
ORIGINAL ARTICLE

Rat model of spinal cord injury preserving dura mater integrity
and allowing measurements of cerebrospinal fluid pressure
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Abstract

Purposes Cerebrospinal fluid (CSF) pressure elevation

may worsen spinal cord ischaemia after spinal cord injury

(SCI). We developed a rat model to investigate relation-

ships between CSF pressure and spinal cord blood flow

(SCBF).

Methods Male Wistar rats had SCI induced at Th10

(n = 7) or a sham operation (n = 10). SCBF was measured

using laser-Doppler and CSF pressure via a sacral catheter.

Dural integrity was assessed using subdural methylene-

blue injection (n = 5) and myelography (n = 5).

Results The SCI group had significantly lower SCBF

(p \ 0.0001) and higher CSF pressure (p \ 0.0001) values

compared to the sham-operated group. Sixty minutes after

SCI or sham operation, CSF pressure was 8.6 ± 0.4 mmHg

in the SCI group versus 5.5 ± 0.5 mmHg in the sham-

operated group. No dural tears were found after SCI.

Conclusion Our rat model allows SCBF and CSF pres-

sure measurements after induced SCI. After SCI, CSF

pressure significantly increases.

Keywords Spinal cord injury � Regional blood flow �
Spinal cord blood flow � Cerebrospinal fluid pressure �
Ischaemia

Introduction

Spinal cord injury (SCI) compromises the conduction of

sensory and motor impulses between the encephalon and

the peripheral nervous system, causing motor, sensory, and

autonomous impairments below the level of lesion, for

which no treatments have been proven effective [1].

In SCI, the initial parenchymal damage caused directly

by the trauma is the primary injury, which is followed by a

number of biological events, known as the secondary injury

and responsible for an increase in lesion size [2, 3]. Among

these events, ischaemia plays a crucial role [4, 5].

The spinal cord is surrounded by cerebrospinal fluid

(CSF) contained within the subdural space. When the

pressure of the CSF exceeds a critical threshold, a tam-

ponade effect occurs, decreasing the flow of blood and

causing spinal cord ischaemia [6]. Conversely, drainage to
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CHU Bicêtre, Hôpitaux universitaires Paris-Sud, Assistance
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restore normal CSF pressure can improve spinal cord blood

flow (SCBF), as demonstrated in human patients during

aortic cross clamping for aortic aneurysm surgery [7–9].

In a study of 22 patients with SCI, Kwon et al. [10]

found that CSF pressure increased during the decompres-

sive surgery (peak of 21.7 ± 1.5 mmHg) and continued to

increase afterwards in the postoperative period (peak of

30.6 ± 2.3 mmHg), thereby exceeding the physiological

values. An intact dura mater allowing a CSF pressure

increase may be the rule after SCI, as a study of 258 sur-

gical patients with spinal fractures found dural tears in only

20 (7.7 %) patients [11].

If CSF pressure elevation after SCI worsens the spinal

cord ischaemia, then CSF drainage may hold potential

for decreasing the final lesion size, thereby improving

neurological outcomes. An experimental SCI model

allowing simultaneous monitoring of CSF pressure and

SCBF would be a valuable tool for investigating the

relationships between these two variables. Several mod-

els for assessing the effect of SCI on SCBF have been

described [12–15]. Other models characterised by a

decrease in the blood supply to the spinal cord have

been developed to investigate relationships between

SCBF and CSF pressure, but do not involve traumatic

SCI [16–18]. Most of the models developed for assessing

CSF pressure rely on large animals such as dogs and

pigs, whereas rats are the most widely used animals to

investigate SCI [19]. The only small-animal SCI model

designed to allow both CSF pressure and SCBF mea-

surements is a rabbit model that does not include an

evaluation of dural integrity after SCI; in addition, the

absence in this model of baseline (pre-SCI) CSF pressure

measurement precludes an evaluation of SCI effects on

CSF pressure [20].

The objective of the present study was twofold: to

determine whether experimental weight-dropping SCI can

be induced in a rat model without compromising dural

integrity and to develop a protocol for simultaneously

measuring CSF pressure and SCBF after induced SCI.

