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ORIGINAL ARTICLE

Fluid flow in an animal model
of post-traumatic syringomyelia

Abstract More than a quarter of pa-
tients with spinal cord injury develop
syringomyelia, often with progres-
sive neurological deficit. Treatment
options remain limited and long-term
failure rates are high. The current
poor understanding is impeding de-
velopment of improved therapies.
The source and route of fluid flow
into syringes has been investigated
using cerebrospinal fluid (CSF) trac-
ers. Previous work using a model of
canalicular syringomyelia has shown
that fluid enters the dilated central
canal from perivascular spaces. The
aim of this study was to determine
the source and route of fluid flow in
an animal model of extracanalicular
(post-traumatic) syringomyelia. A
model of post-traumatic syringomyelia
was established in 25 Sprague-Dawley
rats with intraparenchymal injections
of quisqualic acid and kaolin-induced
arachnoiditis. Rats survived for

6 weeks before injection of the CSF
tracer horseradish peroxidase into the
cisterna magna. Examination of the
spatial distribution of horseradish
peroxidase at 0, 3, 5, 10, or 20 min

after injection was used to determine
the route of fluid flow. Horseradish
peroxidase rapidly spread to the ven-
tromedian fissure, perivascular spaces,
central canal, and extracanalicular
syrinx. Flow occurred into the syrinx
prior to significant perivascular flow
in the rostral spinal cord. Preferential
flow into the syrinx occurred from
the perivascular spaces of the central
penetrating branches of the anterior
spinal artery in the grey matter.
Transparenchymal flow into the syr-
inx was less prominent than perivas-
cular flow. This is the first report

of fluid flow within the spinal cord
in a model of post-traumatic sy-
ringomyelia. Fluid from perivascular
spaces moves preferentially into ex-
tracanalicular syringes and the sur-
rounding parenchyma. Obstruction to
CSF flow and loss of compliance
from traumatic arachnoiditis might
potentiate fluid flow in the perivas-
cular space.

Keywords Syringomyelia - Animal
model - Post-traumatic - Fluid flow -
Perivascular space

Introduction

Up to 28% of patients will develop a syrinx after spinal
cord injury, and follow-up studies demonstrate that fewer
than half will improve following treatment [2, 4, 17, 19,
27, 32, 33, 36, 42]. Development of more effective treat-
ment is unlikely without a better understanding of the un-

derlying aetiology. Most theories of the actiology of sy-
ringomyelia have concentrated on the canalicular type as-
sociated with Chiari malformations [3, 11, 14, 25, 40, 44].
To date there have been no adequate explanations of the
hydrodynamic forces that produce post-traumatic extra-
canalicular syringes.

Spinal cord injury can produce a non-communicating
extracanalicular syrinx at the site of injury up to 34 years
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after the injury [2, 21, 31, 34]. There is often a release of
excitotoxic amino acids at the site and time of injury, fol-
lowed at a later stage by the development of subarachnoid
adhesive arachnoiditis [10, 17, 20, 26, 37]. An experi-
mental animal model has been developed that combines
excitotoxic amino acid injections with localized arach-
noiditis to produce extracanalicular syringes [5, 47, 49].

The aim of the current study was to determine the route
of fluid flow into extracanalicular syringes in this new
model.

Materials and methods

Following ethical approval from the animal care and ethics com-
mittee of the University of New South Wales, 25 Sprague Dawley
rats weighing 307488 g were obtained for the study. Cerebrospinal
fluid (CSF) flow was examined in each animal 6 weeks after a syr-
inx induction procedure.

