
BRAIN
A JOURNAL OF NEUROLOGY

Quantitative analysis of cellular inflammation
after traumatic spinal cord injury: evidence for
a multiphasic inflammatory response in the acute
to chronic environment
Kevin D. Beck,1,* Hal X. Nguyen,1,2,3,* Manuel D. Galvan,1 Desirée L. Salazar,1,3

Trent M. Woodruff4 and Aileen J. Anderson1,2,5

1 Anatomy and Neurobiology, University of California, Irvine, CA 92697-4292, USA

2 Physical Medicine and Rehabilitation, 1105 Gillespie Neuroscience Research Facility, University of California, Irvine, CA 92697-4292, USA

3 Sue and Bill Gross Stem Cell Research Centre, University of California, Irvine, CA 92697-4292, USA

4 School of Biomedical Sciences, University of Queensland, St. Lucia, Brisbane 4072, Australia

5 Reeve-Irvine Research Centre, University of California, Irvine, CA 92697-4292, USA

*These authors contributed equally to this work.

Correspondence to: Aileen J. Anderson,

Physical Medicine and Rehabilitation,

1105 Gillespie Neuroscience Research Facility,

Irvine, CA 92697-4292,

USA

E-mail: aja@uci.edu

Traumatic injury to the central nervous system results in the disruption of the blood brain/spinal barrier, followed by the

invasion of cells and other components of the immune system that can aggravate injury and affect subsequent repair and

regeneration. Although studies of chronic neuroinflammation in the injured spinal cord of animals are clinically relevant to most

patients living with traumatic injury to the brain or spinal cord, very little is known about chronic neuroinflammation, though

several studies have tested the role of neuroinflammation in the acute period after injury. The present study characterizes a

novel cell preparation method that assesses, quickly and effectively, the changes in the principal immune cell types by flow

cytometry in the injured spinal cord, daily for the first 10 days and periodically up to 180 days after spinal cord injury. These

data quantitatively demonstrate a novel time-dependent multiphasic response of cellular inflammation in the spinal cord after

spinal cord injury and are verified by quantitative stereology of immunolabelled spinal cord sections at selected time points. The

early phase of cellular inflammation is comprised principally of neutrophils (peaking 1day post-injury), macrophages/microglia

(peaking 7 days post-injury) and T cells (peaking 9 days post-injury). The late phase of cellular inflammation was detected after

14 days post-injury, peaked after 60 days post-injury and remained detectable throughout 180 days post-injury for all three cell

types. Furthermore, the late phase of cellular inflammation (14–180 days post-injury) did not coincide with either further

improvements, or new decrements, in open-field locomotor function after spinal cord injury. However, blockade of chemoat-

tractant C5a-mediated inflammation after 14 days post-injury reduced locomotor recovery and myelination in the injured spinal

cord, suggesting that the late inflammatory response serves a reparative function. Together, these data provide new insight into

cellular inflammation of spinal cord injury and identify a surprising and extended multiphasic response of cellular inflammation.
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Understanding the role of this multiphasic response in the pathophysiology of spinal cord injury could be critical for the design

and implementation of rational therapeutic treatment strategies, including both cell-based and pharmacological interventions.

Keywords: spinal cord injury; inflammation; flow cytometry; immunohistology; complement

Abbreviations: BBB=Basso, Beattie and Bresnahan locomotor rating scale; C5aRa=C5a receptor antagonist; dpi = days post-injury;
FITC=fluorescein isothiocyanate; HBSS = Hank’s buffered saline solution; Ig = immunoglobulin; PMNs = polymorphonuclear leuco-
cytes (neutrophils)

Introduction
Traumatic injury to the central nervous system results in disruption

of the blood brain/spinal barrier, facilitating the entrance of

immune cells and proteins. The cellular immune response has gar-

nered increasing attention because of accumulating evidence sug-

gesting a contributing role for immune cells in spinal cord injury

pathology and repair. The infiltration of neutrophils (polymorpho-

nuclear leucocytes, PMNs) or macrophages/microglia exacerbates

poor recovery from traumatic brain and spinal cord injury (Giulian

and Robertson, 1990; Popovich et al., 1999; Weaver et al., 2000;

Hains et al., 2001; Noble et al., 2002; Saville et al., 2004; Stirling

et al., 2004). Likewise, central nervous system-reactive T cells

have been suggested to exacerbate axonal injury, demyelination

and functional loss (Popovich et al., 1996b; Howe et al., 2007).

Conversely, macrophages/microglia and T cells can also secrete

factors that promote neuroprotection and/or neuroregeneration

after spinal cord injury (Guth et al., 1994; Rapalino et al., 1998;

Moalem et al., 1999; Hauben et al., 2001; Li et al., 2001;

Crutcher et al., 2006; Yin et al., 2006). These contrasting

immune functions may support a bimodal role for immune cells

in the injured spinal cord.

Although a few studies have shed light onto the possible roles

of immune cells in the injured central nervous system, the under-

lying mechanisms are complex and remain unclear. Growth factors

and protease inhibitors released by macrophages or T cells are

thought to promote neuro regeneration (Cantini and Carraro,

1995; La Fleur et al., 1996; Jameson et al., 2002; Yin et al.,

2006). Conversely, conditioned-media collected from PMNs or

macrophages has been shown to promote neurotoxicity in vitro

(Flavin et al., 1997; Brana et al., 1999; Nguyen et al., 2007).

Although specific macrophage-derived neurotoxic factors have

not been identified, we have shown that matrix metalloprotei-

nases, reactive oxygen species and tumour necrosis factor-�

released by PMNs all promote neurotoxicity in vitro (Nguyen

et al., 2007). Additionally, physical PMN-to-neuron contact has

been shown to enhance neurotoxicity (Dinkel et al., 2004). As

similar mechanisms are likely to be involved in immune cell func-

tion after spinal cord injury, understanding the kinetics of cellular

inflammation after spinal cord injury is essential for the develop-

ment of effective therapeutic interventions.

