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Abstract: The spinal cord injury (SCI) initiates an extraordinarily protracted disease with 3 phases;
acute, inflammatory, and resolution that are restricted to the cavity of injury (COI) or arachnoiditis
by a unique CNS reaction against the severity of destructive inflammation. While the severity of
inflammation involving the white matter is fueled by a potently immunogenic activity of damaged
myelin, its sequestration in the COI and its continuity with the cerebrospinal fluid of the subdural
space allow anti-inflammatory therapeutics infused subdurally to inhibit phagocytic macrophage
infiltration and thus provide neuroprotection. The role of astrogliosis in containing and ultimately in
eliminating severe destructive inflammation post-trauma appears obvious but is not yet sufficiently
understood to use in therapeutic neuroprotective and neuroregenerative strategies. An apparent anti-
inflammatory activity of reactive astrocytes is paralleled by their active role in removing excess
edema fluid in blood-brain barrier damaged by inflammation. Recently elucidated pathogenesis of
neurotrauma, including SCI, traumatic brain injury (TBI), and stroke, calls for the following princi-
pal therapeutic steps in its treatment leading to the recovery of neurologic function: (1) inhibition
and elimination of destructive inflammation from the COI with accompanying reduction of
vasogenic edema, (2) insertion into the COI of a functional bridge supporting the crossing of regen-
erating axons, (3) enabling regeneration of axons to their original synaptic targets by temporary safe
removal of myelin in targeted areas of white matter, (4) in vivo, systematic monitoring of the con-
secutive therapeutic steps. The focus of this paper is on therapeutic step 1.

Keywords: Neurotrauma, inflammatory phase of SCI, cavity of injury, arachnoiditis, astrogliosis, subdural infusion, neuropro-

tective therapy, vasogenic edema.

1. INTRODUCTION

Major trauma to the central nervous system (CNS) and
stroke are serious medical consequences in surviving indi-
viduals that have no effective treatment, thus posing the
greatest challenge to intensive care and beyond. This frus-
trating status quo has persisted despite the realization that
damage, secondary to the initial trauma, plays an important
role, but the pathogenesis of the disease indicated as the
“secondary damage” has not been studied systematically for
its elucidation until recently [1]. In the rat model of the spi-
nal cord injury (SCI), a localized, massive injury involving
the white matter that destroys all cellular elements and blood
vessels initiates a severe, destructive inflammation character-
ized by infiltration of the site of injury by phagocytic, pro-
inflammatory, CD68+/CD163- macrophages persisting for
>16 weeks post-SCI [1]. This paper addresses and discusses

"Address correspondence to this author at the Department of Pathology and
Molecular Medicine, Faculty of Health Sciences, McMaster University,
Room HSC 1U22D, 1280 Main Street West, Hamilton, ON, L4S 4K 1, Canada;
Tel: 905-525-9240, ext. 22827; Fax: 905-522-3580;

E-mail: kwiecien@mcmaster.ca

1570-159X/21 $65.00+.00

the pathogenesis of neurotrauma in the model of SCI in an
attempt to provide direction for studies on novel therapies
addressing neuroprotection. Implications for treatments of
cerebral edema and treatments addressing neuroregeneration
are also discussed in order to introduce a strategic view for
multiple therapeutic steps potentially leading to the cure for
medical specialists and biomedical investigators involved in
neurotrauma and stroke.

1.1. Pathogenesis of Spinal Cord Injury

Localized massive trauma involving the white matter in
the SCI results in hemorrhages, cellular necrosis, and edema
constituting pathology designated as the Acute Phase that
lasts 2 days in the rat model [1]. Infiltration of the area of
injury by macrophages on day 3 initiates the Inflammatory
Phase with phagocytic macrophages persisting beyond 16
weeks post-SCI. The Inflammatory Phase is the main subject
of this review. It is supervened and overlapped by a Resolu-
tion Phase resulting in marked lowering of numbers of infil-
trating macrophages after 2 months post-SCI likely regulated
by a CNS tissue response involving astrogliosis [1].

