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Inflammatory Leukocytic Recruitment and Diffuse Neuronal
Degeneration Are Separate Pathological Processes Resulting from

Traumatic Brain Injury
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The present study characterized whether inflammatory leu-
kocytic infiltration is temporally and regionally correlated
with neuronal degeneration and/or blood brain barrier (BBB)
breakdown resulting from traumatic brain injury. Adult rats
were sacrificed at 5 min, 2, 4, 12, 24, and 72 hr after lateral
fluid percussion brain injury. BBB breakdown, neuronal de-
generation and leukocyte infiltration were assessed using
immunocytochemistry, silver impregnation and toluidine
blue and eosin staining. BBB breakdown and neuronal de-
generation occurred concomitantly in injured cortex, hip-
pocampus, and along the dorsolateral quadrant of the di-
encephalon. However, neuronal degeneration within deep
diencephalic structures transpired in the absence of IgG ex-
travasation. Neutrophils were observed only in regions ex-
hibiting BBB damage and were first apparent in injured cor-
tex and hippocampus between 2—-12 hr posttrauma lining the
vasculature and filling subarachnoid/subdural spaces. Neu-
trophils then migrated from damaged vasculature into trau-
matized cortical and hippocampal parenchyma by 24 hr after
lateral fluid percussion injury. Macrophages were also ob-
served within cortical parenchyma at 24 hr and completely
filled the cortical lesion site by 72 hr after injury. Macro-
phages were not as abundant throughout hippocampal pa-
renchyma and were found only in hippocampal regions ex-
hibiting focal hemorrhage at 72 hr. Finally, neutrophils did
not migrate to deep diencephalic structures that showed no
BBB damage despite extensive neuronal degeneration. In-
deed, lateral fluid percussion elicits inflammatory leukocytic
recruitment only in regions experiencing concomitant BBB
damage and neuronal degeneration. In summary, inflam-
matory leukocytic recruitment and diffuse neuronal degen-
eration are separate pathological processes resulting from
traumatic brain injury.
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Although inflammatory leukocytes have long been implicated as
pathological mediators in myocardial ischemic and pulmonary
damage (Tate and Repine, 1983; Lucchesi and Mullane, 1986),
the involvement of inflammatory cascades in CNS trauma are
poorly understood. It is known that both neutrophils and mac-
rophages appear in damaged brain following ibotenic acid in-
jections (Coffey et al., 1990), intracerebral stab injury (Persson,
1976; Giulian et al., 1989; Moreno-Flores et al., 1993), spinal
cord weight drop or compression (Means and Anderson, 1983;
Holtz et al., 1990; Xu et al., 1990; Blight, 1992), spinal cord
dorsal hemisection (Dusart and Schwab, 1994), brain weight
drop contusion (Kochanek et al., 1990; Schoettle et al., 1990;
Biagas et al., 1992; Clark et al., 1994), middle cerebral arterial
occlusion (Barone et al., 1991; del Zoppo et al., 1991; Garcia
et al., 1994; Matsuo et al., 1994), carotid air embolism (Hallen-
beck et al., 1986) and after combined cryogenic brain injury/
hemorrhagic shock (Zhuang et al., 1993). However, it is not clear
whether inflammatory leukocytes significantly contribute to
CNS neuropathological damage.

Recent studies have suggested a pathological role for leuko-
cytes during CNS injury. Clark et al. (1991a,b) described im-
provement in neurological deficits if antibodies capable of
blocking neutrophil adhesion and transendothelial migration
were administered prior to spinal cord ischemia. Matsuo et al.
(1994) reported neutrophil depletion significantly attenuated
edema formation and infarct size following middle cerebral ar-
terial occlusion. Finally, treatment of rabbits with antiserum to
neutrophils improved cerebral blood flow, infarct size, and ICP
4 hours after cerebral embolism-(Bednar et al., 1991). Neutro-
phils hypothetically augment pathological processes by (1) se-
creting lysosomal enzymes, (2) releasing free radicals, (3) de-
creasing blood flow by direct physical microvascular occlusion,
and (4) increasing vascular permeability (Harlan, 1985; Lucchesi
and Mullane, 1986; Kochanek and Hallenbeck, 1992). In addi-
tion, activated macrophages may actually release a variety of
cytokines known to exhibit both neurotrophic and neurotoxic
properties (Lindholm et al., 1987; Hama et al., 1989; David et
al., 1990; Mori et al., 1990; Taupin et al., 1993; Ott et al., 1994).
Thus, neutrophils and macrophages may greatly influence patho-
logical sequelae of traumatic brain injury.

