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Abstract 

It has been reported that children may respond better than adults to a spinal cord injury (SCI) 

of similar severity. There are known biomechanical differences in the developing spinal cord 

that may contribute to this ‘infant lesion effect’, but the underlying mechanisms are unknown. 

Using immunohistochemistry, we have previously demonstrated a different injury progression 

and immune cell response after a mild thoracic contusion SCI in infant rats, as compared to 

adult rats. Here we investigated the acute inflammatory responses using flow cytometry and 

ELISA at 1h, 24h and 1week after SCI in neonatal (P7) and adult (9wks) rats and locomotor 

recovery was examined for 6 weeks post-injury. Adult rats exhibited a pronounced pro-

inflammatory response characterised by neutrophils and M1-like macrophage infiltration, and 

Th1 cytokine secretion. Neonatal rats exhibited a decreased pro-inflammatory response 

characterised by a higher proportion of M2-like macrophages and reduced Th1 cytokine 

responses, as compared to adults. These results suggest that the initial inflammatory response 

to SCI is predominantly anti-inflammatory in very young animals.  
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Introduction 

Pediatric spinal cord injury (SCI ) accounts for only 1-13% of all reported SCI cases [1, 2] but 

spinal injury has a long and lasting impact on quality of life for these children.  While it is 

acknowledged that children may be more vulnerable to severe injuries, if they survive an 

injury of comparable force, they appear to have a different, often better and faster recovery 

than their adult counterparts. A systematic review of published cases 1980-2011 reported that 

the “potential neurological recovery was higher in children compared to adults” [3].  Better 

functional recovery has also been reported following experimental spinal cord injury in young 

animals although the species, age range and methodology varied considerably between studies 

[4-8] 

SCI is biphasal. There is an initial trauma resulting in primary injury, followed by an extended 

and evolving secondary injury phase with interactions between the central nervous system and 

the immune system [9-12]. A hallmark of the secondary injury phase is a heightened and 

sustained pro-inflammatory cascade, characterised by neutrophil and macrophage infiltration, 

microglial activation and astrogliosis. The functional states of macrophages are broadly 

categorised along a spectrum between the two basic phenotypes, M1 (pro-inflammatory, 

classically-activated) and M2 (anti-inflammatory, alternatively activated) [13]. M1-like 

macrophages secrete potentially neurotoxic effector molecules and pro-inflammatory 

cytokines, while the M2 phenotype is involved in dampening the inflammatory response and 

promoting wound healing and tissue remodelling [14]. The respective proportions of M1 and 

M2 macrophages determines the initiation and perpetuation of Th1/Th17 and Th2/Treg 

responses, respectively. Therefore, the temporal distribution and the magnitude of the M1-like 

and M2-like responses after SCI likely have significant roles in determining the efficacy and 

speed of injury resolution and the degree of functional recovery [15-17].  
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The different macrophage phenotypes are associated with different effector cytokines and 

chemokines. Pro-inflammatory Th1 modulators such as TNFα, IL-6, IL-1α/1β and IFN-γ are 

generally accepted to be detrimental to functional recovery when overexpressed or persistent 

[18]. These pro-inflammatory cytokines are not directly toxic to cells, but may be indirectly 

toxic through their interactions with cells when at high levels in the post-injury environment 

[19-21]. However, these cytokines also play a necessary role when they are kept in balance 

and a complete blockade of their activity may be detrimental to recovery. Anti-inflammatory, 

or Th2, cytokines such as TGF-β, IL-10, IL-4, and IL-13, are associated with wound healing, 

the injury resolution response, and alternatively activated macrophages [22, 14, 17, 23].In this 

study we investigated the acute (< 1 week post-injury) inflammatory responses in both 

neonatal and adult rats using flow cytometry and ELISA to determine if there were 

differences in the proportions of macrophage phenotypes, and pro- and anti-inflammatory 

cytokines following SCI. We also examined the locomotor function in animals after SCI to 

investigate patterns of motor function recovery.  

Materials and Methods 

Animals 

46 Adult Sprague-Dawley rats (9 week old, female, ARC, Perth, Australia) and 76 infant 

(postnatal day 7, mixed sex,) were randomly allocated into groups for surgery (SCI or sham 

control groups) and were euthanized at one hour, 24 hours or one week post-surgery (n = 5 

per adult group, n = 10 per infant group) for flow cytometry and cytokine analyses and at 6 

weeks (n= 8 per group) for locomotor assessments. Infant samples were pooled with 2 spinal 

cords per sample for flow cytometry. During experimentation all animals were numbered and 

randomised as a blinding technique. All experimental procedures were performed with ethics 

approval from the University of Technology Sydney Animal Care and Ethics committee.  

Surgery and euthanasia  
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Rats were anesthetised using 2% isoflurane with an oxygen flow rate of 1L/min. Local 

anaesthetic (0.2ml Bupivacaine, s.c) and iodine were applied to the shaved thoracic region.  

Prior to the surgery commencing, the rats were given analgesics (Buprenorphine 

hydrochloride -Temgesic 0.03mg/kg or (infants - 0.01mg/kg) body weight, s.c), antibiotics 

(Cephazolin sodium 33mg/kg body weight, s.c) and Hartman’s replacement solution 

(Compound sodium lactate 15ml/kg body weight, s.c). An incision was made through the skin 

at the dorsal midline from the mid to low thoracic region and subsequent layers of tissue 

parted to expose the spinal column. This was followed by a bilateral laminectomy of the T10 

vertebrae (adults) and mid-thoracic (infants) to expose the spinal cord with the dura left intact. 

