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phosphate dehydrogenase (GAPDH) was quantitatively
measured in all samples as the internal control. The
GAPDH primer and probe sequences were as follows:
forward primer, CCATCACTGCCACTCAGAAGAC;
reverse primer, TCATACTTGGCAGGTTTCT CCA; and
probe, CGTGTTCCTACCCCCAATGTATCCGT.

All TagMan RT-PCR data was captured with Sequence
Detector Software (SDS version 1.7; PE Applied Biosys-
tems, Weiterstadt, Germany). The mRNA/GAPDH value
for each sample was calculated, followed by calculation
of the induction value for comparison with the normal
rat MRNA/GAPDH level.

Statistical Analysis

Data are expressed as mean = standard deviation
(SD). The Mann-Whitney U test was performed using
Stat View (Version 4, SAS Institute, Cary, NC) for com-
parisons of the control and PP1 groups. The p-values of
<0.05 were considered significant.

RESULTS

" Extent of Contusional Lesions

After recovery from anesthesia, all animals werc
paraplegic. HE-stained sections demonstrated that on
day 1 the location of the contusional lesions coincided
with the location of the compression. On days 3 and
7, inflammatory cells had infiltrated the area of the
contusion and its immediate surround. The areas of the
contusional lesions of the control group measured
5.56 + 1.29 mm? (n = 14) and of the PP1 group
5.50 = 1.19 mm? (n = 12) on day 1. Because there
was no significant difference, it was assumed that the
severity of the primary damage was essentially the
same in both groups. On day 3, however, the injured
areas of the control group and the PP1 group were
7.79 + 3.32 mm? (» = 16) and 5.06 = 1.19 mm? (n =
'16), respectively, showing a significant reduction (ap-
proximately 35%) in the PP1 group compared to the
control group (p < 0.01). Although the areas of the
contusional lesions of both groups were reduced on
day 7 as compared to day 3, they showed the same pat-
tern as that reported on day 3 (data not shown).

VEGF Expression

On days 3 and 7 after compression, marked VEGF pro-
tein expression was detected in the neurons and glial cells
surrounding the contusional lesion in both the control and
PP1 groups. This expression was most intense on day 3.
There was no significant difference between the two
groups in terms of VEGF expression (Fig. 1).

Extent of Edema

The extent of edema was investigated first with the aid
of the anti-IgG antibody. The area of edema of the PP1
group on day 1 after compression was considerably re-
duced compared with that of the control group (Fig. 2).
The water content of the spinal cord on days 1, 3, and 7
is shown in Figure 3. The water content was 66.86 *
1.78% in nonoperated normal animals (n = 6). Spinal
cord compression increased the water content to 71.81 *
1.31% on day 1 after compression (control group, n = 6)
whereas those rats administered PP1 had a water content
of 70.06 * 0.45% (PP1 group, n = 6). On day 3, the wa-
ter content in the control group was 74.66 = 1.54% (n =

4) and 72.23 = 0.60% (n = 4) in the PP1 group, indi-

cating that, compared with day 1, edema was aggravated
in both groups. On day 7, however, the corresponding
values were 70.73 + 0.32% (n = 5) and 69.75 * 0.50%
(n = 4), showing that in both groups edema was reduced
compared with day 3 values. On days 1, 3, and 7, the p-
values were 0.0163, 0.0202, and 0.0127, respectively, in-
dicating a statistically significant difference between the
two groups.

Macrophage Infiltration

Macrophages infiltration was investigated with the aid
of anti-ED-1 antibody. On day 1 only a few ED-1-pos-
itive cells existed in the contusional lesions of both
groups. On day 3, ED-1-positive cells had infiltrated ex-
tensively in the control group, but in the PP1 group they
were restricted to the contusional lesion and its immedi-
ate surround (Fig. 4). The areas infiltrated by ED-1-pos-
itive cells in the control and PP1 groups were 10.52 *
5.50 mm? {n = 10) and 4.07 + 0.80 mm? (n = 10), re-
spectively (p < 0.005); that is, the area of macrophage
infiltration was significantly (approximately 60%)
smaller in the PP1 group than in the control group. On
day 7, the amount of macrophage infiltration was simi-
lar to that seen on day 3, but the area infiltrated by ED-
1 positive cells in the control group was 7.95 * 0.60 mm?
(n = 6), which was smaller than on day 3. The area in
the PP1 group on day 7 was 4.08 = 0.15 mm? (n = 6),
showing a significant difference between the two groups
{p < 0.005; Fig. 5).

TNFa and IL-1B mRNA Expressions in the
Injured Spinal Cord

In the control group, the fold-induction rate of ex-
pression of the gene encoding TNFa at 6 h after com-
pression was 89.96 *+ 53.23 (n = 6) compared with that
seen in normal rats. In the PP1 group, however, the fold
induction was significantly reduced to 42.00 * 18.09
(p < 0.005, n = 6; Fig. 6a). The fold-induction rate of
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FIG. 1. Photomicrographs of VEGF immunohistochemical examination on day 3 after compression in the control group (a)
and the PP1 group (b). VEGF protein expression was detected in the neurons (arrows) and glial cells (arrowheads) around the
contusion in both groups. There was no statistical difference between the control and PP1 groups. Bar = 50 pm.

