expose the skull between the coronal and
lambdoid sutures. A metallic disc 20 mm in diameter
and 1.5mm thick was secured to the exposed skull
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vertex with cyanoacrylic glue. The animals were then’

placed in the prone position on a form bed while
breathing spontaneously. Impact-acceleration brain
injury was achieved with a weight-drop device. A brass
weight (450g) was dropped freely by force of gravity
from a height of 1.5 m onto the metallic disc. The rat was
moved away immediately following the initial impact to
avoid a second insult and then observed for. several
minutes. After removal of the disc, the scalp was sutured
and the rat was returned to its cage (injury group). For
the control group, rats were treated as described above
except for receiving impact.

All animal experiments were conducted in compli-
ance with the Osaka University Medical School Guide-
lines for the Care and Use of Laboratory Animals.
Animal surgery and the experimental procedure were
approved by the Committee for Animal Care and Use,
Osaka University Medical School.

Brain fixation and immunohistochemistry

The animals were anesthetized 1, 2, 7, 14, 28, and 56
days after injury and perfused intracardially first with
saline and then with 4% paraformaldehyde in 0.1 M
phosphate buffer. Four animals each from the injury and
control groups were used for each experimental period.
The brains were removed and post-fixed with the same
fixative for 24 h at 4°C. After immersion in 30% sucrose
in 0.01 M phosphate buffered saline (PBS), the brains
were embedded in Tissue-Tech and stored at —80°C.
Fixed brains were sliced into 12 um serial coronal
sections from 8 mm to 11 mm posterior to the bregma,
including the LC, with a freezing microtome and
processed for immunohistochemistry.

Immunohistochemistry was used to identify dopa-
mine-B-hydroxylase (DBH) and neurofilaments. Sections
were washed in PBS and permeabilized with acetone at
—20°C for 10min, incubated with 0.3% hydrogen
peroxide for 30 min to quench intrinsic peroxidase,
and washed three times for 5 min each in PBS. Blocking
of nonspecific binding was achieved with 2% normal
horse serum in a buffer (0.1% Triton X-100 and 5%
sucrose in PBS) for 20 min, and sections were finally
incubated overnight at 4°C with the primary antibodies.
The antibodies used for the immunohistochemical
studies were anti dopamine-B-hydroxylase rabbit poly-
clonal antibody (Eugene Tech International, Ridgefield
Park, NJ, USA; diluted 1:1000) and anti-68kD-neurofi-
lament mouse monoclonal antibody (Boehringer Mann-
heim Biochemica, Germany; diluted 1:50). The sections
were washed in PBS three times for 5min each,
incubated with biotinylated anti-mouse-rabbit 1gG (Vec-
tastain Elite ABC Universal Kit, Vector Laboratories, Inc.,
Burlingame, CA, USA; diluted 1:200) for 60 min, and
after three 5-min washes in PBS, re-incubated with
avidin—biotin peroxydase complex (Vectastain Elite ABC
Kit; diluted 1:100) for 60 min. Immunolabeled struc-
tures were visualized with 0.05% 3,3’-diamino-benzi-
dine tetrahydrochloride (DAB) and 0.01% hydrogen
peroxide in PBS. The precipitate formed by DAB was
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enhanced with 0.8% NiCl, in PBS. Finally, the sections
were washed in water and dehydrated in ethanol for
mounting.

Measurement of cellular size

Every fifth serial coronal section immunostained with
DBH was assessed to evaluate the changes in cellular
size in the LC. The microscopic images of the LC were
captured with a digital camera (Fujix HC-300; Fujifilm)
mounted on a microscope with 20 objective lens, and
stored in a computer. The cross sectional area of each of
the stained neurons was measured with the aid of an
image-analysis program (Scion Image, Scion Corp.,
Frederick, MD, USA). Only the stained area containing
the nucleus was measured to avoid the cut edge, and
measurements were averaged for all sections from one
side of the LC and shown as a percentage of control
animals. The data were expressed as mean = SEM
values. Statistical differences in the cellular size between
the experimental and control groups were assessed by
an analysis of variance (ANOVA) with the Newman-
Keuls test for intergroup multiple comparisons. Differ-
ences were considered to be statistically significant at
p-values of 0.05 or less.