The rats were then moved to the NYU/MASCIS weight-drop impactor, stabilised with clamps 

on the adjacent vertebrae and subjected to a weight-drop contusion injury. The height of the 

drop (6.5mm and 3mm) and diameter of the impactor head (2.5mm and 1mm) varied between 

groups to account for different sizes of spinal cords in order to produce an injury of 

comparable severity in animals as previously described using histology at 24 hrs [24]. Sham 

animals underwent all surgical procedures, except for the spinal impact. The surgical incision 

was sutured closed in layers (muscle, fascia, skin), and the animals were allowed to recover in 

a warm cage. Infant rats were washed in saline and exposed to home cage bedding material to 

remove any ‘foreign’ scents before being returned to their dams for post-operative care.  All 

adult rats were given analgesics (Buprenorphine hydrochloride -Temgesic 0.03mg/kg body 

weight, s.c), antibiotics (Cephazolin sodium 33mg/kg body weight, s.c) and Hartman’s 

replacement solution twice daily for at least 3 days and underwent manual bladder expression 

twice daily until normal voiding returned.   

Flow Cytometry 

Animals were euthanized at one hour, 24 hours and one week post-surgery using 

pentobarbital sodium (Lethabarb, 1ml/kg body weight,). The spinal cords were removed and 
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transferred to HBSS (Hank’s balanced salt solution) buffer. A segment centred on the lesion 

site was manually sliced using sterile scissors, and then homogenised using the GentleMACS 

Dissociator (Miltenyi Biotec). Adult samples were processed singly while infant samples 

were pooled from this point onward, two animals to a sample, to ensure adequate volume of 

tissue for analyses of cell populations.  The homogenate was then filtered and centrifuged 

(300xg for 10min) and the supernatant was collected for ELISA. The pellet was resuspended 

in 1ml of red blood cell lysis buffer for 5min at RT, centrifuged again, the supernatant 

removed, and the cells resuspended in HBSS. An Optiprep density gradient with solutions at 

four different concentrations was used to separate and isolate inflammatory cells as previously 

described [25, 26].  The top layer contained the cellular debris, which was discarded. Beneath 

this were layers of large neuronal cells, which were also discarded, leaving inflammatory cells 

and glia in the pellet. The inflammatory isolate was incubated with Sytox Blue, Mouse anti rat 

CD45-APC-Cy7 (Biosciences, 1:20), Mouse Anti-Rat CD68-FITC (Biorad 1:10), Mouse 

Anti-Rat CD86-PE (Biosciences, 1:20),  Mouse Anti-Rat CD163-AF647 (Biorad 1:10) or 

Mouse Anti-Rat HIS48-FITC (Biosciences, 1:10), with appropriate isotypic controls (BD 

Biosciences).  Compensation beads (CB) were used for the single colour controls (BD 

CompBeads #552843, BD Biosciences). Flow cytometry was performed on the samples using 

an LSRII Flow Cytometer (BD Biosciences) Gating was first conducted based on forward and 

side scatter properties of the cells, then SSC height and area to restrict to single cell events 

and then Sytox Blue for cell viability. Leukocytes were gated as CD45+ and then specific 

populations of macrophages were discriminated using CD68, CD86 and CD163 and 

neutrophils using HIS-48. Activated macrophages were identified as CD45+/CD68+, the M1-

like phenotype as CD68+/CD86+, and the M2-like phenotype as CD68+/CD163+ [27]. The 

relative numbers of activated macrophages, M1-like and M2-like macrophages was 



 

7 

 

determined. Neutrophils were identified as CD45+/HIS-48+ and were counted as a percentage 

of all viable cells.   

Cytokine Analysis 

Cytokine analysis was performed on the supernatant from the spinal cord homogenate using 

the Bio-Rad Pro Rat TH1/Th2 12-Plex panel for the Bio-Rad MagPix to quantify Th1 

associated (M1) cytokines IFN-γ, IL-1α, IL-1β, IL-2, IL-6, IL-12 and TNF-α and Th2 

associated (M2) cytokines IL-4, IL-5, IL-10, IL-13 and GM-CSF. The 96 well plate was 

prepared according to the manufacturers’ specifications, using the 20x coupled beads and 

respective antibodies, with the supernatant diluted 1:2 with FSW and the standards prepared 

as 1:4 serial dilutions. The plate was analysed on the Bio-Rad MagPix using the standard 

settings recommended by the manufacturer. 

Tissue analysis 

The results for flow cytometry and ELISA will be presented as fold changes from the age 

appropriate sham animals. The size difference between P7 (14.8 +/- 1.6g) and adult rats 

(245.9 +/- 17.3g) presented issues in obtaining sufficient spinal cord tissue from the infant rats 

for direct comparison of absolute values. Pooled samples of multiple (~15) infant rats would 

have been required to obtain the same amount of tissue as a single adult rat spinal cord. 

Therefore, in order to reduce the number of experimental animals used we opted to examine 

data as fold changes only. 