Previous studies on kinetics of the cellular immune response to

spinal cord injury have generally focused on a subset of time

points, ranging from 1 to 42 days post-injury (dpi), which repre-

sent a relatively narrow range of assessment within the lifespan of

animals with spinal cord injury. These studies have shown that

PMNs infiltrate the spinal cord within hours after injury and

remain detectable at the injury epicentre at 42 dpi (Taoka et al.,

1997; Royo et al., 1999; de Castro et al., 2004). In contrast,

macrophages/microglia and T cells infiltrate the spinal cord from

3 to 14 dpi (Saville et al., 2004; Jones et al., 2005; Wu et al.,

2005; Conta and Stelzner, 2008), remaining detectable for at least

42 dpi (Guizar-Sahagun et al., 1994; Kigerl et al., 2006). In par-

allel with data from rodent studies, Fleming et al. (2006) described

the presence of PMNs, macrophages/microglia and T cells in the

post-mortem human spinal cord up to 12 months after injury

(Fleming et al., 2006), although the study design prohibited quan-

titative comparisons. Critically, longer time points and finer quan-

titative assessments of neuroinflammation are needed to

understand the kinetics of neuroinflammation in the injured

spinal cord fully, as it relates to functions of specific cell types.

Most previous studies have characterized cellular inflammation

in the injured central nervous system using histological techniques

that cannot always provide true quantitative analysis. Flow cyto-

metry is an alternative method to quantify immune cells in the

injured spinal cord tissue quickly and effectively. Historically, flow

cytometry has been used to quantify immune cells collected from

blood or dissociated from the spleen or thymus, and only a few

studies have attempted to quantify immune cells in the injured

spinal cord by flow cytometry using fresh dissociated cord tissue

or cells separated by the Percoll gradient system (Gonzalez et al.,

2003; Tjoa et al., 2003; Stirling and Yong, 2008). In this study, we

describe a novel and alternative cell preparation methodology

using the OptiPrep gradient system (Fisher Scientific) to separate

cells effectively from lipid/myelin debris and assess cellular inflam-

mation by flow cytometry. Additionally, we demonstrate the relia-

bility and sensitivity of the OptiPrep gradient-purified cell

preparation by (i) testing the sensitivity of this gradient purified

cell preparation in comparison with preparation of samples by

enzymatic dissociation alone; (ii) assessing changes in PMN and

macrophage/microglial infiltration in response to injury severity

and (iii) comparing flow cytometric data of cellular infiltration

with quantitative stereology of immunolabelled spinal cord sec-

tions at selected time points. Critically, we also report the first

characterization of acute and chronic cellular inflammation after

spinal cord injury to include a complete time course for PMNs,

macrophages/microglia and T cells over a period ranging from 2h

to 180 dpi, identifying a novel second phase of cellular inflamma-

tion. The second phase did not coincide with changes in motor

recovery after spinal cord injury. However, reduction of delayed

C5a-mediated inflammation reduced locomotor recovery and

myelination in the injured spinal cord, suggesting that chronic
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inflammation is reparative. Findings from this study demonstrate,

for the first time, a temporally distinct second phase of cellular

inflammation in the injured central nervous system and reveal an

important multiphasic component of neuroinflammation that may

be critical for the design and implementation of rational therapeu-

tic treatment strategies, including both cell-based and pharmaco-

logical interventions for spinal cord injury.

Methods
Additional experimental details and selected methods are given in

the online supplementary material.

Spinal cord injury
Female Sprague Dawley rats received T9 spinal contusions with the

Infinite Horizons Impactor (Precision Instuments, Lexington, KY)

(Nguyen et al., 2008). For graded contusion injury experiments, con-

tusion injuries of 150, 200 or 250 kilodyne (kd) were administered

(n=5/group). A 200 kd force was used for all other experiments

including the flow cytometric timecourse (n=3–5/time point, Table

1), stereologic quantification timecourse (1 dpi: n=6; 7 dpi: n=7;

28 dpi: n=6; 90 dpi: n=7), 1 and 7 day C5a receptor antagonist

(Ra) efficacy (n=5/group/time point), C5aRa depletion (n=11/

group) and 91 day openfield locomotor assessment (n=12). Animals

used for histology were perfused with phosphate-buffered

saline-buffered 4% paraformaldehyde, and tissue from spinal cord

segments containing the injury epicentre were dissected from spinal

roots (T6–T12) for subsequent immunolabelling. Animals used for flow

cytometric analyses (three to five animals per group or time point)

were sacrificed by CO2 asphyxiation, tissue from spinal segments

T8-T10 was rapidly dissected and placed in Hank’s buffered saline

solution (HBSS) on ice. All work was conducted with the approval of

the Institutional Animal Care and Use Committee at the University

of California, Irvine.

Open-field behavioural assessment
Functional recovery was assessed using the Basso, Beattie and

Bresnahan locomotor rating (BBB) scale (Basso et al., 1995). Two

experienced raters, blinded to experimental treatment, observed

open-field locomotion in 4 min testing periods at 2 and 7 dpi, and

then weekly until sacrifice.

Tissue preparation for use in flow
cytometry and immunohistochemistry
For flow cytometry, spinal cord segments T8–T10 were mechanically

dissociated with fine scissors in HBSS. Cells were retrieved by centri-

fugation and enzymatically dissociated with 2.5mg trypsin and 5mg

collagenase in 5ml Dulbecco’s modified Eagle’s medium for 20min

at 37�C before trituration with a Pasteur pipette. Ten ml Dulbecco’s

modified Eagle’s medium plus 10% foetal bovine serum was added

before filtering with a 40mm cell strainer. The pellet was resuspended

in 6ml of HBSS and overlayed on an OptiPrep gradient (Krickhahn

et al., 2001; Bagamery et al., 2005). The OptiPrep gradient was con-

structed first by diluting OptiPrep (Fisher Scientific) 1:1 with 3-(N-

morpholino)propanesulfonic acid (MOPS) buffer (0.15M NaCl,

10mM MOPS, pH 7.4). Four dilutions were made with 350, 250,

200 or 150 ml OptiPrep/MOPS and added to HBSS for a final

volume of 1ml. The four solutions were carefully placed in layers in

a 15ml conical tube with the least dilute at the bottom and the most

dilute on the top (Fig. 1A). Dissociated spinal cells in HBSS (6ml) were

layered on top of the OptiPrep gradient before centrifugation (15min,

1900 rpm, 20�C), separating the cell solution into distinct layers with

debris on top, followed by three layers of neurons, and inflammatory

cells, glia and red blood cells in the pellet. The debris layer was care-

fully aspirated. The remaining cells were washed and resuspended in

HBSS for immunolabelling.

For immunohistochemistry, fixed T6–T12 spinal cord segments were

cryoprotected in 20% sucrose in phosphate-buffered saline-buffered

4% paraformaldehyde overnight at 4�C, frozen in isopentane at

�56�C and then stored at �80�C. Coronal sections (30mm) of spinal

cord tissue were cut on a sliding microtone. Serial sections were col-

lected in phosphate-buffered saline with sodium azide (0.02%) and

stored at 4�C until use.