IL-13 mRNA expression at 6 h after compression was
288.19 + 150.16 (n =8) for the control group and
191.81 * 79.90 (n = 8) for the PP1 group, a statistically
significant difference (p < 0.05; Fig. 6b). These findings
demonstrate that the expression of these genes was sup-
pressed effectively by the administration of PP1.

o

DISCUSSION

Neurological deficits as a result of spinal cord trauma
are due to both primary and secondary damage. Primary
damage is primarily the result of direct mechanical injury
to the spinal cord parenchyma as a, whereas secondary

o

FIG. 2. Photomicrographs of anti-rat IgG immunohistochemical examination on day 1 after compression in the control group
{a) and the PP1 group (b). Extent of edema (arca between dotted lines), positive for IgG, was much less in the PP1 group than

in the control group. Bar = 1 mm.

927




AKIYAMA ET AL.

(%) ] * *
! R
g i
&
2 |
° B
§ 70}
g =
(] -
5 |
3
el G %, O R &
%, ¢ %, ¢ e,
(13 Ve 4
Day 1 Day 3 Day 7

FIG.3. Water content of the spinal cord in the control group
and the PP1 group on days 1, 3, and 7 after compression. Val-
ues represent mean = SD. Administration of PP1 significantly
reduced the water content measured on all days (*p < 0.05).

damage may be initiated, for example, by an increase in
vascular permeability, an increased inflammatory re-
sponse, ischemia, excitatory amino acids, and free radicals
" (Ghirnikar et al., 2001; Topsakal et al., 2002). This study
demonstrated that PP1 given 10 min after injury could re-
duce edema, the contusional area, macrophage infiltration,
and inflammatory mediators after spinal cord compression
injury in rats. The findings obtained with HE staining
demonstrated that, although in both groups the severity of
primary damage was virtually the same, in the control
group the contusional area increased with time however,
in contrast, PP1 attenuated this increase. Thus, PP1 can re-
duce secondary damage after spinal cord injury.

Similar levels of VEGF expression were observed in
both the control and PP1 groups. Accordingly, Our re-

sults suggest that PP1 administration did not affect VEGF
expression, which is consistent with the findings of a per-
manent MCA occlusion model (Kovdcs et al.,, 1996;
Lennmyr et al., 1998) and a cerebral cold injury model
(Nag et al., 1997). Moreover, the edema formation in our
study indicated that the water content of the injured spinal
cord peaked on day 3 in both groups and was reduced
significantly by PP1 administration. Paul et al. (2001) re-
ported that Src-deficient mice showed negligible vascu-
Jar permeability in response to VEGF and were protected
from edema-associated damage following stroke. Thus,
Src may play a key role in VEGF-mediated edema for-
mation.

In our opinjon, VEGF may also contribute to edema
formation in spinal cord injury, and the following mech-
anisms may be involved in this process. VEGF-induced
stimulation of VEGF receptors (VEGFR) leads to the re-
cruitment of Src and stimulation of its catalytic activity.
Src is then activated by binding of the Src homology 2
domain to a tyrosine autophosphorylation site on
VEGFR, and the activated Src may feed into a similar
signaling pathway composed of phosphatidylinositol 3-
¥inase (PI-3K), phosphoinositide-dependent protein ki-
nase (PDK), and Akt, leading to stimulation of endothe-
lial cell surviva), angiogenesis, and edema formation
(Schlessinger, 2000). PP1, a widely applied, potent, and
selective inhibitor of Src family tyrosine kinases, exerts
jts function by decreasing the phosphorylation of Src at
Tyr*6, a known site of autophosphorylation (Hunter,
1987). Therefore, the mechanism of edema reduction ob-
served in our study may be due to the suppression of Src
family kinase function by PP1 after spinal cord injury.

Akt signaling mediates VEGF-induced vascular per-
meability (Six et al., 2002). The serine protein kinase Akt,
that is located downstream of Src, is activated by PI-3K

b

FI1G.4, Photomicrographs of ED-1 immunohistochemical examination on day 3 after compression in the control group (a) and
the PP1 group (b). Abundant ED-1 positive cells were seen in the control group, but in the PP1 group they were restricted to the

contusional area and its immediate surroundings. Bar = 1 mm.
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FIG.5. Areas of ED-1 positive cell infiltration in the control
group and the PP1 group on days 3 and 7 after compression.
Values represent mean * SD. The area of the ED-1 positive
cell infiltration in the PP1 group was significantly smaller com-
pared with that in the control group (*p << 0.005).

and promotes cell survival, angiogenesis, and vascular
remodeling by mediating nitric oxide (NO) production
(Fujio and Walsh, 1999; Fulton et al., 1999). Further-
more, PP1 may be involved in the PI-3K/Akt/NO path-
way (Radisavljevic et al., 2000).