Materials and methods

All methodologies used in this experimental animal study

were approved by the bioethics committee of the Lari-

boisière School of Medicine (CEEALV/2011-08-01). The

animals were kept in individual quarters in a room with

a 12-h light/dark cycle and free access to food and

water.

In the first part of the study, we have used 20 animals to

measure SCBF and CSF pressure. In the second part of the

study, ten other animals were used to assess the integrity of

the dura after SCI.

Part 1: Surgical preparation and measurements of CSF

pressure and SCBF

A total of 20 male Wistar rats weighing 370–420 g were

used. In ten animals, an experimental SCI was performed

(SCI group), while ten other animals underwent a simple

laminectomy without SCI (sham-operated group).

Thirty minutes after a subcutaneous buprenorphine

injection (0.05 mg/kg), intraperitoneal (IP) sodium pento-

barbital (60 mg/kg) was given for anaesthesia. To maintain

body temperature between 37 and 38 �C, the animal was

placed on a heating blanket connected to a rectal ther-

mometer. A tracheotomy was performed to permit venti-

lation with room air. A cannula inserted into the left carotid

artery was connected to a Truwave Pressure Transducer

PX600 (Edward Lifesciences�, Irvine, CA, USA) to mon-

itor mean arterial blood pressure (MABP). This transducer

had a measurement range of -50 (vacuum) to 300 mmHg, a

sensitivity of 5 lV/V/mmHg ±1 %(±0.4 mmHg), a non-

linearity and hysteresis of ±1.5 % of reading or ±1 mmHg

and a natural frequency [200 Hz. MABP signals were

digitized at 5 kHz and transferred to a Biopac MP30

physiological data-acquisition system (Biopac Systems,

Goletta, CA, USA). The latter was connected to a personal

computer (Microsoft XP, Microsoft, Redmont, WA, USA)

on which the Student Lab Pro� software (Biopac Systems,

Goleta, CA, USA) allowed continuous recording of the

MABP. The carotid catheter was also used to provide

continuous hydration with 0.9 % saline (10 mL/kg/h).

The rat was placed in the prone position, a midline

incision was made, and laminectomy was performed from

the ninth (Th9) to the eleventh (Th11) thoracic vertebra to

expose the dura mater surrounding the spinal cord. A

second laminectomy was performed from the first to the

third sacral vertebra (S1–S3) to expose the dura mater

surrounding the cauda equina. Then, a 24-gauge catheter

surrounding a 25-gauge needle was inserted through the

dura mater into the subdural space (Fig. 1). Afterwards, the

25-gauge needle guiding the catheter was withdrawn while

the catheter was carefully left in the subarachnoidian space,

taking care of avoiding CSF leakage. The lumen of the

catheter was filled with saline to take off any air bubble.

Biological glue composed of bovine serum albumin and

glutaraldehyde (BioGlue�, Gamida, Eaubonne, France)

was used to secure the catheter and to preclude CSF

leakage around the catheter. The subdural catheter was

connected to another Truwave Pressure Transducer PX600

(Edward Lifesciences�, Irvine, CA, USA) which technical

features are described above. CSF pressure signals were

acquired at a sampling rate of 5 kHz and transferred to the

Biopac MP30 described above and also connected to the

Student Lab Pro� software which allowed continuous

recording of the CSF pressure. After catheter insertion,

Eur Spine J (2013) 22:1810–1819 1811

123



we routinely checked that the head-up test was positive,

confirming proper catheter position within the subdural

space (Fig. 1). The test was considered positive when each

head elevation induced a CSF pressure elevation at the

sacral level. Moreover, after positioning the sacral catheter,

the visualisation of CSF pressure pulsations was considered

an indicator of proper positioning in the subarachnoidian

space.