©2021 Bentham Science Publishers
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1.1.1. Inflammatory Phase

Mechanisms involved in the inflammatory phase of the
SCI are presented in Fig. 1. Neurotrauma involving the white
matter damage initiates inflammatory response with destruc-
tive severity and extraordinarily protracted course unprece-
dented in any extraneural injury. Destructive inflammation
involves infiltration of the area of injury by numerous
macrophages actively phagocytizing myelin-rich debris and
red blood cells that are completely removed by the week 2
post-SCI in the rat model [1]. Administration of anti-
inflammatory treatments such as dexamethasone, MT-7, or
Serp-1, both immunomodulatory proteins derived from
Myxomavirus [2-19], lowers the numbers of infiltrating
macrophages and slows down the removal of necrotic debris
[20-23] beyond 2 weeks post-SCI. This observation indicates
that for an anti-inflammatory treatment to be an effective
neuroprotectant, it needs to be administered for a period of
time considerably exceeding 2 weeks post-trauma to allow for
slower removal of immunogenic myelin-rich debris by lowered
numbers of phagocytic macrophages. During the first week
post-SCI, numbers of infiltrating, myelin-phagocytizing
macrophages rise rapidly and remain so for the 4 weeks be-
fore declining thereafter in a gradual fashion but persist in
low numbers beyond week 16, indicating an active status of
inflammation [1]. Since the myelin-rich necrotic debris is
removed by the second-week post-SCI, the source of myelin
for phagocytic macrophages appears to be in the spinal cord
surrounding the area of inflammation. This indicates a
mechanism of a vicious cycle that supports the destructive
inflammation for a long period of time where infiltrating
blood-borne macrophages are pro-inflammatory, CD68+/
CD163-, and via numerous released inflammatory factors [1]
damage the spinal cord around the lesion leading to the death
of neural cells including oligodendrocytes resulting in ongo-
ing myelin damage [24-26] that sustains chemotaxis of fur-
ther macrophages [1]. In a systematic proteomic study, the
tissue of the spinal cord post-SCI was collected from rats
perfused with chilled lactated Ringer’s solution to obtain it
blood-free and to minimize uncontrolled endogenous prote-
olysis [1]. Levels of inflammatory cytokines including IL-
1B, IL-6, IFN-y, and chemokines were markedly elevated
during the first 4 weeks post-SCI, coinciding with the sever-
ity of macrophage-rich inflammation, supporting the notion
of the severity of destructive inflammation [1]. Persistence
of inflammatory type of infiltrating macrophages, CD68+/
CD163-, throughout the studied course of 16 weeks indicates
that lowering of their numbers 8 weeks after the SCI com-
bined with the reduction of levels of inflammatory cytokines
in parallel may not involve the conversion of inflammatory
(CD68+) into anti-inflammatory (CD163+) macrophages
observed in trauma-induced inflammation in extraneural
tissues [27]. Rather, the inhibition and elimination of the
most severe and destructive inflammation in the body may
be caused by a CNS tissue reaction, specifically astrogliosis
[1, 28]. In a recently completed study, subdural infusion of
0.2 mg of Serp-1 per week, sustained for 8§ weeks, elimina-
tion of CD68+ phagocytic macrophages was accelerated
with few macrophages remaining in the COI similar in num-
bers to those in the COI of untreated rats at 16 weeks post-
SCI [1, 23]. Importantly, un-phagocytized myelin-rich ne-
crotic debris persisted in the COI at 4 weeks in Serp-1 in-
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fused rats, indicating a delay of its removal by lowered num-
bers of macrophages. The observations made in this study
testing Serp-1 anti-inflammatory agent of (1) lowered num-
bers of macrophages, (2) their accelerated removal from the
COI, and (3) extended persistence of myelin-rich necrotic
debris, indicating that this treatment was neuroprotective
[23]. It needs to be also pointed out that the duration of this
treatment needs to be at least 8 weeks to eliminate inflamma-
tion and accelerate the formation of the syrinx [23]. This
therapeutic strategy stands out against numerous attempts at
short-duration anti-inflammatory treatments of SCI studied
previously and introduces a new fundamental parameter, that
of a duration of treatment (8 weeks in case of Serp-1 consti-
tuting the current standard) sufficient to eliminate a destruc-
tive inflammation. Disregarding this parameter may lead to
failure to eliminate inflammation since myelin-rich necrotic
debris persisting in the COI may reignite the severity of
macrophage-rich, destructive inflammation [20-24].

