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Abstract: A massive localized trauma to the spinal cord results in complex pathologic events driv-
en by necrosis and vascular damage which in turn leads to hemorrhage and edema. Severe, destruc-
tive  and  very  protracted  inflammatory  response  is  characterized  by  infiltration  by  phagocytic
macrophages of a site of injury which is converted into a cavity of injury (COI) surrounded by as-
troglial reaction mounted by the spinal cord. The tissue response to the spinal cord injury (SCI) has
been poorly understood but the final outcome appears to be a mature syrinx filled with the cere-
brospinal fluid with related neural tissue loss and permanent neurologic deficits. This paper re-
views known pathologic mechanisms involved in the formation of the COI after SCI and discusses
the integrative role of reactive astrogliosis in mechanisms involved in the removal of edema after
the injury. A large proportion of edema fluid originating from the trauma and then from vasogenic
edema related to persistent severe inflammation, may be moved into the COI in an active process
involving astrogliosis and specifically over-expressed aquaporins.
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1. INTRODUCTION
Massive injury to the white matter of the spinal cord, as

with  motor  vehicle  accidents  and  falls  in  the  elderly,  fre-
quently results in the formation of the syrinx, an elongated,
permanent,  fluid-filled  cavity  [1]  but  the  mechanisms  in-
volved in syrinx formation remain poorly understood. The
other mechanisms of the CNS response, such as the removal
of excess edema fluid post-injury also remain poorly unders-
tood. Further, the previously used treatment with methylpred-
nisolone succinate [2] has proven to be ineffective and is as-
sociated with serious toxic side effects [3, 4]. Recent system-
atic studies have demonstrated that the injury to the white
matter  causes  a  severe  and destructive  inflammation [5-8]
that in the spinal cord injury (SCI) remains active for >16
weeks post-injury with associated peri-lesional edema [6] be-
fore  it  is  eliminated.  The  rat  injured  spinal  cord  reacts  by
forming a cavity of injury (COI) within the first week post-S-
CI [6-11] which encompasses the site of hemorrhage and ne-
crosis, and a severe inflammatory infiltration mainly repre-
sented by active, phagocytic, CD68+/CD163-, pro-inflamma-
tory macrophages [6, 11]. Since the severe inflammation pro-
gresses in the aqueous environment in the COI, it apparently
serves as a  reservoir of the edema fluid from the surrouding
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CNS tissue with the concurrent decrease in the tissue water
content as determined in MRI studies involving SCI [6, 9,
10].  The  formation  of  the  COI  is  unique  to  the  CNS  and
does not occur in other organs after trauma. The pumping of
the edema fluid out of the injured CNS is an active process
[12] that involves remarkable astrocytic hypertrophy and in-
creased expression of  water  channels,  aquaporins  (AQPs),
particularly AQP4 expressed mainly on astrocytes [13-22].
It appears that the removal of the edema fluid serves two fun-
damental mechanisms leading to the restoration of homeosta-
sis in the viable tissue after the CNS injury; (1) it limits the
volume  of  the  tissue  irreversibly  destroyed  in  the  acute
phase of the injury to forming COI, (2) it allows for the crea-
tion of the COI to which necrosis and supervening severe in-
flammation is sequestered [6, 23]. The elimination of excess
edema fluid involving aquaporins expressed on astrocytes oc-
curs  via  3  routes:  (i)  via  the  glia  limitans  externa  to  the
subarachnoid space, (ii) via the glia limitans interna to the
cerebral  ventricles or  to the central  canal,  and (iii)  via  the
blood-brain barrier (BBB) or blood-spinal cord barrier (B-
SCB)  to  the  blood  vessels  [24].  The  existing  treatment  of
edema uses pharmacological enhancement of the osmolarity
of blood such as intravenous administration of 20% manni-
tol or hyperosmotic NaCl, a >100 years old therapy of limit-
ed clinical success. Mechanisms involved in the elimination
of edema fluid via the COI with involvement of astrogliosis
forming around it have been proposed [18, 25] but not yet
studied. Importantly, in the rat model of SCI, the confine-
ment of the severe inflammatory process to the COI with its
aqueous  environment  and  its  direct  connection  to  the
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subarachnoid  space  allowed  for  effective  inhibition  of
macrophage  infiltration  by  sustained  subdural  infusion  of
dexamethasone  [7,  8]  and  of  Serp-1  and  M-T7,  Myxoma
virus-derived immunomodulatory proteins [11]. This novel
model  of  drug  administration  allowed  to  circumvent  the
BSCB and will serve to test other anti-inflammatory com-
pounds for their neuroprotective activity. The pathologic re-
lationship between severe inflammation in the COI and po-
tentially leaky blood vessels in the surrounding spinal cord
leading  to  chronic  edema  [6]  and  reactive  astrogliosis
around the COI appears obvious but has not been addressed
in experimental research.