Immunocytochemistry for flow
cytometry
Cells collected from spinal cord preparations were pelleted and resus-

pended in 0.85% ammonium chloride for 5min to lyse red blood cells,

blocked for 30min in normal rabbit or goat serum, and incubated for

1 h with primary antibodies or isotype immunoglobulin (Ig)Gs diluted

in HBSS for 1 h [rabbit anti-PMN fluorescein isothiocyanate (FITC),

Accurate Chemical and Scientific; mouse anti-rat granulocytes (RP1)

RPE, BD Pharmingen; mouse anti-rat ED1, Serotec; mouse anti-rat

CD11b, Serotec; mouse anti-rat CD3, Serotec; rabbit IgG1 FITC, MP

Biomedicals; mouse IgG1 RPE, Serotec; mouse IgG2a, BD

Pharmingen]. Non-conjugated antibodies required a 1 h incubation

with conjugated secondary antibody (Alexa 488 or 555 goat

anti-mouse IgG1 or IgG2a, Invitrogen) solution diluted in HBSS. Cells

Table 1 Animal samples in timecourse experiments

PMN ED1 CD3

0 h 5 5 5

2 h 5 5 4

1 dpi 4 5 5

2 dpi 5 3 5

3 dpi 5 3 5

4 dpi 4 5 5

5 dpi 5 5 5

6 dpi 5 5 5

7 dpi 4 5 4

8 dpi 5 5 5

9 dpi 5 5 5

10 dpi 5 5 5

14 dpi 5 5 4

21 dpi 5 5 –

28 dpi 4 5 –

60 dpi 5 5 –

90 dpi 4 4 4

180 dpi 5 5 5

For each time point (0 h to 180 dpi), five animals received a moderate (200 kd)

contusion injury at T9 and spinal cord tissue was assessed by flow cytometry for

the numbers of PMNs, ED1+ macrophages/microglia and CD3+ T cells. However,

not all animal samples were recovered successfully for PMN (4–5), ED1 (3–5) and

CD3 (4–5) flow cytometric analyses.

Timecourse and function of inflammation after spinal cord injury Brain 2010: 133; 433–447 | 435
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were washed twice after each step and then resuspended in HBSS

after the final step. Samples were analysed on a fluorescence-activated

cell sorting Calibur (Becton-Dickinson) flow cytometer using Cell Quest

software. Five thousand events were read for all samples. Data analysis

was completed with Summit (DakoCytomation). Flow cytometric gates

were set using control IgG isotype labelled cells or spinal cord cells

from uninjured control animals to set baseline values for normalization

across time points. Control IgG isotype-labelled cells from the injured

spinal cords show very little difference in flow cytometric reading from

the spinal cord cells of uninjured control animals (Nguyen et al., 2008).

All antibodies used for flow cytometry were diluted 1:100 prior to use.

The mean values of positively labelled cells were expressed as per cent

(SEM) of the entire sample.

In some conditions, cells were adhered to slides by centrifugation

(Cytospin, Shandon, USA) and immunolabelled. Briefly, cells (106/ml)

were fixed with acetone for 10min, quenched in 0.3% hydrogen

peroxide for 15min, blocked (3% bovine serum albumin, 0.05%

Tween-20), incubated in primary antibody (mouse anti-CD43, 1:500,

Serotec; or rabbit anti-b-tubulin III, 1:1000, Covance), followed by

secondary antibody (goat anti-rabbit IgG conjugated with Alexa

Fluor 488, 1:1000, Invitrogen; or biotinylated donkey anti-mouse

IgG, 1:500, Jackson Immunoresearch) followed by ABC and 3,3’-dia-

minobenzidine exposure as described below. Antibody control slides

were processed identically, except that incubation with primary anti-

body was omitted.

Immunohistochemistry of spinal cord
tissue sections
Immunohistochemistry of spinal cord sections was performed as pre-

viously described (Anderson et al., 1996). Primary antibodies were

targeted against CD43 (1:1000, Serotec), ED1 (1:1200, Serotec),

CD3 (1:1200, Serotec) and myelin basic protein (1:250, Chemicon).

Species-specific affinity-purified biotinylated secondary antibodies were

applied (1:500, Jackson Immunoresearch), followed by incubation in

ABC reagent (Vector Laboratories) and development with diamino-

benzidine (Vector Laboratories) before methyl green nuclear

counterstaining.

Stereological analysis of spinal cord
tissue sections
Sprague Dawley rats were given 200 kd T9 contusion injuries and

sacrificed 1 (n=6), 7 (n=7), 28 (n=6) and 90 (n=7) dpi. The injured

spinal cord (T6–T12) was dissected and 30mm serial spinal cord

Figure 1 OptiPrep gradient densities separate most myelin and debris from injured spinal cord tissues/cells and improve immune cell

assessment by flow cytometry. (A) Myelin and debris were separated from cells (neurons, glia and immune cells) after centrifugation of

dissociated spinal cord tissue through an OptiPrep gradient, followed by aspiration of the myelin and debris layer. (B) Flow cytometric plots

of spinal cord cells 1 dpi with or without debris removal by OptiPrep. Gradient densities show differences in FSC/SSC profile of cells. The

region with FSC/SSC profiles distinctive to PMNs is indicated. (C and D) PMN number in the injured spinal cord, showing increased

sensitivity in detecting PMNs after debris removal (Student’s t-test, �P=0.0001). (E) However, cell samples in both preparations contain

both PMNs and neurons (b-tubulin III+). All flow cytometric gates were set using labelled cells from uninjured animals; n=5 per group,

mean� SEM.
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sections (1:24 sampling) were used for immunohistochemistry

as described above for PMNs, macrophages/microglia or T cells.

An Olympus BX51 microscope with motorized stage and

StereoInvestigator (Version 6.3 Software, Microbrightfield, Williston,

VT, USA) were used to estimate stereologically the number of PMNs

and T cells with the optical fractionator probe (Hooshmand et al.,

2009). Macrophage/microglia volume was determined with the

Cavalieri estimator probe.

Inhibition of C5a-mediated
inflammation
Animals received 200 kd T9 contusions, as described above, and were

given either a C5a receptor (CD88) antagonist {C5aRa, PMX205, (HC)-

[OP(D-Cha)WR], 10mg/kg p.o., Promics Ltd} (n=5) or water (n=5) as a

vehicle control twice daily for 1 or 7 days until sacrifice, for flow cyto-

metric determination of PMN or macrophage/microglia infiltration to

the injured spinal cord, respectively (Woodruff et al., 2006).