1.1.2. Vasogenic Edema

Post-traumatic cerebral edema remains a serious and not
well-addressed challenge to intensive therapists. Edema
caused by the initial traumatic event appears to be sustained
by the supervening inflammation with its damaging effects
to surrounding blood vessels mediated by elevated inflam-
matory cytokines and chemokines and by the presence of
numerous inflammatory macrophages [1]. In a T2-weighed
MRI study of the formalin-fixed spinal cords from SCI rats,
edema persisted for 16 weeks, parallel with the persistence
of inflammatory CD68+ macrophages [1]. Severe inflamma-
tion elucidated in the rat SCI can explain vascular pathology
with damage to the blood-brain barrier (BBB) or blood spi-
nal cord barrier (BSCB) related to a number of specific mo-
lecular changes leading to extravascular leakage and
vasogenic edema [29, 30]. While vasogenic edema appears
to be sustained by post-traumatic inflammation for a long
time, tissue reaction counteracting the accumulation of inter-
cellular water in the CNS comes to importance. Astrocytes
use bi-directional aquaporin (AQP) water channels, particu-
larly AQP-4, to direct excess water to; (1) the subarachnoid
space via the glia limitans externa, (2) the cerebral ventricles
and central canal via the glial limitans interna underlying
ependymal cells and, (3) blood vessels via the BBB/BSCB
[31-35]. An additional 4 path of elimination of excess
edema water into the site of injury converted into the COI
has been recently postulated in the SCI [36]. As the astro-
cytic reaction and corresponding remarkable increase in ex-
pression of AQP-4 may indicate an increased transfer of ex-
cess edema fluid out of the brain or spinal cord, the persis-
tence of inflammation along with edema [1] supports the
notion of persistent damage to BBB/BSCB with resulting
protracted course of vasogenic edema counteracted by pro-
gressively severe reactive astrogliosis. The importance of an
apparent dynamic balancing of BBB-damaging inflammation
on the one hand and reactive astrogliosis attempting to coun-
teract the damage in the BBB appears obvious and of critical
importance to neuropharmacology. A systematic administra-
tion route, such as oral or intravenous, of an anti-
inflammatory treatment of neurotrauma needs to be likely
determined empirically in pre-clinical studies to address
CNS tissue availability vie damaged BBB. In the case of
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contains necrotic, myelin-rich debris (asterices) infiltrated by
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Fig. (1). Mechanisms involved in inflammation induced by the spinal cord injury. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).
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anti-inflammatory proteins, Serp-1 and M-T7, intraperitoneal
infusion, corresponding to an intravenous administration, did
not result in lower numbers of macrophages in the COI,
whereas a subdural infusion allowing for the direct access of
either protein to the COI and circumventing the BSCB alto-
gether had significant macrophage-lowering, therefore anti-
inflammatory effect [22].

Currently used treatment of cerebral edema that involves
the intravenous administration of hyperosmotic solutes such
as 20% mannitol and 1.8-3% NaCl and diuretics [37-38] was
essentially established at the end of the First World War,
>100 years ago. It needs to be emphasized that this treatment
addresses only a minor mechanism serving to remove excess
water from the CNS, via the BBB/BSCB into the blood-
stream. In a cat model of cerebral trauma, this mechanism
accounted only for 11% of the total removal of excess cere-
bral water [35]. The remaining paths moved 87% of water to
the subarachnoid space and the cerebral ventricles [35] and
perhaps to the COI [36] but are not addressed in therapies
alleviating cerebral edema currently in use. Two obvious
therapeutic approaches; (i) inhibition of inflammation to
suppress vasogenic edema and, (ii) promotion of astrogliosis
in areas targeted for removal of excess edema fluid, should
be considered but have not yet been addressed in pre-clinical
studies. It needs to be emphasized that the CNS tissue reac-
tion to an injury known as astrogliosis appears to act to sup-
press inflammation and vasogenic edema, which are benefi-
cial mechanisms. Therefore, anti-inflammatory and anti-
edema therapies must not inhibit astrogliosis. Furthermore,
astrogliosis-promoting treatments may prove beneficial,
which flies against common beliefs presently.