The enhancement of astrogliosis to accelerate removal of
edema fluid via the COI is postulated here. Recently studied
anti-inflammatory treatments of the SCI resulted in inhibi-
tion of macrophage infiltration in the COI and may also in-
hibit inflammatory vascular damage and consequently, vaso-
genic  edema  as  a  potentially  effective,  novel  therapeutic
strategy to treat the SCI, traumatic brain injury (TBI), and
stroke.

1.1. Formation of the Syrinx

1.1.1. Inflammatory Response to the SCI
The response  of  the  white  matter  of  the  spinal  cord  to

massive traumatic injury differs strongly from a post-trau-
matic reaction in other non-neural tissues. It involves a se-
vere, destructive, macrophage-rich, and long-lasting inflam-
mation and leads to the formation of a fluid-filled COI limit-
ed by an astroglial reaction [6]. Formation of the syrinx is re-
ported to occur in <1-7% in patients with neurological defic-
its [25-27] and the incidence of radiological diagnosis of cav-
itations in SCI patients is >50% [28-30] indicating a consid-
erable discrepancy, the reason for which is not clear. Post-
traumatic formation of the COI is a complex and insufficient-
ly studied process involving the transformation of a poorly
defined area of hemorrhage and cellular necrosis surrounded
by  tissue  edema  [6,  9,  10]  into  a  defined  cystic  structure,
filled with fluid containing necrotic debris, red blood cells,
and  large  numbers  of  phagocytic  macrophages  [6-8,  11]
with  apparently  simultaneous  inflow  of  edema  fluid  from
the  surrounding  spinal  cord  [9,  10,  31].  The  COI  is  well
defined 7 days post-SCI and it is delineated by a layer of pro-
gressively severe astrogliosis in the surrounding spinal cord
[6-8, 11]. Thus it appears that the formation of the COI post-
trauma involves; (a) confinement of cellular inflammatory re-
sponse infiltrating the necrotic debris to a localized area se-
parated from the rest of the spinal cord, (b) transfer of ede-
ma fluid from a much larger area in the spinal cord surround-
ing the site of necrosis into the forming COI, and (c) forma-
tion of a layer of astrogliosis surrounding the cavity to se-
parate its pro-inflammatory content from the rest of the spi-
nal cord in an attempt at its preservation and restoration of
homeostasis  [23,  32].  Reactive  astrocytes  have  been  ob-
served in the spinal cord surrounding the cavities following
SCI in humans and experimental animals [33-35] and in sy-
rinxes forming without the involvement of mechanical trau-
ma [36]. Severe inflammation plays a key role in this pro-

cess [6-8, 11]. The inflammatory infiltrate is composed most-
ly of CD68+/CD163- pro-inflammatory macrophages persis-
tent  in  the  cavity  beyond  16  weeks  post-injury  [11].  The
presence  of  myelin  granules  in  invasive,  phagocytic
macrophages is indicative of immunogenic character of dam-
aged myelin and after 2 weeks post-SCI [6], also of continu-
ous destruction of myelin sheaths in the white matter of the
spinal cord surrounding the COI leading to its expansion, an
observation  indicated  previously  [18,  24,  37].  Associated
with histological macrophage-rich severity of inflammation
is marked increase in the spinal cord of levels of pro-inflama-
tory  cytokines  including  IL-1β,  IFN-γ  and  IL-6,  and
chemokines  during  the  first  week  post-SCI  [6].