A separate cohort of Sprague Dawley rats received 200 kd T9

contusions as described above. The effect of sub-acute to chronic

inflammation was tested by administering the C5aRa (n=11) or vehi-

cle control (n=11) twice daily, as above, for 14–28 dpi until sacrifice.

Rats were assessed for locomotor recovery with the BBB scale.

Following sacrifice, injured spinal cords were harvested for

immunohistochemistry.

Statistical analysis
Comparisons of PMN or macrophage/microglial accumulation in the

injured spinal cord in response to graded injuries were performed using

one-way ANOVAs with post hoc Tukey’s multiple comparison tests

with Prism 4.0 (Graphpad, Inc.). Correlations were calculated using

the actual force applied by the Infinite Horizons Impactor with the

linear regression function of Prism 4.0 (Graphpad, Inc.). A post hoc

power analysis (ANOVA, single factor design) was used to determine

statistical power in the graded injury experiments (n=3–5) to validate

flow cytometric sample sizes (Supplementary Table S1). For the time-

course experiments, changes over time were assessed with one-way

ANOVA following by post hoc Bonferroni’s multiple comparison tests

(Table 2). Statistical significance was defined as P50.05. All data are

presented as mean� standard error mean (SEM).

Results

Removing myelin debris from
dissociated spinal cord tissue improves
immune cell assessment by flow
cytometry in the injured spinal cord

The use of flow cytometry to quantify immune cells in the central

nervous system is complicated by lipid/myelin content and debris.

In addition to interfering with antibody staining and specificity,

myelin debris can have similar size and granulation properties to

immune cells, decreasing measurement sensitivity and accuracy

(Lipton et al., 2005).

We have developed a novel cell preparation procedure that

effectively removes myelin debris and improves the sensitivity of

flow cytometry to detect changes in cellular inflammation in the

injured spinal cord. The ability of OptiPrep gradient isolation

to remove myelin debris and improve PMN detection by flow

cytometry was tested 1 dpi. Myelin debris was removed from

each sample by centrifugation through an Optiprep density gradi-

ent (Fig. 1A). Following centrifugation, sample contents separated

into distinct layers, in which myelin and most debris were sepa-

rated from neurons, glia, red blood cells and immune cells.

Alternatively, identically dissected spinal cords were enzymatically

dissociated without removal of myelin debris. There was a shift in

the position of events for samples isolated with OptiPrep gradient

purification compared to enzymatic dissociation alone (Fig. 1B).

However, immunolabelled slide preparations of samples from

both methods contained equivalent numbers of PMNs and neu-

rons (Fig. 1E), suggesting the observed shift in the position of

events following OptiPrep purification was due to a reduction in

myelin debris. Together, these observations prompted the predic-

tion that debris removal by OptiPrep purification may lead to

improved flow cytometric detection of PMNs.

Accordingly, PMNs were elevated in the injured spinal cord 1 dpi

for both cell preparations; however, the percentage of PMNs

detected in samples with intact myelin debris was only a fraction

(0.5%) of the percentage of PMNs detected (5.1%) in OptiPrep

purified samples (Fig. 1C and D). These data suggest that myelin

debris in tissue preparations can obscure flow cytometric readings

and demonstrate that removal of myelin debris enhances the sensi-

tivity of immune cell detection in the injured spinal cord.

Characterization of antibody specificity

Flow cytometric analysis does not permit morphological criteria

to distinguish cell types further; therefore, characterization of

Table 2 Select Bonferroni’s multiple comparison tests

Cell
type

Comparison Flow
cytometry

Stereology

PMNs 2 h versus 1 dpi P50.001 –

1 dpi versus 2 dpi P50.01 –

1 dpi versus 28 dpi P50.01 P50.01

1 dpi versus 90 dpi NS P50.01

2 dpi versus 180 dpi P50.001 –

28dpi versus 90 dpi NS NS

Macrophages/ 2 hr versus 7 dpi P50.001 –

microglia 7 dpi versus 14 dpi P50.001 –

7 dpi versus 28 dpi NS NS

7 dpi versus 90 dpi P50.01 P50.001

14dpi versus 60 dpi P50.001 –

28dpi versus 90 dpi P50.05 P50.001

60dpi versus 180 dpi P50.001 –

T cells 2 h versus 9 dpi NS –

7 dpi versus 28 dpi – P50.05

7 dpi versus 90 dpi NS NS

9 dpi versus 180 dpi P50.01 –

28dpi versus 90 dpi – NS

One-way ANOVA was used to confirm a change in PMN, ED1+ macrophages/

microglia or CD3+ T cells over time, while Bonferroni’s multiple comparison post

hoc tests were used to compare individual timepoints for both flow cytometric and

stereological data, illustrating periods of maximum and minimum cell presence

within the injured spinal cord. NS= not significant.
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antibody specificity is important. Anti-CD3 is a pan-T cell marker

for both flow cytometry and immunocytochemistry (Tanaka et al.,

1989; Kappelmayer et al., 2000). Anti-PMN and anti-ED1 have

been used extensively for immunocytochemistry, but have not

been widely used for flow cytometry. Accordingly, the specificity

of these antibodies was tested by comparing labelling of peritoneal

PMNs, alveolar macrophages and cells in the injured spinal cord

with antibodies used in this and previous studies. PMNs isolated

from peritoneal cavities were positive for both anti-PMN FITC and

an alternative PMN antibody, anti-granulocyte (RP1) RPE

(Supplementary Fig. S1A and B), but were negative for anti-ED1

Alexa-555 (Supplementary Fig. S1C and D). Similarly, alveolar

macrophages (ATCC) were positive for both anti-ED1 Alexa-488

and an alternative macrophage antibody, anti-CD11b Alexa-555

(Supplementary Fig. S1E and F), but were not detected by

anti-PMN FITC (Supplementary Fig. S1G and H). These data

demonstrate the specificity of the antibodies for PMNs and macro-

phages in vitro. Next we tested antibody specificity in the injured

spinal cord, predicting minimal cross-reactivity between anti-PMN

or anti-ED1 antibodies at 1 and 7 dpi. As predicted, 6.12% of cells

in the injured spinal cord were positive for anti-PMN FITC but not

for anti-ED1 Alexa-555 (0.20%) 1 dpi (Supplementary Fig. S2A

and B). In contrast, 6.46% of cells in the injured spinal cord were

positive for anti-ED1 Alexa-555 at 7 dpi, and only a small per-

centage of cells were positive for anti-PMN FITC (Supplementary

Fig. S2C and D). Importantly, very few cells were double-positive

for anti-PMN FITC and anti-ED1 Alexa 555 at 1 dpi (0.98%) and

7 dpi (0.92%) as compared to respective IgG controls (0.86% and

1.08%), suggesting that these antibodies are specific and accurate

in detecting PMNs and macrophages/microglia after spinal cord

injury.