1.1.3. Astrogliosis
1.1.3.1. The Cavity of Injury (COI)

The CNS tissue reaction to trauma and severe superven-
ing inflammation is rapid and formidable [1]. An area of
injury deep in the spinal cord, targeted for infiltration of
phagocytic macrophages, is delineated by hypertrophied
astrocytic processes and accumulates fluid within the first
week post-SCI [1]. Thus, the initial site of the SCI is con-
verted to a COI that serves to sequester the severity of in-
flammation in an early attempt to preserve the surrounding
spinal cord and restore homeostasis therein [1, 36, 39, 40].
The formation of the COI in response to injury and super-
vening inflammation is unique to the CNS and does not oc-
cur in response to trauma in extraneural tissues. Systematic
histologic analysis of the COI involving the GFAP stain
demonstrates rapid reorganization of astrocytic processes
from random to parallel to the margin of the necrotic lesion
and formation of progressively thickening, a continuous wall
of GFAP-positive hypertrophied processes sharply delineat-
ing the COI [1] and then a maturing syrinx [1, 36, 39, 40].
The progression of astrogliosis delineating the COI coincides
with the reduction of numbers of macrophages therein after 4
weeks and with declining levels of inflammatory cytokines
and chemokines while anti-inflammatory cytokines includ-
ing IL-2, IL-4, and IL-13 and also the chemokine CX3CL1
(fractalkine) become elevated [1]. A gradually increasing
and evidently powerful anti-inflammatory effect of astroglio-
sis is supported by an independent observation from SCI
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studies in the Long Evans Shaker (LES) rat, a severely dys-
myelinated mutant of myelin basic protein gene [41,42]
where inflammatory response involving infiltration by
macrophages is entirely eliminated from the COI by the day
7 post-SCI [28] which is extraordinarily fast even in ex-
traneural soft tissue trauma where inflammation tends to be
eliminated in 2-3 weeks. An anti-inflammatory activity ap-
peared to be water-soluble [28]. Severe, diffuse astrogliosis
develops in the LES rat CNS in response to the lack of mye-
lin [43], resulting in a lack of nodes of Ranvier [44] and the
need to restore and maintain homeostasis [40] rather than
due to an inflammatory pathology indicating that this CNS
tissue response may include multifactorial activities includ-
ing; (1) anti-inflammatory and (2) anti-vasogenic edema.

1.1.3.2. Arachnoiditis

A superficial area of the SCI adjacent to a widely dis-
rupted pia terminalis becomes invaded by granulomatous
cells from the subarachnoid space, including macrophages,
fibroblasts, and capillary blood vessels resulting in oblitera-
tion of the infiltrated spinal cord [1]. This type of inflamma-
tory infiltration called arachnoiditis [1, 45, 46] is devoid of
glial cells [1]; therefore, it is not a ‘glial scar’ but rather a
granulomatous inflammatory tissue that ultimately becomes
a scar excluded from the adjacent CNS by a thick wall of
reactive astrogliosis [1]. A detailed systematic histologic
study indicates that while in initial stages, arachnoiditis is an
aggressive pathology involving numerous phagocytic
macrophages, expanding at the cost of the destroyed adjacent
spinal cord, progressing to severe astrogliosis and the lead-
ing edge of arachnoiditis, eventually containing it [1], which
indicates an anti-inflammatory activity of this CNS tissue
response.

Anti-inflammatory activity mounted by progressive as-
trogliosis in response to neurotrauma has profound implica-
tions for future effective neuroprotective therapies.