Few studies have examined inflammatory events resulting
from traumatic CNS damage. To further examine the role of
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inflammatory leukocytes in traumatic brain injury, the present
study employed lateral fluid percussion in rats to elicit a clini-
cally relevant form of brain trauma. The lateral fluid percussion
brain injury model in the rat has been extensively characterized
(Dixon et al., 1987; Vink et al., 1988; Cortez et al., 1989; Mc-
Intosh et al., 1989; Hovda et al., 1991; Smith et al., 1991; Ya-
makami and Mclntosh, 1991; Yoshino et al., 1991; Lowenstein
et al., 1992; Soares et al., 1992; Hicks et al., 1993; Dietrich et
al., 1994) and reproduces much of the pathophysiology associ-
ated with human closed head injuries such as focal cortical con-
tusion, blood brain barrier (BBB) breakdown and diffuse neu-
ronal degeneration (Cortez et al., 1989; Dietrich et al., 1994;
Hicks et al., 1995). However, it is not clear whether the patho-
logical events transpiring during traumatic brain injury are also
associated with inflammatory leukocytic recruitment.

In the present study, lateral fluid percussion was employed to
characterize the spatiotemporal patterns of neutrophils and mac-
rophages within contused brain. Our results demonstrate that
inflammatory leukocytic recruitment is a significant neuropath-
ological component of experimental traumatic brain injury. In-
terestingly, inflammatory leukocytes were localized only in
regions exhibiting blood brain barrier (BBB) damage and not in
diencephalic regions showing extensive neuronal degeneration
without concomitant BBB injury. Thus, diffuse neuronal degen-
eration can transpire in the absence of inflammatory leukocytic
recruitment and these two pathological processes appear to be
distinct events resulting from traumatic brain injury.

Materials and Methods

Animal surgery

All protocols used in these studies were approved by the Animal Re-
search Committee at the University of Pennsylvania (IACUC), and were
in accordance with guidelines set by the National Institutes of Health
for the humane treatment of animals. Male albino Sprague-Dawley rats
(350400 gm; n = 36) were anesthetized with 60 mg/kg sodium pen-
tobarbital administered intraperitoneally. Prior to the initial scalp inci-
sion, rats received subcutaneous scalp injections of 1% lidocaine hy-
drochloride. Anesthetized animals were placed into a stereotaxic frame
and a midline incision made to expose the skull. A stainless steel screw
was secured to the skull over left anterior cortex as an anchor for the
Luer-Lok connector. A 5 mm diameter craniotomy, centered between
bregma, lambda, and the sagittal suture, was drilled over left parietal
cortex leaving the dura intact. Ninety minutes following the initial an-
esthetic bolus, the anesthetized animals were then attached to the fluid
percussion injury device via the female Luer-Lok connector and sub-
jected to moderate contusive brain injury (2.3-2.4 atmospheres; n =
30). Sham control animals underwent surgical procedure, but did not
receive any injury (n = 6). Anesthetized animals were kept on a heating
pad both prior and following injury to ensure normothermic tempera-
tures were maintained (Okiyama et al., 1994). This model of fluid per-
cussion has been previously described in detail (Mclntosh et al., 1989).

Tissue preparation

AtSmin(r =7),2hr(n =6),4hr(n =4), 12hr (n = 4),24 hr (n
= 7)., and 72 hr (n = 4) after injury, animals were reanesthetized with
200 mg/kg sodium pentobarbital intraperitoneally and transcardially per-
fused with 100 ml 0.9% heparinized saline followed by 400 ml 4% para-
formaldehyde in 0.1 M phosphate buffer pH 7.6. Following perfusion,
brains were removed and postfixed an additional 4 hr at 4°C, then trans-
ferred to 0.1 M phosphate buffer; 35 pwm vibratome or 20 um cryostat
sections were cut and mounted onto gelatin coated slides. Adjacent al-
ternate sections were either stained with toluidine blue and eosin, im-
pregnated with silver, or immunocytochemically processed for the detec-
tion of extravasated IgG and neutrophilic/macrophagic antigens.

Histological stains

Toluidine blue and eosin. Sections were cleared in Xylene, rehydrated,
and stained for 30 sec in 0.05% toluidine blue in acetate buffer pH 4.4.

They were then rinsed in ddH,0O, and immersed in 0.05% eosin Y in
ddH,O for 2 min. Sections were then dehydrated and coverslipped using
Permount.

Silver impregnation for degenerating neurons (Gallyas et al., 1980;
Nadler and Evenson, 1983). Sections were rinsed in glycerol/ddH,O 3
X 5 min, and then pretreated 2 X 5 min in 4.5% sodium hydroxide and
0.6% ammonium nitrate. Sections were then impregnated for 10-15 min
in 5.4% sodium hydroxide, 6.4% ammonium nitrate, and 0.3% silver
nitrate. Sections were then washed 3 X 2 min in 0.012% ammonium
nitrate, 95% ethanol, and 0.5% anhydrous sodium carbonate. Silver pre-
cipitates on sections were developed for 1-2 min in 0.012% ammonium
nitrated, 0.55% formalin, 95% ethanol, and 0.5% anhydrous citric acid.
Sections were then washed 5 X 5 min in 0.5% acetic acid in Tris-HCl
0.05 M pH 7.4, dried, and coverslipped.

