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Abstract

Objective: Traumatic spinal cord injury (SCI) elicits immediate neural cell

death, axonal damage, and disruption of the blood–spinal cord barrier, allowing

circulating immune cells and blood proteins into the spinal parenchyma. The

inflammatory response to SCI involves robust complement system activation,

which contributes to secondary injury and impairs neurological recovery. This

study aimed to determine whether intravenous immunoglobulin (IVIg), an

FDA-approved treatment for inflammatory conditions, can scavenge comple-

ment activation products and improve recovery from contusive SCI. Methods:

We used functional testing, noninvasive imaging, and detailed postmortem

analysis to assess whether IVIg therapy is effective in a mouse model of severe

contusive SCI. Results: IVIg therapy at doses of 0.5–2 g/kg improved the func-

tional and histopathological outcomes from SCI, conferring protection against

lesion enlargement, demyelination, central canal dilation, and axonal degenera-

tion. The benefits of IVIg were detectable through noninvasive diffusion tensor

imaging (DTI), with IVIg treatment counteracting the progressive SCI-induced

increase in radial diffusivity (RD) in white matter. Diffusion indices signifi-

cantly correlated with the functional performance of individual mice and accu-

rately predicted the degree of myelin preservation. Further experiments revealed

that IVIg therapy reduced the presence of complement activation products and

phagocytically active macrophages at the lesion site, providing insight as to its

mechanisms of action. Interpretation: Our findings highlight the potential of

using IVIg as an immunomodulatory treatment for SCI, and the value of DTI

to assess tissue damage and screen for the efficacy of candidate intervention

strategies in preclinical models of SCI, both quantitatively and noninvasively.

Introduction

Deregulated and chronically persisting inflammation in

traumatic spinal cord injury (SCI) is thought to signifi-

cantly exacerbate damage caused by the primary (me-

chanical) insult, and to also hamper endogenous repair

processes.1 Consequently, much research on so-called

secondary damage in SCI has focused on inflammation to

better understand its role, and to define discrete thera-

peutic targets. Early studies showed that anti-inflamma-

tory intervention with corticosteroids can confer

neuroprotection and reduce edema in experimental SCI2;

however, the clinical efficacy of this approach has been

questioned.3 Alternative immunomodulatory therapies
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that are fast acting and more specific in targeting particu-

lar aspects of the complex neuroinflammatory response to

SCI are therefore urgently needed.

One readily available candidate immunomodulatory

therapy for SCI is intravenous immunoglobulin (IVIg), a

blood product that contains mostly purified IgG from the

pooled plasma of healthy human donors.4 Although origi-

nally designed for antibody replacement therapy, IVIg is

increasingly used to treat a variety of inflammatory/au-

toimmune conditions because of its potent anti-inflam-

matory effects and excellent safety record.5 Proposed

mechanisms of action for IVIg therapy in these conditions

include scavenging and neutralization of complement

activation products,6–11 and regulation of Fc receptor

(FcR) signaling/expression,12 both of which have been

implicated in secondary immune-mediated SCI pathol-

ogy.13–15 Whether IVIg therapy can scavenge and neutral-

ize complement activation products in SCI has, however,

remained an outstanding question. Similarly, although

there is already indication in the literature that IVIg ther-

apy could be effective,16 its immunomodulatory proper-

ties and the neuroprotection that this may afford have

not been investigated in contusive SCI.

Aside from the need for new and effective

immunomodulatory treatments in SCI, there is an addi-

tional unmet demand for transferable approaches that

can assess treatment efficacy in both preclinical studies

and human SCI patients. Proving the efficacy of promis-

ing new therapeutic interventions in clinical trials

remains one of the biggest challenges in translational SCI

research due to the heterogeneity in the patient popula-

tion (i.e., differences in the initiating cause, lesion level,

and severity).17 Furthermore, although rodent SCI mod-

els replicate much of the etiology of human SCI, includ-

ing the inflammatory response,18 there are important

intrinsic anatomical differences between species. Hence,

the degree of recovery of locomotor function in quad-

ruped animals may not automatically translate to bipedal

humans.19 We previously reported that in vivo diffusion

tensor imaging (DTI) can quantitatively document the

progression of secondary SCI pathology over time.20

However, it remained unknown whether this noninvasive

imaging technique is sensitive enough to also detect

microstructural improvements in diffusion characteristics

of the injured spinal cord following a therapeutic inter-

vention.

In view of these outstanding questions, the primary

aim of this study was to establish IVIg’s dose–response
relationship with regard to the neurological recovery and

histopathological outcomes from contusive SCI. We fur-

ther explored whether DTI was able to detect attenuated

secondary SCI pathology with IVIg therapy. Finally, we

investigated whether IVIg therapy has an attenuating

effect on the presence of inflammatory cells and comple-

ment activation products in the injured spinal cord.

Materials and Methods

Animals and procedures

Mice. A total of 99 wild-type (WT) C57BL6/J and 9

Emx1-creERT2:Rosa26-tdTomato mice on a C57BL6/J

background were used in this study. All mice were

females obtained from local breeding colonies (The

University of Queensland Biological Resources), aged

8–10 weeks old and weighing between 18 and 21 grams at

the time of surgery. Mice were maintained under stan-

dard conditions in clean holding facilities on a 12 h

light–dark cycle with ad libitum access to food and water.

All experimental procedures were approved by The

University of Queensland’s Animal Ethics Committee and

conducted in accordance with the National Health and

Medical Research Council of Australia’s code of practice

for the care and use of animals for scientific purposes,

and the ARRIVE guidelines. All personnel involved in

handling of the mice, behavioral testing, data collection,

and analysis were blinded to the treatment of experimen-

tal groups for the duration of the study to avoid experi-

menter bias. A detailed description of all experimental

methods and procedures is provided in Data S1.