Quantification of infiltrating immune
cells by flow cytometry in response
to graded injury severity

Injury severity is correlated with locomotor recovery (Scheff et al.,

2003; Nishi et al., 2007) as well as PMN infiltration (Tjoa et al.,

2003). Therefore, we tested the ability of our flow cytometric

technique to detect changes in cellular inflammation in the injured

spinal cord in response to graded injury severities.

Changes in cellular inflammation in the injured spinal cord were

assessed in response to graded injuries after 1 dpi (PMNs, Fig. 2A)

or 7 dpi (macrophages/microglia, Fig. 2B), based on the peak

infiltration of these cells (Popovich et al., 1997; Carlson et al.,

1998). Although five animals were assigned to each injury

Figure 2 Debris removal procedure provides the ability to discern differences in cellular inflammation between rats that received graded

injuries. The sensitivity of flow cytometry to detect differences in cellular inflammation was confirmed by giving rats mild (150 kd),

moderate (200 kd) or severe (250 kd) spinal cord injury before assessing spinal cord tissue for (A) PMNs (1 dpi) or (B) ED1+ macrophage/

microglial (7 dpi) cell number. One-way ANOVA detected changes over time in PMN [ANOVA: F(3,10): 22.90, P50.0001] and ED1+

macrophages/microglia [ANOVA: F(3,11): 10.15, P50.0017]. Tukey’s post hoc multiple comparison tests detected differences in cell

counts between mild and severe injuries for both PMNs (P50.01) and ED1+ macrophages/microglia (P50.05). Injury force positively

correlated with (C) PMN infiltration (all animals: r2=0.71; injured animals only: r2=0.67) and (D) ED1+ macrophage/microglial infiltration

(all animals: r2=0.65; injured animals only: r2=0.40). n=3–5 per group, mean� SEM.
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group, between three and five cell samples were recovered suc-

cessfully for analysis. Statistical power was calculated using post

hoc power analysis (ANOVA, single factor design) (Cohen, 1988).

The effect size was large and statistical power adequate for

both PMN (f=1.360, power = 0.950) and macrophage/microglia

(f=0.954, power = 0.753) graded injury data sets (Supplementary

Table S1), confirming the sample sizes were sufficient.

One-way ANOVA comparison of PMN infiltration into the spinal

cord following graded contusions revealed a significant effect

[ANOVA: F(2,10) = 10.69, P=0.0042]. Following mild spinal cord

injury, 3.3% of total cells in the injured spinal cord were PMNs

1 dpi, significantly less than after severe spinal cord injury (6.4%

PMNs) (Tukey’s multiple comparison tests: P50.01), but not mod-

erate spinal cord injury (4.8% PMNs) (Fig. 2A). Linear regression

analysis of naı̈ve control, mild spinal cord injury, moderate spinal

cord injury and severe spinal cord injury groups revealed a significant,

positive correlation between injury force and PMN detection

(Fig. 2C, r2=0.71, P=0.0001). Restriction of the regression analysis

to injury groups, excluding naı̈ve controls, also yielded a significant,

positive correlation (r2=0.67, P=0.0007).

Similarly, one-way ANOVA comparison of macrophage/

microglia accumulation after graded contusions revealed a signif-

icant effect [ANOVA: F(2,10) = 5.752, P=0.0218] across mild,

moderate and severe spinal cord injury animal groups. After mild

spinal cord injury, 6.1% of cells in the injured spinal cord were

ED1+ macrophages/microglia at 7 dpi, significantly less than after

severe spinal cord injury (10.4% ED1+ cells) (Tukey’s multiple

comparison tests, P50.05), but not moderate spinal cord injury

(8.8% ED1+ cells). As with PMNs, macrophage/microglia accumu-

lation in the injured spinal cord was significantly correlated with

injury force (Fig. 2D, r2=0.65, P=0.0005). Restriction of the

regression analysis to injury groups, excluding naı̈ve controls,

also yielded a significant correlation between injury force and

macrophage/microglia detection (r2=0.40, P=0.02).

Assessment of acute and chronic
cellular inflammation in the injured
spinal cord by flow cytometry

As the first immune cells to infiltrate the injured spinal cord, PMNs

are thought to affect injury acutely within hours or days following

spinal cord injury. The early time course of PMN infiltration

generated by flow cytometry confirmed immunohistochemical

data from previous studies (Popovich et al., 1997; Carlson et al.,

1998; Kigerl et al., 2006), showing that PMN infiltration peaked 1

dpi (Fig. 3A and B). However, although PMN number decreased

after 1 dpi, PMNs persisted in the cord for up to 6 months after

spinal cord injury (Fig. 3B). These data suggest continuing PMN

infiltration because PMNs are absent in the uninjured spinal cord,

do not replicate in tissue and exhibit a tissue half-life of �48h

(Cartwright et al., 1964). Persistence of PMNs was confirmed

by immunohistochemistry 1 dpi (Fig. 3C), 14 dpi (Fig. 3D) and

90 dpi (Fig. 3E). Quantitative stereologic analysis showed

elevated PMN numbers at 1 dpi (536 177� 135556), 28 dpi

(59 906� 7958) and 90 dpi (64 782� 12 642), confirming the

chronic persistence of PMNs in the injured spinal cord (Fig. 3B).

Unlike PMNs, macrophages/microglia were not detected in the

injured spinal cord until 3 dpi, and peaked at 7 dpi (Fig. 4A, B and

D). Interestingly, macrophages/microglia were detected at very

low levels 14 dpi. The population increased after 14 dpi, peaked

for the second time 60 dpi and remained elevated throughout

180 dpi (Fig. 4A and B). While not detected by flow cytometry

14 dpi, immunohistochemistry detected some macrophages/

microglia localized at the injury epicentre (Fig. 4E).

Macrophages/microglia were detected again by flow cytometry

21 dpi, as macrophage/microglia counts began to increase for

the second time (Fig. 4B). Moreover, a striking 15.9% of all

cells counted by the cytometer were macrophages/microglia at

90 dpi, as represented in parallel by immunohistochemistry in

Fig. 4F. Accordingly, the biphasic response of macrophages/micro-

glia was confirmed by quantitative stereology, which showed ele-

vated ED1+ macrophage/microglia at 7 dpi (6.270 mm3
� 0.783),

a significant decrease at 28 dpi (1.650 mm3
� 0.342) and a sig-

nificant rise in cell number at 90 dpi (20.034 mm3
� 1.649)

(Fig. 4B). These novel findings implicate macrophages/microglia

as a significant part of a prolonged, multiphasic response after

spinal cord injury.