Hind-limb locomotor assessment 

Adult rats were first acclimatised to an open field apparatus (90cm in diameter) where they 

were allowed to move around freely and naturally. Hind-limb locomotor function was 

assessed using the Basso Beattie and Bresnahan (BBB) Locomotor Rating Score [28] on the 

day prior to surgery to obtain a ‘baseline’ for each animal, and then on day 1, 3 and 7 post 

injury, followed by once a week for 6 weeks. Assessments were conducted using three minute 
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digital recordings by 2 independent assessors blinded to injury status.  Infant rats were also 

assessed for locomotor function using the BBB scoring system, but it should be noted that this 

scoring system is designed and validated for adult rats.  Sham (uninjured) rats had reached a 

score of 21 by 4 weeks of age indicating the development of mature hindlimb locomotor 

function. Therefore, a new 6 point scoring system for the infant rats was developed (Table 1) 

to compare the overground locomotor activity at the earlier timepoints. It was simple to 

implement and required minimal training using existing videos. 

Data Analysis and Statistics 

Changes in neutrophils were analysed using ordinary one-way ANOVA. Changes in 

leucocytes were analysed using two-way ANOVA (time and age) followed by Bonferroni’s 

post hoc tests. For locomotor scoring two assessors independently analysed digital recordings 

and linear regression was used to confirm inter-observer variability (R2 = 0.89-0.94) before 

averaging the results. Repeated measures ANOVA or mixed effects analysis was used to 

compare locomotor scores over time and by injury status with Bonferoni post hoc tests used to 

determine differences at each time point.  

Results 

Neutrophils 

In the uninjured (sham) and at one hour post injury in the adult rat spinal cord neutrophils 

(CD45+/HIS48+) accounted for less than 0.5% of all viable cells while in the infant 

neutrophils accounted for less than 0.2% of all viable cells. In the injured adult spinal cords 

neutrophils increased to 4.3% +/- 2.8 (0.0124 v’s sham) at 24 hours post injury while in the 

injured infant spinal cords neutrophils increased to 0.97% +/- 0.6 (p = 0.0186 v’s sham) 

(Shown in Fig. 1).  

Macrophage and Microglial Phenotypes 
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There were significant differences found in the inflammatory response for adults and infants 

(shown in Fig. 2). For CD45+ leucocytes (shown in Fig. 2A) there were significant difference 

for both time (F (2, 22) = 14.01, p = 0.0001) and age (F(1,22) = 5.640, p = 0.0267). In the 

injured adult spinal cord, there was an increase in leukocytes from 0.06 fold at one hour to 6.5 

fold at one week (p < 0.0005). In the infant rats there was a higher initial response (2.4 fold at 

one hour) that remained relatively steady (2.6 fold at one week, p < 0.005 v adults).  

For M1-like (CD68+/CD86+) cells (shown in Fig. 2B) there were significant differences for 

both time (F (2, 24) = 14.01, p = 0.0002) and age (F(1,24) = 8.765, p = 0.0068). In the injured 

adult spinal cord, there was an increase in the fold change from shams from 0.3 fold at one 

hour to 8.2 fold at one week (p < 0.0005). In the injured infant spinal cord this increase was 

much smaller with a peak of only 2.7 fold at one week (p<0.05 v adults) (shown in Fig. 2B). 

For the M2-like (CD68+/CD163+) cells (shown in Fig. 2C) the opposite pattern was observed.  

In the injured adult spinal cord, there was a small increase in the fold change from shams for 

M2-like cells (3 fold) at 24 hours that remained steady. In the injured infant spinal cord, there 

were increases in the fold change from shams for M2-like cells at 24 hours (5 fold) and at one 

week post injury (12 fold). This indicates a switch in the proportional response between the 

adults and infant rats whereby adults had a higher M1 response and infants had a higher M2 

response at one week post injury compared to their own age appropriate controls.   

Cytokines 

The pro-inflammatory cytokine response for IL-1α, IL-1β, IL-6, IL-12 and IFN- γ and TNF-α, 

in adult and infant rat spinal cord, expressed as a fold change from the age appropriate sham 

controls are shown in Figures 3A and 3B. In the adult injured spinal cords, the level of all pro-

inflammatory cytokines increased compared to sham controls with the largest increase 

observed for IL-1α levels (8 fold) at 1 week followed by TNF-α levels (6 fold) at 1 hour post 

injury. Elevated levels of some pro-inflammatory cytokines (notably IL-6 and IL-12) 
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persisted for up to one week post-injury. For the infant injured spinal cords there was a 

smaller pro-inflammatory cytokine response overall compared to adults with smaller increases 

for IL-1α (1.5 fold) at 1 week and TNF-α not measurable at 1 hour however TNF-α was 

elevated at later time points in the infant (~3 fold) at 24 hours and 1 week. The anti-

inflammatory cytokine response for IL-4, IL-5, IL-10 and IL-13 are shown in Figures 3C and 

3D.  For the adult spinal cords, the highest increase in anti-inflammatory cytokines was for 

IL-13 (7 fold) at 1 week. In the infants the highest increase in anti-inflammatory cytokines 

were for IL-4 (2 fold) and IL-13 (4 fold) and these both peaked at one week post injury 

Hind-limb Locomotor Function 

All uninjured (sham) adult rats had a baseline BBB score of 21, and this was maintained over 

the six week period. The adult SCI rats had an average post-injury BBB score of 4.7 at day 1 

post-injury, and this gradually increased to a final BBB score of 16.1 by week 6 post-injury 

(shown in Fig. 4A). There were significant differences in BBB scores between sham and SCI 

rats at each post injury time point (Bonferoni post hoc tests, p <  0.0001) These results are as 

expected and are consistent with what has previously been reported when the BBB scoring 

system is used to assess locomotor function following mild SCI in adult rats [29].  

