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Abstract

Traumatic brain injury (TBI) is an international health concern with a complex pathogenesis resulting in major long-term

neurological, neurocognitive, and neuropsychiatric outcomes. Although neuroinflammation has been identified as an important

pathophysiological process resulting from TBI, the function of specific inflammatory mediators in the aftermath of TBI remains

poorly understood. Granulocyte-macrophage colony-stimulating factor (GM-CSF) is an inflammatory cytokine that has been

reported to have neuroprotective effects in various animal models of neurodegenerative disease that share pathological

similarities with TBI. The importance of GM-CSF in TBI has yet to be studied, however. We examined the role of GM-CSF in

TBI by comparing the effects of a lateral fluid percussion (LFP) injury or sham injury in GM-CSF gene deficient (GM-CSF-/-)

versus wild-type (WT) mice. After a 3-month recovery interval, mice were assessed using neuroimaging and behavioral

outcomes. All mice given a LFP injury displayed significant brain atrophy and behavioral impairments compared with those

given sham-injuries; however, this was significantly worse in the GM-CSF-/- mice compared with the WT mice. GM-CSF-/-

mice given LFP injury also had reduced astrogliosis compared with their WT counterparts. These novel findings indicate that

the inflammatory mediator, GM-CSF, may have significant protective properties in the chronic sequelae of experimental TBI

and suggest that further research investigating GM-CSF and its potential benefits in the injured brain is warranted.
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Introduction

Traumatic brain injury (TBI) is one of the leading causes of

death and chronic neurological dysfunction worldwide.1 To

date, there is no known effective pharmacological intervention to

mitigate against the long-term adverse neurological outcomes of

TBI, which is, in large part, because of the poor understanding of

the pathophysiological events that occur during the post-TBI dis-

ease process.1,2 Neuroinflammation has been identified as an im-

portant and complex cascade after TBI.1,3,4 For example, previous

studies have reported that neuroinflammation is initiated within

minutes after TBI, can evolve over several months, and has both

neuroprotective and neurotoxic effects.2–8 A number of neuroin-

flammatory factors have been implicated in this cascade including

astrocytes, microglia, invading peripheral leukocytes, and numer-

ous inflammatory cytokines. The exact functions and interactions

between these various mediators in TBI are not well known,

however, while other potentially important inflammatory factors

remain unstudied.

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is

an inflammatory cytokine that was initially described as a hemato-

poietic growth factor produced by peripheral immune cells that pro-

motes the generation, differentiation, and maturation of myeloid

lineage cells.9,10 GM-CSF, however, has since been demonstrated to

also have a function in the central nervous system because GM-CSF

can cross the blood–brain barrier11,12 and both GM-CSF and its re-

ceptor are expressed by various brain cells.13,14 GM-CSF has also been

reported to have neuroprotective effects in animal models of Alzhei-

mer disease,15 Parkinson disease,16 stroke,14,17 spinal cord injury,18–20

and stab wound-induced brain injury,21 all of which bear pathological

similarities to TBI. Furthermore, a post-mortem study of human brain

tissue taken from acute TBI victims reported elevated levels of in-

flammatory cytokines including GM-CSF,22 and the modulation of

GM-CSF in animal studies has been shown to alter other inflammatory

cytokines involved in TBI, including tumor necrosis factor-alpha and

interleukin-1 beta.23,24

Despite this implicating evidence, the role of GM-CSF in TBI

has yet to be studied. Therefore, we examined the effect of
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experimental TBI in GM-CSF gene deficient (GM-CSF-/-) mice.

GM-CSF-/- and wild type (WT) control mice were administered

either a lateral fluid percussion (LFP) injury or sham injury. Con-

sidering that TBI is a progressive condition associated with long-

term neurological disabilities and that inflammatory mechanisms

evolve into chronic stages post-TBI, in this study, mice were given

a 3-month recovery period to allow these long-term changes to

manifest before undergoing neuroimaging, behavioral, and post-

mortem assessment. We found that GM-CSF-/- mice given a LFP

injury had reduced astrogliosis, worsened brain damage, and more

severe behavioral impairments compared with their WT counter-

parts. These findings indicate that GM-CSF has an overall neuro-

protective role against the long-term adverse outcomes after

experimental TBI.