Similar to macrophages/microglia, T cell infiltration was

predicted to peak 7 dpi (Popovich et al., 1997); however, flow

cytometry did not detect any change in T cell number in the first 7

dpi, though an elevated number of T cells was detected at 9 dpi

(1.6%) (Fig. 5A and B). In contrast, 40% of cells were positive for

CD3 in spleen tissue (Fig. 5B). While T cell number was decreasing

by 10 dpi, a persistent T cell response was observed throughout

180 dpi, at which time 4.4% of cells were labelled for CD3

(Fig. 5B). The persistence of T cells in the injured spinal cord

was verified by quantitative stereology, showing elevated T cell

numbers in the spinal cord at 7 dpi (4008� 913), 28 dpi

(1252� 109) and 90 dpi (2243� 744) (Fig. 5C and E). Few

T cells can be found in the parenchyma of the uninjured spinal

cord, as there are no resident T cell populations, though a very

low number of cells can be found in the subarachnoid space

(Popovich et al., 1997; Sroga et al., 2003). Therefore, the detec-

tion of T cells in the injured spinal cord by both methodologies

suggests an ongoing T cell response, perhaps indicative of

increased immune surveillance.

Together, these data demonstrate a time-dependent multiphasic

response of cellular inflammation after spinal cord injury (Fig. 6A);

the initial phases of cellular inflammation were composed of the

early peak of PMNs 1 dpi, followed by a peak of ED1+ macro-

phages/microglia 7 dpi and T cells 9 dpi, while the later phases

were composed of all three cellular populations rising after 14 dpi

and persisting throughout 180 dpi, with a notable second peak of

macrophages/microglia at 60 dpi.

Functional behavioural recovery and
cellular inflammation after
spinal cord injury

Acute (0–7 dpi) blockade of PMN (Taoka et al., 1997; Tonai et al.,

2001) or monocyte/macrophage (Popovich et al., 1999; Gris

et al., 2004) infiltration results in improvement of locomotor

Timecourse and function of inflammation after spinal cord injury Brain 2010: 133; 433–447 | 439
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function. We have reported novel evidence for an extended

second phase of inflammation, raising the direct question of

whether the later phase of cellular inflammation is associated

with a decline in locomotor function. Accordingly, we investigated

the relationship between functional locomotor recovery and the

kinetics of cellular inflammation after spinal cord injury using the

BBB scale from 1 to 91 dpi using a separate cohort of rats that

received a 200 kd contusion spinal cord injury at the T9 vertebral

level.

Initially after trauma, hindlimb locomotor function was minimal

(BBB score at 1 dpi = 0.5� 0.14) (Fig. 6B). As previously reported

(Basso et al., 1995), BBB performance improved steadily from 2

to 7 dpi, beginning to plateau at 14 dpi. Coincidently, PMN,

macrophage/microglia and T cell numbers peaked at 1, 7 and 9

dpi (Fig. 6A), respectively, before motor recovery plateaued

(Fig. 6B). In contrast, the second phase of inflammation, ranging

from 14 to 180 dpi, did not coincide with changes in BBB perfor-

mance, suggesting that the later phase may not have an indepen-

dent effect on open-field locomotor function after spinal cord

injury.

Blocking C5a-mediated inflammation
14–28 days after spinal cord injury
reduces functional recovery and
myelination

Previously, we have shown that the complement cascade is

activated following spinal cord injury (Anderson et al., 2004).

Complement activation results in the cleavage of C5, releasing

C5a, a potent chemoattractant for PMNs, macrophages/microglia,

T cells and other immune cells. It is predicted that blocking recep-

tor–ligand interactions with C5aRa will reduce immune cell recruit-

ment to the site of injury (Woodruff et al., 2006). To test this

hypothesis, rats with spinal cord injury were given C5aRa or water

twice daily for 1 or 7 dpi and sacrificed to assess PMN or macro-

phage/microglial infiltration to the spinal cord. While no difference

in PMN presence was detected at 1 dpi (data not shown),

C5aRa-treated animals (3.5%� 0.2) had significantly fewer

macrophages/microglia at 7 dpi than vehicle-treated animals

(5.7%� 0.6) (Student’s t-test, P=0.05) (Supplementary Fig. S3).

Figure 3 Assessment of PMNs in the spinal cord following a moderate (200 kd) contusion injury at T9. (A and B) PMNs quickly entered

the spinal cord with an acute peak at 1 dpi, before falling to lower levels at 14 dpi, and peaked a second time at 60 dpi. One-way ANOVA

confirmed differences in PMN infiltration over time [ANOVA: F(16,62) = 6.789, P50.0001]. (C) An acute peak and the chronic presence

of PMNs were confirmed by quantitative stereology. Select Bonferroni’s multiple comparison tests are reported in Table 1. Immuno-

histology confirmed PMN presence in the spinal cord at (D) 1 dpi, (E) 14 dpi and (F) 90 dpi. Spinal cord sections were labelled with

anti-PMN antibody (brown) and methyl green nuclear counterstain. PMNs at both time points aggregate around areas of cavitation near

the injury epicentre. n=3–5 per group, mean� SEM.
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Having confirmed the efficacy of C5aRa in reducing macro-

phage/microglia presence in the injured spinal cord, our next

aim was to deplete immune cells after spinal cord injury to test

their role in mediating damage and/or repair following spinal cord

injury. As many studies have assessed the role of acute inflam-

mation, generally yielding improved locomotor function and/or

pathology (Popovich et al., 1999; Tonai et al., 2001; Gris et al.,

2004; Trivedi et al., 2006), we focused our experiment on the

sub-acute to chronic phase of inflammation, as its role has yet

to be defined. This period is dominated by macrophages/microglia

(Fig. 6A), whose presence we were able to reduce in the injured

cord with the C5aRa. Injured rats were treated from 14 to 28 days

with C5aRa or vehicle. The control animals exhibited greater loco-

motor recovery than C5aRa-treated animals (Fig. 7A). Repeated

measures ANOVA revealed main effects of drug treatment

[F(1,20) = 5.66, P=0.027], time [F(5,20) = 438.80, P50.0001]

and drug treatment by time interaction [F(5,20) = 2.60,

P=0.030]. Bonferroni post hoc t-tests showed control rats signifi-

cantly outperformed C5aRa-treated rats at 21 (vehicle: 15.8� 0.9,

C5aRa: 13.3� 1.0, P50.01) and 28 dpi (vehicle: 13.5� 0.8,

C5aRa: 11.4� 0.3, P50.05). Chi-square analysis revealed that

significantly more control rats achieved frequent coordination or

better (BBB score412) at 28 dpi than C5aRa-treated rats

(P=0.03, �
2=4.701). Animals were sacrificed 28 dpi and spinal

cord myelin basic protein quantified (Fig. 7C–H), revealing that

C5aRa-treated rats had less myelination caudal to the injury epi-

centre than controls (Fig. 7B, two-tailed t-tests, 1.44 mm from

epicentre: P=0.016, 2.16mm from epicentre: P=0.004).