Uninjured (sham) infant rats developed full and measurable hindlimb locomotor function by 4 

weeks of age as indicated by a BBB score of 21 (shown in Fig. 4B). The modified overground 

locomotor scores for infants (shown in Fig. 4C) showed a decrease in motor function 

(Bonferoni post hoc tests, p < 0.01) on day one post injury that normalised completely by two 

weeks.  

Discussion/Conclusion 

The findings from this study demonstrate that infant rats initiate and sustain an anti-

inflammatory response to spinal cord injury as shown by a switch to a M2-like macrophage 

response and a lower Th1 cytokine response. In comparison, adult animals showed a 
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heightened pro-inflammatory response as indicated by an increased influx of neutrophils and 

an enhanced M1-like macrophage responses characterised by an increased Th1 cytokine 

response.  

The acute pro-inflammatory response observed in the adult animals in the current study 

corroborates previous investigations of traumatic spinal cord injury in rats [10]. In the current 

study, SCI of adult rats was characterised by an early neutrophil infiltration, followed by a 

pro-inflammatory cytokine response, and then a macrophage activation/infiltration that has 

now been identified as predominantly M1-like in nature. It was apparent that in the adult rats 

CD68+/CD86+ M1-like macrophages gradually increased from one hour to one week 

following SCI. These classically activated M1 macrophages have been shown to persist for 

several weeks in other studies [17]. The smaller proportion of M2 macrophages seen in the 

adult spinal cords may be due to inhibition by the M1 macrophages, reduced phenotypic 

changes to resident macrophages or may represent a transient population of infiltrating blood-

borne monocytes [30-32].  

In contrast to this pattern of inflammation both the magnitude and the proportional response 

was quite different in the infant animals. The overall neutrophil response was lower in infants 

than for the adults at 24 hours post SCI. The difference in neutrophil numbers in infants may 

be attributable to the lower numbers of circulating neutrophils in younger animals, and also 

the lower numbers of granulocyte/monocyte colony forming units per gram of body weight 

[33-35]. In humans, the innate immune system at birth is biased against the production of pro-

inflammatory cytokines, and this is important for protecting against unnecessary allogeneic 

immune reactions, and to facilitate tolerance to foreign, yet non-dangerous elements in the 

outside environment [36]. This was indeed the pattern observed in neonatal rats, with a lower 

local concentration of pro-inflammatory Th1 cytokines immediately after SCI. Following SCI 

a partial suppression or deletion of the neutrophil response and/or a reduction in associated 
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pro-inflammatory mediators can protect against some of the tissue damage that occurs during 

the secondary phase of injury [37-41]. Certainly in neonatal models of hypoxic-ischemic 

injury depletion of neutrophils has been shown to decrease brain swelling [42] and 

neutropenia in adults is associated with reductions in cerebral blood flow after stroke injury 

[43]. There are also indications that a reduction in neutrophil responses in very young animals 

are beneficial following myocardial infarction [44], lung disease such as bronchopulmonary 

dysplasia [45] and a M2-like macrophage phenotype contributes to normal postnatal 

development of alveolar tissue [46]. The reduction in neutrophils and Th1 cytokine levels is 

associated with an enhanced M2-like macrophage/microglia phenotype in the infant rat spinal 

cords that would be expected to be beneficial to injury resolution. P1 rats have also been 

shown to exhibit a less inflammatory and phagocytic phenotype in spinal cord derived 

microglia when compared to brain derived microglia in response to activation with 

lipopolysaccharide (LPS; a potent inducer of M1 macrophages) [47] and polarisation of spinal 

cord microglia to an M2 like phenotype has also been reported following a sciatic nerve injury 

in P10 rats with associated reductions in neuropathic pain [48, 49].  Recently several 

researchers have investigated regulation of microglial/macrophage polarization in the spinal 

cord to promote neuroprotection and functional recovery. A number of different factors have 

been administered including, for example, Melatonin, alpha-asarone, Atorvastatin and Naru-3, 

and all have reported to induce an increased M2-like macrophage/microglia phenotype and 

concomitant functional improvements [50-53]. Our previous immunohistochemical study 

showed that after injury the neonates had a higher proportion of resting microglia compared to 

adults rats [24] and the flow cytometry findings here indicate that the microglia/macrophages 

have a higher M2-like phenotype compared to adults rats following SCI. 

Functional deficits in hindlimb locomotion were apparent in the adult rats following a mild 

T10 contusion injury and, while there was some spontaneous improvement, the injured rats 
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did not recover normal function over 6 weeks. In contrast there was little locomotor deficit 

observed in the infant rats following a mild SCI compared to the sham animals and there was 

no measurable difference in locomotor function once these rats had reached their maturity. 