Methods

Mice

GM-CSF-/- mice were backcrossed onto the C57BL/6 back-
ground for 12 generations. C57BL/6 mice served as wild-type (WT)
controls.25 A total of 42 male mice (20 GM-CSF-/- and 22 C57BL/6)
were obtained from our on-site breeding colony at the Royal
Melbourne Hospital Research Facility for use in this study. Mice
were 8–12 weeks of age at the time of LFP injury, were housed
individually under a 12 h light/dark cycle, and were given access
to food and water ad libitum for the duration of the experiment.
All experimental procedures were approved by the University of
Melbourne Animal Ethics Committee.

Experimental groups

GM-CSF-/- and C57BL/6 mice were randomly assigned to re-
ceive either a sham injury or a LFP injury. Four mice died imme-
diately post-LFP injury (two WT, two GM-CSF-/-). Thus, the study
consisted of four experimental groups: WT mice + sham injury
(WT + Sham, n = 10); GM-CSF-/- mice + sham injury (GM-/- + Sham,
n = 9); WT mice + LFP injury (WT + LFP, n = 10); GM-CSF-/-

mice + LFP injury (GM-/- + LFP, n = 9).

LFP injury

LFP and sham injury procedures were based on standard pro-
tocols previously described.26–29 Under isoflurane anesthesia, a 3-
mm craniotomy positioned laterally over the parietal cortex was
performed to create a circular window exposing the intact dura of
the brain. A hollow injury cap was secured over the craniotomy
window by dental acrylic, the mouse was removed from anesthesia,
and attached to the fluid percussion device via the injury cap, and a
fluid pulse (1–1.5 atm) generated by the fluid percussion device was
delivered to the brain via the injury cap once the mouse responded
to a hind-paw pinch. On resumption of breathing, the dental acrylic
cap was removed and the wound sutured closed. Sham-injury mice
underwent the same procedures as LFP-injury mice, with the ex-
ception that the fluid pulse was not given. The duration of apnea,
unconsciousness (hind-paw withdrawal), and latency to occurrence
of the self-righting reflex were all monitored immediately after
each sham injury or LFP injury to assess acute injury severity.26,30

Body temperature was maintained at 37�C throughout surgical
procedures using a heat mat and rectal thermometer. A heat mat
was also placed under a portion of the recovery cage for 24 h post-
injury.

Behavioral testing

Three months after sham injury or LFP injury, all mice underwent
well-validated assessments of spatial memory (Y-maze), motor ability
(rotarod, open field), and anxiety-like behavior (elevated-plus maze)

over the span of 3 consecutive days. Behavioral testing was conducted
by an experimenter blinded to injury and strain.

As previously described,31 Y-maze testing was conducted in an
apparatus consisting of three arms of equal dimension (length =
38 cm, width = 8 cm) that were enclosed by 13 cm high walls and
adjoined in a Y-shape (San Diego Instruments). An exterior visual
cue was placed above the distal end of each arm. Before Y-maze
testing, mice were given a 15-min training trial. For the training
trial, one arm (novel arm) was blocked. The mouse was then placed
at the distal end of one of the remaining arms (start arm) and
allowed to freely explore the start and other arm. After a 2 h in-
tertrial interval, a 5-min test trial was conducted. For Y-maze
testing, the novel arm was unblocked, and the mouse was placed in
the same start arm and allowed to freely explore all three arms. The
arms and visual cues were randomized between, but not within,
rats. An overhead camera recorded each trial, and the time spent
and number of entries into each of the arms was quantified using
Ethovision tracking software (Noldus).

The elevated-plus maze was used to assess anxiety-like behavior
as previously described.32 Briefly, the elevated-plus maze consisted
of two elevated (height = 38 cm) and intersecting arms, thereby
creating four individuals arms each (length = 30 cm, width = 5 cm).
Two opposing ‘‘closed’’ arms were enclosed by walls (height =
15 cm; San Diego Instruments). Each trial consisted of the mouse
being placed in the center of the maze facing an open arm and
allowed to freely explore the maze for 5 min. An overhead camera
recorded each session, and Ethovision tracking software was used
to quantify the amount of time spent and the number of entries in
each of the arms.