- There is a dramatic difference between two types of
inflammatory pathologies initiated by the SCI; the
COI and arachnoiditis; the former connects with the
subarachnoid space and is accessible by simple dif-
fusion to anti-inflammatory drugs administered
subdurally [20-23], resulting in the reduction of
levels of phagocytic macrophages, considered a
neuroprotective effect. The COI is surrounded by
the CNS with damaged BSCB that can still be se-
lective to large molecular weight anti-inflammatory
agents [22]. Arachnoiditis is a solid vascularized
extraneural tissue without a BSCB, and its anti-
inflammatory treatment by parenteral or oral ad-
ministration can be considered. While the COI, after
elimination of inflammation, may be implanted by a
synthetic [47] or a cellular [28] bridge to allow re-
growth of axons across its aqueous milieu, a scar
resulting from arachnoiditis does not contain neural
cells, is excluded from the rest of the CNS, and
constitutes a potently inhibitory barrier to axonal
regeneration. Therefore, to consider axonal regen-
eration, such scar would have to be resected, fol-
lowing inflammation inhibited and eliminated be-
fore a bridging implant could be inserted.
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- A curve of the reduction in numbers of phagocytic
macrophages in the COI of untreated subjects in
pre-clinical trials needs to be applied against a flat-
ter curve produced by the anti-inflammatory effect
of a candidate drug, also leading to considerably
faster elimination of phagocytic macrophages than
>16 weeks post-SCI [1, 23].

- Direct access to the aqueous content of the COI
from the subarachnoid space allows for simple dif-
fusion of anti-inflammatory drugs with resulting in-
hibition of macrophage-rich inflammation. This in-
vasive therapeutic administration is of importance
to drugs of a large molecular size, such as immu-
nomodulatory proteins, Serp-1 and M-T7 [19], that
have been shown to have a strong macrophage-
inhibitory effect in a recent rat SCI study following
the subdural infusion but not the intraperitoneal in-
fusion [22]. This study clearly demonstrated that al-
though damage to the BSCB around the COI due to
severe inflammation therein may be obvious, selec-
tive exclusion of some compounds administered
parenterally may persist, requiring empirical testing
in pre-clinical studies of each candidate anti-
inflammatory agent for an optimal route of admini-
stration.

- The excess edema water removal effect by astro-
cytes via the brain and spinal cord external and in-
ternal surfaces needs to be considered in respect to
progressive astrogliosis. Although treatments lead-
ing to an acceleration of astroglial reaction with its
theoretical potential to remove excess edema fluid
faster are currently not obvious, it needs to be em-
phasized that pharmacologic inhibition of vasogenic
edema by anti-inflammatory drugs active in the COI
indicate a promising therapeutic strategy. The po-
tential astrogliosis-inhibiting activity of any candi-
date anti-inflammatory compounds needs to be con-
sidered counterproductive after it was shown on his-
tologic analysis that dexamethasone infused sub-
durally was associated with reduced size of hyper-
trophic astrocytes around the COI [20].

2.1. Anti-inflammatory Treatments for Neuroprotection
2.1.1. Methylprednisolone Succinate

Methylprednisolone succinate administered to the SCI
patients shortly after the accident in an intravenous bolus of
30 mg/kg body weight over 1 hour followed by the intrave-
nous dose of 5.4 mg/kg for 23-47 hours has been recom-
mended by the North American Spinal Cord Injury Study
(NASCIS) [48] and used by others [49-51]. But this treat-
ment does not address the pathogenesis of the SCI, specifi-
cally the onset, at day 3 post-SCI and the long duration of
the Inflammatory Phase [1]. This treatment is considered
ineffective and no longer recommended [52] due to the high
risk of adverse side effects and no improved neurologic defi-
cits [22, 48, 53-55]. However, much of the published litera-
ture reported on the examination of steroids used as potent
acute inhibitors of inflammation. Since methylprednisolone
is unstable beyond 24 hours, dexamethasone, a more power-
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ful and stable synthetic corticosteroid, was used in studies
requiring longer periods of continuous administration. In
studies using the rat model of SCI, the constant subdural
infusion of dexamethasone for 1-2 weeks [20, 21] allowed
for a remarkable inhibition of macrophage infiltration in the
COI considered a neuroprotective effect. This duration,
however, was too short of eliminating the myelin-rich debris
and inflammation from the COI [21]. The persistence of
myelin-rich necrotic debris in the COI after a premature ter-
mination of dexamethasone treatment can reignite the sever-
ity of destructive inflammation [20,21]; therefore, it is not
effective. Longer treatment cannot be considered since it is
unduly toxic to rats developing Cushingoid syndrome and
hypovolemic shock [20, 22]. This consideration indicates
that for a continuous anti-inflammatory treatment beyond 2
weeks, novel, powerful anti-inflammatory agents of low or
no toxicity are required for an effective neuroprotective out-
come. A potentially inhibitory effect of dexamethasone on
astroglial hypertrophy [20] with its putative anti-
inflammatory and edema-resolving activity in the SCI stud-
ies [1, 28, 36] further precludes the use of steroids in the
management of neurotrauma and cerebral edema.