Together, these data suggest that the late inflammatory response

after 14 dpi improves functional recovery and myelination

post-spinal cord injury.

Discussion
The data presented here provide new insight into the cellular

immune response to spinal cord injury, including a detailed picture

of the daily dynamics of cellular inflammation. We used a novel

OptiPrep gradient cell preparation method combined with flow

cytometry to assess the principal immune cell types present in

Figure 4 Assessment of ED1+ macrophages/microglia in the spinal cord by flow cytometry following a moderate (200 kd) contusion

injury at T9. (A and B) Number of ED1+ macrophages/microglia increased in the injured spinal cord starting at 3 dpi, peaked acutely at 7

dpi, dropped to low levels at 14 dpi, before rising to a second peak 60 dpi and remained in the injured spinal cord up to 180 dpi. One-way

ANOVA confirmed differences in the number of ED1+ cells over time [ANOVA: F(16,63) = 31.29, P50.0001]. (C) Quantitative stereology

confirmed both the acute and chronic peaks of macrophage/microglia. Select Bonferroni’s multiple comparison tests are reported in

Table 1. Immunohistology confirmed ED1+ macrophage/microglial presence (D) 7 dpi, (E) 14 dpi and (F) 90 dpi in the injured spinal

cord. Spinal cord sections were labelled with anti-ED1 antibody (brown) and methyl green nuclear counterstain. n=3–5 per group,

mean � SEM.

Timecourse and function of inflammation after spinal cord injury Brain 2010: 133; 433–447 | 441

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
3
3
/2

/4
3
3
/2

9
0
5
4
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



the injured spinal cord. Removal of myelin debris by the OptiPrep

gradient method enhanced detection of PMNs compared to enzy-

matic dissociation alone. Additionally, the OptiPrep method

allowed detection of a graded increase in both PMNs at 1 dpi

and macrophages/microglia at 7 dpi, showing a quantitative

linear relationship between the cellular inflammatory response

and spinal cord injury severity. The persistent multiphasic inflam-

matory response of PMNs, macrophages/microglia and T cells

observed here by flow cytometry was supported by quantitative

stereologic data at a subset of time points. Each time point in the

flow cytometric timecourse was normalized to uninjured animals,

providing confirmation within this study that the uninjured spinal

cord has minimal immune cells, as previously reported (Popovich

et al., 1997; Nguyen et al., 2008). Some temporal differences that

were statistically significant in the flow cytometric data set

failed to yield significant differences in the stereologic data set

(Table 2). Nonetheless, the stereologic data demonstrate the

chronic presence of PMNs, macrophages/microglia and T cells.

Together, the data revealed a multiphasic response of cellular

inflammation after spinal cord injury.

Consistent with previous reports, the first cellular inflammation

phase was comprised principally of PMNs (peaking 1 dpi), macro-

phages/microglia (peaking 7 dpi) and T cells (peaking 9 dpi). A

novel and prolonged second phase of cellular inflammation was

first observed after 14 dpi and persisted throughout 180 dpi, with

a dramatic peak in the macrophage/microglial response at 60 dpi

that doubled the magnitude of the earlier peak. Cellular inflam-

mation was lowest for all three cell populations 14 dpi, suggesting

a clear division between the phases of inflammation.

Later peaks of cellular inflammation after 14 dpi did not coincide

with changes in locomotor function, suggesting ongoing inflam-

mation is insufficient to affect locomotor recovery at this scale of

analysis. In this regard, it is possible that more subtle changes in

function occur during this timeframe but require more sensitive

Figure 5 Assessment of T cells in the spinal cord by flow cytometry following a moderate (200 kd) contusion injury at T9. (A) CD3+ T cells

were minimal immediately following injury, reaching an acute peak 9 dpi. A prolonged T cell presence was detected up to 180 dpi. (B) The

number of CD3+ T cells in the injured spinal cord changed over time [ANOVA: F(13,52) = 9.449, P50.0001]. A non-significant acute peak

of CD3+ T cell presence was observed 9 dpi followed by a chronic T cell response persisting to at least 180 dpi. (C) An acute peak and the

chronic presence of CD3+ T cells were confirmed by quantitative stereology. Select Bonferroni’s multiple comparison tests are reported in

Table 1. Immunohistology with anti-CD3 antibody (brown) confirmed a limited number of T cells in the injured spinal cord at (D) 7 dpi and

(E) 90 dpi; T cells were only detected in a few spinal cord sections. T cell occupation of the spinal cord was low compared to other cell

types, with many T cells confined to the vasculature not far from the injury epicentre. n=3–5 per group, mean� SEM.
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methodology. Interestingly, the rat contusion spinal cord injury

syrinx shrinks from 14 to 28 dpi (Scheff et al., 2003), suggesting

a relationship between the second phase of the cellular inflamma-

tory response and tissue reorganization. Accordingly, the hypoth-

esis that this second phase of macrophage/microglial response

plays a role in preventing further loss of function must be consid-

ered. In this case, one would predict that reducing cellular inflam-

mation during this period would result in a decline in locomotor

function. Accordingly, blocking sub-acute to chronic inflammation

via C5aRa resulted in reduced functional recovery and myelination

in the injured spinal cord. The data presented here are unique in

that this is the first study to test the role of delayed inflammation,

providing novel insight into the multiphasic immune response fol-

lowing spinal cord injury.

Data from the current and previous studies suggest that cellular

inflammation has complex, time-dependent functions. Our data

show that PMNs, despite a reduction in number after peaking at

1 dpi, persisted for many months, suggesting that they may have

a long-term role in promoting damage and/or repair. PMNs are

thought to aggravate acute spinal cord injury within several dpi

and have been previously demonstrated to promote neuronal cell

death in culture through PMN-to-neuron contact or release of

toxic factors (Dinkel et al., 2004; Nguyen et al., 2007).