IgG immunocytochemistry. Free floating vibratome sections or slide
mounted cryostat sections were blocked for 1 hr with 10% normal goat
serum (NGS) and 0.3% Triton-X in 0.05 m Tris-HCI] pH 7.6. Sections
were then rinsed in 2% NGS and incubated with biotinylated goat anti-
rat IgG (1:50) 12-24 hr at 4°C. Controls included incubation with non-
immune biotinylated goat immunoglobulins and preadsorbed antibodies.
All antibodies were obtained commercially from Accurate. Sections
were then rinsed with 2% NGS/Tris 4 X 15 min, and then incubated
for 2—4 hr in FITC-streptavidin (Accurate 1:1000) in 2% NGS. Follow-
ing 3 X 10 min rinses, sections were mounted onto gelatin coated slides
and coverslipped with a 2.5% DABCO (Sigma)/glycerol solution.

Neutrophil and macrophage immunocytochemistry. Ten micrometer
cryostat sections were blocked with 5% normal goat serum in 0.1 M
phosphate buffer pH 7.4 for 30 min and then incubated overnight with
either a monoclonal antibody for neutrophils or macrophages. The neu-
trophil-specific antibody RP-1 (Gotoh et al., 1986) was a generous gift
from Dr. Fujiro Sendo (Yamagata University School of Medicine, Ja-
pan) and was used at a 1:500 dilution. The ED1 and OX-42 (which
recognizes the CD11b or complement receptor 3 antigen) monoclonal
antibodies were utilized to detect macrophages/activated microglia (Ser-
otec) and were used at a 1:100 and 1:5000 dilution, respectively. Sec-
tions were then rinsed 4 X 10 min in buffer and incubated with FITC
labeled goat-anti mouse IgG (Cappel; no cross-reaction to rat) for 6 hr.
Finally, sections were again rinsed 4 X 15 min in phosphate buffer and
coverslipped with a 2.5% DABCO (Sigma)/glycerol solution.

Histological analysis

Adjacent sections from six coronal regions spaced throughout the anterior
to posterior axis were analyzed for IgG extravasation (i.e., indicating BBB
breakdown), the presence of neutrophils and macrophages, and neuronal
degeneration (Fig. 1A). Using conventional histology, macrophages were
identified as having a foamy cytoplasmic phenotype with an eccentrically
placed ovoid/kidney shaped nuclei and large cell body diameters ranging
from 2040 pum (Fig. 1B, arrow). The macrophage phenotype was con-
firmed with immunocytochemistry for macrophage antigens (Fig. 1F, ar-
row). Following toluidine blue and eosin staining, neutrophils exhibited
faintly eosinophilic cytoplasmic granules, multilobed nuclei, and cell
body diameters ranging from 10-15 wm (Fig. 1C, arrow). The neutrophil
phenotype within damaged tissue was confirmed using the RP-1 antibody
which specifically recognizes neutrophils (Fig. 1E, arrowhead). Injured
neurons appeared intensely argyrophilic with arborizations clearly visible
during early stages of degeneration (Fig. 1D, arrow). At later stages of
degeneration (i.e., more than 24 hr), injured neuronal cell bodies remained
intensely argyrophilic (Fig. 1, d1). Uninjured neurons appeared round
with only the nucleoli showing slight argyrophilia (Fig. 1, d2). Neutro-
phils, macrophages, degenerating neurons and IgG extravasation were
plotted onto spatiotemporal coronal maps utilizing an M1 Imaging Re-
search image analysis system (Imaging Research Inc, Canada) connected
to a Leitz Diaplan microscope. The symbol for each cell type represent
cell numbers of more than five.