The locomotor findings in this study suggest a very different pattern of injury and recovery 

exists in young animals compared to the adults. The main neurological pathways controlling 

locomotion are in place in P7 rats. Reticulospinal, vestibulospinal and rubrospinal tracts all 

reach the lumbar spinal cord before birth and mostly functional by P14 [54] and the 

corticospinal tracts have been reported to pass through the T10 level of the spinal cord by P7 

[55]. The spinal cord of infant animals is significantly smaller and more flexible than the fully 

developed adult spinal cord [56] and accordingly the infant spinal cord moves and shifts 

under a weight-drop protocol used to induce SCI. In the current study, we modified the 

diameter of the impactor head and the height of the weight drop according to the rats’ ages to 

produce injuries that were histologically similar to the adult at 24 hours post injury [24] 

suggesting that both adult and infant rats were subjected to a comparable mechanical insult to 

the spinal cord.   

In the relatively few studies that directly compare infants to adults, the younger animals tend 

to have better neurological outcomes [4, 57-59, 7, 8, 60]. However, there are multiple factors 

that influence the development of locomotor function, and hence the development of 

locomotor deficits, in neonatal rats. These include the functional connectivity of descending 

neural pathways, the contribution of central pattern generators, maturity of the musculo-

skeletal apparatus, postural adaption, myelination of axons and signalling cues. It has also 

been suggested that neonatal rats may be subjected to adaptive strategies that actually inhibit 

the development of complex locomotor function until about 2 weeks of age [61].  

The normalised locomotor function that was observed in the maturing infant rats in the 

current study may represent re-organisation or possibly enhanced plasticity occurring after the 
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injury, and is complementary to the findings reported following a clip compression injury in 

mice [62, 63]. The predominantly anti-inflammatory response seen in the neonatal rats would 

provide a more permissive microenvironment for recovery compared to that seen following an 

adult spinal cord injury. Younger animals would not be exposed to the on-going secondary 

tissue damage associated with the strong pro-inflammatory response.  

For future studies it would be useful to include a measurement of locomotor function without 

postural constraints such as air-stepping or a swim test [64, 62, 65] to better evaluate the 

locomotive deficit in the neonates immediately after SCI, as well as by using both retrograde 

and anterograde tracing to visualise the disruption (and re-organisation) to spinal tracts. 

Further research, including the use of Real-time PCR, more comprehensive flow cytometry 

with equal volumes of tissue to allow for absolute quantification of cell numbers rather than 

fold changes and detailed ELISA arrays is needed to elucidate the exact phenotypes of 

macrophage/microglial cells and to better quantify the cytokine/chemokine response. Adult 

female rats were used for this study but it would be important to compare the results with 

male rats given that sex-differences are known to exist in immune function.  

To our knowledge the current study is one of only a few studies to compare the innate 

inflammatory response of infant rats or mice to adult animals following SCI. The results 

shown here suggest that infant rats have a larger anti-inflammatory response to spinal cord 

injury possibly driven by lower neutrophil numbers/infiltration. 



 

15 

 

Statements 

All papers must contain the following statements after the main body of the text and before 

the reference list: 

Acknowledgement (optional) 

We would like to thank Yilin Mao, Kathryn Matthews, Katherine Markaulis and Tara Nguyen 

for their contributions to surgeries, post-operative care of animals and collection of the 

behavioural videos. We would also like to thank the staff of the Ernst Animal Facility and the 

Microbial Imaging Facility at UTS for their assistance. 

Statement of Ethics 

This research project was approved by the UTS Animal Care and Ethics Committee and 

follows the ARRIVE guidelines.   

Conflict of Interest Statement 

 The authors have no conflicts of interest to declare. 

Funding Sources 

This work was supported by the Centre for Health Technologies, University of Technology 

Sydney. 



 

16 

 

Author Contributions 

All authors had full access to the data in this study and take responsibility for the integrity of 

the data and accuracy of the data analysis. Study Concept and Design: T.S., B.O, 

C.G.; Acquisition of data: T.S., A.R., K.G. Analysis and interpretation of the data: T.S. and 

C.G. Drafting of the manuscript: T.S., C.G. and B.O. Obtained funding: T.S., C.G. and B.O. 



 

17 

 

References  

 
 

1. Apple DF, Jr., Anson CA, Hunter JD, Bell RB. Spinal cord injury in youth. Clin 
Pediatr (Phila). 1995 Feb;34(2):90-5. 

2. Osorio M, Reyes MR, Massagli TL. Pediatric Spinal Cord Injury. Curr Phys Med 
Rehabil Rep 2014;2. 

3. Parent S, Mac-Thiong JM, Roy-Beaudry M, Sosa JF, Labelle H. Spinal cord injury in 
the pediatric population: a systematic review of the literature. J Neurotrauma. 2011 
Aug;28(8):1515-24. 

4. Stelzner DJ, Weber ED, Prendergast J. A comparison of the effect of mid-thoracic 
spinal hemisection in the neonatal or weanling rat on the distribution and density of 
dorsal root axons in the lumbosacral spinal cord of the adult. Brain research. 
1979;172(3):407-26. 

5. Bregman BS, Goldberger ME. Infant lesion effect: I. Development of motor behavior 
following neonatal spinal cord damage in cats. Brain Res. 1983 Aug;285(2):103-17. 

6. Saunders NR, Deal A, Knott GW, Varga ZM, Nicholls JG. Repair and recovery 
following spinal cord injury in a neonatal marsupial (Monodelphis domestica). Clin 
Exp Pharmacol Physiol. 1995;22(8):518-26. 