1.2.  Anti-inflammatory  Activity  in  the  Injured  Spinal
Cord

Formation of the COI in the injured spinal cord devoid
of myelin such as in the Long Evans Shaker (LES) rat mu-
tant [38-42] involves infiltration by macrophages phagocytiz-
ing necrotic debris and red blood cells at 3 days after injury
[5]. The inflammatory process however, is completely elimi-
nated from the COI by day 7 in the LES rat indicating a pow-
erful  anti-inflammatory  activity  in  the  surrounding  spinal
cord which is water soluble [5] and plays a critical role in
elimination of the macrophage infiltration. The anti-inflam-
matory effect in the LES rat SCI causes an extraordinarily
accelerated elimination of inflammation in the COI in com-
parison to SCI in the normally myelinated spinal cord where
it  takes  more  than  16  weeks  to  eliminate  CD68+/CD163-
phagocytizing macrophages [6]. The presence of diffuse as-
trogliosis in the CNS of the LES rat [39, 40] is related to a
severe  dysmyelination  with  the  lack  of  formation  of  the
nodes of Ranvier [42] and not to an inflammatory process
suggesting  that  astrogliosis  represents  a  CNS reaction  de-
signed to  restore  homeostasis  which may involve  a  multi-
tude of functions including anti-inflammatory activity [5, 6].
Gradual decline in numbers of consistently pro-inflammato-
ry, CD68+/CD163- macrophages in the COI after 4 weeks
supports  the  notion  of  growing  anti-inflammatory  activity
and is supported by reduction of levels of pro-inflammatory
cytokines and chemokines in the spinal cord [6]. Since these
molecular changes coincide with growing severity of peri-le-
sional,  anisomorphic  astroglial  reaction,  this  neuroplastic
change needs to be considered in anti-inflammatory tissue re-
action after SCI.

1.3. Subdural Infusion; Novel Strategies for Anti-inflam-
matory Treatment in the Cavity of Injury

The aqueous environment of the COI, connects directly
with the subdural space [7, 43], allowing for a novel intrathe-
cal route of administration of anti-inflammatory treatments.
Short, 24-48 hr intravenous infusion of high dose of methyl-
prednisolone succinate has been proposed earlier [2, 44-46]
but is no longer recommended [47] due to the increased risk
of adverse side effects and no improved neurologic deficits
[4,  11,  44,  48,  49].  However,  much  of  the  literature  and
work  to  date  has  examined  the  use  of  steroids  as  potent
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acute inhibitors of inflammation. In rat studies, the subdural
infusion  of  dexamethasone  sustained  for  a  period  of  1-2
weeks  [7,  8]  allowed  for  an  effective  inhibition  of
macrophage infiltration in the COI interpreted as neuropro-
tective effect, but of a too short a duration to eliminate the
myelin-rich  debris  and  inflammation  from  the  COI  [8].
Since the dose of dexamethasone required to achieve inhibi-
tion was unduly toxic to rats [7, 11] and a much more pro-
tracted subdural infusion was required than 2 weeks [8], nov-
el, powerful anti-inflammatory drugs of low toxicity are re-
quired for the inhibition and elimination of the destructive in-
flammation in the COI. Given the above considerations, con-
troversial  current  treatment,  recommended  by  the  North
American Spinal Cord Injury Study (NASCIS) for the SCI
patients;  an  intravenous  bolus  of  30  mg/kg  body  weight
methylprednisolone succinate over 1 hour followed by the in-
travenous dose of 5.4 mg/kg b.w./hour for 23-47 hours [2]
does not address the pathogenesis of the SCI [6] and is con-
sidered not effective.

Histologic observation of the limiting effect of infused
dexamethasone  on  the  astrocytic  hypertrophy  around  the
COI [7] may suggest that beneficial effects integrated by as-
trocytes including their potential anti-inflammatory and an-
ti-edema activities may negatively be affected by this power-
ful synthetic steroid and point to the need of better, anti-in-
flammatory compounds not inhibitory to astrogliosis.