Results

Experimental paradigm

Figure 2 illustrates the gross pathology of lateral fluid percussion
in rats. Twenty-four hours after trauma, a focal contusion forms
within parietal and temporal cortices (Fig. 2A,B, arrows). Al-
though lateral fluid percussion elicits extensive damage in hip-
pocampal and diencephalic structures, only contused cortex ex-
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Figure 1. Experimental paradigm and gross pathology of lateral fluid percussion. A, Adjacent sections from injured brain were subjected to either
RP-1, EDI, or OX-42 immunocytochemistry or toluidine blue and eosin staining to detect leukocytes, silver impregnation to detect neuronal
degeneration, and IgG immunocytochemistry to detect BBB breakdown. Individual cell types mapped in the present study are shown in B—F.
Toluidine blue and eosin staining of a: B, foamy macrophage (arrow), and C, polymorphonuclear neutrophil (arrew). Silver impregnation of a: D,
degenerating cortical neuron at 2 hr after injury (arrow); dI, Degenerating cortical neuron at 24 hr after injury; d2, Uninjured cortical neuron
impregnated with silver. E, RP-1 immunocytochemistry of neutrophils within injured cortex at 12 hr after trauma (arrowhead demarcates an RP-1
immunopositive cell). F, OX-42 immunocytochemistry of a large foamy macrophage (arrow) in injured cortex at 24 hr after injury. Scale bars: C,
15 pm (for B and C); di, 25 pm (for dI and 42); F, 30 pm (for E and F).

hibits profound cavitation by 4 weeks after injury (Fig. 2C,D, the rat. Under normal conditions, leukocytes do not fill the sub-

arrowheads). arachnoid/subdural spaces (Fig. 3A) nor are they present in cor-
o ) tical parenchyma of a sham control brain (Fig. 3B). Leukocytes
Leukocytes within contused brain were not observed at 5 min after trauma (data not shown). How-

Figure 3 illustrates the pattern of leukocytic infiltration within  ever, between 2—4 hr after injury, neutrophils filled subarach-
contused cortex following lateral fluid percussion brain injury in noid/subdural spaces adjacent to contused cortex (Fig. 3C, ar-
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Figure 2. Gross pathology resulting from moderate levels of lateral fluid percussion brain injury in the rat. Moderate injury produces a focal
contusion within parietal/temporal cortex (A and B, arrows). By 4 weeks after injury, the original cortical lesion has formed a glial lined cavity (C

and D, arrowheads). Scale bar in D, 2 mm (for A-D).

rows) and were evident lining large blood vessels of injured
cortex at 4 hr (Fig. 3D and d, arrows). Neutrophils were not
observed outside of blood vessels, nor where any neutrophils
observed within contused cortical parenchyma at 4 hr post in-
jury. Monocytic cell types were also observed lining the cortical
vasculature of injured cortex at 12 hours (data not shown). By
24 hr, neutrophils had progressed from damaged blood vessels
into cortical parenchyma (Fig. 3E, small arrows) and the first
foamy macrophages were observed (Fig. 3E, arrowhead). Paren-
chymal damage was extensive in cortex and, by 72 hr after trau-
ma, very few neurons remained and the contused cortical region
was comprised primarily of foamy macrophages (Fig. 3F, ar-
rowheads), blood vessels, monocytic cells, and megakaryocytes.
Thus, inflammation is a significant pathological process within
contused cortex following lateral fluid percussion brain injury.

Leukocytes within contused subcortical structures

Subcortical structures did not display the same distribution or
temporal patterns of inflammatory leukocytic infiltration as did
contused cortex. Figure 4 shows inflammatory leukocytes within
the hippocampus and thalamus ipsilateral to the site of cortical
trauma. Neutrophils were observed within subarachnoid spaces
between hippocampus and dorsolateral thalamus (data not
shown) and in large blood vessels of ipsilateral hippocampus
between 2 and 12 hr after trauma. Figure 4A illustrates neutro-
phils lining an injured blood vessel within ipsilateral hippocam-
pus at 12 hr after lateral fluid percussion (arrows). At 12 and 24
hr after trauma, neutrophils were abundantly present throughout
ipsilateral hippocampal parenchyma especially along ipsilateral

dentate gyrus at 12 hr (Fig. 4B, arrows) and around CA3. Al-
though macrophages completely filled the contusion within in-
Jjured cortex, macrophages did not completely fill hippocampal
parenchyma at 72 hr after fluid percussion brain injury. Indeed,
macrophages were only observed within small hemorrhagic foci
around the CAl, CA2, CA3, and dentate hippocampal regions
at 72 hr posttrauma (Fig. 4C, arrowheads). Thus, inflammatory
leukocytic infiltration within ipsilateral hippocampus was dom-
inated by neutrophils during the acute postinjury period while
macrophages with foamy cytoplasmic phenotypes remained lo-
calized to small hemorrhagic foci,

Inflammatory leukocytic recruitment to thalamus and deep
diencephalic structures appeared to be confined to left superficial
dorsolateral nuclei. Neutrophils did not line the vasculature of
diencephalic structures as observed in injured cortex and hip-
pocampus during the acute postinjury period, nor did they ac-
cumulate within deep diencephalic parenchyma at any of the
time points examined. Figure 4D shows ipsilateral posterior thal-
amus at 24 hr after injury. Despite extensive gliosis and neuronal
degeneration, neutrophils were not observed in ipsilateral pos-
terior thalamus at either 24 (Fig. 4D) or 72 hr after injury (see
also Fig. 5). A few cells in the dorsolateral thalamus were ED1
and OX-42 positive and tended to exhibit morphological char-
acteristics of microglia such as ramified processes (data not
shown). Nevertheless, neutrophils were not localized in dien-
cephalic structures and the classical sequence of acute inflam-
matory leukocytic recruitment (i.e., neutrophils followed by
macrophages) occurred only within contused cortex and hippo-
campus and not within deep diencephalic areas.
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Figure 3.