2.1.2. Other Candidate Treatments for Neurotrauma

Other candidate treatments for neurotrauma include but
are not limited to; riluzole, glibenclamide and cethrin [56],
and also fumaric acid esters [57], estrogen [58], edaravone
[59], mithramycine A [60], and N-Palmytiolethalonamine-
oxazoline [61] have recently been studied in SCI animal
models and clinical trials are discussed in detail in the re-
spective citations. However, these candidate treatments were
used only in short-term duration, corresponding to initial
stages of SCI, therefore not addressing the duration of the
destructive inflammation whose inhibition and accelerated
total elimination are required from effective neuroprotective
therapies of sufficient duration. It is possible that some of the
above treatments may prove to be effective neuroprotectants
once tested in properly designed preliminary pre-clinical
studies addressing the pathogenesis of neurotrauma [1, 23].

2.1.3. Subdural Infusions of Anti-inflammatory Com-
pounds

Subdural infusions of anti-inflammatory compounds have
been recently attempted in the rat model where the SCI was
caused by an epidural balloon crush leaving the dura mater
and the subarachnoid space intact [62]. Mechanisms in-
volved in neuroprotection and inhibition of vasogenic edema
are summarized in Fig. 2. Two immunomodulatory proteins
derived from Myxoma virus; Serp-1, a serpin inhibitor of
thrombosis and thrombolysis [15, 19] and M-T7 a chemokine
inhibitor [2, 6, 9, 14] were administered subdurally by a con-
tinuous infusion from an osmotic pump. A dose of either
protein at 0.2 mg/week resulted in improved neurological
signs and in lowering of numbers of phagocytic macro-
phages in the COI by 80% for M-T7 and by 50% for Serp-1
[22]. Intraperitoneal administration of the same dose of ei-
ther protein resulted in little or no effect, correspondingly
indicating that despite apparent damage to the BSCB around
the COI [1], it likely remained impermeable or poorly per-
meable to Serp-1 and to M-T7. Serp-1 has been shown to
reduce inflammatory damage in the myocardium of patients
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LEGEND: 1 week after the balloon crush injury a cavity of injury (COI) delineated by arrowheads is
infiltrated by high number phagocytic macrophages (mf, open arrows) in un-treated spinal cord and
by reduced number of mfin the spinal cord of a rat treated by an anti-inflammatory agent. Luxol fast

blue + hematoxylin and eosin.
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Fig. (2). Anti-inflammatory treatment is neuroprotective in spinal cord injury. (4 higher resolution / colour version of this figure is available

in the electronic copy of the article).

with a mild heart infarction or unstable angina in a Phase Ila
trial [16]. In a recently completed study performed in an at-
tempt to not only inhibit but also to eliminate the post-SCI
inflammation in the COI, administration of the same weekly
dose of Serp-1 for 8 weeks (max. total 1.6 mg/rat) resulted in
a consistent reduction of macrophages at 2-8 weeks post-SCI
and a COI with few macrophages similar to the COI of un-
treated rats at 16 weeks post-SCI [1, 23] indicating acceler-
ated inhibition and elimination of macrophage-rich inflam-
mation by continuous infusion of Serp-1. It needs to be noted
that in Serp-1 infused rats, the COI with reduced numbers of
macrophages still contained myelin-rich necrotic debris at 4
weeks post-SCI [23]. Whereas in untreated rats, necrotic
debris and red blood cells are removed before 2 weeks post-
SCI [1], indicating that; (a) Serp-1 administered subdurally
did inhibit destructive inflammation by lowering numbers of
phagocytic macrophages in the COI, (b) administration of

Serp-1 or any other effective anti-inflammatory drug studied,
should be continued beyond the complete removal of ne-
crotic debris to avoid a re-ignition of macrophage-rich in-
flammation and preferably until all macrophages are absent
from the COI, (c) since the macrophage count in the COI test
[1, 22, 23] is based on histologic analysis of the injured spi-
nal cord it is not suitable for clinical studies; therefore novel
in vivo assays need to be developed to systematically moni-
tor the progress of an anti-inflammatory treatment in indi-
vidual patients with neurotrauma or stroke enabling optimi-
zation of treatment along its course in individual patients.