1.4. Arachnoiditis and Formation of the Syrinx
Previous theories indicating the formation of the syrinx

as the result of changes in the movement of the CSF in the
subdural space caused by arachnoiditis with a localized in-
crease  of  hydrostatic  pressure  [43,  50,  51]  cannot  be  dis-
counted at this time. Arachnoiditis is an inflammatory pro-
cess where macrophages, fibroblasts and capillary blood ves-
sels originate from the subarachnoid space and invade a su-
perficial site of the spinal cord trauma as opposed to deep
trauma converted into the COI [6]. Arachnoiditis is essential-
ly  granulomatous  inflammatory  response  devoid  of  glial
cells that obliterate the traumatized area with the loss of the
spinal  cord tissue and expands against  the  adjoined spinal
cord that counteracts by mounting an astroglial reaction that
progresses  to  form  a  wall  of  numerous  hypertrophied
GFAP-positive  processes,  similar  to  that  surrounding  the
COI [6].  Ultimately arachnoiditis  becomes a collagen-rich
scar, not a glial scar, that is excluded from the spinal cord
and is walled off from it by astrogliosis. Formation of arach-
noiditis may lead to changes in the flow pattern of the CSF
in  the  subdural  space  and  to  the  creation  of  localized  in-
crease  in  hydrostatic  pressure  previously  proposed  as  the
mechanisms leading to the formation of the syrinx [55]. The
increase  in  the  hydrostatic  pressure  however,  implies  me-
chanical damage to the spinal cord which then may lead to
necrosis, hemorrhage and edema in surrounding tissue, not
unlike in trauma initiating the formation of the COI deep in
the spinal cord or of arachnoiditis on its surface [6].

2.  MECHANISMS  INVOLVED  IN  THE  REMOVAL
OF EDEMA IN THE SPINAL CORD INJURY

2.1. CNS Edema
Edema formation following trauma to the CNS poses an

acute and serious medical problem for intensive therapists.
A large volume of trauma can result in remarkable swelling
of the brain and consequently, to the increase in the intracra-
nial  pressure,  cerebellar  herniation  and  death  [12,  56-59].
Edema develops acutely after the SCI; its severity is depen-
dent on the volume of damaged tissue and is considered di-
rectly related to the severity of neurologic deficits [60-62].
Treatment of CNS edema involves the intravenous adminis-
tration of 20% mannitol, a hyperosmotic solute that has been
used to treat the CNS in the last >100 years. A frequent oc-
currence of hyponatremia, <135 mMol liter-1 in a TBI patien-
t’s serum [63, 64] requires complex fluid and Na+ manage-
ment by intensive therapists involving intravenous adminis-
tration of hyperosmotic saline (1.8 or 3%) to elevate the Na+

content in the blood circulation and in the brain. It needs to
be pointed out  however,  that  the  current  treatments  of  the
CNS edema address  the  flow of  solutes  and  water  via  the
BBB and do not address the flow of water via the pia termi-
nalis externa to the cerebrospinal fluid (CSF) in the subarach-
noid  space  and via  pia  terminalis  interna  into  the  cerebral
ventricles and central canal (discussed below). The current
understanding  of  the  mechanisms  involving  AQP4  in  as-
trogliosis potentially leading to a progressively greater out-
flow  of  fluid  from  the  edematous  CNS  needs  to  be  ad-
dressed in the development of novel therapies of the CNS
edema following a traumatic injury and subsequent inflam-
mation.

A substantial body of recent research on the role of bidi-
rectional water channels, AQPs in the water management in
the brain [13, 69, 65] and the spinal cord [70] allows for a
better understanding of mechanisms that are involved in the
removal of the edema fluid from the CNS [71, 72] and may
offer new directions for improved pharmacological manage-
ment of spinal cord edema [73-75].

