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A B S T R A C T

The inflammatory response is a significant component of the pathophysiology of pediatric traumatic brain in-
jury. High levels of inflammatory mediators have been found in the cerebrospinal fluid of brain-injured children
which have been linked to poor prognosis. Targeting aspects of the inflammatory response in the hopes of
finding a viable post-injury therapeutic option has gained attention. Microglia are largely responsible for per-
petuating the injury-induced inflammatory response but in the developing brain they play beneficial roles in
both normal and disease states. Following closed head injury in the neonate rat, depletion of microglia with
intracerebral injections of liposomes containing clodronate was associated with an increase in neurodegenera-
tion in the early post-injury period (3 days) relative to those injected with empty liposomes suggestive of a
decrease in clearance of dying cells. In sham-injured animals, microglia repopulated the clodrosome-mediated
depleted brain regions over a period of 2–4weeks and exhibited morphology typical of a resting phenotype. In
brain-injured animals, the repopulated microglia in clodrosome-injected animals exhibited rod-like and amoe-
boid morphologies. However, fluoro-Jade B reactivity in these brain regions was more extensive than in empty
liposome-injected animals suggesting that the active microglia may be unable to clear dying neurons. This was
accompanied by an induction of hyperexcitability in the local cortical circuitry. Depletion of microglia within
the white matter tracts and the thalamus did not affect the extent of injury-induced traumatic axonal injury.
Increased neurodegeneration in the dorsal subiculum was not accompanied by any changes to injury-induced
deficits in spatial learning and memory. These data suggest that activation of microglia may be important for
removal of dying neurons in the traumatically-injured immature brain.

1. Introduction

Traumatic brain injury (TBI) remains one of the leading causes of
morbidity and mortality in infants and children<4 years or age
(Anderson et al., 2005; Coronado et al., 2011; Emami et al., 2017; Faul
et al., 2010; Langlois et al., 2005). Improvements in supportive care in
the acute post-traumatic period over the past decade has resulted in
decreased mortality (C.D.C., 2016) although survivors are faced with a
lifetime of behavioral deficits. Among the many complications that
manifest over the lifespan of survivors of infant TBI are impairments of
learning and memory, language and executive function all of which are
often associated with pathologic alterations in both white and gray
matter (Anderson et al., 2009, 2011; Babikian et al., 2015; Catroppa

and Anderson, 2004, 2006; Dennis et al., 2015; Ewing-Cobbs et al.,
2006; Ewing-Cobbs et al., 2004; Power et al., 2007; Salorio et al., 2005;
Tong et al., 2004; Wilde et al., 2005). The mechanisms underlying these
pathologic alterations are incompletely understood although activation
of microglia leading to the synthesis and release of cytokines and
chemokines, may play an important role (Loane and Kumar, 2016;
Woodcock and Morganti-Kossmann, 2013). Following severe TBI in
children, increase in pro- and anti-inflammatory cytokines such as in-
terleukin (IL)-1β, IL-6, and IL-10, chemokines IL-8 and C—C motif li-
gand-3, and nucleotide-binding domain-like receptor protein-mediated
inflammasome, and quinolinic acid, ferritin and soluble cluster of dif-
ferentiation 163 (sCD163), indicative of microglia/macrophage acti-
vation in the cerebrospinal fluid has been observed (Bell et al., 1997;
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Berger et al., 2004; Buttram et al., 2007; Newell et al., 2015; Wallisch
et al., 2017; Whalen et al., 2000).

Activation of microglia, the resident immuno-competent cells in the
brain, is thought to play an important role in the acute and chronic
neurodegeneration observed following brain injury (Beynon and
Walker, 2012; Graeber and Streit, 2010; Hanisch and Kettenmann,
2007; Kreutzberg, 1996; Nimmerjahn et al., 2005; Ransohoff and Perry,
2009). The role of microglia in acute and chronic neurodegenerative
events following pediatric TBI is being defined. We and others have
demonstrated that impact trauma to the immature animal resulted in
activation of microglia in multiple brain regions exhibiting evidence of
neuronal death and axonal injury and have implicated neuroin-
flammation as one mechanistic basis for spatial learning and working
memory deficits (Chhor et al., 2017; Hanlon et al., 2016; Hanlon et al.,
2017; Pullela et al., 2006; Simon et al., 2018; Tong et al., 2002; Zhang
et al., 2015). Minocycline, an antibiotic with anti-inflammatory prop-
erties, has generally been found to be neuroprotective in multiple an-
imal models of adult or toddler-age TBI (Abdel Baki et al., 2010; Homsi
et al., 2009; Homsi et al., 2010; Lam et al., 2013; Sangobowale et al.,
2018; Simon et al., 2018; Siopi et al., 2012; Siopi et al., 2011). In
contrast, administration of minocycline to the brain-injured neonate
rodents reduced microglial proliferation but did not reverse cell death
or attenuate spatial learning deficits (Chhor et al., 2017; Hanlon et al.,
2016; Hanlon et al., 2017) suggestive of a differential age-at-injury
response to treatment.