Inflammatory leukocytic recruitment within contused cortex. A, Subarachnoid/subdural space adjacent to parietal cortex of sham control

brain. B, Cortical parenchyma and large blood vessel within sham control brain. Note the absence of neutrophils or activated macrophages within
control sham cortex. At 4 hr after injury, neutrophils appeared within subdural/subarachnoid spaces next to contused cortex (C arrows), and lined
large blood vessels within contused cortex (D arrows). d, Higher magnification of neutrophils lining blood vessel. E, 24 hr after injury, neutrophils
migrated from vasculature (open arrow) into injured cortical parenchyma (small arrow). Foamy macrophages were also present (arrowhead). F,
72 hr after injury, the contused cortical parenchyma was dominated by foamy macrophages (arrowhead), monocytic cells, and megakaryocytes.

Scale bars: A, 25 pm (for A and C); £, 30 pm (for B, D, E, F).

Spatiotemporal leukocytic patterns versus IgG extravasation

Figure 5 summarizes the temporal and regional patterns of leu-
kocyte infiltration to patterns of blood brain barrier damage as
evidenced by IgG extravasation at 4, 24, and 72 hr after con-
tusion. In sham control brains, endogenous IgG was normally
present within regions lacking a functional BBB. These regions
included the area postrema, subfornical organ, median eminence,
choroid plexus, and the organum vasculosum of the lamina ter-

minalis (data not shown). In addition, IgG was also observed in
subarachnoid spaces and pial surfaces but did not extend into
the parenchyma of brain regions possessing an intact BBB in
sham brains (data not shown). However, at 4 hr after lateral fluid
percussion injury, IgG extravasation was localized within con-
tused cortex; hippocampal CA2, CA3 pyramidal regions; hip-
pocampal hilus of the dentate gyrus; and along the dorsolateral
edge of the diencephalon (Fig. 5, shaded regions). Large blood
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Figure 4. Leukocytes in contused hippocampus and thalamus after lateral fluid percussion. A, Neutrophils lined large blood vessels within contused
hippocampus at 12 hr after injury (arrows). B, Neutrophils were also present within hippocampal parenchyma surrounding dentate gyrus at 12 hr
after injury (arrows). C, A few foamy macrophages were found within small hemorrhagic foci of CA3 at 72 hr after trauma (arrowhead). D,
Gliosis and neuronal degeneration in the posterior nucleus of thalamus 24 hr after injury. Note the absence of neutrophils or foamy macrophages.

Scale bar in A, 25 pm (for A-D).

vessels within ipsilateral hippocampus also demonstrated 12G
extravasation at 4 hours after trauma (data not shown). By 24
hr, IgG extravasation had spread throughout contused cortical
and injured hippocampal parenchyma (Fig. 5, shaded region).
Diencephalic IgG extravasation remained confined to the dor-
solateral quadrant. In addition, small focal hemorrhagic regions
were often observed in the substantia nigra, posterior pons and
brainstem (data not shown). Neutrophils, as identified using
RP-1 immunocytochemistry and conventional histology, first ap-
peared in cortical and hippocampal blood vessels at 4 hr (Fig.
5, squares) and were later observed (Fig. 5, asterisk) in hippo-
campal and cortical parenchymal regions 24-72 hr. Large foamy
macrophages (Fig. 5, solid circles), as identified using immu-
nocytochemistry and conventional histology, were observed
within contused cortical parenchyma at 24 hr and eventually
filled the original cortical contusion by 72 hr. However, such a
dramatic accumulation of large foamy macrophages was not ob-
served in either hippocampal or diencephalic structures. Within
the injured hippocampus and diencephalon, large foamy mac-
rophages remained confined to small hemorrhagic foci. Neutro-
phils and monocytic cell types did not appear to line dience-
phalic vasculature. In addition, neutrophils did not appear to
migrate throughout diencephalic parenchyma except in regions
exhibiting IgG extravasation and/or hemorrhage. Thus, acute in-
flammatory leukocytic infiltration was confined to regions show-

ing concomitant BBB damage as evidenced by IgG extravasa-
tion.