2.2. Role of Aquaporins in Removal of CNS Edema
Aquaporins conduct a passive bidirectional movement of

water into and out of the cells. Pioneering studies of aqua-
porins by Agre et al. resulted in a Nobel Price in Chemistry
in 2003. In the CNS, AQP4 has been the most studied water
channel [22, 24, 71, 72, 76-78]. In the intact CNS, it is ex-
pressed on end feet of astrocytes particularly at the wall of
capillary  blood  vessels,  at  the  glia  limitans  externa  facing
the CSF of the subarachnoid space, and at the glia limitans
interna facing the ependyma of the cerebral ventricles and
the central canal in the spinal cord [13, 18, 20, 22]. This spe-
cific distribution of AQP4 has been interpreted as the mech-
anism of water movement out of the CNS via the 3 main ex-
its with particular concentration of AQP4 channels [24]. A
systematic study on mechanisms behind the elimination of
the acute cerebral edema in cats revealed that 87% of edema
fluid was eliminated into the CSF via glia limitans externa
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and interna, and only 11% into the blood stream [12] in sup-
port  of  the  thesis  by Klatzo [79]  that  most  of  the  cerebral
edema fluid is evacuated through the glia limitans into the
CSF of the subarachnoid space and of  the cerebral  ventri-
cles. The hyperosmotic treatments of cerebral edema with in-
travenous  mannitol,  hyperosmotic  NaCl  and diuretics  [63,
64] address the removal of edema fluid via the blood-brain
barrier (BBB) and intravascular blood. However, this offers
limited  clinical  benefits  pointing  to  the  need  of  utilizing
other,  apparently  greater  avenues  of  elimination  of  edema
fluid; via the astrocytic end feet forming glia limitans exter-
na and interna.

The classic work by Klatzo [79] introduced 2 main types
of cerebral edema; (I) cytotoxic edema, not actually involv-
ing  a  toxic  etiology  but  indicating  the  lack  of  damage  to
BBB  and  swelling  of  astrocytic  processes  in  acute  water
overload [57], and (II) vasogenic edema where BBB is dam-
aged due to a pathologic event such as an actively growing
tumor mass, trauma and infection [80]. The critical role of
AQP4 in the formation and elimination of  cerebral  edema
was clearly demonstrated in transgenic mice lacking AQP4
[81, 82] who were resistant to the formation of cytotoxic ede-
ma  [82,  83]  but  also  unable  to  efficiently  eliminate  vaso-
genic edema in comparison to wild type mice [83]. Enhance-
ment of the expression of AQP4 channels has been proposed
as a therapeutic strategy to faster eliminate edema fluid fol-
lowing SCI [25, 83-85]. The CNS edema invariably initiates
two related events; astrogliosis and remarkable change in ex-
pression of AQP4 that appears to be biphasic; the initial dec-
line in AQP4 is followed by remarkable increase of this wa-
ter channel after 2 weeks [18, 19] when much edema fluid is
eliminated  as  indicated  by  systematic  studies  using  direct
measurement  of  water  content  in  the  tissue  [25]  or  T2-
weighed MR imaging in live animal models [25, 62] or pa-
tients [60, 63]. Astrogliosis involves migration of astrocytes
towards the site of injury, a process mediated by AQP4 and
remarkably slowed in the absence of this water channel [86,
87]. Astrogliosis with enhanced expression of AQP4 in the
tissue around 1-2 year old syrinxes in the human spinal cord
was reported [70] indicating that the processes involved in
the  formation  of  the  COI  and  related  involvement  of  as-
trogliosis and hyperplasia of AQP4 studied in rodents may
be relevant to the neuropathology of the human SCI. Studies
of the old rat SCI lesions established that the severity of as-
trogliosis and remarkable hyperplasia of AQP4 persisted for
over  11  months  indicating  that  this  change  is  irreversible
[25]. Although it is now clear that the formation of the COI
following the SCI involves severe inflammation in the cavi-
ty and widespread vasogenic edema in the surrounding spi-
nal cord [6] and the subdural infusion of anti-inflammatory
compounds inhibited the inflammation [8.9.11], the effect of
inhibition of inflammation in the COI on the vasogenic ede-
ma remains unknown. It is however, anticipated that the inhi-
bition  and  elimination  of  the  inflammatory  process  in  the
COI would likely translate into inhibition of the vasogenic
effect followed by rapid removal of CNS edema by reactive
astrocytes.