7. Brown KM, Wolfe BB, Wrathall JR. Rapid functional recovery after spinal cord 
injury in young rats. J Neurotrauma. 2005 May;22(5):559-74. 

8. Lane MA, Truettner JS, Brunschwig JP, Gomez A, Bunge MB, Dietrich WD, et al. 
Age-related differences in the local cellular and molecular responses to injury in 
developing spinal cord of the opossum, Monodelphis domestica. Eur J Neurosci. 2007 
Mar;25(6):1725-42. 

9. Kwon BK, Tetzlaff W, Grauer JN, Beiner J, Vaccaro AR. Pathophysiology and 
pharmacologic treatment of acute spinal cord injury. The Spine Journal. 
2004;4(4):451-64. 

10. Donnelly DJ, Popovich PG. Inflammation and its role in neuroprotection, axonal 
regeneration and functional recovery after spinal cord injury. Exp Neurol. 
2008;209(2):378-88. 

11. Rowland JW, Hawryluk GW, Kwon B, Fehlings MG. Current status of acute spinal 
cord injury pathophysiology and emerging therapies: promise on the horizon. 
Neurosurg Focus. 2008;25(5):E2. 

12. Schwab JM, Zhang Y, Kopp MA, Brommer B, Popovich PG. The paradox of chronic 
neuroinflammation, systemic immune suppression, autoimmunity after traumatic 
chronic spinal cord injury. Exp Neurol. 2014 Aug;258:121-29. 

13. Gensel JC, Zhang B. Macrophage activation and its role in repair and pathology after 
spinal cord injury. Brain research. 2015. 

14. Gordon S. Alternative activation of macrophages. Nature reviews Immunology. 
2003;3(1):23. 

15. Klusman I, Schwab ME. Effects of pro-inflammatory cytokines in experimental spinal 
cord injury. Brain Res. 1997;762(1):173-84. 

16. Martinez FO, Sica A, Mantovani A, Locati M. Macrophage activation and 
polarization. Front Biosci. 2008 Jan 1;13:453-61. 

17. Gordon S, Martinez FO. Alternative activation of macrophages: mechanism and 
functions. Immunity. 2010;32(5):593-604. 



 

18 

 

18. Okada S, Nakamura M, Mikami Y, Shimazaki T, Mihara M, Ohsugi Y, et al. 
Blockade of interleukin‐6 receptor suppresses reactive astrogliosis and ameliorates 
functional recovery in experimental spinal cord injury. Journal of neuroscience 
research. 2004;76(2):265-76. 

19. Toulmond S, Parnet P, Linthorst A. When cytokines get on your nerves: cytokine 
networks and CNS pathologies. Trends in neurosciences. 1996;19(10):409-10. 

20. Lacroix S, Chang L, Rose-John S, Tuszynski MH. Delivery of hyper-interleukin-6 to 
the injured spinal cord increases neutrophil and macrophage infiltration and inhibits 
axonal growth. J Comp Neurol. 2002 Dec 16;454(3):213-28. 

21. Guerrero AR, Uchida K, Nakajima H, Watanabe S, Nakamura M, Johnson WE, et al. 
Blockade of interleukin-6 signaling inhibits the classic pathway and promotes an 
alternative pathway of macrophage activation after spinal cord injury in mice. J 
Neuroinflammation. 2012;9(1):40. 

22. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage polarization: 
tumor-associated macrophages as a paradigm for polarized M2 mononuclear 
phagocytes. Trends in immunology. 2002;23(11):549-55. 

23. Shin T, Ahn M, Moon C, Kim S, Sim KB. Alternatively activated macrophages in 
spinal cord injury and remission: another mechanism for repair? Mol Neurobiol. 2013 
Jun;47(3):1011-9. 

24. Sutherland TC, Mathews KJ, Mao Y, Nguyen T, Gorrie CA. Differences in the 
cellular response to acute spinal cord injury between developing and mature rats 
highlights the potential significance of the inflammatory response. Front Cell 
Neurosci. 2017;10:310. 

25. Beck KD, Nguyen HX, Galvan MD, Salazar DL, Woodruff TM, Anderson AJ. 
Quantitative analysis of cellular inflammation after traumatic spinal cord injury: 
evidence for a multiphasic inflammatory response in the acute to chronic environment. 
Brain. 2010:awp322. 

26. Karimi-Abdolrezaee S, Eftekharpour E, Wang J, Schut D, Fehlings MG. Synergistic 
effects of transplanted adult neural stem/progenitor cells, chondroitinase, and growth 
factors promote functional repair and plasticity of the chronically injured spinal cord. J 
Neurosci. 2010;30(5):1657-76. 

27. Turtzo LC, Lescher J, Janes L, Dean DD, Budde MD, Frank JA. Macrophagic and 
microglial responses after focal traumatic brain injury in the female rat. J 
Neuroinflammation. 2014;11(82):1742-2094. 

28. Basso DM, Beattie MS, Bresnahan JC. A sensitive and reliable locomotor rating scale 
for open field testing in rats. J Neurotr. 1995;12(1):1-21. 

29. Basso DM, Beattie MS, Bresnahan JC. Graded histological and locomotor outcomes 
after spinal cord contusion using the NYU weight-drop device versus transection. Exp 
Neurol. 1996;139(2):244-56. 