1gG extravasation versus neuronal degeneration

Figure 6 compares the temporal and regional patterns of IgG
extravasation to those of neuronal degeneration resulting from
lateral fluid percussion brain injury in the rat. Sham controls
exhibited no agryophilic neurons and endogenous IgG was con-
fined to regions lacking a functional BBB (data not shown).
Between 2-24 hr post injury, argyrophilic neurons and extravas-
ated IgG were both observed within parietal, temporal, and re-
trosplenial cortices; and in hippocampal CA2, CA3, dentate gy-
rus, and dentate hilus (Fig. 6). Although cortical IgG extravas-
ation persisted throughout the 72 hr observation period, most of
the cortical neurons had degenerated by 72 hr. Interestingly, neu-
ronal degeneration within the hippocampus was localized to spe-
cific regions despite widespread IgG extravasation (Fig. 6). Ip-
silateral thalamic degeneration predominated throughout dorsal,
lateral posterior, ventral posterior lateral, ventral posterior me-
dial, and centromedial nuclei at 4, 24, and 72 hr postinjury (Fig.
6). Very few degenerating neurons were observed within the
lateral geniculate, although the medial geniculate possessed nu-
merous argyrophilic neurons at 4, 24, and 72 hr after injury. A
few degenerating neurons were observed within the ipsilateral
superficial gray and in the optic nerve layer of the superior col-
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liculus at all the time points examined. Interestingly, degenera-
tion within traumatically injured diencephalic structures oc-
curred over more prolonged periods than degeneration within
ipsilateral cortex or hippocampus. Figure 6 shows that diffuse
neuronal degeneration within the diencephalon occurred without
accompanying IgG extravasation. Thus, lateral fluid percussion
elicits extensive acute inflammatory leukocytic infiltration only
in regions exhibiting blood brain barrier damage and not in de-
generating diencephalic regions which maintain a relatively in-
tact blood brain barrier.

Discussion

The present study demonstrates that traumatic brain injury is
associated with acute inflammatory pathology. Following lateral
fluid percussion in the rat, neutrophils line injured vasculature
within 2-4 hr in brain regions exhibiting BBB breakdown and
infiltrate injured parenchyma by 2472 hr after trauma. Macro-
phages are most abundant between 12-72 hr and predominate
in the contused cortical region which eventually forms a glial-
lined cavity. Interestingly, lateral fluid percussion in the rat also
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Figure 5. Spatiotemporal pattern of
leukocytes versus IgG extravasation at
4, 24, and 72 hr after trauma. Neutro-
philic recruitment and macrophages ap-
pear in regions exhibiting BBB break-
down. Square, Neutrophils in blood ves-
sel; asterisk, neutrophil in parenchyma;
solid circle, foamy macrophages. Shad-
ed regions, 1gG extravasation. AP, an-
terior pretectal; CL, central lateral; DG,
dentate gyrus; DLG, dorsal lateral ge-
niculate; FR, frontal cortex; HL, hind-
limb cortex; LD, lateral dorsal thalamus;
LP, lateral posterior thalamus; MGB,
medial geniculate body; Oce, occipital
cortex; Par, parietal cortex; Po, poste-
rior thalamus; PR, perirhinal cortex;
RSV, retrosplenial cortex; SC, superior
colliculus; SN, substantia nigra; Tel,
temporal cortex; VPL, ventral posterior

® - Macrophage lateral; VPM, ventral posterior medial.

produces diffuse neuronal degeneration within deep diencephalic
structures which is not associated with IgG extravasation. Al-
though diencephalic degeneration is extensive, acute inflamma-
tory leukocytic recruitment characterized by both neutrophils
and macrophages is not robust in this region. Thus, acute in-
flammatory pathology following lateral fluid percussion injury
occurs only in traumatized regions exhibiting concomitant BBB
damage and neuronal degeneration. These data suggest that dif-
fuse neuronal degeneration and acute inflammatory leukocytic
recruitment are distinct pathological processes that result from
traumatic brain injury.

Under normal circumstances, endogenous serum proteins can
only be detected in brain regions lacking a functional BBB such
as the circumventricular organs and subarachnoid spaces (Broad-
well and Sofroniew, 1994). Serum proteins cannot traverse an
intact BBB, and as a result, endogenous serum protein extravas-
ation has served as a useful index for accessing BBB function
(Broadwell et al., 1992, 1994). If sufficient care is taken during
perfusion and immunocytochemical procedures, then IgG ex-
travasation into the parenchyma of brain regions known to pos-
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Figure 6. IgG extravasation versus
neuronal degeneration at 4, 24, and 72
hr after injury. Diffuse neuronal degen-
eration within diencephalic structures
occurred in the absence of BBB break-
down. Solid circles, argyrophilic neu-
rons. Shaded regions, 1gG extravasa-