The area infiltrated by macrophages in our study
peaked on day 3 in the control group. The administration
of PP1 suppressed the infiltration of macrophages and re-
stricted them to the area of the contusion and its imme-
diate surround on days 3 and 7. Because PP1 reduced the
extent of macrophage infiltration more dramatically than
that of edema, it appears that reduction of inflammatory
cells may be particularly important for neuroprotection.

PP1 inhibits the production of TNFe, IL-1, and in-
ducible NO synthase (iNOS} in murine macrophages
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stimulated with lipopolysaccharide (LPS) and interferon
v (FNy) (Orlicek et al., 1999; Lin et al., 2000).
Macrophages and monocytes contain three major Src
family kinases: Hck, Lyn, and Fgr (Meng and Lowell,
1997). Moreover, PP1 has been shown to inhibit Lyn with
an ICso approximately 30-fold lower than that of Src
(Shah et al., 2002). It is therefore possible that, because
PP1 blocks the activity of macrophages more strongly
through the inhibition of Lyn, the overall inflammation
response and the chemotaxis of macrophages are sup-
pressed more strongly than edema formation.

Our study also demonstrated that PP1 suppressed the
expression of TNFa and IL-18 mRNA in the injured
spinal cord. These findings support the concept that the
administration of PP1 effectively blocks gene expression
related to early inflammatory response in spinal cord in-
jury (Bartholdi and Schwab, 1997; Dinkel et al., 2003).
In addition, PP1 may block the activity of Src family ki-
nases to suppress macrophage activities that produce
these cytokines, although we could not identify the cel-
lalar origins of TNFa and IL-13.

Qur results provide histological evidence that PP1 re-
duees secondary damage. The optimal timing and dosing
of PP1 remain to be determined by evaluating both the
histological and neurological effects of its administration.
It's adverse effects must also be thoroughly investigated
before considering the use of PP1 for the treatment of
human spinal cord injury.
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FIG. 6. Induction rate of mRNA in the rat spinal cord 6 h after compression: (a) TNFa mRNA and (b) IL-18 mRNA. The
level of the mRNAS in these samples was normalized to the mRNA level of GAPDH, and the induction rates were calculated by
comparing them with the levels in normal rat spinal cord. Values represent mean % SD. PP1 significantly suppressed both TNFer

and IL-18 mRNA (*p < 0.05, **p < 0.005).
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The morphological and neurochemical effects
of diffuse brain injury on rat central
noradrenergic system |

Toshiyuki Fujinaka, Eiji Kohmura, Takamichi Yuguchi
and Toshiki Yoshimine

Department of Neurosurgery, Osaka University Medical School, Osaka, Japan

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-B-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 ceflular 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® 4,
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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. Department of Neurosurgery, Osaka University Medical School,
2-2 Yamadaoka, Suita, Osaka 565-0871, Japan.
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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 ard then
started to decrease 24 h after injury'*?%?, 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 netrochemical changes were assessed
in terms of NE metabolism.

MATERIALS AND METHODS

Diffuse brain injury model N
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 mgkg™), 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 20mm in diameter
and 1.5 mm thick was secured to the exposed skull

Neurological Research, 2003, Volume 25, fanuary 35
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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 {450 g) 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% suctose
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 30min 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-f-hydroxylase rabbit poly-
clonal antibody (Eugene Tech International, Ridgefield
Park, N), USA; diluted 1:1000) and anti-68kD-neurofi-
Jament mouse monoclonal antibody (Boehringer Mann-
heim Biochemica, Germany; diluted 1: 50). The sections
were washed in PBS three times for 5min each,
incubated with bictinylated 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 meand 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-vatues 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 m! 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 30sec and
centrifuged at 12,000 rpm for 20min 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, 4.4 mM sodium |-heptane-
sulphonate, 0.1 mM EDTA 2Na, 7.7% methanol and
3.1% asetonitrile, pH 3.0, This was run over a MCM Cy3
5 um column (150 mmx4.6 mm i.d.} with a flow rate of
0.9 mI min~' 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-ﬁ.—hydm)&ylase (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 : ‘ : . o :

NE turnover was defined as the ratio of MHPG to NE
levels?”-28, For each of the experimental animals, this
ratio was displayed as a l%ercentage 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 ttest. 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.
Immunochistochemistry 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 1). 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-g-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
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Figure 3: Cross-sectional area of locus coeruleus (LC) neurons
immunostained with anti-depamine-g-hydroxylase. Data are shown
as a percentage of control animals. The values are meansd+ 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
72.9+2.07% (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: Total amount of norepinephrine {NE) in the cortex. 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 wrnover is defined as the ratio
of 3-methoxy-4-hydroxyphenylglycol IMHPG) 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 20 mm in diameter and the weight was dropped
from a height of 1.5 m. Immediate mortality was about
20%. Histological examination revealed typica! 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'™®. 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'*'**2, 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-g-
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 1 h after diffuse brain injury.

f
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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?’28, With focal brain contusion, NE turnover
was either eliminated or reduced bilaterally by 45%-
92% in the cerebral cortex, hypothalamus, cerebellum,
LC and medulla 24h after injury’. With unilateral
cerebral contusion, NE turnover initially and briefly
increased 30min after injury followed by bilateral
widespread depression 6-24h 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 experimenta! 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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