30. Shechter R, London A, Varol C, Raposo C, Cusimano M, Yovel G, et al. Infiltrating 
blood-derived macrophages are vital cells playing an anti-inflammatory role in 
recovery from spinal cord injury in mice. PLoS medicine. 2009;6(7):e1000113. 

31. Wang G, Zhang J, Hu X, Zhang L, Mao L, Jiang X, et al. Microglia/macrophage 
polarization dynamics in white matter after traumatic brain injury. J Cereb Blood Flow 
Metab. 2013 Dec;33(12):1864-74. 

32. Kroner A, Greenhalgh AD, Zarruk JG, Passos Dos Santos R, Gaestel M, David S. 
TNF and increased intracellular iron alter macrophage polarization to a detrimental 
M1 phenotype in the injured spinal cord. Neuron. 2014 Sep 3;83(5):1098-116. 



 

19 

 

33. Levy O, Martin S, Eichenwald E, Ganz T, Valore E, Carroll SF, et al. Impaired innate 
immunity in the newborn: newborn neutrophils are deficient in 
bactericidal/permeability-increasing protein. Pediatrics. 1999;104(6):1327-33. 

34. Carr R. Neutrophil production and function in newborn infants. British journal of 
haematology. 2000;110(1):18-28. 

35. Basha S, Surendran N, Pichichero M. Immune responses in neonates. Expert review of 
clinical immunology. 2014;10(9):1171-84. 

36. Levy O. Innate immunity of the newborn: basic mechanisms and clinical correlates. 
Nat Rev Immunol. 2007 May;7(5):379-90. 

37. McTigue DM, Tani M, Krivacic K, Chernosky A, Kelner GS, Maciejewski D, et al. 
Selective chemokine mRNA accumulation in the rat spinal cord after contusion injury. 
Journal of neuroscience research. 1998;53(3):368-76. 

38. Ditor DS, Bao F, Chen Y, Dekaban GA, Weaver LC. A therapeutic time window for 
anti-CD 11d monoclonal antibody treatment yielding reduced secondary tissue 
damage and enhanced behavioral recovery following severe spinal cord injury. J 
Neurosurg Spine. 2006 Oct;5(4):343-52. 

39. Fehlings MG, Nguyen DH. Immunoglobulin G: a potential treatment to attenuate 
neuroinflammation following spinal cord injury. J Clin Immunol. 2010 May;30 Suppl 
1:S109-12. 

40. Oyinbo CA. Secondary injury mechanisms in traumatic spinal cord injury: a nugget of 
this multiply cascade. Acta Neurobiol Exp (Wars). 2011;71(2):281-99. 

41. Sadik CD, Kim ND, Luster AD. Neutrophils cascading their way to inflammation. 
Trends in immunology. 2011;32(10):452-60. 

42. Hudome S, Palmer C, Roberts RL, Mauger D, Housman C, Towfighi J. The role of 
neutrophils in the production of hypoxic-ischemic brain injury in the neonatal rat. 
Pediatric research. 1997;41(5):607-16. 

43. Uhl MW, Biagas KV, Grundl PD, Barmada MA, Schiding JK, Nemoto EM, et al. 
Effects of neutropenia on edema, histology, and cerebral blood flow after traumatic 
brain injury in rats. J Neurotrauma. 1994 Jun;11(3):303-15. 

44. Aurora AB, Porrello ER, Tan W, Mahmoud AI, Hill JA, Bassel-Duby R, et al. 
Macrophages are required for neonatal heart regeneration. J Clin Invest. 2014 
Mar;124(3):1382-92. 

45. Auten RL, Richardson RM, White JR, Mason SN, Vozzelli MA, Whorton MH. 
Nonpeptide CXCR2 antagonist prevents neutrophil accumulation in hyperoxia-
exposed newborn rats. J Pharmacol Exp Ther. 2001 Oct;299(1):90-5. 

46. Jones CV, Williams TM, Walker KA, Dickinson H, Sakkal S, Rumballe BA, et al. M2 
macrophage polarisation is associated with alveolar formation during postnatal lung 
development. Respir Res. 2013 Apr 5;14:41. 

47. Baskar Jesudasan SJ, Todd KG, Winship IR. Reduced inflammatory phenotype in 
microglia derived from neonatal rat spinal cord versus brain. PLoS One. 
2014;9(6):e99443. 

48. McKelvey R, Berta T, Old E, Ji RR, Fitzgerald M. Neuropathic pain is constitutively 
suppressed in early life by anti-inflammatory neuroimmune regulation. J Neurosci. 
2015 Jan 14;35(2):457-66. 

49. Gong X, Chen Y, Fu B, Jiang J, Zhang M. Infant nerve injury induces delayed 
microglial polarization to the M1 phenotype, and exercise reduces delayed 
neuropathic pain by modulating microglial activity. Neuroscience. 2017 May 
4;349:76-86. 



 

20 

 

50. Baiyila B, He B, He G, Long T. Anti-inflammatory effect of Mongolian drug Naru-3 
on traumatic spinal cord injury and its mechanism of action. J Int Med Res. 2018 
Jun;46(6):2346-58. 

51. Bimbova K, Bacova M, Kisucka A, Pavel J, Galik J, Zavacky P, et al. A Single Dose 
of Atorvastatin Applied Acutely after Spinal Cord Injury Suppresses Inflammation, 
Apoptosis, and Promotes Axon Outgrowth, Which Might Be Essential for Favorable 
Functional Outcome. Int J Mol Sci. 2018 Apr 7;19(4). 