Syrinx induction

The experimental procedures have been described in detail previ-
ously [39, 47]. All procedures were performed in a sterile field un-
der general anaesthetic. Anaesthesia was induced with 4% isoflu-
rane in oxygen and followed with 2.5% isoflurane maintenance,
increased if required to maintain an adequate level of anaesthesia.
The rats were placed prone, self-ventilating through a nose cone,
and the skin was shaved and prepared with povidine-iodine. Local
anaesthetic (0.15 ml of 0.5% bupivicaine) was infiltrated into the
skin. A T1-C6 laminectomy was performed. The dura was opened
and the pia punctured. A glass needle tipped (outside diameter
50 um) 5 pl syringe (SGE, Australia) held in a stereotactic micro-
manipulator was used to infiltrate four 0.5-ul injections of 24 mg/ml
quisqualic acid and 1% Evans blue. Evans blue allowed any leak-
age of the quisqualic acid to be identified and corrected. The in-
jections were positioned along the line of entry of the right dorsal
nerve rootlets between the rostral C7 rootlets and the caudal C8
rootlets. Ten microlitres of 250 mg/ml kaolin were then injected
into the subarachnoid space to produce arachnoiditis. All animals
were allowed to recover with appropriate analgesia, and free ac-
cess to food and water. Any excessive weight loss, limb weakness,
or signs of over self-grooming were recorded.

CSF tracer studies

After 6 weeks, the animals were reanaesthetised, and the posterior
atlanto-occipital membrane was exposed. A sharpened needle on a
10 pl syringe (SGE) was carefully passed through the atlanto-oc-
cipital membrane into the subarachnoid space without loss of CSF.
Ten microlitres of 3% horseradish peroxidase (HRP; Zymed Labo-
ratories) in 0.9% sterile saline was injected into the CSF at 2 ul/min
for 5 min. The needle was left in place until fixation to prevent
leakage. After 0, 3, 5, 10, or 20 min following the end of the HRP
injection, the animals were rapidly perfused by intracardiac injection
of 5000 IU heparin in 2 ml saline followed by 500 ml of 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4) over 15 min. (In
two animals a more rapid injection was used (4 pl/min over 2.5 min),
and these were perfused immediately thereafter).

Processing

The spinal column and skull were dissected out and post-fixed in
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) over-

night. The dura was dissected off the cord, and vibratome sections
were taken from cerebral cortex, C2, L2, and serially from C4-T4
for CSF tracer analysis. Paraffin embedded sections from C3, L3
and segments adjacent to or containing a syrinx were also taken for
morphological study.

HRP analysis commenced with transverse or sagittal sections
of 50 um cut from each block using a vibratome and floated onto
a water bath containing 0.1 M Tris buffer (pH 7.6). Sections were
mounted on 3-amino propyl-triethoxy-silane (APT) coated slides,
blotted dry, and left to air dry for at least 4 h.

The sections were rinsed for 15 s in distilled water, and then in-
cubated for 20 min in 0.01 M sodium acetate buffer (pH 3.3) con-
taining 0.005% 3,3°,5,5” tetramethylbenzidine (TMB; Lancaster
Synthesis Ltd, UK) and 0.1% sodium nitroferricyanide (III) dihy-
drate (Lancaster Synthesis Ltd). The sections were incubated for a
further 20 min following the addition of 30 ul of hydrogen perox-
ide for a final concentration of 0.01%. After washing in 0.01 M so-
dium acetate buffer (pH 3.3), the slides were transferred to 5%
ammonium molybdate (IV) tetrahydrate (Lancaster Synthesis Ltd)
in 0.01 M sodium acetate buffer to stabilise the reaction product.
Finally, the slides were washed in 0.01 M sodium acetate buffer
for 30 s, followed by gradient ethanol baths, xylene and then cov-
erslipped.

Blocks for paraffin embedding were processed using gradient
ethanol baths, xylene, and then paraffin. Sections were stained with
haematoxylin and eosin for histological comparison to the corre-
sponding HRP-stained spinal cord sections.