A stereotaxic frame was clamped to the spinous pro-

cesses of Th7 and Th13 with the thorax elevated from the

heating blanket to eliminate any influence of respiratory

movements on spine position (Fig. 2). SCBF was measured

using the laser-Doppler technique. This technique uses a

monochromatic laser beam that penetrates the cord

parenchyma and is reflected by the erythrocytes. The same

probe that emits the beam receives the reflected part of

the beam. Two probes (Probe 407 Small Straight Probe

with Miniholders, Wavelength 780 nm, Perimed�, Lyon,

France) were placed at a distance of 4 mm from the trauma

epicentre, one rostrally and the other caudally, for SCBF

measurement in the ischaemic penumbra zone surrounding

the epicenter [4, 21] (Fig. 2). The distance between the

epicenter and the center of each probe was 4 mm. A

micromanipulator was used to position the probes in

contact with the dura mater. To avoid any spinal cord dis-

placements that might affect laser-Doppler measurements,

the probes were secured to the transverse processes of the

underlying vertebraes using light-cured photopolymer resin

(Opaldam�, Ultradent, South Jordan, UT, USA). The data

were recorded continuously using Student Lab Pro� soft-

ware (Biopac Systems).

For each time points and for each parameter (SCBF,

MABP, CSF pressure), we used the Student Lab Pro�

software (Biopac Systems, Goletta, CA, USA) to obtain the

mean value of the period starting 30 s before the mea-

surement point and finishing 30 s after. This value was

recorded as the value of the corresponding time point.

At this point, no further manipulations were performed

on the animal for 30 min, to allow stabilisation of the

hemodynamic parameters. The end of this phase was

defined as baseline. In one group of animals (n = 10 ani-

mals), severe SCI was induced 5 min after baseline

(defined as t0) using an apparatus which generated a trauma

equivalent to the drop of a 10-g weight from a height of

10 cm on the cord at Th10. This apparatus was specifically

designed in our own laboratory. The apparatus was com-

posed of three pieces: a cylinder (the ‘‘tube’’) linkable to

the stereotaxic frame, a cylindrical piece (the ‘‘impactor’’)

used to transmit the impact to the spinal cord, a piece

falling into the tube and delivering kinetic energy to the

impactor. The impactor had a diameter of 3 mm, and had a

flat tip that was polished to reduce the risk of inducing a

Fig. 1 Left panel: the SCI was induced at the Th10 level and the

subarachnoidian catheter was inserted at the sacrum level Middle

panel Technique for subdural catheter insertion. The sacrum was first

approached through a dorsal midline incision (a) and laminectomy

was then performed to expose the dural sheath surrounding the cauda

equina (b). A 24-gauge catheter was inserted through the dura mater

(c). Cerebrospinal fluid (CSF) reflux into the catheter is usually

visible. A layer of biological glue was applied to prevent CSF leaks

around the catheter (d). Right panel: To ascertain correct catheter

position within the subdural space, a head-up test was performed. The

test was considered positive when elevation of the animal’s head

induced a CSF pressure peak by increasing the height difference

between the highest (skull) and lowest (sacrum) points of the dural

compartment. Presence of CSF pressure pulsation (‘‘CSF puls.’’)

synchronous with arterial blood pulsations (‘‘Blood puls.’’) was

another indicator of correct position in the subdural space
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penetrating dural tear. A combination of passive magnets

allowed to avoid multiple bounces of the impactor on the

dura mater and, therefore, to ascertain the realisation of

a unique impact on the spinal cord. The apparatus was

recalibrated every ten impacts and the intensity of the

impact remained constant through all the study. The

reproducibility of the injury induced by the apparatus was

previously assessed in another study by measuring the

extent of the parenchymal haemorrhage with an ultrasound

device [22]. Rostral and caudal SCBF, MABP, and CSF

pressure were measured 5 (t5), 10 (t10), 15 (t15), 20 (t20), 30

(t30), 45 (t45), and 60 (t60) minutes after t0. The experiment

ended 60 min after t0 (t60), when each animal was euthan-

ised with a lethal intravenous pentobarbital injection.

Another group of animals (n = 10 animals) underwent a

sham operation. Inclusion of animals in each groups was

determined at random. Predefined criteria for excluding

animals from the study were baseline MABP \ 100

mmHg, death of the animal before t60, and technical failure

during SCI induction.