To evaluate a direct role for microglia activation following pediatric
TBI, the present study utilized clodronate (dichloromethylene-bispho-
sphonate, Cl2MBP) to deplete resident microglia immediately after
trauma. Liposome-packaged clodronate is taken up by and induces the
apoptosis of phagocytes (Lehenkari et al., 2002; van Rooijen and van
Kesteren-Hendrikx, 2003) and has been successful in significantly de-
creasing microglia numbers in the brain (Asai et al., 2015; Drabek et al.,
2012; Faustino et al., 2011; Kumamaru et al., 2012). The hypothesis to
be tested in the current study was that by directly removing the resident
brain microglia in a clinically-relevant model of pediatric TBI will re-
duce neuronal and axonal degeneration leading to an attenuation of
both functional and behavioral deficits.

2. Methods

2.1. Traumatic brain injury

All surgical procedures were done in accordance with the rules and
regulations of the Institutional Animal Care and Use Committee at
Drexel University College of Medicine. On postnatal day 11, male and
female Sprague-Dawley rat pups (Charles River Laboratories,
Wilmington MA) were randomly assigned to either receive a closed
head injury (N=53) or treated as sham-injured controls (N=45) as
previously described (Hanlon et al., 2017; Raghupathi and Huh, 2007).
Animals were anesthetized using isoflurane (Patterson Veterinary,
Greeley CO, 5% induction, 2–3% maintenance) and a 2 cm incision was
made to expose the skull and the periosteum was cleared. At 4min after
the start of anesthesia, animals were placed in plastic rodent restrainer
(Braintree Scientific, Braintree MA), and moved to the stage of the
electronic controlled cortical impact device (eCCI, Custom Design and
Fabrication, Richmond VA). The piston tip (5 mm silicone impactor tip)
was zeroed over the left parietal cortex midway between the bregma
and lambda sutures, the anesthesia was stopped and when the animal
reacted to a tail pinch, the impactor was electrically driven 3mm into
the intact skull at velocity of 5m/s (dwell time of 100ms). Following
impact, animals were placed on their backs, the times to normal
breathing (apnea) and right themselves (righting reflex) were recorded.
Sham-injured animals were anesthetized and surgically prepared but
did not receive an impact; following surgery, anesthesia was removed,
and righting reflex was determined. Once animals righted themselves,
they were re-anesthetized and the scalp was sutured shut. Animals

recovered in a separate cage for at least 30 min before being placed
back with the dam. Surgical procedures and recovery occurred on
heating pads at 37 °C to maintain the body temperature.

2.2. Clodronate administration

At 24 h after surgery/injury, sham- and brain-injured animals were
randomly assigned to receive intracerebral injections of liposome-en-
capsulated clodronate (Clodrosome® 5mg/ml, N=23 sham-injured
and 25 brain-injured) or empty liposomes containing phosphate-buf-
fered saline (Encapsome®, N=22 sham-injured and 23 brain-injured).
Animals were anesthetized with isoflurane (5% induction, 1–2%
maintenance), sutures were removed, the incision site was reopened,
the skull was cleaned, and the animals were placed in a stereotactic
head holder. A burr hole was drilled in the skull and a 10 μL Hamilton®
80,000 1701 N syringe was used to inject 10 μl of the liposomal sus-
pension (liposome size= 2 μm, Encapsula NanoSciences, Brentwood
TN) into the cortex (coordinates: −1.5 mm anterior-posterior (AP),
1.7 mm medial-lateral (ML) and 1.7mm dorsal-ventral (DV)) and the
thalamus (coordinates: −3.5 mm AP, 1.7mm ML and 3.5 mm DV)
(Paxinos and Watson 3rd edition) at a rate of 1 μl/min. Following
surgery, animals recovered in a separate cage for at least 60min before
being placed back with the dam. Surgical procedures and recovery
occurred on heating pads at 37 °C to maintain the body temperature.