tion. 72 Hours

sess a BBB is indicative of BBB dysfunction (Tanno et al.,
1992a,b; Broadwell et al., 1994). Indeed, BBB breakdown fol-
lowing brain trauma, as evidenced by IgG or HRP extravasation,
has been reported in other laboratories utilizing slightly different
models of lateral fluid percussion in rats (Tanno et al., 1992a,b;
Schmidt and Grady, 1993; Dietrich et al., 1994). Our data de-
scribed endogenous IgG within sham controls only in brain
regions deficient in a BBB which is in good agreement with
Broadwell and Sofroniew (1994). Following lateral fluid per-
cussion, however, IgG extravasation was widespread within the
injured parenchyma of ipsilateral cortex, hippocampus, and dor-
solateral thalamus. Indeed, similar patterns of BBB breakdown
have also been reported in other laboratories utilizing lateral
fluid percussion especially in injured cortical and hippocampal
regions (Tanno et al., 1992a,b; Schmidt and Grady, 1993). In
general, studies from the above mentioned laboratories showed
that BBB damage within diencephalic structures was not as ex-
tensive as in ipsilateral cortex or hippocampus which is in good
agreement with the present observations (Tanno et al., 1992a,b;
Schmidt and Grady, 1993). Our data adds to the literature by
demonstrating that the BBB damage resulting from lateral fluid
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percussion is also associated with an acute phase of neutrophilic
infiltration followed by macrophagic activation. Thus, acute in-
flammatory mechanisms may profoundly influence secondary
posttraumatic sequelae following brain trauma.

It is not clear why neutrophils were recruited only to regions
exhibiting blood brain barrier breakdown. Previous studies have
shown that injured endothelium can upregulate endogenous leu-
kocytic adhesion molecules and release leukocytic chemotactic
factors (Bowman et al., 1983; O’Brien et al., 1984; Harlan,
1985; Sloan et al., 1992; Arnould et al., 1993; Albelda et al.,
1994; Ott et al., 1994). Current hypotheses suggest that leuko-
cytes and endothelium directly bind to each other through either
lectin-like adhesion molecules or, via integrin family receptors
and immunoglobulin superfamily members (Kochanek and Hal-
lenbeck, 1992; Sloan et al., 1992; Albelda et al., 1994). In fact,
inflammatory pathological damage following either myocardial
(Ma et al., 1991; Yamazaki et al., 1993), pulmonary (Horgan et
al., 1990), or CNS ischemia (Clark et al., 1991a,b) can be atten-
uated if neutrophil adhesion to endothelium is inhibited using
antibodies to B, integrin or CAM-like proteins. Therefore, it is
entirely possible that injured endothelium upregulates neutrophil




adhesion factors after brain trauma. Such a phenomena may per-
haps explain why neutrophils were only observed in traumati-
cally injured regions exhibiting blood brain barrier damage.

Neutrophils could greatly exacerbate the pathological sequel-
ae of brain trauma by altering vascular permeability (Wedmore
and Williams, 1981), contributing to oxidative damage (Tonne-
sen et al., 1988), inducing further neuronal damage via the se-
cretion of lysosomal enzymes (Tonnesen et al., 1988), or by
altering cerebral vascular blood flow. Indeed, Uhl et al. (1994)
showed that acute inflammation resulting from weight drop brain
injury could contribute to the observed level of cerebral blood
flow (CBF) in injured brain regions especially in those regions
which experienced increases in CBE In addition, polymorpho-
nuclear leukocyte recruitment has been correlated with increased
cerebral edema in a weight drop paradigm of brain contusion
(Schoettle et al., 1990) and neutrophil depletion has been re-
ported to attenuate increases in brain water content and decrease
infarct size following middle cerebral arterial occlusion (Matsuo
et al., 1994). It is intriguing to note that the same regions ex-
hibiting neutrophil infiltration in our model of fluid percussion
do proceed to develop edema (Soares et al., 1992). Thus, neu-
trophils may contribute to edematous sequelae following lateral
fluid percussion.