Part 2: Assessment of dural integrity

Ten rats were used specifically to assess the integrity of the

dura mater 5 min after SCI (Fig. 3). Two techniques were

used in different animals. Myelography was performed in

five animals after SCI by injecting manually 100 ll of a

contrast agent (Amipaque�, Metrizamide 3.75 g/20 ml,

Sanofi-Adventis, Paris, France) through the subdural

catheter then obtaining anteroposterior and lateral

radiographs of the entire spine with a Faxitron MX-20�

(Faxitron, Licolnshire, IL, USA) which spatial resolution is

48 lm (10 lp/mm). Each radiograph was examined for

evidence of contrast-agent leakage, using Osirix� 3.8.1.

Fig. 2 After surgical

preparation, the rat is installed

in a stereotaxic frame with the

thorax elevated from the heating

blanket. Micromanipulators

(micromanip on the figure) are

used to position two laser-

Doppler probes in contact with

the dura mater. The probes are

then secured to the transverse

processes of the underlying

vertebraes using light-cured

resin photopolymer. Spinal cord

blood flow is measured rostrally

and caudally to the epicentre,

within the ischaemic penumbra

zone
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software (Pixmeo, Geneva, Switzerland). In five other

animals, 100 ll of methylene blue was injected in the same

manner after SCI. Then, the laminectomy was extended to

the entire spine (C1 to S3) and the dura mater was

inspected circumferentially using a binocular microscope

to look for methylene-blue leakage.

Statistical analysis

Statistical analyses were performed using Statview� 5.0

software (SAS Institute, Cary, NC, USA). All results are

reported as mean ± SEM, with n being the number of

animals.

To assess the effect of SCI on CSF pressure and MABP,

we performed two-way ANOVA (time and presence/

absence of trauma). The effect of SCI on SCBF was

evaluated by computing rostral and caudal SCBF values as

the percentages of baseline (rostral SCBF % and caudal

SCBF %, respectively). Changes in rostral SCBF % and

caudal SCBF % were analysed using three-way ANOVA

(time, presence/absence of trauma, and rostral/caudal

position relative to the epicentre). Post-hoc analyses were

performed using the Bonferroni comparison test when

ANOVA was significant. Values of p lower than 0.05 were

considered significant.

Results

Three animals out of ten were excluded from the SCI group

(n = 7): two died before the end of the experiment, and in

one animal the sacral catheter was accidentally withdrawn

which has compromised the measurements. No animal was

excluded from the sham-operated group (n = 10).

Fig. 3 The integrity of the

entire dura mater after the

weight-dropping injury was

assessed using two techniques:

myelography after subdural

contrast-agent injection and

binocular inspection of the dural

sac (asterisk) after subdural

methylene-blue injection.

Subdural injections were

performed through the dural

catheter. PW posterior wall of

vertebra’s body visualised by

retracting the dural sac
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Cerebrospinal fluid pressure

During insertion of the sacral catheter, no CSF leakage was

observed around the catheter. However, a 2–3 mm spread of

CSF into the catheter was observed after withdrawal of the

guiding needle, which corresponds to an estimated volume of

0.8–1.2 ll. The head-up test was positive in all animals, con-

firming correct sacral catheter position within the subdural

space. Before installation in the stereotaxic frame, CSF pres-

sure values were not significantly different between the sham-

operated group (4.8 ± 0.4 mmHg) and the SCI group

(5.2 ± 0.5 mmHg) (Fig. 4). Neither were baselinevalues after

installation significantly different between the sham-operated

group (6.1 ± 0.6 mmHg) and the SCI group (6.6 ± 0.5

mmHg). CSF pressure was significantly higher in the SCI

group (p \ 0.0001); at t60, the values were 5.5 ± 0.5 mmHg

in the sham-operated group versus 8.6 ± 0.4 mmHg in the

SCI group. The CSF pressure increase after SCI was very steep

between t0 and t5, after which the value plateaued until t60.