2.1.4. Neurological Tests Assessing Anti-inflammatory Ef-
fects of Neuroprotective Drugs in Pre-clinical Studies on
the SCI

In the experiments using the subdural infusion of dex-
amethasone, M-T7 and Serp-1, the Basso Beattiec Bresnahan
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(BBB) locomotor test used to evaluate SCI rats [63] by oth-
ers was substituted by a simpler hind end locomotor test and
supplemented by a hind end pinch withdrawal test developed
by the author [22, 23, 64] to allow for a more detailed analy-
sis of the neurologic function of SCI rats every day after the
SCI. While both tests detected neurological improvements in
rats treated with anti-inflammatory infusions in a 7 days long
study [22], this was not the case in the follow-up study in-
volving 56 days of treatment with Serp-1 despite the lower-
ing effect of this treatment on the numbers of phagocytic
macrophages in the COI [23]. This observation suggests that
scores in both neurological tests and perhaps the BBB test do
not adequately represent the pathogenesis of the SCI where
severe inflammation likely contributes to further destruction
of the spinal cord [1] while the scores improve in untreated
rats during the first 4 weeks post-SCI [23, 64, 65]. In another
contradiction, while the phagocytic macrophage-rich in-
flammation persists beyond 4 weeks in untreated rats and in
Serp-1 infused rats [1, 23], the scores of both neurological
tests stabilized during the week 4 post-SCI [23], an observa-
tion also made with the BBB test in treatment experiments
lasting beyond 4 weeks [66-68]. Thus the usefulness of the
neurological test in pre-clinical studies on candidate neuro-
protective compounds appears quite limited as it may not
correspond to the pathogenesis of the SCI and cannot be
used beyond week 4 while the effective treatments are ex-
pected to inhibit inflammation by lowering numbers of
macrophages and the duration of treatment needs to last well
beyond 4 weeks [23, 64].

2.1.5. Histologic Analysis of the SCI, the Macrophage
Count in the COI Test

Detailed histologic and immunohistochemical analysis of
the SCI along with its progression over a period of 16 weeks
allowed to distinguish particular pre-eminence of phagocytic
macrophages infiltrating the COI and also arachnoiditis [1].
A rapid increase in numbers of macrophages in the COI
starting at day 3 and their numbers peaking at day 7 allows
for reliable determination of reduction of infiltrating macro-
phages in rats treated with anti-inflammatory agents [20-22].
Therefore, the macrophage count in the COI test addresses
the severity of the inflammatory process in the COI, and
previous studies have shown that anti-inflammatory treat-
ments can reduce this severity [64].

In a study addressing the determination of the duration of
continuous treatment required to eliminate inflammation
from the COI by subdural infusion of Serp-1 at 0.2 mg/week
for 8 weeks, the numbers of macrophages were consistently
lower at 2, 4, and 8 weeks than in untreated SCI rats [23].
Very low numbers of macrophages at 8§ weeks in Serp-1
treated rats were comparable to those in untreated rats at 16
weeks, indicating acceleration of elimination of destructive
inflammation from the COI [1, 23]. Reliable recognition of
phagocytic macrophages containing blue granules of myelin
and/or red blood cells on the luxol fast blue stain counter-
stained with hematoxylin and eosin (LFB+H&E) in the rat
spinal cord is not challenging for a trained veterinary or
medical pathologist, but the macrophage count in the COI
test is not applicable to clinical trials since the segments of
the spinal cord are required. A volumetric test addressing the
area of the inflammatory obliteration in sections of the spinal

Current Neuropharmacology, 2021, Vol. 19, No. 8 1197

cord containing the SCI from segments of a standardized
thickness (3mm) is currently being developed by the author
to directly measure the neuroprotective effect of tested anti-
inflammatory agents. Given its dependence on histology, this
test however, will be restricted to pre-clinical studies and
will not be applicable to clinical trials.