52. Jo MJ, Kumar H, Joshi HP, Choi H, Ko WK, Kim JM, et al. Oral Administration of 
alpha-Asarone Promotes Functional Recovery in Rats With Spinal Cord Injury. Front 
Pharmacol. 2018;9:445. 

53. Zhang Y, Liu Z, Zhang W, Wu Q, Zhang Y, Liu Y, et al. Melatonin improves 
functional recovery in female rats after acute spinal cord injury by modulating 
polarization of spinal microglial/macrophages. J Neurosci Res. 2019 Jul;97(7):733-43. 

54. Clarac F, Vinay L, Cazalets JR, Fady JC, Jamon M. Role of gravity in the 
development of posture and locomotion in the neonatal rat. Brain Res Brain Res Rev. 
1998 Nov;28(1-2):35-43. 

55. Donatelle JM. Growth of the corticospinal tract and the development of placing 
reactions in the postnatal rat. J Comp Neurol. 1977 Sep 15;175(2):207-31. 

56. Kuluz J, Samdani A, Benglis D, Gonzalez-Brito M, Solano JP, Ramirez MA, et al. 
Pediatric spinal cord injury in infant piglets: description of a new large animal model 
and review of the literature. The journal of spinal cord medicine. 2010;33(1):43. 

57. Bregman BS, Goldberger ME. Infant lesions effect: I. Development of motor behavior 
following neonatal spinal cord damage in cats. Developmental Brain Research. 
1983;9(2):103-17. 

58. Kissoon N, Dreyer J, Walia M. Pediatric trauma: differences in pathophysiology, 
injury patterns and treatment compared with adult trauma. CMAJ: Canadian Medical 
Association Journal. 1990;142(1):27. 

59. Nakamura M, Bregman BS. Differences in neurotrophic factor gene expression 
profiles between neonate and adult rat spinal cord after injury. Exp Neurol. 2001 
Jun;169(2):407-15. 

60. Kumamaru H, Saiwai H, Ohkawa Y, Yamada H, Iwamoto Y, Okada S. Age-related 
differences in cellular and molecular profiles of inflammatory responses after spinal 
cord injury. J Cell Physiol. 2012 Apr;227(4):1335-46. 

61. Jamon M. The early development of motor control in neonate rat. C R Palevol. 
2006;5:657-66. 

62. Boulland JL, Lambert FM, Zuchner M, Strom S, Glover JC. A neonatal mouse spinal 
cord injury model for assessing post-injury adaptive plasticity and human stem cell 
integration. PLoS One. 2013;8(8):e71701. 

63. Zuchner M, Glover JC, Boulland JL. A Neonatal Mouse Spinal Cord Compression 
Injury Model. J Vis Exp. 2016 Mar 27(109):e53498. 

64. Fady JC, Jamon M, Clarac F. Early olfactory-induced rhythmic limb activity in the 
newborn rat. Brain Res Dev Brain Res. 1998 Jun 15;108(1-2):111-23. 

65. Zuchner M, Kondratskaya E, Sylte CB, Glover JC, Boulland JL. Rapid recovery and 
altered neurochemical dependence of locomotor central pattern generation following 
lumbar neonatal spinal cord injury. J Physiol. 2018 Jan 15;596(2):281-303. 

 



 

21 

 

Figure Legends 

Fig. 1. Graphs showing the number of neutrophils as a percentage of viable cells following 

sham and spinal cord injury at 1 and 24hrs for A) infants and B) adult rats. Box graphs depict 

the median and the 25th and 75th quartiles with min/max values shown. * p < 0.05 

Bonferroni’s post-hoc test. 

Fig. 2. Graphs showing the fold increase from sham levels of A) CD45+ leukocytes, B) 

CD68+/CD86+ M1-like cells and C) CD68+/CD163+ M2-like cells as a percentage of the total 

viable cells in the adult and infant SCI groups. Box graphs depict the median and the 25th 

and 75th quartiles with min/max values shown. * (p < 0.05),** (p < 0.001) and *** (p < 

0.0001), Bonferroni’s post-hoc test. 

 

Fig. 3. Graphs showing the fold changes for pro-inflammatory cytokines IL-1α, IL-1β, IL-6, 

IL-12 with IFN- γ and TNF-α in A) adult spinal cords and B) infant spinal cords and for anti-

inflammatory cytokines IL-4, IL-5, IL-10 IL-13, in C) adult spinal cords and D) infant spinal 

cords. Each graph shows the fold changes compared to the appropriate sham control at 24hrs, 

1 day and 1 week post spinal cord injury. Box graphs depict the median and the 25th and 75th 

quartiles with min/max values shown.. Statistically significant differences at each time point 

are indicated * (p < 0.05), ** (p < 0.001) and *** (p < 0.0001), Bonferroni’s post-hoc test. †† 

below detectable levels. SCI, spinal cord injury. 

 

Fig. 4.  BBB locomotor scores for A) adult and B) infant (P7) rats and C) overground 

locomotor scores for infant (P7) rats for six weeks following sham surgery or spinal cord 

injury. Error bars indicate SEM. Statistically significant differences at each time point are 



 

22 

 

indicated* (p < 0.05), ** (p < 0.01) and *** (p < 0.0001), Bonferroni’s post-hoc test. SCI, 

spinal cord injury. 
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