As previously described,33,34 open field testing was conducted in
a circular arena (100 cm diameter, 20 cm high wall) to assess lo-
comotor behavior. Each mouse was placed in the center of the open
field and allowed to freely explore the arena for 10 min. An over-
head camera recorded each session, and Ethovision tracking soft-
ware was used to quantify total distance traveled, and the number of
entries and time spent in the center of the arena (66 cm diameter).

The rotarod was used to assess motor function as previously
described.32 The rotarod apparatus consisted of a rotating barrel
(diameter = 3 cm) that was separated into five equal lanes
(width = 5 cm) by dividing walls (height = 10 cm; Harvard Appa-
ratus). Rotarod assessment was performed over 2 consecutive days
(training and testing), with each day consisting of three trials. For
each trial, the mouse was placed on the rotating barrel, the speed
was accelerated from 4 to 40 rpm over a period of 5 min, and the
time that the mouse was able to maintain its balance was recorded.

Magnetic resonance imaging (MRI)

Following the completion of behavioral testing, in vivo MRI
scanning was performed using a 4.7T Bruker Avance III scanner
with 30 cm horizontal bore fitted with a BGA12S2 actively shielded
gradient set and running Paravision 5.1 software (Bruker Biospec).
Anesthetized mice were positioned supine on an animal cradle with
stereotactic fixation and a nose cone to maintain anesthesia (2%
isoflurane). Body temperature was maintained with a hot water
circulation system built into the cradle.

The scanning protocol consisted of a three-plane localizer se-
quence followed by multislice axial, coronal, and sagittal scout
images to accurately determine the position of the mouse brain. A
T2-weighted image was acquired using a two-dimensional rapid
acquisition with relaxation enhancement (RARE) sequence with
the following imaging parameters: recovery time (TR) = 8,000 ms,
RARE factor = 10, effective echo time (TEeff) = 45 ms, field of
view (FOV) = 19.2 · 19.2 mm2, matrix size = 160 · 160, number of
slices = 60, slice thickness = 120 lm, and number of excitations
(NEX) = 6.35

All imaging analysis procedures followed those previously de-
scribed.36,37 Briefly, T2-weighted MRI volumes of selected brain
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regions were quantified with manually drawn regions of interest
(ROIs) using FSL (Analysis Group). A total of eight ROIs, in-
cluding the cortex, hippocampus, corpus callosum, and lateral
ventricles from both hemispheres, were drawn as previously de-
scribed.36,37 ROIs were drawn on consecutive axial MRI slices
containing hippocampus by an investigator blinded to experimental
conditions. Volumetric analyses were performed using Matlab
(Mathworks).

Immunofluorescence

After MRI, mice (n = 4/group) were perfused transcardially with
ice-cold phosphate-buffered saline (PBS; pH 7.2–7.4), followed by
4% paraformaldehyde in PBS. Brains were removed, post-fixed in
4% paraformaldehyde for 24 h at 4�C, then immersed in 70%
ethanol until undergoing a 24-h paraffin-embedding cycle. Brains
were then coronally sectioned at 8 lm on a paraffin microtome and
mounted on slides.

For immunofluorescence staining, the sections were dewaxed in
100% xylene for 5 min and hydrated in decreasing graded ethanol
to water (100%, 96%, 70% ethanol/water). Antigen retrieval was
performed in a temperature- and pressure-controlled Decloaking
Chamber Plus (BioCare Medical) in sodium citrate buffer (10 mM,
0.05% Tween 20, pH6) at 125�C for 10 min, followed by cooling
under running tap water for 10 min. Sections were then immersed in
PBS (pH 7.4) for 5 min, and then blocked in PBS blocking buffer
(5% heat inactivated BSA, PBS at pH 7.4) for 1 h at room tem-
perature. Sections were then incubated for 24 h at 4�C with goat
polyclonal anti-glial fibrillary acidic protein (GFAP; 1:200; Ab-
cam, Cambridge, MA) and rabbit polyclonal anti-neuronal nuclear
antigen (NeuN; 1:1000; Abcam, Cambridge, MA) primary anti-
bodies. Sections were then washed in PBS at room temperature and

incubated with secondary antibodies (1:500, anti-rabbit for NeuN,
anti-goat for GFAP) for 2 h.