Mean arterial blood pressure (MABP)

Baseline MABP was similar in the sham-operated group

(111 ± 4 mmHg) and SCI group (115 ± 5 mmHg). Sub-

sequently, MABP was significantly lower in the SCI group

(p = 0.0396): the values at t20 were 114 ± 5.6 mmHg in

the sham-operated group versus 94 ± 4 mmHg in the SCI

group and the values at t60 value were 109 ± 5 mmHg in

the sham-operated group versus 95 ± 3 mmHg in the SCI

group (Fig. 5).

Spinal cord blood flow

We found no significant difference in baseline values

between the sham-operated and SCI groups. SCBF values

showed no significant differences between the rostral and

caudal probes, and we, therefore, pooled the values from

the two probes. SCBF was significantly lower in the SCI

group (p \ 0.0001) (Fig. 6). After SCI, the largest SCBF

drop occurred from t0 to t20 and the decrease at t60 versus

baseline was -63 ± 4 %.

Integrity of the dura mater after SCI

The dura mater was intact in all animals, with no evidence

of contrast-agent leakage on the myelographies (n = 5) or

of methylene-blue leakage by binocular inspection (n = 5).

Discussion

Our rat model allowed simultaneous measurement of CSF

pressure and SCBF before and after a weight-dropping SCI

that preserved dural integrity. We found that CSF pressure

increased significantly within the first few hours after

SCI, whereas SCBF decreased significantly around the

epicentre.

After SCI, ischaemia is a major contributor to the sec-

ondary injury that worsens the initial cord lesions and,

therefore, the neurological outcomes. The pathophysiology

of ischaemia is complex, as it involves many different

factors such as direct destruction of the micro-vasculature

[23], systemic hypotension [4, 24], arterial vasospasm [25]

and loss of cord autoregulation [26]. In analogy with brain

perfusion, it has been suggested that the relationship

between spinal cord perfusion, CSF pressure, and MABP

can be assessed by computing spinal cord perfusion pres-

sure (SCPP) as follows: SCPP = MABP-CSF pressure.

This equation allows to understand why an increase in CSF

pressure or a decrease in MABP can aggravate the spinal

Fig. 4 Changes in

cerebrospinal (CSF) pressure in

the sham-operated and spinal

cord injury (SCI) groups.

During installation of the rat

inside the stereotaxic frame, the

thorax is elevated from the

heating blanket, leading to an

increase in CSF pressure

measured with the sacral

catheter (asterisk).

Experimental SCI induced a

significant increase in CSF

pressure. The values shown

correspond to mean ± SEM
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cord ischaemia. As the dura is a watertight sac containing

the CSF and the spinal cord, the effect of CSF pressure

elevation on SCBF is usually ascribed to a tamponade

effect on the small vessels of the cord. That suggests the

concept of intradural compartment syndrome in analogy

with leg compartment syndrome [27]. Two different clin-

ical conditions can generate a decrease in SCBF, namely

SCI and aorta cross clamping [5]. During surgical aortic

cross-clamping, there is an arterial hypotension below the

clamp inducing a significant decrease in SCBF at the tho-

racolumbar levels [28]. Meantime, there is an hypertension

above the clamp, especially in the cerebral vasculature.

Consequently, it elevates intracranial pressure, causes an

increase in central venous pressure, and eventually leads to

an increase in CSF pressure that aggravates the decline of

SCBF as explained above [29]. In SCI, pathophysiology of

CSF elevation is different from aortic cross-clamping as

there is no cerebral hypertension but rather a decrease in

MABP due to the neurogenic shock [30] as we found in the

present study. After SCI, elevation in CSF pressure is more

ascribable to the increase of volume of the spinal cord due

to the oedema and parenchymal haemorrhage. In further

study, it will be of interest to use our model to assess the

relationships between CSF, MABP and SCBF by varying

MABP. In a canine model of thoracic aortic occlusion, the

degree of spinal cord ischaemia was positively related to

CSF pressure [18]. Moreover, CSF drainage during aorta

cross-clamping significantly improves SCBF and is now

considered an important method to decrease the rate of

postoperative paraplegia due to spinal cord ischaemia [9,

17]. In acute SCI, the potential implication of CSF pressure

in the pathophysiology has been emphasised by a recent

Fig. 5 Changes in mean arterial

blood pressure (MABP) in the

sham-operated and spinal cord

injury (SCI) groups.