Histologic studies of the SCI brought to focus an issue
that has eluded the field devoted to studies on TBI. Since
TBI models in the mouse and rat brain have been widely
used for basic research and pre-clinical drug testing to ad-
dress brain injury and stroke, it needs to be emphasized that
the small content of the white matter in the rodent brain
makes it a convenient model of gray matter injury. This is
dramatically different from the white matter injury com-
monly encountered in human TBI and stroke. While the
white matter injury initiates a severe, destructive inflamma-
tion fuelled by a mechanism of the vicious cycle due to the
powerful immunogenic effect of a large quantity of damaged
myelin and sustained by it for a very long time [1], gray mat-
ter injury is expected to be self-limiting with little inflamma-
tion involved [28]. Therefore, while the rodent brain injury
may not be a suitable model of TBI, due to the paucity of the
white matter, the rodent models of SCI may serve as ade-
quate models of TBI due to the rich content of the white mat-
ter and its involvement in the pathogenesis of neurotrauma
as in human TBI. Given the large size of the complex brain
with rich content of the white matter in the hemispheres in
the pig, this animal may serve as a better model of TBI ver-
sus rodent models.

2.1.6. Imaging of Neurotrauma

Imaging of neurotrauma is an excellent diagnostic tool
given its ability to localize the lesion, measure its size and
also characterize the edema in the tissue surrounding the
lesion itself. Since the inflammatory disease initiated by neu-
rotrauma is very prolonged and destructive, good quality
imaging such as T2-weighed MRI should be performed re-
peatedly in a systematic fashion in a patient treated with an
anti-inflammatory agent. Volumetric measurements of the
lesion and then of the inflammation (COI and arachnoiditis)
may be able to determine a neuroprotective effect; smaller
progressive increases in the size of the inflammatory lesion
when compared to untreated controls. The use of systematic
imaging of neurotrauma patients treated with anti-
inflammatory agents is anticipated. New detailed informa-
tion on the development of histologic changes in inflamma-
tion involving the white matter should be helpful with an
interpretation of MRI images. Specifically, the cellular con-
tent in the COI corresponding to inflammatory macrophages
and indicating destruction of the surrounding tissue should
be considered [1]. An inhibitory effect of effective anti-
inflammatory treatment on peri-lesional vasogenic edema
may also be detected by T2-MRI [1], contributing to an im-
portant aspect of the in vivo assessment of a candidate ther-
apy in clinical trials.

The usefulness of in vivo MR imaging in the rodent mod-
els of neurotrauma has been demonstrated in a number of
studies on the SCI [69-71] and TBI [72-74]. It needs to be,
however, pointed out that the breathing movements of the
thorax in the rat in the supine recumbency affect the position
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of the cervical and thoracic spinal cord, therefore the quality
of imaging of the spinal cord.

Ultimately limited resolution of the MR imaging will
require additional analytic methods to measure CNS tissue
protective and anti-inflammatory effects of candidate agents
in clinical trials. Specific biomarkers of the CNS destruction
and the severity of neuroinflammation fulfilling this re-
quirement will need to be developed. This need is further
underscored by an inability to use histologic analyses, in-
cluding the macrophage count in the COI test in human pa-
tients.

CONCLUSION

While the pathogenesis of neurotrauma has been largely
elucidated in a recent systematic study of the rat SCI, anti-
inflammatory treatments to limit destructive effects of the
supervening inflammation and provide neuroprotection re-
main unavailable. The rat model of the SCI with a massive
injury to the white matter is appropriate to study candidate
anti-inflammatory agents for clinical trials involving SCI,
TBI, and stroke patients, but analytic methods to systemati-
cally measure neuroprotective effects in vivo remain to be
developed. It is anticipated that in a large proportion of SCI,
TBI, and stroke cases, effective inhibition and accelerated
elimination of inflammatory infiltration in the COI will re-
sult in neuroprotection and inhibition of vasogenic edema
leading to improved neurologic outcomes. In cases of initial
extensive damage of the CNS, the elimination of the in-
flammation will need to be followed by therapies targeting
neuroregeneration leading to improved neurologic deficits.
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