However, potentially PMNs have alternative roles in the long

term as they secrete growth factors and cytokines that can pro-

mote scar formation/cytogenesis after spinal cord injury (Cicco

et al., 1990; Jablonska et al., 2005; Nguyen et al., 2007).

Moreover, PMNs express complement proteins, such as C1q,

which may play a complex role in the injured microenvironment

(Hogasen et al., 1995; Nguyen et al., 2008). The extended pres-

ence of PMNs suggests a long-term role after spinal cord injury,

which may be very different from the conventional role suggested

for acute PMNs.

In parallel with these observations, the role of macrophages/

microglia, detected in two distinct phases of inflammation in the

present study, may also be complex and time-dependent. The first

phase of macrophages/microglia, which peaked 7 dpi, exacer-

bated spinal cord injury (Popovich et al., 1999). However, the

role of the second phase, which peaked 60 dpi, is not known.

The data presented here suggest that early chronic inflammation

from 14 to 28 dpi modulates myelination in the injured spinal

cord. The successful replacement of myelin damaged by spinal

cord injury is a biphasic process of debris removal followed by

remyelination that may hinge on interactions between the central

nervous system and the immune system. Myelin degradation after

spinal cord injury results in debris around the injury site, which

may inhibit oligodendrocyte progenitor cell maturation (Robinson

and Miller, 1999; Kotter et al., 2006). Additionally, macrophages

have also been shown to modify the microenvironment, causing

an upregulation of factors that promote oligodendrocyte progen-

itor cell proliferation (fibroblast growth factor-2 and inter-

leukin-1b) and maturation (transforming growth factor-b1 and

insulin-like growth factor-1), although factors that may inhibit suc-

cessful remyelination are also upregulated (transforming growth

factor-� and Scya4) (Diemel et al., 1998; Kotter et al., 2005;

Setzu et al., 2006). The net effect of these signalling molecules

probably determines how oligodendrocyte progenitor cells respond

to demyelinated axons, and while there is clear evidence that

inflammation aids in remyelination (Foote and Blakemore, 2005;

Setzu et al., 2006), the exact mechanism remains unknown.

Interestingly, infiltrated macrophages have been shown to

switch from pro-inflammatory to anti-inflammatory over time

(Arnold et al., 2007; Villalta et al., 2009). While the role of macro-

phages in spinal cord injury has been debated (Rapalino et al.,

1998; Popovich et al., 2003), the data presented here suggest a

functional switch over time, though we did not specifically

examine macrophage phenotype. Nonetheless, a thorough under-

standing of the dual role of these cells in both pro- and

anti-inflammatory functions is critical for a complete interpretation

of the data.

Figure 6 Chronic inflammation is not linked with changes in functional recovery. (A) A time course of cellular inflammation in the spinal

cord following a moderate (200 kd) contusion injury at T9. As assessed by flow cytometry, numbers of PMNs, ED1+ macrophages/

microglia and CD3+ T cells peaked acutely (1, 7 and 9 dpi, respectively) and persisted chronically in the injured spinal cord. (B) Locomotor

performance on the BBB scale did not change during periods of chronic inflammation within the injured spinal cord. n=5–8 per group,

mean� SEM.
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Unlike PMNs and macrophages/microglia, T cells were scarcely

represented in the injured spinal cord. However, the number of

cells does not necessarily reflect their importance in affecting the

pathophysiology of spinal cord injury. While present in lower

numbers, T cells could play an important role in injury and

repair by modulating the function and recruitment of both

innate and adaptive immune cells after spinal cord injury

(Hendrix and Nitsch, 2007; Ankeny et al., 2009).

The issue of which factor is driving the multiphasic kinetics

of cellular inflammation after spinal cord injury has not been

resolved, although at least three possibilities have been identified.

Normally, the spinal cord is a site of relative immunoprivilege;

traumatic injury causes an opening of the blood–brain barrier by

3 dpi, which is mostly intact at 14 dpi, and open again at 28 dpi

(Popovich et al., 1996a). These periods coincide with our obser-

vations of increased immune cell presence acutely after injury, low

levels at 14 dpi and increasing again beginning 21 dpi. An

increased permeability of the blood–brain barrier would allow

immune cells to easily enter the spinal cord from the circulation,

although specific cues are also likely to be involved. One such cue

could be the complement anaphylatoxin, C5a, a strong recruiter

of PMNs, macrophages/microglia and T cells (Klos et al., 2009).

Local complement activation in neurons and glia, resulting in C5a

production, has been demonstrated as early as 1 dpi and persists

to at least 42 dpi (Anderson et al., 2004). Furthermore, PMNs

have been shown to express a subset of complement proteins

following spinal cord injury (Nguyen et al., 2008), while macro-

phages expressed the entire complement cascade in vitro (Johnson

and Hetland, 1988). It is unlikely that complement proteins are the

only factor to recruit immune cells to the injured spinal cord. It has

been suggested that a homeostatic balance of pro- and

anti-inflammatory cytokines modulates the recruitment of inflam-

matory cells after central nervous system injury (Lenzlinger et al.,

2001; Stoll et al., 2002). Pro-inflammatory cytokines are expressed

mostly within days after mouse spinal cord injury, though tumour

necrosis factor-� has a second phase of expression beginning 14

dpi and lasting to at least 28 dpi (Pineau and Lacroix, 2007). The

expression pattern of anti-inflammatory cytokines after spinal cord

injury has not yet been thoroughly investigated, nor has any direct

link between cytokine production and leucocyte recruitment.

The temporal and quantitative analysis of cellular inflammation

presented here has provided new insight into the dynamics of the

spinal cord injury microenvironment, and identified for the first

time an extended multiphasic response of cellular inflammation.

The development of a novel OptiPrep gradient cell preparation

method combined with flow cytometry to assess the principal

immune cell types present in the injured spinal cord allowed detec-

tion of a graded increase in both PMNs and macrophages/

microglia, showing a quantitative linear relationship between the

cellular inflammatory response and spinal cord injury severity. Flow

cytometric quantification as conducted here also allowed accurate

comparison of data across multiple time points, which was verified

by quantitative stereology, identifying a time-dependent multipha-

sic response of cellular inflammation after spinal cord injury.

Furthermore, reduction of delayed C5a-mediated macrophage/

microglial infiltration after spinal cord injury resulted in decreased

functional recovery, suggesting a reparative role for chronic

inflammation in this model. Understanding the role of this multi-

phasic response in the pathophysiology of spinal cord injury is

likely to be critical for the design and implementation of rational

therapeutic treatment strategies, including both cell-based and

pharmacological interventions.
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