AQP1  is  expressed  on  the  ependymal  cells  of  the
choroid plexus and it plays an important role in the secretion

of the CSF [17, 19] since mice lacking this aquaporin have
diminished production of the CSF by 25% [21]. The role of
AQP1 in the CNS tissue reaction to edema has been postulat-
ed due to the increase of the expression of either aquaporin
in the antibody-stained sections, increase in the expression
of the protein on Western blots or the elevation of the specif-
ic mRNA [19] implicated in the formation of cavities post-S-
CI [19],  however,  the  role  of  AQP1 in  the  removal  of  the
edema fluid remains unclear.

AQP9 is an aquaglyceroporin permeable to water as well
as to small molecules including glycerol, urea and lactate, ex-
pressed on astrocytes and on certain populations of neurons
in the brain stem [13, 16]. In the intact brain of the mouse
and the rat,  the AQP9 is expressed in astrocytic processes
forming the glia limitans externa and the glia limitans inter-
na [15, 16]. The levels of AQP9 are remarkably increased in
hypertrophied  astrocytes  surrounding  infarct  lesions  [15]
suggesting involvement of this aquaporin in the water move-
ment in cerebral edema, a possibility that still requires specif-
ic experimental determination in the SCI.

2.3. The Role of Astrogliosis and of the Cavity of Injury
in Removal of CNS Edema

Although the direct association of astrogliosis with ele-
vated AQP4 expression has been documented in models of
brain and spinal cord edema [18], the role of astrogliosis as
the cellular mechanism of the tissue response in neuropathol-
ogy remains unclear. Astrocytes are the most numerous cells
in the CNS and fulfill a very complex and demanding role of
maintaining homeostasis. In the intact CNS astrocytes estab-
lish  local,  non-overlapping  control  units  that  regulate  the
function of synapses, maintain physiologic levels of gluta-
mate and K+ as well as physiologic pH [88-92]. Positioned
between neurons and the blood vessels, astrocytes maintain
the blood-brain barrier or blood-spinal cord barrier and regu-
late the blood flow according to the demands of changing ac-
tivity in a given area of the CNS [91-93]. Astrocytes are in-
terconnected via gap junctions rich in connexins, particular-
ly Cx43 [94, 95] effectively involved in formation of region-
al syncytial networks suitable for the dissipation of locally
high concentrations of neurotransmitters and of ions by pass-
ing them as well as other small active molecules to adjacent
astrocytes thus lowering the interstitial concentration of an
active factor [94, 95].