Experimental SCI induced a

significant decrease in MABP.

The values shown correspond to

mean ± SEM

Fig. 6 Changes in spinal cord

blood flow (SCBF) measured

using both laser-Doppler probes

within the ischaemic penumbra

zone surrounding the epicentre.

As no significant difference was

found between the rostral and

caudal probes, the graph for

each group corresponds to the

average of the measurements of

both probes. The values shown

correspond to mean ± SEM

1816 Eur Spine J (2013) 22:1810–1819
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clinical trial which have shown that in patients with acute

SCI, CSF pressure increased significantly during the de-

compressive surgery and in the postoperative period,

reaching levels far above the physiological range [10]. A

reasonable hypothesis is that maintaining CSF pressure

within the normal range after SCI by drainage will decrease

ischaemia severity, thereby improving neurological out-

comes. To date, however, the potential benefits of CSF

drainage on SCBF after SCI have not been studied. How-

ever, two studies suggest the relevance of that hypothesis.

In rabbits, early CSF drainage via a lumbar catheter after

SCI decreased the size of the histological cord lesions [20].

In rats subjected to mild spinal cord contusion, subdural

space decompression by durotomy plus dural allografting

was associated with improved neurological outcomes and

with decreased cavitation and scar formation [31].

We have found no significant difference between rostral

and caudal SCBF after SCI, which is consistent with the

findings of Rivling and Tator [32] who used C14 auto-

radiographies to measure regional SCBF in rats. Reduction

in regional SCBF is a consequence of parenchymal

haemorrhage, and microvascular lesions which extent from

the epicenter have been previously found to be similar in

the rostral and caudal directions [4, 23], similar to the

extent of ischaemia. We have chosen to position the probes

very close to the epicenter in the so-called ‘‘penumbra

zone’’ where the blood flow is significantly decreased and

may evolve toward either improvement or degradation. Our

model allows to measure SCBF in areas more remote from

the epicenter but the penumbra zone is a region of major

interest as all therapies tending to improve posttraumatic

SCBF are targeted on it.

Macroscopically, the rat dura mater is thin and translu-

cent. The dura mater of mammalians is composed of

longitudinal layers of collagen and elastin fibres, an

architecture that results in limited circumferential tensile

strength and stiffness [33–36]. Therefore, a weight-drop-

ping trauma or catheter insertion might be expected to

dissociate the collagen fibres, creating tears with CSF

leakage. However, in our study, the use of a simple

rounded and polished impactor similar to other marketed

impactors did not induce dural tears. Moreover, to prevent

CSF leakage around the catheters, we applied biological

glue designed to serve as a sealant agent for dural tear

repair [37]. Note that in the present study, no CSF leakage

was observed between catheter insertion and application of

glue. Several recent studies have emphasised the impor-

tance of incorporating the CSF layer into experimental

models of SCI, as it plays an important biomechanical role

in transmitting forces to the spinal cord [38, 39].

The values of physiological spinal CSF pressure that we

found in rats lying in prone position, ranging from 4.8 to

5.2 mmHg were similar to those found in other studies.

Barth et al. [40] measured the cranial CSF pressure in rats

and found a mean value of 5.6 mmHg. In another study,

Budgell et al. [41] found a mean lumbar CSF pressure of

4.18 mmHg. In our study, we have found that when moving

the head upward the sacral CSF pressure was immediately

increased which is consistent with the literature. Indeed,

Carlson et al. [42] and Klarica et al. [43] have demonstrated

in dogs and cats, respectively, that when the head was

elevated, the spinal CSF pressure was increased. CSF fills

the entire dural sac from the skull to the sacrum and can be

likened to a fluid column in which changes in pressures

obey the laws of hydrodynamics. When the head is ele-

vated, the hydrostatic height of this column increases and,

therefore, the pressure measured at the lowest point, namely

the sacrum, increases [6, 43]. For the same reason, elevation

of the rat upon positioning in the stereotaxic frame induced

an increase in CSF pressure measured at the sacrum.