SCI and IVIg treatment

Mice were subjected to laminectomy (sham surgery) or

contusive SCI as described previously.14 Next, IVIg (CSL

Behring – Privigen/Hizentra), or vehicle solution

(250 mmol/L L-proline) was administered at 1 h after

SCI while the mice were still under general anesthesia.

For the dose–response studies, WT mice with SCI were

randomly allocated to one of the following treatment

groups: vehicle (n = 8), 0.05 g/kg IVIg (n = 6), 0.1 g/kg

IVIg (n = 6), 0.5 g/kg IVIg (n = 7), 1 g/kg IVIg (n = 7),

or 2 g/kg IVIg (n = 7). In a separate experiment, we also

directly compared IVIg and albumin treatment to control

for protein loading and/or associated changes in oncotic

pressure as a contributing factor to therapeutic effective-

ness. WT mice with SCI were again randomly allocated to

intravenously receive human albumin (Sigma-Aldrich;

1 g/kg; n = 8), 1 g/kg IVIg (n = 8), or vehicle (n = 7) as

described above. For all studies, randomization was

achieved through preprepared lists, with treatment alloca-

tion remaining concealed from investigators conducting

the surgery. There were no significant differences in injury

severity parameters (i.e., force and displacement) between

experimental groups in any of the experiments at the out-

set (P > 0.05; Table S1).
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Assessment of functional recovery,
histopathology, and live imaging

Assessment of locomotor recovery was performed using

the Basso Mouse Scale (BMS) at regular intervals post-

SCI as previously described 14 and detailed in Data S1.

To determine whether intravenously administered Ig

entered the spinal cord, immunofluorescent staining for

human IgG (goat anti-hu-IgG, 1:100; Pierce Antibodies)

was performed on sagittal tissue sections from sham-oper-

ated (i.e., laminectomy only; n = 3) or SCI (n = 3) mice

that were killed 24 h after surgery. Primary antibody omis-

sion was used as a negative control for staining specificity.

Hu-IgG staining was combined with immunofluorescent

labeling of “Neuronal Nuclei” (NeuN) for neurons (mouse

anti-NeuN, 1:200; Millipore), glial fibrillary acidic protein

(GFAP) for astrocytes (rabbit anti-GFAP, 1:1000; Dako),

ionized calcium binding adaptor protein 1 (Iba1) for

microglia (rabbit anti-Iba1; 1:500, Wako), or the oligoden-

drocyte marker CC-1 (mouse anti-CC-1; 1:100, Abcam).

Images were captured using a confocal microscope (Zeiss)

with a Yokogawa spinning disk (CSU-W1), and then

deconvolved using Huygens software (Scientific Volume

Imaging). Postmortem assessment of histopathology (le-

sion volume and length, gliosis, and myelin preservation)

was performed as detailed previously,14 and described in

Data S1. NF-200 staining was used to assess axonal sparing,

and Emx1-creERT2:Rosa26-tdTomato mice with SCI

(n = 9; > 6 weeks post-tamoxifen induction) were

employed to assess dieback of TdTomato+ corticospinal

tract (CST) axons as described in Data S1. Staining with

Iba1, CD68 (rat anti-CD68; 1:200; Serotec), rat-anti-

CD11b antibody (1:200, Serotec), and Hoechst nuclear dye

was performed to assess the effect of IVIg therapy on

macrophage density and activation as described in Data S1.

For in vivo DTI, SCI mice with a medium (1 g/kg)

dose of IVIg therapy were subjected to longitudinal

in vivo DTI prior to injury, and then again at 1, 7, and

35 days post-injury (n = 7) as detailed previously.20 Vehi-

cle-treated spinal-injured mice were used as controls

(n = 5). DTI data were collected as detailed in Data S1.

Regions of interest (ROIs) included the ventral funiculi

(VF), lateral funiculi (LF), ventrolateral white matter

(VLWM), and dorsal columns (DCs), all outlined on axial

images as described previously.20 Ex vivo DTI was per-

formed at 35 days post-SCI for tractography purposes.20

Western blot and ELISA

WT mice were subjected to SCI and randomly administered

1 g/kg IVIg or vehicle, at 1 h post-injury (n = 6 per group).

An additional five mice were subjected to sham surgery. At

1 day post-surgery, mice were killed with an overdose of

sodium pentobarbitone (100 mg/kg i.p., Virbac), after

which the T11–T13 spinal cord segment was immediately

dissected, snap frozen in liquid nitrogen, and stored at

�80°C; blood plasma samples were also obtained. The Bio-

Rad electroblotting system was used to examine the presence

of C3b in homogenized spinal cord via western blot; C5a

levels in these were quantified by ELISA (14 and Data S1 for

details).

Statistical analysis

Data sets were analyzed using GraphPad Prism 6.0 software

(GraphPad Software, Inc., La Jolla, CA, USA). Two-way,

repeated measure analysis of variance (ANOVA) with Bon-

ferroni post hoc test was used for longitudinal BMS, in vivo

DTI data, and for spatial analysis of myelin, GFAP, macro-

phage content, and central canal size along the spinal axis.

Two-sided Student’s t-test was used for direct comparisons.

One-way ANOVA with Newman–Keuls post hoc test was used
for comparing endpoint BMS scores, lesion volumes, epicenter

myelin, epicenter GFAP, neurofilament staining, ELISA, and

western blot data. Pearson’s correlation was used to determine

the relationship between DTI parameters and BMS scores, and

for DTI parameters with myelin content at 35 days post-injury.

Experimental data are presented as scatter plots or groupmeans;

error bars indicate “standard error of the mean” (SEM). Appro-

priateness of sample sizes for key experimental groups was con-

firmed via a priori and post hoc power analysis, with power (1-b)
set at 0.80 and a = 0.05.