Astrogliosis is a CNS tissue reaction to injury that is de-
signed to lead to the restoration of homeostasis in the sur-
rounding, non-injured tissue [23, 32]. A massive tissue dam-
age  in  the  SCI  leads  to  remarkable  glial  cell  proliferation
around the site of injury leading primarily to the generation
of astrocytes [6, 96-98] that tend to migrate towards the site
of injury [86, 87] where they participate in formation of the
wall of the COI [6, 23, 32]. Following the SCI, vasogenic
edema is efficiently removed from the interstitial space by
the  astrocytic  syncytium  [92]  that  leads  to  transiently
swollen astrocytic processes [90, 99]. In the CNS edema, as-
trogliosis  with  specifically  increased  expression  of  AQP4
should therefore be considered as an integrative process serv-
ing  to  move  excess  water  out  of  the  brain  and  the  spinal
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cord. This raises a question of whether 3 main paths of wa-
ter removal; via the glia limitans externa to the subarachnoid
space, via the glial limitans interna to cerebral ventricles and
via the parenchymal blood vessels are the only routes for the
elimination of edema fluid? Or is edema fluid also actively
pumped by hypertrophied astrocytes (Fig. 1) equipped with
increased numbers of AQP4 channels into the forming COI
such as in the SCI [6-8, 11, 18, 25]? The remarkable intensi-
ty  of  astrocytic  hypertrophy  that  is  particularly  evident
around the COI constantly increases during 16 weeks post-S-
CI [6], and the elevated expression of AQP4 around the cavi-
ty is evident by 2-3 weeks post-SCI with the concurrent dec-
line in the edema in the surrounding spinal cord [9, 10, 18,
25] providing a morphologic support for this concept. Fur-
thermore, a direct connection of the COI with the subdural
space  of  the  injured  spinal  cord  [7]  may  allow the  excess
fluid to escape from the cavity without a build-up of hydro-
static pressure considered damaging to the surrounding tis-
sue (Fig. 2). It needs to be noted that the connection with the
subdural space could allow for the inflow of the CSF into
the COI as demonstrated in subdural infusion of dexametha-
sone, Serp-1 and M-T7 resulting in an anti-inflammatory ef-
fect in the cavity [7, 8, 11]. Although the source of water in
the forming COI can be from subarachnoid space, it is the
possibility of edema fluid being pumped into the COI (Fig.
2) that has important medical implications and needs to be
studied further. In a large brain, such as in a human patient,
a closed, non-communicating cavity resulting from TBI or
stroke may often form deep in the tissue with a potential for
the hydrostatic pressure to build up. This potential clinico-
pathological  problem will  have  to  be  first  addressed,  con-
firmed and then, if present, treated perhaps by the creation
of an artificial outflow from the cavity to the subarachnoid
space or extra-cranially which should have a therapeutic ef-
fect on the outcome of cerebral edema. This hypothesis and
the understanding of the function and distribution of the wa-
ter channels in the brain and in the spinal cord may indicate
a direction of novel therapeutic management of cerebral and
spinal cord edema. Since astrogliosis appears to play central
role in the removal of edema in the SCI, experiments lead-
ing to the enhancement of astrogliosis [23] should address a
novel therapeutic approach; the enhancement of the spinal
cord  tissue  reaction  designed  to  accelerate  the  removal  of
edema fluid. A more immediate pharmacological approach
to eliminating edema may be the use of anti-inflammatories
to inhibit [7, 9, 11] and eliminate [100] inflammation from
the COI and thus inhibit vasogenic edema. The breakdown
of the BSCB or of the BBB due to severe inflammation fol-
lowing the initial traumatic event [6] is a complex process in-
volving  proteolytic  cleavage  of  the  endothelial  tight  junc-
tions  and  breakdown of  the  capillary  basement  membrane
[101] leading to an uncontrolled leakage of fluid and solutes
to the perivascular CNS parenchyma [102, 103]. Metallopro-
teinases, particularly MMP-9, activated by thrombin generat-
ed during the thrombotic/thrombolytic cascade, have been re-
ported to be active in disrupting the BBB [102, 103]. The re-
lated vasogenic edema is further complicated by the activa-
tion  of  microglia  and  the  release  of  pro-inflammatory  cy-
tokines, including IL-1β and TNF-α [6, 102, 103] and infil-
tration of the perivascular parenchyma by leukocytes [102,

103]. Specific inhibitors of thrombin, tissue plasminogen ac-
tivator  (tPA),  urokinasePA  and  plasmin  such  as  a  vi-
ral-derived Serp-1 or its active fragment have been able to in-
hibit these pro-inflammatory vascular events [104, 105], and
their anti-inflammatory effects have already been studied in
the rat models of SCI [11, 106] but specific vasogenic ede-
ma-inhibiting effects have not been yet addressed.

Although the build-up of astrogliosis in the spinal cord
surrounding the COI (Fig. 1) is evident [6-8, 11] and appar-
ently associated with potent anti-inflammatory activity [5, 6]
its role in potentially counteracting edema related to the in-
flammation in  the  cavity  of  injury has  not  been addressed
(Fig. 2).

Fig.  (1).  Conceptual  mechanisms of  edema elimination from the
spinal cord post-injury. (A higher resolution / colour version of this
figure is available in the electronic copy of the article).