Results

All animals developed a noncommunicating extracanalic-
ular syrinx that ranged from one to four segments in length
(mean 2.3+SD 0.9 segments). The syringes were situated in
the right lateral grey matter, except for two animals where
bilateral changes were evident. There was significant neu-
ronal loss at the site of quisqualic acid microinjection, and
the syringes were surrounded by gliosis and inflammatory
infiltrate. Because the dura was removed to aid section-
ing, arachnoiditis was only visible where intact arachnoid
remained. One animal was excluded from the study, as it
did not survive beyond 24 h of the initial procedure.
HRP staining was evident in the syringes in some ani-
mals at each time point, suggesting rapid movement of
fluid throughout the spine. The ventromedian fissure was
stained in 21 of 24 animals (88%) at all levels or at any
level where the perivascular space of the central branches
of the anterior spinal artery, central canal, or the syrinx
was stained. The ventromedian fissure and peripheral
parts of the perivascular space of the penetrating branches
of the anterior and posterior spinal arteries were heavily
stained in caudal parts of the spinal cord. There was evi-
dence of tracer between the perivascular space of the cen-
tral branches of the anterior spinal artery and the central
canal in 16 of 24 animals (67%) (Fig. 1). The central canal
at adjacent levels had tracer present, without staining of
all the adjacent perivascular spaces of the central branches
of the anterior spinal artery. Although the penetrating
branches of the anterior and posterior spinal arteries were
stained in most sections, these branches ended in the white
matter and seldom demonstrated tracer between them and
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Fig.1 Tetramethylbenzadine (TMB) stained sections from a sin-
gle animal fixed immediately after an injection of horseradish per-
oxidase (HRP) into the cisterna magna. The central canal (*) is up-
permost, whilst the ventromedian fissure lies inferiorly. At C4,
cerebrospinal fluid (CSF) tracer is present in the perivascular
space, central canal, and intervening parenchyma, whilst at C7 the
central canal is spared, and at L3 only the ventromedian fissure is
stained. This is interpreted as indicating progressive fluid flow
down the ventromedian fissure, perivascular space, and into the cen-
tral canal (bar = 100 um)

Fig.2 TMB stained sections indicat-
ing CSF tracer in the perivascular
space of the central branches of the
anterior spinal artery, central canal
(¥), syrinx (S), and intervening
parenchyma (A, B, C). Some animals
demonstrated tracer between the syr-
inx and the subarachnoid space along
the dorsal horn (D). The conclusion
reached was that most flow into the
syrinx arises from the central perivas-
cular space, and that transparenchymal
flow may be outflow (bar = 100 pm)

the central grey matter. The central canal was dilated in
only one animal. Perivascular space dilatation occurred in
only one animal. Diffuse pale neuronal background stain-
ing was observed in a number of animals.

In seven animals, the syrinx was not stained, and four
of these had been fixed immediately after HRP infusion.
HRP was present between the central branches of the an-
terior spinal artery and the syrinx in 14 of the remaining
17 animals (82%) (Fig.2). There was little evidence of
staining between the peripheral penetrating branches of
the anterior and posterior spinal arteries and the syrinx
cavity, unless the syrinx was large or peripheral. Tracer
was present between the subarachnoid space and the syr-
inx in nine animals (53%) (Fig.2). Nine animals had
heavily stained perivascular space, parenchyma and syr-
inx compared to much lighter staining at the levels above
(Fig.3). Longitudinal sectioning of syringes revealed dif-
fuse distribution of tracer proximal and distal to the cav-
ity. By 20 min, significant transpial staining (=200 pm)
had occurred, and some cortical neurones and axons were
labelled.

Discussion

Syringomyelia may be classified pathologically into com-
municating central canal syringes, non-communicating
central canal syringes and extracanalicular syringes [21].
Post-traumatic and arachnoid adhesion-related syringes
are extracanalicular, do not communicate with the central
canal, and are lined by gliosis rather than a complete or
discontinuous ependymal lining [21, 23]. This contrasts
with the Chiari-associated canalicular syringes and sug-
gests a different underlying aetiology.
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Fig.3 Sections fixed 20 min after an
infusion of HRP at the cisterna magna
and stained with TMB. There is much
less reaction product at C5 (A) than at
the level of the syrinx (C8, B), sug-
gesting preferential flow into the cord
at this level (asterisk central canal,

S syrinx, bar = 100 pm)