Results

IVIg is present at the site of SCI and
localizes to neurons and glia

We first determined whether IVIg entered into the spinal

cord following contusive SCI. Immunofluorescent staining

showed that exogenously administered Ig was present in

the injured parenchyma at 24 h after surgery. Some hu-

IgG immunoreactivity was present in sham-operated

mice, but only in association with the leptomeninges

(Fig. 1A) and small capillary-like structures inside the

spinal cord (not shown), indicating that IVIg does not

cross the uncompromised blood–spinal cord barrier. In

sharp contrast, clear intraparenchymal hu-IgG staining

was present following SCI, particularly at and around the

lesion epicenter (Fig. 1B). Dual-color immunofluorescent

staining revealed that, aside from a more diffuse distribu-

tion pattern throughout the damaged area, hu-IgG stain-

ing co-localized to surviving NeuN+ neurons (Fig. 1C),

GFAP+ astrocytes (Fig. 1D), CC1+ oligodendrocytes

(Fig. 1E) as well as Iba1+ microglia/macrophages

(Fig. 1F).
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IVIg therapy improves SCI outcomes in a
dose-dependent manner

To explore the dose–response curve of IVIg in SCI, we

performed BMS locomotor scoring with experimenter

blinding on cohorts of injured mice treated with IVIg

doses ranging from 0.05 to 2 g/kg, or vehicle solution as

a control. All mice displayed normal overground locomo-

tion before surgery (BMS score of 9) and near-complete

hind limb paralysis at 1 day post-SCI (Fig. 2A). By 7 days

A C

D

EB

F

Figure 1. Intravenously administered immunoglobulins enter into the injured spinal cord. (A) Representative image of a sagittal spinal cord

section from a sham-operated (i.e., laminectomy only) mouse that was injected with 1 g/kg intravenous immunoglobulin (IVIg) and perfused 24 h

later. IVIg (hu-IgG staining; red) was detected near the meningeal border, but not within the spinal cord itself. (B) Mid-sagittal section of an IVIg-

treated animal with SCI. Note that there is widespread immunoreactivity for hu-IgG across the injured segment, which then diminishes in intensity

in both the rostral and caudal directions (the damaged area is outlined by the dotted white line). (C–F) Dual-color immunofluorescent staining

showing co-localization between hu-IgG and NeuN+ neurons (C, arrowheads), GFAP+ astrocytes (D, arrowhead), CC1+ oligodendrocytes (E,

arrowhead), and Iba1+ microglia (F, arrowhead). Scale bar: A, B (in A): 200 lm; C: 15 lm; D: 11 lm; E: 13 lm; F: 22 lm. GFAP, glial fibrillary

acidic protein; SCI, spinal cord injury.
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post-injury, mice receiving the highest dose of IVIg (i.e.,

2 g/kg) had recovered significantly more hind limb loco-

motor function than vehicle-treated controls (P = 0.018;

two-sided Student’s t-test); a similar trend was observed

for a 1 g/kg dose (P = 0.062). By 14 days post-SCI, mice

treated with IVIg doses of 0.5 g/kg or more had all

diverged from the vehicle-treated control group. This

trend continued and significant improvements in BMS

scores were found with IVIg doses of 0.5 g/kg (P < 0.01),

1 g/kg (P < 0.001), or 2 g/kg (P < 0.01) from 21 days

post-SCI onward. Direct comparison of endpoint BMS

scores (35 days post-SCI) confirmed that only higher

doses of IVIg (0.5–2 g/kg) improved hind limb locomotor

performance compared to vehicle controls (Fig. 2B; equal

efficacy between doses). Lower doses of IVIg (i.e., 0.05

and 0.1 g/kg) did not show therapeutic efficacy

(P ≥ 0.12).

Postmortem histopathological analyses at 35 days post-

SCI confirmed improved outcomes with higher IVIg

doses, with highly significant reductions in lesion volumes

following treatment with either 0.5 g/kg (31% reduction;

P < 0.0001), 1 g/kg (34% reduction; P < 0.0001), or 2 g/

kg IVIg (27% reduction; P < 0.0001). Although treatment

with an IVIg dose of 0.1 g/kg did not lead to a significant

improvement in BMS scores, we did observe a small

(15%) reduction in lesion volume for this group

(P < 0.05; Fig. 2D). Similar trends were observed when

analyzing lesion length, with IVIg doses of 0.5, 1 or 2 g/

kg reducing the lesion progression along the spinal axis

by 28%, 38%, and 30%, respectively (Fig. 2E).

Analysis of FluoroMyelin staining up to �1.0 mm away

from lesion epicenter showed that, consistent with our

observations regarding lesion volume, administration of

IVIg at doses of 0.5 g/kg or above significantly improved

myelin content/preservation within the VLWM between

600 lm rostral and 700 lm caudal of the lesion epicenter

(Fig. 2F). At the lesion epicenter, higher dose (0.5–2 g/

kg) IVIg therapy increased myelin preservation/presence

by 50–60% compared to vehicle controls (P < 0.0001;

Fig. 2C and G). Consistent with the functional outcome,

IVIg therapy at lower doses had little to no effect on mye-

lin preservation. Specifically, only IVIg therapy at 0.1 g/kg

showed modest efficacy, increasing myelin content at the

lesion epicenter by 21% (P < 0.01); this dose was, how-

ever, substantially less effective than higher doses of IVIg

(P < 0.0001).

Quantification of astroglial reactivity revealed clear

signs of gliosis within �800 lm of the lesion epicenter in

vehicle-treated mice (Fig. 2C and H). Regardless of the

dosing used, IVIg therapy did not affect astrogliosis at the

lesion epicenter. Consistent with the observed reductions

in lesion volume/length, a more confined astrogliotic

response (�500–600 lm) was observed following higher

dose (0.5 g/kg and above) IVIg treatment. “Area under

the curve” analysis confirmed less widespread astrogliosis

in these IVIg-treated groups compared to vehicle controls

(Fig. 2I). IVIg treatment at ≤0.1 g/kg was not effective in

reducing glial scarring.