Acute inflammation is characterized by the early appearance
of neutrophils followed by macrophages. The present study
shows extensive recruitment of neutrophils to injured cortex,
hippocampus, and dorsolateral thalamus, but not to deep dien-
cephalic structures. Macrophages are identifiable after the ap-
pearance of neutrophils within injured cortex, hippocampus, and
dorsolateral thalamus suggesting that acute inflammation does
occur in these regions as a result of lateral fluid percussion.
However, it is not clear whether macrophages are indeed re-
cruited, or whether they arise from resident populations such as
microglia. Our data is in good agreement with the work of Ai-
hara et al. (1995) which described the timecourse and localiza-
tion of EDI and OX-42 immunopositive cells following fluid
percussion injury. Unfortunately, once microglia become acti-
vated, they express all macrophagic markers including EDI
(Flaris et al., 1993; Ling and Wong, 1993) and it is not a trivial
matter distinguishing recruited macrophages from activated mi-
croglia. Although it is likely that many of the macrophages with-
in contused cortex were recruited, our results do not directly
demonstrate that the macrophages we observed within injured
brain regions actually originated from outside the CNS. Indeed,
it is quite probable the macrophagic population consisted of both
resident and recruited cells. Nevertheless, our data does dem-
onstrate that neutrophils were recruited to some, but not all trau-
matically injured brain regions. Specifically, neutrophils were
not observed in deep diencephalic structures. This is an impor-
tant observation in that blood vessel damage is minimal within
diencephalic structures despite extensive neuronal degeneration.
Indeed, it would suggest that neutrophils may be responding
more to vascular damage than to neuronal degeneration. Clearly,
neutrophil recruitment and diffuse neuronal degeneration are
separate events following lateral fluid percussion brain injury.

The most likely mechanism by which neutrophils and acti-
vated macrophages/microglia can alter the pathological milieu is
probably through the secretion of soluble factors such as cyto-
kines. For example, IL-6, IL-1, and tumor necrosis factor alpha
(TNF-a) levels increase and remain elevated in the brain follow-
ing traumatic injury (Goodman et al., 1990; McClain et al.,
1991; Taupin et al., 1993). Although IL-6 and IL-1 have been
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reported to exert neurotrophic effects in vitro (Lindholm et al.,
1987; Hama et al., 1989), pathological events could be exacer-
bated through abnormal endothelial effects. Indeed, both IL-1
and TNF-a are capable of altering vascular permeability (Bey-
non et al., 1993; Burker-Gaffney and Keenan, 1993) and these
cytokines could exacerbate BBB breakdown and subsequent
brain edema formation. In addition, traumatic brain injury has
been reported to elicit elevations in plasma levels of cytokines
(McClain et al., 1991) which could, in turn, contribute to such
systemic complications as stress-related mucosal disease and
pulmonary edema experienced by many severely head injured
patients (Ott et al., 1994). Thus, secretory factors from activated
leukocytes within the brain or circulating systemically may pro-
foundly contribute to secondary pathological cascades following
traumatic brain injury.

In addition to inflammation and BBB breakdown, lateral fluid
percussion produced extensive neuronal degeneration. Although
neuronal degeneration within fluid percussion injured cortex and
hippocampus was associated with BBB breakdown, the present
study showed that much of the neuronal degeneration within
regions of the diencephalon transpired in the absence of IgG
extravasation. Neuronal degeneration without associated vascu-
lar damage has been observed in other experimental models of
brain trauma (Povlishock, 1986; Povlishock et al., 1992) and
may account for human head injuries which present as coma in
the absence of mass lesions (Strich, 1956; Sahuquillo et al.,
1989; Graham et al., 1993). It is interesting to note that, in our
model, neutrophils appear only in contused brain regions expe-
riencing BBB breakdown. Neutrophils did not infiltrate damaged
regions failing to exhibit IgG extravasation despite extensive
neuronal degeneration. Indeed, the present study suggests that
diffuse diencephalic degeneration is a pathological process dis-
tinct from traumatically induced acute inflammatory leukocytic
recruitment in the brain.

In conclusion, lateral fluid percussion elicits complex neuro-
pathology involving both inflammatory cascades and dittuse
neuronal degeneration. Leukocytes are known to act as patho-
genic mediators in experimental model of myocardial and CNS
ischemia (Lucchesi and Mullane, 1986; Kochanek and Hallen-
beck, 1992) and may serve similar pathological functions fol-
lowing traumatic brain injury. In fact, a number of pharmaco-
logical agents which possess immunosuppressive characteristics
have been reported to improve outcome following contusive
CNS injuries (McIntosh, 1993; Okiyama et al., 1994). Further-
more, recent attempts at inhibiting leukocytic inflammatory pro-
cesses through the blockage of cell adhesion molecules or by
neutrophil depletion has shown promise in some models of isch-
emia (Albelda et al., 1994; Matsuo et al., 1994). Although the
present study did not demonstrate a casual relationship between
leukocyte recruitment and neuropathological events such as
brain edema, it is intriguing that neutrophils were localized first
along blood vessels within injured regions which go on to de-
velop BBB breakdown. Clearly, further studies need to be pur-
sued regarding the leukocytic contribution to traumatic brain in-
jury. Our results do emphasize, however, that traumatic brain
injuries may contain a diffuse degenerative component which
can be quite distinct from leukocytic recruitment. Thus, separate
pharmacological strategies may prove critical in the effective
management of inflammatory sequelae and diffuse neuronal pa-
thology resulting from traumatic brain injury.
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