As previously described,38,39 for semi-quantitative analysis of
reactive astrogliosis (GFAP) and neuronal loss (NeuN), FOVs
(20 · ) were captured from coronal sections at the level of injury by
a researcher that was blinded to the experimental conditions. Using
ImageJ software (National Institutes of Health), color thresholds
were adjusted to detect immunopositive cells. GFAP immunore-
activity was assessed using photomicrographs captured from tissue
adjacent to the lesion that included the area of highest immunore-
activity, and was measured as the percent of immunoreactive area
within the FOV.38,39 Neuronal counts were conducted within an
area of interest that included the end of the CA2 and beginning of
CA3 regions of the ipsilateral hippocampus.38,39

Statistical analyses

All outcomes were analyzed using two-way analysis of variance
with strain (GM-CSF-/- and WT) and injury (LFP and sham injury)
as the between-subject variables. Bonferroni post hoc comparisons
were performed when appropriate. Analyses were performed using
SPSS 21.0 software (IBM Corp). Statistical significance was set at
p < 0.05.

Results

Acute injury severity

As reported in Table 1, LFP worsened all acute injury measures as

indicated by a significant effect of injury on apnea (F1,39 = 187.396,

p < 0.001), unconsciousness (F1,39 = 485.392, p < 0.001), and self-

righting reflex times (F1,39 = 846.292, p < 0.001). There was no sig-

nificant effect of strain or a significant interaction between injury and

strain on any acute injury measures (all p > .05).

Behavioral outcomes

As indicated by a significant strain X injury interaction (F1, 37 =
4.28, p < 0.05), GM-/- + LFP mice made significantly fewer entries into

the novel arm of the Y-maze compared with all other groups ( p < 0.05;

Fig. 1A), suggesting greater cognitive deficits. Further, LFP-injured

mice spent significantly less time in the novel arm of the Y-maze, as

indicated by a significant effect for injury (F1,37 = 15.38, p < 0.001).

There was also a significant effect for strain, indicating that GM-CSF-/-

mice spent less time in the novel arm of the Y-maze (F1,37 = 5.01,

p < 0.05). There were no significant effects on the measure of closed

arm entries ( p > 0.05, Fig. 1C), suggesting that motor abnormalities

were not a confounding factor in the Y-maze.

Table 1. Body Weight and Acute Injury Measures

WT +
Sham

GM-/- +
Sham

WT +
LFP

GM-/- +
LFP

Weight (g) 26.4 – 0.6 26.6 – 0.6 26.5 – 0.5 26.8 – 0.5
Apnea (s) 0 0 55.9 – 5.6a 53.5 – 5.4a

Unconsciousness (s) 0 0 298.9 – 16.4a 283.9 – 14.2a

Self-righting (s) 54 – 2.4 50.9 – 1.3 494.4 – 16.4a 483.7 – 23.9a

Mice administered LFP display significantly worse acute injury outcome
compared with sham-injured mice as indicated by increased apnea,
unconsciousness, and self-righting reflex times. There were no significant
differences in body weight. See Results for additional statistical details.

aSignificantly greater than sham-injured groups, p < 0.05.
WT, wild type; GM, granulocyte-macrophage; LFP, lateral fluid

percussion.

FIG. 1. Granulocyte-macrophage gene deficient + lateral fluid percussion (GM-/- + LFP) mice display more severe cognitive impair-
ments in Y-maze. GM-/- + LFP mice displayed fewer entries into the novel arm of the Y-maze compared with all other groups (A). LFP
mice spent less time in the novel arm of the Y-maze compared with sham-injured mice (B). There were no significant differences in total
arm entries, suggesting motor abnormalities were not a confounding factor (C). ***Significantly different than all other groups, p < 0.05.
*Significant injury effect, p < 0.05. See Results for additional statistical details. WT, wild type.
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As indicated by a significant strain X injury interaction (F1, 37 =
4.161, p < 0.05), GM-/- + LFP mice spent significantly more time in the

open arm of the elevated-plus maze compared with both sham-injury

groups ( p < 0.05; Fig. 2A), suggesting less anxiety-like behavior.