Finally, we noticed that dilation of the central canal, a

commonly observed phenomenon rostral to the site of

SCI, appeared reduced in at least some animals. We

therefore investigated whether treatment of SCI mice with

an effective dose of IVIg (≥0.5 g/kg) attenuated central

canal dilation at 35 days post-injury (see Fig. S1). In

vehicle-treated SCI controls, central canal areas were sig-

nificantly increased between 300 and 600 lm rostral to

the lesion epicenter, up to a cross-sectional area of

0.051 mm2 (25-fold increase over baseline); no such

increases were seen caudal to the lesion site or further

rostral, that is 700–1000 lm away from the lesion epicen-

ter, where the size of the central canal was typically less

than 0.002 mm2. The central canal was not identifiable

within �100 lm of the epicenter regardless of the treat-

ment condition. IVIg therapy at a dose of 1 g/kg signifi-

cantly reduced central canal dilation rostral to the lesion

site at 500 lm (P < 0.05), 400 lm (P < 0.0001) and

300 lm (P < 0.01; Fig. S1A and B). The maximally

dilated area of the central canal (independent of its dis-

tance to the lesion epicenter) was also significantly lower

in these mice compared to vehicle-treated controls

(P < 0.05; Fig. S1C). IVIg therapy at a dose of 0.5 g/kg

or 2 g/kg also attenuated central canal dilation relative to

vehicle-treated SCI controls, but only at 500 lm
(P < 0.05) rostral to the lesion epicenter. Collectively,

these data show that higher dose IVIg therapy consis-

tently improves the functional and histological outcome

from SCI, with a dose of 1 g/kg showing the least

amount of intragroup variation. This dose was therefore

used in all subsequent experiments.

IVIg therapy attenuates SCI-induced changes
in fractional anisotropy and radial
diffusivity

Having established that IVIg therapy augments recovery,

we next investigated whether these improvements were

detectable with DTI (Fig. 3A). Longitudinal imaging

revealed a progressive deterioration of fractional aniso-

tropy (FA) values – a measure of tissue directionality and

integrity 20 – in the VF and LF of vehicle-treated controls

between 1 and 35 days post-SCI (P < 0.01; Fig. 3B and

C). Importantly, IVIg greatly attenuated the SCI-induced

decline in FA values for both the VF (P < 0.01) and LF

(P < 0.05). No time or treatment effect was observed for

FA values in the DCs, that is the site of direct impact

(Fig. 3D).
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Figure 2. IVIg improves the outcome from experimental spinal cord injury (SCI). (A) Mice administered IVIg (0.5–2 g/kg) showed significantly

improved hind limb motor recovery compared to vehicle-treated controls from 21 days post-SCI onwards. IVIg therapy at 0.1 g/kg or below did

not improve SCI outcomes. (B) Scatter plot showing the spread of individual BMS scores for each of the experimental groups at 35 days post-SCI.

(C) Representative sections of the lesion epicenter at 35 days post-injury for each of the experimental groups. (D, E) Mice administered IVIg (0.5–

2 g/kg) showed significantly reduced lesion volume (D) and lesion length (E) compared to those administered either lower doses of IVIg or vehicle.

(F, G) Analysis of myelin preservation showed that IVIg doses of ≥0.5 g/kg significantly increased the myelin content along the spinal axis (F) and

at the lesion epicenter (G). (H, I) Quantification of GFAP immunostaining revealed a more confined gliotic response along the spinal axis with 0.5–

2 g/kg IVIg therapy (H), as also confirmed by “area under the curve” analysis (I). (A, F, H) Mean (� SEM; n = 6–8 per group; ****P < 0.0001;

two-way repeated measure analysis of variance (ANOVA) with Bonferroni post hoc test. (B, D, E, G, I) Mean � SEM; *P < 0.05; **P < 0.01;

***P < 0.001; ****P < 0.0001; one-way ANOVA with Newman–Keuls post hoc test; n = 6–8 per group. Scale bar, c (top left): 200 lm. BMS,

Basso Mouse Scale; GFAP, glial fibrillary acidic protein.
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Figure 3. IVIg treatment improves diffusion tensor imaging (DTI) measures. (A) Schematic diagram explaining anisotropic and isotropic diffusion

in spinal white matter based on DTI principles. Blue dots indicate water molecules and their net trajectory of diffusion (arrows) as influenced by

the cytoarchitecture of the spinal cord white matter under homeostatic and injured conditions. Diffusion of molecules in the spinal white matter

is normally highly restricted (anisotropic) by anatomical barriers such as axonal membranes and myelin sheaths (left). Axonal damage and loss of

myelin following spinal cord injury (SCI) (right) disrupts these barriers, leading to less directional (isotropic) diffusion, lower fractional anisotropy

(FA), and higher radial diffusivity (RD). (B–D) Temporal change in FA at the lesion epicenter for the ventral funiculi (VF; B), lateral funiculi (LF; C),

and the dorsal columns (DCs; D). Note the deterioration of FA values in the VF and LF of vehicle-treated mice between 1 and 35 days post-SCI,

and that IVIg treatment attenuated this pathological change in FA values for these ROIs. No significant temporal change in FA values was

observed for the DCs in either experimental group. (E–G): Note the increase in RD between 1 and 35 days post-SCI at the lesion epicenter for

both the VF (E) and LF (F). IVIg treatment significantly counteracted these SCI-induced increases in RD. As with FA, no significant time or

treatment effect was observed for RD values in the DC area (G). All data points represent mean � SEM; n = 5–7 per experimental group;