Animal model

The excitotoxic animal model of post-traumatic syringo-
myelia mimics the chemical effects of trauma to the cord.
Other models rely on the weight drop method of injury, or
direct fluid injection to produce an extracanalicular syrinx
in a limited number of animals [1, 8, 13, 41, 46]. Excito-
toxic amino acids are released at the time of cord injury
[20, 26, 37]. Microinjection of quisqualic acid (QA) [an
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) metabotropic receptor agonist and excito-
toxic amino acid] into the spinal cord grey matter in rats
produces selective neuronal death, inflammation and the
development of a noncommunicating extracanalicular
cavity [28, 35, 49]. Combination of intraparenchymal QA
with a local injection of subarachnoid kaolin to promote
arachnoiditis produces significantly longer and wider sy-
ringes than does QA or kaolin alone [47]. Refinement of
the experimental techniques has produced a reliable model
of posttraumatic syringomyelia that histologically mimics
the human disease [5]. The excitotoxic amino acid animal
model used in this experiment mimics the distinct histo-
pathology of post-traumatic syringomyelia.

Spinal fluid flow

The route of fluid flow into post-traumatic syringes is un-
known. Investigating the route of fluid flow into syringes
has proved difficult. Post-mortem injection of ink into the
cisterna magna stains perivascular spaces, and tracers in-
jected into syringes reach the cisterna magna, suggesting
a pathway between the fluid spaces [3]. Myelography
demonstrates inflow into a syrinx within 6 h [16]. Radio-
labelled albumin moves from the cortex or cerebral sub-
arachnoid space into the perivascular spaces more rapidly
and crosses the pial membrane [7, 15].

Investigations of CSF flow require a fluid tracer; how-
ever, the ideal CSF tracer does not exist. HRP has a num-
ber of advantages over other tracers. It is a glycoprotein,

MW 44 kDa, that is small enough to pass with CSF
through normal fluid channels, is large enough not to dif-
fuse, is sensitively labelled with tetramethylbenzadine,
and as a protein is anchored in-situ on fixation. In rats,
HRP moves within 10 min from the cisterna magna to the
perivascular spaces of spinal arteries and on into the cen-
tral canal [29, 30, 38]. In an animal model of canalicular
syringomyelia, HRP moved rapidly into the enlarged cen-
tral canal in spite of histological evidence of increased
pressure [39]. The observed spread of HRP following
injection is not due to simple diffusion or as a post-
mortem artefact, but is a representation of bulk flow [15,
30, 38].

Examination of the temporal and spatial characteristics
of HRP in the spinal cord after microinjection provides
evidence for the route of fluid flow. HRP takes time to pass
down the spinal subarachnoid space, reaching the conus
medullaris last. The pattern of staining in caudal parts of
the cord indicated that the ventromedian fissure and PVS
of branches of the anterior and posterior spinal arteries
were the initial entry points of fluid flow into the cord. We
have demonstrated HRP staining of syringes and perivas-
cular spaces in animals fixed rapidly following an HRP
injection over 2.5 min. Although the use of tetramethyl-
benzadine has been criticised as being too sensitive, it does
demonstrate that some fluid movement exists, and allows
simple conclusions concerning fluid flow to be made [15].
The density of reaction product in these experiments is as-
sumed to be proportional to the rate and amount of fluid
flowing into the spinal cord from the subarachnoid space.
In addition to the density of reaction product, the number
of perivascular spaces stained is indicative of the extent of
flow into the cord.

The progressive staining of the ventromedian fissure,
followed by the PVS of the central branches of the ante-
rior spinal artery and central canal, suggests progressive
flow of fluid down these anterior spinal artery branches as
they pass through the ventromedian fissure and on through
the cord parenchyma adjacent to the central canal and then
into the central canal (Fig.4). Fluid may run along the
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Fig.4 Haematoxylin and eosin
stained section indicating the pro-
posed routes of fluid into the spinal
cord and syrinx (S). Fluid flows along
all the perivascular spaces into the
cord, but the main contribution to the
central grey matter, central canal (*),
and syrinx arises from the central
branches of the anterior spinal artery.
Transparenchymal flow may be out of
the syrinx (?)

central canal for a number of segments. Concomitant in-
flow of CSF into penetrating branches of the anterior and
posterior spinal arteries, as opposed to transpial flow, sug-
gests that the perivascular space of all vessels is the pref-
erential route of fluid flow into the cord. As fluid flow into
the cord appears substantial, a continuous circulation of
fluid must exist in the spinal cord between the interstitial,
perivascular, and subarachnoid fluid spaces. Fluid returning
to the subarachnoid space may do so via venous perivascu-
lar spaces, but this cannot be confirmed by the current study.