There were no significant effects on the measure of closed arm entries

( p > 0.05, Fig. 2B), suggesting that motor abnormalities were not a

confounding factor in the elevated-plus maze.

As indicated by a significant effect for injury (F1,37 = 4.613,

p < 0.05; Fig. 3A), LFP-injured mice spent significantly less time on

the rotarod compared with sham-injured mice during the test session,

suggesting motor impairments. There were no significant effects on

rotarod during the training session ( p > 0.05, data not shown).

LFP-injured mice traveled significantly less distance in the open

field compared with the sham-injured mice as indicated by a sig-

nificant effect for injury (F1,37 = 5.162, p < 0.05; Fig. 3B). GM-CSF-/-

mice also traveled less distance compared with WT mice, as indi-

cated by a significant effect for strain (F1,37 = 5.3198, p < 0.05). There

were no significant effects on the open field measures of time spent or

entries into the middle of the field ( p > 0.05, data not shown).

MRI brain structure volumetrics

LFP-injured mice displayed a significant decrease in ipsilateral

cortex volume compared with sham-injured mice, as indicated by a

significant effect for injury (F1,37 = 117.162, p < 0.001; Fig. 4E).

There was also a significant effect for strain on ipsilateral cortex

volume (F1,37 = 19.473, p < 0.001). Significant injury X strain in-

teractions, however, indicated that GM-/- + LFP mice displayed a

significant decrease in corpus callosum volume (F1,37 = 4.222,

p < 0.005; Fig. 4G) and had significantly larger ventricles

(F1,37 = 5.724, p < 0.001; Fig. 4F) compared with all other groups

( p < 0.05). WT + LFP mice also displayed a significant decrease

in corpus callosum volume, and had significantly larger ventri-

cles compared with both sham-injury groups ( p < 0.05). There was

no significant volumetric loss in the ipsilateral hippocampus in

LFP-injured mice ( p > 0.05, data not shown), although clear mor-

phological changes are qualitatively apparent. There were no sig-

nificant effects in any of the contralateral structures ( p > 0.05, data

not shown).

FIG. 2. Granulocyte-macrophage gene deficient + lateral fluid percussion (GM-/- + LFP) mice display abnormal behavior in elevated-
plus maze. GM-/- + LFP mice spend significantly more time on the open arm of the elevated-plus maze compared with sham-injury
groups (A), with no significant differences on the number of closed arm entries (B), suggesting increased impulsivity. **Significantly
different than wild type (WT) + Sham and GM-/- + Sham groups, p < 0.05. See Results for additional statistical details.

FIG. 3. Mice given lateral fluid percussion (LFP) display chronic motor impairments. LFP mice remained on the rotarod for a shorter
duration (A) and traveled less distance in the open field (B) compared with sham-injured mice. *Significant effect of injury, p < 0.05. See
Results for additional statistical details.
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Immunofluorescence

As shown in Figure 5, LFP-injured mice had significantly fewer

neurons in the CA2/CA3 region of hippocampus compared with

sham-injured mice, as indicated by a significant effect for injury

(F1,12 = 12.464, p < 0.01; Fig. 5).

As shown in Figure 6, a significant injury X strain interaction

(F1,12 = 5.693, p < 0.05; Fig. 6) indicated that while both LFP

groups displayed increased astrogliosis compared with their sham-

injured counterparts ( p < 0.05), GM-/- + LFP mice displayed sig-

nificantly less astrogliosis than the WT + LFP mice ( p < 0.05).

Significant effects for injury (F1,12 = 37.987, p < 0.001) and strain

(F1,12 = 9.177, p < 0.05) were also found.

Discussion

We investigated the importance of the inflammatory cytokine

GM-CSF in the chronic outcome after experimental TBI by ad-

ministering either LFP or sham injury to GM-CSF-/- or WT mice.