*P < 0.05; **P < 0.01; two-way repeated measures ANOVA with Bonferroni post hoc test. ANOVA, analysis of variance.
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Progressive secondary SCI pathology includes

immune-mediated mechanisms (i.e., autoantibodies,

complement activation, and Fc receptors), which con-

tribute to demyelination of affected white matter path-

ways.13 As the myelin sheath normally restricts

perpendicular diffusion, changes in myelin structure are

best reflected by changes in radial diffusivity (RD).21

We therefore reasoned that SCI-induced changes in RD

values for the VLWM should be attenuated if IVIg

treatment was indeed protecting against secondary

Figure 4. Endpoint DTI measures correlate with Basso Mouse Scale (BMS) scores and myelin content. Blue squares are data points for individual

mice within the IVIg-treated group; vehicle-treated spinal cord injury (SCI) controls are shown as white circles. Trend lines based on regression

analysis are shown in black for each graph. (A–C): fractional anisotropy (FA) values in the VF (A), but not LF (B) or the DCs (C), were significantly

correlated with BMS scores at 35 days post-SCI for the cohort. (D) FA values for the combined ventrolateral white matter (VLWM) were trending

but nonsignificantly (ns) correlated with myelin content (P = 0.063). (E–G): Endpoint radial diffusivity (RD) values in the VF (E) and the LF (F), but

not the DCs (G), tightly correlated with final BMS scores (35 days post-injury). (H) RD values for the VLWM were also strongly correlated with

myelin content at 35 days post-SCI. Linear regression with Pearson correlation; n = 5–7 per experimental group; *P < 0.05; **P < 0.01;

***P < 0.001. DTI, diffusion tensor imaging.

Figure 5. IVIg treatment results in axonal sparing/regrowth and attenuates corticospinal tract (CST) dieback. (A) Representative tractography

images, color-coded by FA, showing improved streamline continuity in the ventrolateral white matter (VLWM) and dorsal columns (DCs) following

IVIg treatment (1 g/kg). (B) Quantitative analysis of neurofilament (NF-200) staining in transverse sections at the lesion epicenter. Note that IVIg

treatment significantly increased NF200+ profiles in the VLWM and the DCs compared to vehicle controls. (C) Representative mid-sagittal sections

of Emx1-creERT2:Rosa26-tdTomato mice at 35 days post-SCI. Note the qualitative reduction in lesion size following IVIg treatment. The dashed

white line indicates the lesion border as delineated by glial fibrillary acidic protein (GFAP) staining. C1, C2: Higher power images of the boxed

regions in C, showing attenuated CST dieback rostral to the lesion (red, left) and an increased presence of NF200+ profiles (green, right) in the

lesion core (GFAP� area) of IVIg-treated mice. (D, E) Quantification of CST dieback relative to both the lesion epicenter (D) and the lesion edge

(E). All data are presented as mean � SEM. (B) n = 4 per experimental group; *P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA with

Newman–Keuls post hoc test. (D, E) n = 4–5 per experimental group; **P < 0.05; **P < 0.01; Student’s two-sided t-test. Scale bars: A (top left

panel): 500 lm; C (bottom, top-right panel): 250 lm; C1, 2 (in C1): 130 lm. Abbreviations (in A): C: caudal, D: dorsal, L: lateral; M: medial; R:

rostral; V: ventral. ANOVA, analysis of variance; FA, fractional anisotropy; SCI, spinal cord injury.
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immune-mediated demyelination. The increase in

RD values following SCI was indeed significantly coun-

tered by IVIg treatment in both the VF (P < 0.01;

Fig. 3E) and LF (P < 0.05; Fig. 3F) at 35 days post-

injury. As with FA, no temporal change and/or treat-

ment effect was observed for the DCs (P > 0.05;

Fig. 3G).

FA and RD values in VLWM correlate with
functional performance

Having established that DTI can reveal treatment efficacy,

we next explored whether the various diffusion indices

(i.e., FA, Axial diffusivity [AD], and RD) directly corre-

lated with established primary (functional) and secondary

(histopathological) outcome measures at the study end-

point (35 days post-SCI). BMS scores were positively and

significantly correlated with FA values in the VF

(Fig. 4A), but not the LF (Fig. 4B) or the DCs (Fig. 4C).

AD values – an indicator of axonal integrity/damage – for

these ROIs did not correlate with the functional perfor-

mance of individual mice under the imaging conditions

used (data not shown). RD values, on the other hand,

were strongly and inversely correlated with BMS scores

for both the VF (Fig. 4E) and LF (Fig. 4F), but not the

DC area (Fig. 4G). RD (but not FA) measurements also

significantly correlated with the myelin content of the

VLWM at the lesion epicenter (Fig. 4D and H).

IVIg therapy reduces axonal loss following
contusive SCI

The beneficial effects of IVIg therapy in SCI were simi-

larly evident from better tractography (Fig. 5A). Some-

what surprisingly, given that no time or treatment effect

was observed for any of the diffusion indices in the pre-

sumptive DC region, a clear continuity of fiber tracks

across the lesion was observed here in IVIg-treated ani-

mals. This observation prompted us to compare neurofil-

ament staining in postmortem samples from each of the

experimental groups to determine if IVIg therapy led to

axonal sparing/regrowth. In agreement with the tractogra-

phy data, SCI mice treated with 1 g/kg IVIg had signifi-

cantly more neurofilament staining at the lesion

epicenter, not only within the spared VLWM but also

dorsally in the presumptive DC area (Fig. 5B). As the

dorsal funiculus of the rodent spinal cord contains both

ascending sensory axons (DC-medial lemniscus pathway)

and descending motor fibers of the main CST, we used

Emx1-creERT2:Rosa26-tdTomato mice to distinguish

between these pathways in vivo in animals that were trea-

ted with either vehicle or 1 g/kg IVIg. A significant

increase in the number of neurofilament+ profiles was

again qualitatively observed following IVIg treatment, but

no continuity of tdTomato-labeled CST fibers was seen

across the lesion site (Fig. 5C). IVIg treatment did, how-

ever, lead to a significant reduction in the dieback of CST

axons, irrespective of whether this was measured from the

lesion epicenter (P < 0.01; Fig. 5D) or the lesion edge

(P < 0.05; Fig. 5E), with the latter ruling out differences

in lesion size between experimental groups as a potential

confounding factor.