One limitation of our study is the short duration of the

experiment (1 h). In the above-mentioned clinical trial

[10], the CSF pressure at the insertion of the catheter (acute

phase) was about 14 mmHg and increased progressively

with an intraoperative mean peak of 21.7 mmHg. In the no-

drainage group, CSF pressure continued to increase until a

mean peak of about 31 mmHg occurring 24 to 72 h after

surgery. The increase of CSF pressure in the intact dura is

due to the increase of volume of the spinal cord due to

parenchymal haemorrhage and oedema [4]. Haemorrhage

starts immediately after the trauma and stops precocely,

conversely to oedema which course is slower [4]. We

studied only the first hour after SCI and, therefore, did not

obtain data on an important part of the course of CSF

pressure. Given the duration of our experiment, our find-

ings chiefly reflect the impact of bleeding on CSF pressure.

However, our main objective was to assess the feasibility

of measuring CSF pressure concomitantly with SCBF. Our

results indicate no technical barriers to obtaining data on

both variables over longer periods. Moreover, we plan to

improve the model by inserting a second catheter for

experimentally increasing the CSF pressure values, in order

to reach higher values in less time. In the present study, no

CSF leak was noted around the catheter when it was

inserted and we have only observed a discrete spread of

CSF into the catheter, where the volume was estimated to

be about 1–1.5 ll (2–3 mm 9 p 9 (0.4 mm (24G))2). As

the rate of CSF formation in the rat is about 3–3.5 ll/min

[44], it is likely that the technique of catheter insertion had

a negligible effect on the measured CSF pressure during

the 60 min of the experiment.

Another limitation of our study is the smaller size of the

rat subdural space compared to humans. To circumvent this

anatomical limitation, other experimental studies have used

bigger animals such as cats [45] or Yucatan miniature pigs

[46, 47]. Compared to rats, bigger animals like pigs offer
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the major advantage to have a ratio between volumes of

spinal cord and subarachnoidian space very similar to

humans. Moreover, the more important size of the sub-

arachnoidian space in pigs makes possible the insertion of

pressure transducers close to the epicenter of the injury

while in rats, the lumbar cisterna is the only option caudal to

the injury. However, despite the high relevance of models

based on bigger animals and the necessity to use them to

extrapolate experimental findings to humans, several argu-

ments lead us to think that the rat also represents a valuable

option for preliminary studies. First, it is the most used

animal for experimental studies on SCI [19]. Second, it is

cheaper, more accessible and requires less complex logis-

tics for experiments, allowing for a decrease in cost and

increase in sample size of preliminary studies. Third, the

basal values of CSF pressure that we found in the rat (in

horizontal position) as well as those reported in the litera-

ture range from 4 to 7 mmHg [40, 41, 48] which is close to

the values reported in cats [20], pigs [46] and humans [6].

After SCI, it was shown in human [10] and in experi-

mental settings [47] that a differential in CSF pressure

across the injury site may occur. This emphasises the need

for measuring CSF pressure caudal and rostral to the lesion.

In our study, we only measured the CSF pressure caudal to

the lesion but in rat, it is also possible to measure CSF

pressure rostral to the injury level: Barth et al. [40] have

proposed a technique to measure CSF pressure in the cis-

terna magna by inserting a catheter through the atlanto-

occipital membrane, whereas Kusaka et al. [48] have

simultaneously measured intracranial and spinal CSF

pressure. In our study, the Th10 level of the experimental

SCI does not preclude the surgical approach of the atlanto-

occipital membrane and the relevance of the present model

should be strongly improved by including the measurement

of the CSF pressure rostral to the lesion.

Conclusion

With the rat model described here, weight-dropping SCI

can be induced without causing dural tears, and both CSF

pressure and SCBF can be recorded continuously. We plan

to use our model to investigate the effects of CSF drainage

at the acute phase of SCI as a means of minimising spinal

cord ischaemia.

Conflict of interest None.
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