The results of the current study suggest that a continu-
ous flow of CSF occurs down all perivascular spaces into
the spinal cord. When a syrinx is present, fluid enters the
cavity from the nearest PVS. The central branches of the
anterior spinal artery are often the closest vessels to the
syrinx, have the largest diameter, and supply the majority
of blood to the central grey matter [18]. The role of these
perivascular spaces as the major route of fluid influx into
the syrinx is therefore not surprising (Fig.4). The evi-
dence for direct transparenchymal flow, although present,
was less compelling.

Why should fluid flow into the cord preferentially at
the level of a syrinx? It is unlikely that an intrinsic cord
abnormality sucks fluid in when operative evidence in hu-
mans suggests that the syrinx is under higher pressure
than the surrounding subarachnoid space [9, 24]. A change
in the subarachnoid space compliance induced by arach-
noiditis or any local deformity might potentiate perivascu-
lar fluid flow by reducing access to the expansile lumbar
cistern or increasing the fluid propagation effects of local
spinal arteries. Mathematical modelling suggests that a
pressure wave travelling down the spinal subarachnoid
space on reaching an obstruction would rebound into the
cord [6]. This elastic jump might work to feed more fluid
into a local arterial pumping mechanism. Transparenchymal
flow could simply be fluid egress from the syrinx along a
route of low resistance.

Syrinx aetiology

The mechanisms of syrinx formation, and route and source
of fluid flow following trauma remain unknown. Previous
hydrodynamic theories proposed that fluid flowed down
the central canal due to arterial or respiratory pressure dif-
ferentials, followed by rostral canal obstruction leading to
a non-communicating syrinx [11, 12, 43]. The theories are
difficult to reconcile with the findings that the central
canal is largely obstructed in humans by the age of 30, and
that there is a clear histological distinction between the cen-
tral canal and the syrinx cavity in post-traumatic syringo-
myelia [21, 22, 23, 48]. Haematoma formation at the time
of injury has been suggested as creating an initial cavity,
with subsequent respiratory pressure differentials on the
external cord inducing fluid movement within the cavity,
dissecting the cord and propagating the syrinx [45]. There
is no experimental or observational evidence to confirm
that this induced fluid movement within the cord is pow-
erful enough to cause syrinx enlargement [17]. There is
evidence for arterial pulsation-driven perivascular flow as
the mechanism of syrinx enlargement in the canalicular
type of syringomyelia [39]. The current findings support a
similar mechanism for extracanalicular syringes.

Future investigations

Mathematical and biomechanical modelling may con-
tribute to our understanding of spinal fluid flow. The ef-
fects of surgical treatments on the route and amount of
fluid flow in animal models will provide valuable insights
into the underlying mechanisms. Although genetic engi-
neering and stem cell implants may have a therapeutic
role in the future, their current uses are limited by our lack
of knowledge of the underlying mechanism of syrinx for-
mation.
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Conclusions

Investigations in the excitotoxic amino acid model of
post-traumatic syringomyelia demonstrated fluid flow from
the spinal subarachnoid space into the perivascular spaces

entially at the level of the syrinx, suggesting that a change
in subarachnoid space compliance potentiates a local arte-

of mainly the central branches of the anterior spinal artery —ment options.
and into the central canal or syrinx. Fluid flowed prefer-

rial-driven perivascular flow. Improved understanding of
the mechanism of post-traumatic syringomyelia hopefully
will lead to the development of new and improved treat-
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