We found that while all mice displayed significant brain damage

and behavioral impairments 3 months after a LFP injury compared

with sham-injured mice, the GM-/- + LFP mice displayed signifi-

cantly worse outcomes compared with the WT + LFP mice.

Nature of behavioral impairments

Consistent with previous findings,27,29 mice given a LFP injury

displayed worsened motor and cognitive outcomes compared with

sham-injured mice. This was evidenced in the current study by de-

creased time spent on the rotarod during testing (poorer sensorimotor

performance), less distance traveled in the open field (decreased

locomotor activity), and less time spent in the novel arm of the Y-

maze (impaired spatial cognition). The neuroimaging findings that

all mice given LFP injury displayed significant damage to the cortex

and corpus callosum, as well as morphological changes and neuronal

loss in the hippocampus, may have each contributed to the motor and

cognitive deficits observed post-LFP injury.30,33,39,40

The GM-/- + LFP mice made significantly fewer entries into

the novel arm of the Y-maze compared with the WT + LFP mice,

indicating worsened cognitive deficits. The GM-/- + LFP mice

also displayed abnormal behavior in the elevated-plus maze,

spending significantly more time in the open arm compared with

the sham-injured groups. The finding of increased time spent on

the open arm is consistent with some previous LFP findings,30

and in the absence of hyperactivity has been interpreted as dis-

inhibitory or impulsive behavior,30,41 which are symptoms ob-

served in patients post-TBI. 42 Other studies, however, report

that rats given a severe LFP injury display a hyperanxious

phenotype post-TBI,33,39 whereas here, the WT + LFP mice did

not. These contradictory findings may be related to interspecies

differences or other methodological factors (e.g., injury severi-

ty), and warrant further investigation.

Considering that motor impairments might confound outcomes in

the Y-maze and elevated-plus maze and that LFP mice had signifi-

cant motor impairments in the rotarod and open field tasks, the

cognitive and emotional findings here must be interpreted with

caution. The GM-/- + LFP mice and WT + LFP mice, however, dis-

played similar motor impairments, the motor deficits were subtle,

and there were no significant effects on the motor measures taken

directly from the Y-maze and elevated-plus maze. Therefore, it

FIG. 4. Granulocyte-macrophage gene deficient+ lateral fluid percussion (GM-/- + LFP) mice display more severe brain atrophy, as demonstrated
by representative images from each group of the injury groups (A–D). Mice given LFP displayed a significant decrease in ipsilateral cortex volume
compared with sham-injured mice (E). Both groups of mice given LFP display significant increases in ipsilateral ventricle size compared with both
sham-injured groups; however, GM-/- + LFP mice also have significantly larger ventricles than wild type (WT) + LFP mice (F). Both groups of mice
given LFP display significant decreases in corpus callosum volume compared with both sham-injured groups; however, GM-/- + LFP mice also have
significantly less corpus callosum than WT+ LFP mice. *Significant effect of injury, p < 0.05. **Significantly different than WT + Sham and
GM-/- + Sham groups, p < 0.05. ***Significantly different than all groups, p <0.05. See Results for additional statistical details.
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seems unlikely that motor deficits account for the worsened

GM-/- + LFP mice outcomes in the Y-maze and elevated-plus maze.

Nonetheless, future studies might incorporate more sensitive sen-

sorimotor measures, such as the beam task, or test at acute time

points post-LFP injury when motor deficits are more pronounced, to

better understand the extent of sensorimotor deficits induced by LFP,

and how the depletion of GM-CSF might affect these outcomes.

In addition to the worsened behavioral phenotype, the GM-/- + LFP

mice also exhibited significantly more damage to the ipsilateral corpus

callosum and ventricle, as well as a trend suggesting worsened atrophy

in the ipsilateral cortex. Thus, it follows that the worsened behavioral

outcomes in GM-/- + LFP mice may be related to this exacerbated

damage. 30,33,37 Future studies are needed, however, to better assess

the exact neural mechanisms underlying the behavioral deficits ob-

served here. Because the MRI-based volumetric analysis we used is

limited in assessing smaller or deformed brain structures and cellular/

molecular changes that might contribute to these deficits, additional

imaging and biochemical/molecular methods that are sensitive to such

changes could be used in future studies. Additional behavioral tasks,

such as the water maze, could also be incorporated into future studies

to provide a more comprehensive assessment of the functional deficits

that occur.