2.3. Histology and immunohistochemistry

Animals were euthanized with sodium pentobarbital (390mg/Kg,
Euthasol® and Virbac, Fort Worth TX) and transcardially perfused with
10% formalin. Brains were removed and processed for histology and
immunohistochemistry as previously described (Hanlon et al., 2016;
Hanlon et al., 2017). Sections (40 μm thick, 500 μm apart) between +1
and -6mm relative to Bregma were mounted on gelatin-coated slides
and stained for Fluoro-Jade B (FJB) or Nissl-myelin (2% Cresyl Violet
and 0.2% Cyanine R) (Hanlon et al., 2016). Additional sets of sections
were evaluated for microglia using antibodies for anti-ionized calcium-
binding adaptor molecule 1 (Iba1, Wako, Richmond VA, 1:20,000, cat
019-19741) and CD68 (Clone ED1, BioRad/AbD Serotech, Hercules CA,
1:500, cat # MCA341), and traumatic axonal injury using a polyclonal
antibody to the C-terminal end of amyloid precursor protein (APP,
Zymed, San Francisco CA, 1:2000, cat # PA1-84165). For anti-APP
immunohistochemistry, antigen retrieval was executed by incubation
with 10mM sodium citrate (pH 6.5) in a 60 °C water bath for 20min.
Primary antibody binding was detected using biotinylated donkey anti-
rabbit IgG (Jackson ImmunoResearch, West Grove PA, 1:1000 for APP
and 1:500 for Iba1, cat # 711-065-152) or biotinylated donkey anti-
mouse IgG (Jackson ImmunoResearch, West Grove PA, 1:500 for ED-1,
cat # 715-065-151). Antibody binding was visualized using the ABC
Elite System with diaminobenzidine (Vector Laboratories, Burlingame
CA, cat # SK-4100).

Quantification in the cortex (layers 2 through 5 of the retrosplenial,
motor and somatosensory cortices), hippocampus (dorsal subiculum)
and thalamus (dorsolateral and lateral geniculate nuclei), and was
conducted by counting labeled profiles (Iba1, ED-1, FJB) in 3–5 high
power field (HPF) images (20× magnification) per section across 3–5
non-adjacent sections. ED-1(+) profiles were counted as separate
phenotypes: amoeboid morphology (enlarged, rounded cells with few
to no visible processes) and rod morphology (elongated cells with thick
cell bodies and few to no visible processes). Counts of Iba1(+) profiles
at the 15- and 35-day time points were based on the presence of a
discernable cell body with elongated processes (resting) or an amoeboid
appearance with no processes (activated); Iba1(+) cells were not
counted at 3 days post-injury because in brains injected with empty
liposomes the Iba-1 staining was very dense and precluded the ability to
identify individual cells while all Iba-1(+) cells were depleted by clo-
dronate. Amyloid precursor protein-labeled and FJB(+) profiles were
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quantified in the white matter and thalamus over 3–5 coronal sections
as previously described (DiLeonardi et al., 2009; Hanlon et al., 2016;
Hanlon et al., 2017). The extent of tissue loss within the cortex and
thalamus was quantified over 3–5 Nissl-myelin stained coronal sections
as previously described (Raghupathi and Huh, 2007); the intensity of
staining was not a factor in outlining the areas to be measured into
account. Data collection and analysis were performed by LAH and JWH
who were blinded to the injury and treatment status of the samples.

2.4. Cortical evoked field potential

Animals were anesthetized with 5% isoflurane, decapitated, and the
brain was rapidly removed and placed in oxygenated (95% oxygen/5%
carbon dioxide) ice-cold artificial cerebrospinal fluid (aCSF) containing
the following (in mM): sodium chloride 130, sodium bicarbonate 24,
glucose 10, potassium chloride 3.5, sodium biphosphate 1.25, magne-
sium sulfate 1.5, calcium chloride 2). Coronal slices (450 μm thick) at
1–1.2mm anterior (containing the forelimb motor cortex) and
3–3.5mm posterior (containing the hindlimb motor cortex) to bregma
were obtained using a Vibratome® (1000 Plus, St Louis MO). Slices were
incubated in aCSF for 30min at 37 °C and 30min at room temperature
and placed in a recording chamber where they were continuously
bathed with fresh aCSF for the duration of recording. A bipolar, tung-
sten stimulating electrode (World Precision Instruments, Sarasota FL)
was placed in layer 2 of the forelimb or hindlimb motor cortex and a
pulled glass recording pipette filled with aCSF was placed in layer 5 of
the same cortex (offset by approximately 300 μm from the stimulating
electrode). Potentials were evoked using constant current pulses (200 μs
duration) from a Master-8 pulse stimulator (A.M.P·I, Jerusalem Israel)
at increasing intensities (manual current stepping from 0 to 1000 μA)
and recorded using an Axoclamp 2B amplifier. Slices from sham- and
brain-injured animals reacted similarly to current input and demon-
strated a plateau around 800 μA, therefore all data were quantified at
this current as the average of 5 sweeps. The amplitude of the signal was
measured as the difference (in millivolts) between baseline and the
middle of the primary peak and the latency of the signal was measured
as the difference in time (in milliseconds) between the beginning of the
stimulus artifact and the middle of the primary peak. All quantification
was performed by LAH and RR who were blinded to the injury and
treatment status of each animal.