IVIg attenuates presence of activated
macrophages and complement activation
products in SCI

Based on its known anti-inflammatory effects, we reasoned

that IVIg therapy might have reduced demyelination, axo-

nal dieback, and improved functional recovery, through a

positive modulation of the inflammatory response. Quan-

tification of activated microglia/macrophages

(Iba1+CD68+Hoechst+ cells) in the VLWM at 35 days

post-SCI revealed that IVIg treatment (1 g/kg) significantly

reduced the presence of Iba1+CD68+Hoechst+ cells at and

around the epicenter (100 lm rostral to 500 lm caudal)

compared to controls (Fig. 6A and B).

As IVIg can scavenge/neutralize complement activation

products,7–11 and given the direct link between comple-

ment system activation and the magnitude of the inflam-

matory response in SCI,14 we next explored whether IVIg

therapy had an attenuating effect on the presence of com-

plement activation products. Consistent with our previous

findings, SCI (with vehicle treatment) significantly

increased the levels of complement activation product

C5a within the spinal cord at 1 day post-injury (P < 0.01

compared to sham-operated controls; Fig. 6C); treatment

with 1 g/kg IVIg counteracted this SCI-induced increase.

Notably, similar results were obtained if C5a levels were

measured as either absolute amounts, or relative to the

weight of the dissected spinal cord segment for each sam-

ple (P < 0.05; data not shown). Tissue levels of C3b,

another complement activation product that rose by

~300% as a result of SCI (P < 0.001), were also signifi-

cantly reduced following IVIg treatment (Fig. 6D). Lastly,

IVIg therapy does not appear to act via overconsumption

of complement,11 as circulating C5a levels in the plasma

were not different between vehicle and IVIg-treated SCI

mice (Veh: 4.38 � 0.76 vs. IVIg: 3.70 � 0.42 ng/mL;

mean � SEM; n = 7–8 per group).

IVIg therapy is more effective than albumin
in improving SCI outcomes

We finally sought to confirm that the benefits of IVIg

therapy were indeed mediated by immunomodulatory
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mechanisms and not just resulting from addition of a

protein reserve.22 For this, we directly compared the ther-

apeutic efficacy of IVIg against albumin treatment. SCI

mice were randomly assigned to either IVIg (1 g/kg),

albumin (1 g/kg), or vehicle treatment, all of which were

delivered 1 h post-SCI. Similar to our observations in the

dose–response study, mice treated with 1 g/kg IVIg recov-

ered significantly more hind limb locomotor function

Figure 6. IVIg treatment reduces intraspinal presence of activated macrophages and complement activation products. (A) Representative

histological sections of the lesion epicenter at 35 days post-spinal cord injury (SCI) from vehicle-treated controls (top row) or mice administered

IVIg (1 g/kg) (bottom row). The dotted white line delineates the area of spared tissue. The “CD68 Mean” panels (right column) show the mean

area (pixel units) of CD68 staining per Iba1+CD68+Hoechst+ cell. (B) Note that IVIg treatment significantly reduced the number of

Iba1+CD68+Hoechst+ cells in the VLWM in sections within 100 lm rostral to 500 lm caudal of the lesion epicenter. (C) Analysis of C5a levels in

the injured spinal cord segment at 1 day post-injury. Note the reduction in tissue C5a levels following IVIg treatment of SCI mice. (D) Western

blot data from spinal cord homogenates of SCI mice showing that IVIg treatment also attenuated tissue C3b levels. (B) Mean � SEM; *P < 0.05;

**P < 0.01; ***P < 0.001; ****P < 0.0001; two-way analysis of variance (ANOVA) with Bonferroni post hoc test; n = 6–7. (C, D) Mean � SEM;

*P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA with Newman–Keuls post hoc test; n = 5–6. Scale bar: A (top left): 200 lm.
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than vehicle-treated SCI controls (P < 0.001; Fig. 7A).

Albumin treatment also led to a modest improvement in

SCI outcomes, but this effect was inferior to IVIg therapy

(P < 0.05; Fig. 7A).

Consistent with functional outcomes, lesion volumes of

IVIg mice were again significantly smaller (35%,

P < 0.0001; Fig. 7B) than those of vehicle-treated con-

trols. Albumin treatment led to a much more modest

change in lesion volume (11%; P < 0.05) and these were

still 27% larger than those of IVIg-treated animals

(P < 0.0001). A similar trend was observed for spread of

the lesion along the length axis of the spinal cord

(Fig. 7C), with IVIg therapy producing the most dramatic

reduction in lesion length (28%; P < 0.001). This effect

was again superior to that of albumin administration

(14%; P < 0.05). As a result, the average length of the

lesion was significantly greater (16%) in albumin-treated

mice compared to those administered IVIg (P < 0.05).

Additional histological analysis once again confirmed

an effect of IVIg therapy on myelin content/preservation

up to 700 lm rostral and 800 lm caudal to the lesion

epicenter (Fig. 7D and E); epicenter myelin was signifi-

cantly increased by 64% (P < 0.0001) compared to vehi-

cle, and 30% (P < 0.01) for albumin-treated SCI mice,

respectively. Albumin itself also improved myelin con-

tent compared to vehicle-treated SCI controls but only

within 200 lm of the lesion epicenter (Fig. 7E), with a

26% improvement in myelin content at the lesion epi-

center (P < 0.01; Fig. 7F). Similar to the dose–response
studies, IVIg-treated animals again showed a more con-

fined astroglial response, not only compared to vehicle

treatment (21%, P < 0.0001) but also albumin (12%,

P < 0.05; Fig. 7G and H). We lastly quantified CD11b

staining to assess the presence of activated inflammatory

macrophages (and neutrophils) at the lesion (Fig. 7D, I

and J). Only IVIg therapy had a significant effect on

the CD11b+ infiltrate at the lesion site, showing

a > 30% reduction compared to both vehicle and albu-

min-treated animals (P < 0.01; Fig. 7J). IVIg therapy

was thus superior to albumin treatment in all primary

(functional) and secondary (histopathological) outcome

measures.