Quantitative measurement of brain catecholamines

The tissue levels of NE and 3-methoxy-4-hydroxy-
phenylglycol (MHPG), the major extracellular metabo-
lite of NE, in the bilateral cerebral cortex were measured
by using high performance liquid chromatography with
electrochemical detection (HPLC-ED). Animals from the
experimental and control groups were decapitated
under deep anesthesia 2, 7, 14 and 56 days after injury
(n=6-10 for each time point). The brains were quickly
removed and the cortices dissected. Tissue samples were
immediately frozen in liquid nitrogen and stored at
—80°C until quantitative measurement of the brain
catecholamines. These samples were weighed and
initially added to 1 ml per 100 mg of 0.1 M perchloric
acid containing 0.1 mM of sodium pyrosulfite and
0.02 mM of ethylenodiamine tetra-acetic acid disodium
salt (EDTA 2Na). The mixture was then homogenized
with an ultrasonic cell disruptor at 0°C for 30 sec and
centrifuged at 12,000 rpm for 20 min at 0°C. The
supernatant was filtered through a 0.45 um centrifugal
filter at 12,000 rpm for 15 mins at 0°C to separate the
insoluble residue. A portion of the supernatant was then
further centrifuged at 20,000 rpm for 2min and an
aliquot of the supernatant was injected into the HPLC-
ED system. The HPLC-ED system was similar to that
described by Takeda et al*°. The mobile phase was
prepared with 50 mM disodium hydrogenphosphate 12-
water, 50 mM citric acid, 4.4mM sodium |-heptane-
sulphonate, 0.1 mM EDTA 2Na, 7.7% methanol and
3.1% asetonitrile, pH 3.0. This was run over a MCM Cyg
5 um column (150 mmx4.6 mm i.d.) with a flow rate of
0.9 mimin~! at 23°C. The conditioning cell was set at
350 mV and the analytical cell (dual coulometric work-
ing electrodes) at 80 mV and 350 mV.
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Figure 1: Photomicrographs of locus coeruleus (LC) immunostained with anti-dopamine-g-hydroxylase (DBH) in A: control animal, B: 24 h after
injury, C: one week after injury, D: two weeks after injury, E: four weeks after injury, F: eight weeks after injury. Shrinkage of LC neurons
immunostained with DBH was observed one and two weeks after injury. Four and eight weeks after injury, LC neurons were the same size as those of

control animals

NE turnover was defined as the ratio of MHPG to NE
levels?”?®, For each of the experimental animals, this
ratio was displayed as a percentage of the average for
control animals, and expressed as mean £ SEM values.
Statistical differences in the NE turnover between the
experimental and control groups were assessed by
ANOVA with the Newman—Keuls test for intergroup
multiple comparisons. For this analysis, NE turnover
values from both sides of the cortices were averaged
together, and differences between the sides at each time
point were analyzed with a t-test. A p-value of 0.05 or
less was regarded as statistically significant.

RESULTS

Seventy-seven rats underwent the impact-acceleration
brain injury. The mortality immediately after the injury
was 19.5% (15/77). Post-traumatic seizure was observed
in 39 (62.8%) of the surviving animals. Recovery from
anesthesia took longer for injured animals than for

control animals. Spontaneous motility in the survivors
was reduced after recovery from anesthesia. Body
weight was reduced to 86.6+2.52% one week after
injury and recovered to 100.7 +9.16% in four weeks.
Subarachnoid and intraventricular hemorrhages were
frequently observed, but skull fracture and contusion did
not occur in any animals throughout the experiment.
Immunohistochemistry for anti-68kD-neurofilament
showed extensive axonal injury particularly in the
ventral and central brain stem one or two days after
injury.