Role of GM-CSF in TBI

The findings that GM-/- + LFP mice experienced worsened brain

damage and behavioral deficits compared with WT + LFP mice

indicate a neuroprotective role for GM-CSF against the chronic and

progressive sequelae of TBI. Interestingly, the GM-/- + LFP mice

displayed a significant reduction in astrogliosis within the injured

cortex compared with WT + LFP mice. Consistent with previous

reports,43 these findings suggest that GM-CSF may play an im-

portant role in the activation/proliferation of astrocytes. In the

context of TBI, a lack of astrocyte activation might be detrimental

because astrocyte-mediated scar formation is important in isolating

damaged tissue and prevents the lesion from spreading.6 In addi-

tion, astrocytes might release neurotrophic factors in the aftermath

of TBI.6 Thus, our findings of worsened outcomes in GM-/- + LFP

mice may be in part because of reduced astrogliosis and consequent

lack of scarring and/or neurotrophic factors.

Previous studies reporting a protective effect of GM-CSF in animal

models of Alzheimer disease,15 Parkinson disease,16 stroke,14,17 spinal

cord injury,18–20 and stab wound-induced brain injury21 have also

proposed several other mechanisms by which GM-CSF may be neu-

roprotective including the alteration of other key neuroinflammatory

mediators,15,16,21,23 anti-apoptotic effects,14 reduction of amyloid beta

accumulation,15 increased production of trophic factors,16,18 neuro-

genesis,20,44 and angiogenesis.17 Because there are pathological sim-

ilarities between these conditions and TBI, it is possible that these

protective pathways might also be applicable here. Further, treatment

with cytokines that may have similar properties to GM-CSF, such

as granulocyte colony-stimulating factor and erythropoietin, have

been reported to have beneficial effects in pre-clinical TBI.45,46 Taken

together, these findings warrant further more clinically relevant

FIG. 5. Mice given lateral fluid percussion (LFP) have neuronal loss in hippocampus. (A–D) Representative photomicrographs of wild
type (WT) + Sham (A), granulocyte-macrophage (GM)-/- + Sham (B), WT + LFP (C), and GM-/- + LFP (D) mice taken from coronal
hippocampal sections in the CA2/CA3 region and immunostained with an antibody to neuronal nuclear antigen (NeuN). Mice given LFP
had a significant decrease in the number of neurons counted in the CA2/CA3 region of the hippocampus compared with sham-injured
mice (E). *Significant effect of injury, p < 0.05. Scale bar = 100 lm. See Results for additional statistical details.
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investigations into the modulation of GM-CSF as a therapeutic

intervention after TBI.

That the GM-CSF-/- mice used here were conventional knockouts

should be considered when interpreting the current findings.47

Consistent with previous studies,48 the GM-CSF-/- and WT strains

did not differ in body weight and appeared in good overall health,

and there were no apparent differences between WT and GM-CSF-/-

sham-injured groups. Nonetheless, it is possible that compensatory

effects, particularly related to inflammatory and hematopoietic fac-

tors, might occur in this mouse strain. Further, the depletion of GM-

CSF-/- might result in systemic effects, such as changes in body

temperature or blood pressure, which could indirectly contribute to

worsened outcomes after LFP. In light of these limitations, future

studies might monitor such factors and incorporate more specific and

controllable means to manipulate GM-CSF, such as conditional

knockouts or GM-CSF specific antibodies.

Conclusions

We examined the importance of the inflammatory cytokine GM-

CSF in mediating long-term neuropathological, motor, and be-

havioral outcomes after experimental TBI. GM-CSF-/- and WT

mice were administered either LFP or sham injury, given a 3-month

recovery, and assessed using neuroimaging, behavioral, and his-

tological measures. Although all mice given LFP injury had some

degree of brain damage and behavioral deficits, the GM-/- + LFP

mice displayed significantly worse outcomes compared with their

WT counterparts. These novel findings indicate an overall neuro-

protective effect of GM-CSF in TBI and warrant future studies.
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