Discussion

IVIg is increasingly being utlized for the treatment of

inflammatory/autoimmune disorders because of its potent

immunomodulatory properties. IVIg therapy has already

shown great promise in several models of acquired CNS

injury,23–25 but this study demonstrates its robust efficacy

in counteracting secondary immune-mediated pathology

in contusive SCI. We also show, for the first time, that

IVIg therapy has a remarkable attenuating effect on the

presence of complement activation products within the

injured spinal cord, thereby providing clues as to how

IVIg augments neurological recovery following neuro-

trauma.

All of the clinically recommended doses for IVIg ther-

apy (0.5–2 g/kg) improved SCI outcomes at endpoint,

although only 2 g/kg enhanced recovery in the subacute

phase (7 days post-injury). Aside from augmenting neu-

rological recovery, IVIg therapy (≥ 0.5 g/kg, delivered 1 h

post-SCI) also reduced lesion volume and length,

improved myelin content at and around the lesion epi-

center, and led to more confined astrogliosis. Medium to

high-dose IVIg additionally attenuated central canal

enlargement rostral to the injury site, suggesting

improved flow of cerebrospinal fluid around the lesion.26

To the best of our knowledge, these data provide the first

evidence that central canal expansion rostral to the site of

contusive SCI is influenced by inflammatory processes.

Low-dose IVIg treatment (0.05 or 0.1 g/kg) did not

improve the primary (functional) outcome relative to

vehicle treatment. The present findings independently

support and extend from a previous study on the longer

term benefits of human IgG treatment (0.4 g/kg, delivered

15 min post-injury) following clip compression injury.16

Future studies should now explore the therapeutic win-

dow for IVIg therapy (≥0.5 g/kg) beyond the 1-h time

point.

Figure 7. IVIg is more effective than albumin in improving spinal cord injury (SCI) outcomes. (A) Endpoint BMS locomotor scores showing that

IVIg significantly improves the functional recovery compared to both vehicle- and albumin-treated SCI mice. (B, C) IVIg therapy also significantly

reduced lesion volume (B) and lesion length (C) compared to both vehicle and albumin treatment. (D) Representative sections of the lesion

epicenter at 35 days post-SCI for each of the experimental groups. (E, F) IVIg treatment resulted in increased myelin, around (E) and at (F) the

lesion epicenter (35 days post-SCI). Note the significantly improved outcomes compared to both vehicle and albumin treatment (F). (G, H) Analysis

of GFAP immunoreactivity around the lesion site (G) showed more confined astrogliosis in IVIg-treated mice compared to either vehicle or

albumin treatment. “Area under the curve” analysis confirmed this result (H). (I, J) Spatial analysis of CD11b staining up to 1 mm on either side

of the lesion epicenter (I) indicated that only IVIg treatment significantly reduced the CD11b+ infiltrate at the lesion epicenter, which was again

confirmed by “area under the curve” analysis (J). All data are presented as mean � SEM. (A–C, F, H, J) *P < 0.05; **P < 0.01; ***P < 0.001;

****P < 0.0001; one-way ANOVA with Newman–Keuls post hoc test; n = 7–8 per experimental group. Scale bar: D (top left): 200 lm. ANOVA,

analysis of variance. BMS, Basso Mouse Scale; GFAP, glial fibrillary acidic protein.
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With an increasing number of promising therapeutic

interventions under development and/or already being

tested in human SCI,27 there is an urgent need for nonin-

vasive and transferable methods to assess treatment effi-

cacy between animal and human studies and/or to also

better account for patient heterogeneity in lesion severity

at the outset.17 Based on a growing body of evidence in

support of DTI being one such technique,28–30 we

explored whether longitudinal in vivo DTI could detect

the beneficial effects of IVIg therapy in live subjects. DTI

can detect regions of edema, hemorrhage, axonal damage

and/or demyelination, and Wallerian degeneration.31

However, no study to date has evaluated whether DTI is

sensitive enough to reveal microstructural improvements

in tissue integrity as a result of treatment and, if so, how

quantifiable changes in diffusion indices correlate with

the current “gold standards” for assessing experimental

treatment efficacy, that is, functional performance in open

field (BMS scores) and histopathological analysis of post-

mortem tissue samples.

Consistent with reports from previous human and

experimental animal studies, including our own,20,32 FA

values were acutely reduced at the lesion epicenter (1 day

post-SCI) but did not differ between groups. These early

changes in FA are mostly driven by acute reductions in

AD and reflect the primary impact of SCI, that is, large-

scale axonal damage.1 The decline in FA values during

the more chronic phase of SCI is primarily driven by a

progressively increasing RD and not AD-associated

changes.20 Remarkably, the dramatic increase in RD val-

ues during the post-acute phase, which has been linked to

demyelination,28,32,33 was significantly attenuated in IVIg-

treated animals, leading to overall improvements in FA

for the VLWM. These findings suggest that IVIg may

mediate part of its therapeutic effect by protecting spared

axons against secondary immune-mediated demyelination,

which is consistent with the observed increases in myelin

content in spared white matter of IVIg-treated animals.

In further direct agreement, RD values were highly corre-

lated to myelin content. An additional contributing factor

may have been enhanced reparative remyelination follow-

ing IVIg treatment.34 DTI did not appear to be sensitive

enough to detect more subtle degeneration of axons in

the post-acute phase through ongoing changes in AD val-

ues, at least not under the imaging conditions used.

Given that our postmortem histopathological analysis

suggests that IVIg therapy might preserve and/or prevent

the degeneration of at least some compromised axons,

future studies should test other DTI protocols that may

be more optimally designed to detect changes in AD.35

Regardless, our results show that DTI is not only useful

for monitoring lesion development, but that it can also

provide clues on the putative mechanism of action for

therapeutic interventions through differential changes in

diffusion indices (in this case RD). FA and RD values for

the VF at the study endpoint also directly correlated with

the neurological outcome, with a similar trend observed

for the LF. These results thus indicate that FA and RD

values can act as useful biomarkers in SCI for VLWM

integrity and for monitoring the extent of secondary

degenerative changes over time, either in the presence or

absence of a therapeutic intervention.