Immunohistochemistry for DBH showed that the size
of the LC neurons tended to increase initially one day
after injury but thereafter decreased in size. One week
after injury, LC neurons immunostained with DBH were
noticeably smaller than those of control animals. No
significant loss of cells was observed in the LC, and four
and eight weeks after injury, the LC neurons were the
same size as those of control animals (Figure 7). The
axons of the LC neurons and the dorsal catecholamine
bundles, the projection pathway of noradrenergic
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Figure 2: Photomicrographs of dorsal catecholamine bundles immunostained with anti-dopamine-B-hydroxylase in A: control animal, B: 24 h after
injury, C: one week after injury. The axons of the dorsal catecholamine bundles were swollen 24 h after injury but the swelling had dwindled in one

week
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Figure 3: Cross-sectional area of locus coeruleus (LC) neurons
immunostained with anti-dopamine-g-hydroxylase. Data are shown
as a percentage of control animals. The values are meansz SEM,
*p<0.05, **p<0.01

neurons, were swollen 24 h and 48 h after injury but the
swelling had dwindled in seven days (Figure 2).
Quantitative image analysis confirmed these findings.
The size of the LC neurons immunostained with DBH
increased by 11.2+3.58% (p<0.05 compared to
control) 24 h after injury. The mean size of the LC
neurons immunostained with DBH decreased to
72.942.07% (p<0.01 compared to control) seven
days after injury and to 82.4+3.71% (p<0.01 com-
pared to control) 14 days after injury. Four and eight
weeks after injury, the size had returned to near control
value (Figure 3).

Tissue levels of NE and MHPG were measured with
HPLC-ED. Total amount of NE in the cortex was not
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Figure 4: Tota! amount of norepinephrine (NE) in the coriex. Data
are shown as a percentage of control animals. The values are
means £ SEM. * indicates p< 0,05

reduced during the experimental period, and two weeks
after injury it had significantly increased (p<0.05
compared to control) (Figure 4). Norepinephrine turn-
over, defined as the ratio of MHPG to NE levels and
shown as a percentage of that of control animals, had
not changed in the cortex two days after injury, but
decreased significantly one, two and eight weeks after
injury (p<0.01 compared to control). One week after
injury, NE turnover was 22.6 £ 3.38% of control value,
and then gradually increased but remained significantly
low even eight weeks after injury. No significant
difference in NE turnover was found between the
cerebral cortices on either side throughout the experi-
ment (Figure 5).
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Figure 5: Norepinephrine (NE) turnover displayed as a percentage of control animals. NE turnover is defined as the ratio
of 3-methoxy-4-hydroxyphenylglycol (MHPG) to NE levels. Data are shown as a percentage of control animals. The

values are means = SEM. * indicates p < 0.01

DISCUSSION

Marmarou et al.***® described an experimental model
capable of producing diffuse brain injury in the rodent.
As the original method when used by us resulted in high
mortality and high frequency of skull fracture, we
modified a few points for our study. We used a metallic
disc 20mm in diameter and the weight was dropped
from a height of 1.5 m. Immediate mortality was about
20%. Histological examination revealed typical signs of
diffuse axonal damage particularly in the brainstem
without apparent contusional damage underneath the
disc.

We examined the central noradrenergic system
following impact-acceleration brain injury. The locus
coeruleus is a nucleus located in the tegmentum of the
upper pons and consists mainly of pigmented neurons
which contain norepinephrine. The noradrenergic path-
ways originating from the LC influence neural activities
in many cortical regions of the brain and also distribute
to subcortical structures, including the hypothalamus,
hippocampus and cerebellar cortex' 8. Previous studies
have suggested important roles for norepinephrine in the
functional recovery after focal traumatic brain injury.
Central norepinephrine concentration or its turnover
decreased in the early phase after brain injury produced
by either weight drop or cortical impact'*'®22, Intra-
ventricular administration of norepinephrine could
improve motor function after unilateral sensorimotor
cortex ablation'®. Drugs with an antagonistic effect on
alpha 1 NE receptors, including haloperidol and
prazosin, when administered early after a traumatic
unilateral focal contusion in the sensorimotor cortex,
retarded locomotor recovery'’?°, Pre-treatment with the
noradrenergic neurotoxin DSP-4 significantly retarded
motor recovery in animals after unilateral sensorimotor

cortex ablation®®. Administration of L-threo-3,4-
dihydroxyphenylserine, a precursor of NE, with
benserazide, a peripheral aromatic amino acid decar-
boxylase inhibitor, promoted the recovery of locomotor
function after unilateral sensorimotor cortex ablation
injury®’.