LEGEND: A massive injury to the spinal cord results in
a cavity of injury (COI). It contains necrotic debris, hemor-
rhages, infiltrating macrophages and fluid, and is surrounded
by a wall of astrogliosis (see Fig. 2) and by edematous spi-
nal cord. As the severity of astrogliosis increases, the edema
fluid is moved with participation of aquaporin-4 channels ex-
pressed by astrocytes (orange and pink) via; glia limitans ex-
terna to the subarachnoid space (1), glia limitans interna, un-
der the ependymal cells lining the central canal (2), and the
blood-spinal cord barrier (3). Given the active formation of
the COI that accumulates water after the injury, we propose
that a large proportion of edema fluid is actively moved into
the COI by reactive astrocytes (pink, 4). The blue vertical ar-
row indicates that there is a direct connection between the
COI and the subarachnoid space, therefore the excess edema
fluid  can  be  moved  from  the  COI  into  the  subarachnoid
space thus alleviating a potential increase in the hydrostatic
pressure in the COI. The flow of the cerebrospinal fluid (CS-
F) from the subarachnoid space into the COI also occurs (5).
Since astrocytes widely interconnect with each other via gap
junctions,  the  excess  water  and  associated  solutes  can  be
moved across the parenchyma via any 4 routes.
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Fig. (2). Reactive astrogliosis involved in the forming cavity of injury following the spinal cord injury. (A higher resolution / colour version
of this figure is available in the electronic copy of the article).

LEGEND: An epidural balloon crush injury with a 3Fo-
garty catheter, of the mid-thoracic spinal cord results in a lo-
calized site of injury (si) obliterating most of the dorsal col-
umn and surrounding areas with hemorrhages and cellular
necrosis indicated by arrowheads.  The astrocytes are scat-
tered in the spinal cord around the site of injury at the day 1
post-spinal cord injury (SCI) (C) but appear oriented and hy-
pertrophied at the day 3 post-SCI (F) which coincides with
the  infiltration  of  the  site  of  injury  by  numerous
macrophages often laden with blue granules of myelin (yel-
low  arrows  in  E).  At  28  days  post-SCI  (G-I)  a  clearly
defined cavity of injury (arrows, COI) contains much clear
fluid with scattered macrophages containing blue granules
of myelin (yellow arrows in H) and is surrounded by a wall
of intense astrogliosis (I) with numerous, markedly hypertro-
phied astrocytes forming a continuous “capsule” around the
COI with their processes (arrows in I).

Luxol  fast  blue  counterstained  with  hematoxylin  and
eosin (LFB+H&E) (A,B,D,E,G,H). IHC stain with primary
anti-GFAP antibody (DAKO kit) - (C,F,I). Size bars: 1 mm
(A,D,G), 50 μm (B,C,E,F,H,I).

Although the sub-dural infusion of dexamethasone, Ser-
p-1 or M-T7 resulted in an anti-inflammatory effect of inhibi-
tion of macrophage infiltration of the COI [7, 8, 11] the ef-
fect  of  these  treatments  on  edema  in  the  spinal  cord  sur-
rounding the COI has not been addressed. Dexamethasone
appears to have an inhibitory effect on astroglial hypertro-
phy [7] but Serp-1 and M-T7 do not [11]. It is also evident
that successful inhibitory treatment of the severe, destructive
inflammation in the COI will require an infusion of effective
doses well beyond 1-2 weeks [6-8, 11], not likely achievable
with high doses of dexamethasone due to its severe toxicity
[7], indicating the need for non-toxic compounds with pow-
erful anti-inflammatory activity with the ability to also inhib-
it inflammatory edema following the SCI and also, follow-
ing brain trauma and stroke. Serp-1 and M-T7 infused subdu-
rally fulfill this requirement and recently completed study de-
termined that constant infusion of Serp-1 at 0.2 mg/week for
8  weeks  [100]  resulted  in  lowering  the  numbers  of
macrophages in the COI to levels seen in untreated SCI until
16 weeks post-SCI [6] indicating a neuroprotective therapeu-
tic  effect.  Whether  inhibition  of  inflammation  in  the  COI
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will result  in inhibition of vascular damage and accelerate
the  evacuation  of  vasogenic  edema  remains  an  important
question.
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