In addition to establishing IVIg’s dose–response rela-

tionship and exploring the use of DTI to noninvasively

study treatment efficacy, we also demonstrated acute

reductions in the presence of complement activation prod-

ucts within the injured neural parenchyma following IVIg

therapy, specifically C5a and C3b/iC3b. These findings are

important from a clinical perspective as excessive and

indiscriminate complement activation, triggered by trauma

and associated bleeding36 contributes significantly to sec-

ondary inflammatory pathology via “innocent bystander”

effects in various forms of acquired CNS injury, including

SCI.36,37 We recently provided direct evidence for this by

showing that the complement activation product C5a

drives pro-inflammatory cytokine production after SCI,

and that inhibition of the main signaling receptor for C5a

(C5aR1) during the subacute phase of injury improves

outcomes.14 The observed reductions in complement acti-

vation products within the spinal cord with IVIg therapy

may appear somewhat counterintuitive at first sight based

on the well-established link between Ig and classical path-

way initiation. It is important to distinguish, however,

between the opposing roles of natural (non-self) versus

pathogenic (self-reactive) antibodies in relation to comple-

ment activation and SCI or TBI outcomes.6,13,38 In vivo

scavenging of C3-derived active fragments by exogenously

administered natural immunoglobulins is likely to not

only reduce terminal complement pathway activation but

also CR2 signaling in B cells, thereby inhibiting production

of IgM antibodies that could otherwise react with neoepi-

topes exposed by CNS injury.38 In combination, these

findings highlight the validity of two immunomodulatory

strategies to reduce inflammatory pathology following

neurotrauma: (1) boosting natural nonpathogenic anti-

body titers by therapies like IVIg, or (2) use of more tar-

geted complement inhibitors14,39; both suppress harmful

effects of adaptive immune activation, pathogenic anti-

body production and/or complement activation.23,40

Other mechanisms for IVIg’s effectiveness in acquired

CNS injury may involve Fc receptor-dependent actions,12

with the net result of these interactions being attenuated

endothelial cell dysfunction 41 and increased neuronal

survival.42 Proposed mechanisms via which IVIg may

exert its anti-inflammatory effects is by suppressing the

expression of activating Fc receptors on macrophages
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while increasing the levels of inhibitory Fc receptor on

these cells. Our observation that IVIg therapy led to a sig-

nificant reduction in the number of phagocytically active

(Iba1+CD68+) macrophages at and around the site of SCI

is particularly interesting in this regard and requires fur-

ther investigation. Aside from leukocytes, Fc receptor

expression has also been reported on neurons, astrocytes,

oligodendrocytes, and microglia.43 A clear localization/

binding of intravenously administered hu-IgG to these

neural cell types was observed at 1 day post-SCI when

integrity of the blood–spinal cord barrier is dramatically

disrupted.44 The putative significance of these interactions

for neuroprotection and/or repair remains unclear,12

although a previous report has shown that cross-linking

of Fcc receptor by IgG can lead to the activation and dif-

ferentiation of oligodendrocyte precursor cells,45 which

may have aided repair in vivo.

Intriguingly, several recent studies have demonstrated

direct crosstalk between complement and Fc receptor sig-

naling. Specifically, C5a induces robust upregulation of

activating Fc receptors and downregulation of the inhibi-

tory FccRIIB on effector macrophages,46 thereby lowering

their activation threshold. Treatment with IVIg blocks

these effects of C5a on macrophages,47 possibly through

the direct scavenging/neutralization of this complement

activation product.10 The complex interplay between com-

plement and FcR signaling (and the influence of IVIg

thereon) requires further investigation as the inhibitory

FccRIIB can also block C5a signaling events downstream of

C5aR1 through its interaction with Dectin-1.48 IVIg may

thus also act through Fc receptor-dependent mechanisms

that are interlinked with complement activation. Regard-

less of the precise mechanism(s) of action, the repurposing

of IVIg for the scavenging/neutralization of harmful com-

plement activation products such as C5a warrants serious

consideration for clinical phase investigations in acute SCI.

As some studies have suggested that the addition of a

protein reserve per se may be neuroprotective,22 we lastly

assessed the effect of albumin treatment to control for pro-

tein loading. Consistent with previous reports that have

ascribed some immunosuppressive 49 and/or antioxidant

properties 50 to high-dose albumin treatment in CNS injury,

modestly improved SCI outcomes were observed but these

were inferior compared to IVIg therapy. These differences

may be explained by the fact that, although albumin treat-

ment had a modest impact on lesion volume, length, and

myelin content, no significant reduction in the CD11b+

infiltrate at the lesion site, as seen with IVIg, was observed.

Lastly, although we are not aware of published evidence

showing an influence of neuroprotective sex hormones

like progesterone 51 on complement system activation

and/or the benefits of IVIg therapy, it is important to

point out that we conducted our study exclusively in

female mice because of the higher incidence of mortality

and adverse events in males, for example, from urosepsis.

In conclusion, the present findings highlight the poten-

tial of IVIg as a readily available and promising

immunomodulatory treatment to improve the prospects

of recovery from acute SCI. Considering that IVIg already

has a good established safety profile,5 rapid translation to

explore its efficacy in human patients is warranted, par-

ticularly in individuals with (anatomically) incomplete

SCI. We have also demonstrated that DTI, a noninvasive

and clinically relevant imaging technique, is capable of

detecting microstructural differences/improvements in the

integrity of spinal cord white matter, in particular with

regard to RD values. Routine incorporation of DTI tech-

niques, both clinically and in translational SCI research,

could therefore prove extremely advantageous, not only

for characterizing SCI pathology and/or stratification of

suitable patients but also to expedite the selection and

validation of the most promising therapeutics in clinical

trials.
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