Our study demonstrated the shrinkage of LC neurons
in a diffuse brain injury model. The size of the LC
neurons initially tended to increase by about 11% 24 h
after injury, and the axons of noradrenergic neurons
were swollen 24 h and 48 h after injury. These findings
suggest that focal impairment of anterograde axonal
transport due to diffuse brain injury induced initial
cellular swelling of the LC neurons, but they decreased
in size by about 27% seven days after injury but they
returned to control value four and eight weeks after
injury. Our impact-acceleration brain injury caused the
initial swelling and following shrinkage of the LC
neurons, but they recovered spontaneously within four
weeks. LC neurons are known to have a strong
regenerative response®?°, Administration of noradre-
nergic neurotoxin DSP-4 induced the initial cell loss in
the LC and enhanced the sprouting from surviving
neurons™”. It is possible that these regenerative reactions
were also induced in our model.

On the other hand, Carbary et al.*® reported that no
discernible qualitative differences were found between
control and experimental animals in the intensity of
immunostaining for either tyrosine or dopamine-$-
hydroxylase in the ipsilateral LC 24 h or seven days
after moderate fluid percussion injury. The biosynthesis
of NE in the LC might not be affected by experimental
moderate focal brain injury. Arakawa et al.*’ reported
that changed EEG and LC neuronal activities recovered
to pre-injury levels within 1h after diffuse brain injury.
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Their impact-acceleration injury model was produced
with a 400 g weight dropped from a height of 1 m and all
animals survived the impact-acceleration injury. Differ-
ences in the type and severity of injury may well be
responsible for differences in cellufar reaction.

Besides morphologic alterations in the LC neurons,
the changes in NE metabolism are also related to
disturbance of cortical functions*®*°, We measured
the tissue concentrations of NE and MHPG and
calculated the ratio of MHPG to NE to reflect NE
turnover®’*?®. With focal brain contusion, NE turnover
was either eliminated or reduced bilaterally by 45%-
92% in the cerebral cortex, hypothalamus, cerebellum,
LC and medulla 24 h after injury”. With unilateral
cerebral contusion, NE turnover initially and briefly
increased 30 min after injury followed by bilateral
widespread depression 6-24 h after injury*’. In our
study, NE turnover had not changed significantly in the
cortex 48 h after injury, but had decreased significantly
one week after injury. Although it was not examined
whether NE turnover was affected in the chronic phase
of the injury in the previous reports, we found that it
remained at a very low level even eight weeks after
injury. We did not observe any initial changes in NE
turnover but our data showed prolonged depression of
NE turnover in the chronic phase. The different nature of
the experimental model and severity of injury may
explain the differences in NE turnover. Whether NE
turnover continued to decrease in the focal injury model
is not clear. Two possible mechanisms might be
involved in the prolonged impairment in NE turnover,
loss of NE fibers projecting from the LC neurons or
depression of NE synaptic activity. Although our study
demonstrated that the LC neurons were affected in the
early phase as was shown by the reduction in size one to
two weeks after injury, they recovered their size four to
eight weeks after injury. Damaged NE fibers are thus
likely to recover in the chronic phase. Indeed, the total
content of NE in the cortex was not reduced but rather
increased two weeks after injury. However, NE turnover
which remained affected one to two weeks after injury
did not recover in the chronic phase (eight weeks after
injury) either, which indicates prolonged depression of
cortical synaptic activity. Details of the mode of
impairment of this important neurotransmission system
are not clear at present. Further clarification of the
pathophysiology of the central noradrenergic system is
considered indispensable for the development of opti-
mal management of patients with diffuse brain injury in
order to facilitate neuropsychological recovery.
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