2.5. Spatial learning and memory

Spatial learning was assessed on days 10–13 and 28–31 in separate
groups of animals using the Morris water maze as previously described
(Hanlon et al., 2016; Hanlon et al., 2017). Animals were trained over
4 days to find the location of the hidden platform submerged approxi-
mately 1 cm below the surface of the water (20 °C) as previously de-
scribed (Hanlon et al., 2016; Hanlon et al., 2017). Animals were trained
to locate the submerged platform over 4 trials on each of 4 days and the
latency to find the platform was averaged across trials for each day. On
the 5th day (probe trial), the platform was removed from the pool and
the swimming pattern of each animal was tracked (AccuScan Instru-
ments Inc., Columbus OH) for two 60-s trials to assess time spent in
zones closest to or furthest from the original location of the platform.
Following the probe trials, the platform was placed back in the water
and the water level was lowered so that the top inch of the platform was
exposed, and a flag was adhered to the top of the platform. The latency
to locate the visible platform was recorded in one trial. Behavioral as-
sessments were performed by LAH who was blinded to the injury and
treatment status of the animals.

2.6. Straight-path swim task

Animals were trained to swim the length of the 48″ aquarium in a
straight path as previously described (Stoltz et al., 1999). The water in

the tank was maintained at 18–20 °C and a cue rat was placed on the
platform and a flag was adhered to the side of the platform to make sure
the test rats could see the platform. On the training day, the tank was
separated into quarters to form the 4 training release points at varying
distances from the platform and animals were released from these
points in order until they could swim the length of the tank in a straight
path without turning or running into the sides. At 24 h after training,
animals were subjected to one acclimation trial released from the
furthest point from the platform in order to familiarize them with the
task followed by the test trials which were recorded for quantification.
Animals were tested by cage and allowed to rest for 2min between
trials. Test trials were terminated when animals completed 3 straight-
path runs without turning or running into the walls of the tank. Data is
presented as the average number of strokes across 3 runs. Behavioral
assessments were performed by LAH who was blinded to the injury and
treatment status of the animals.

2.7. Statistical analysis

All statistics were performed using Statistica 7 (StatSoft, Tulsa OK).
All data are presented as mean ± standard error of the mean. Data
were compared using a 3-way ANOVA (injury status, treatment status,
time) or a 2-way ANOVA (injury status, treatment status) as necessary.
Spatial learning latencies were compared using a 2-way (injury and
treatment status) repeated measures ANOVA (days of training). The
percent of tissue loss was compared between the brain-injured groups
using the Student's t-test. When necessary, post-hoc analyses were
performed using the Newman-Keuls test and a value of p≤ 0.05 was
considered significant. Sex was used as a covariate in all analyses.

3. Results

3.1. Acute neurologic outcomes

Closed head injury to the 11-day-old rat resulted in a linear skull
fracture below the impact site that was associated with apnea (9–20s)
and a loss of righting reflex (Table 1). Brain-injured animals took a
significantly longer time to right themselves after injury compared to
sham-injured animals after removal of anesthesia (F(3,72) = 22.1,
p < 0.00001). Five animals died as a result of the impact (10%); col-
lectively, these data are suggestive of a moderate level of trauma. There
were no differences in body weights and injury-induced apnea and
righting reflex latencies between the groups designated for the different
behavioral, histologic and electrophysiologic outcomes (Table 1).

3.2. Clodronate-mediated depletion and repopulation of microglia/
macrophages in the sham-injured animals

Injection of empty liposomes into the cortex of sham-injured ani-
mals (Fig. 1A-C) resulted in microglia staining with Iba1 that were
predominantly in the resting phase as indicated by the small cell bodies
and extensive processes at 3 (Fig. 1A), 15 (Fig. 1B) and 35 days post-
injection (Fig. 1C). Injection of clodronate led to an almost complete
depletion of Iba1(+) microglia at 3 days (Fig. 1D) and was localized to
1-2mm around the injection site. By 15 days (Fig. 1E) and 35 days post-
injection (Fig. 1F), however, labeling in sham-injured animals had re-
turned to normal levels and Iba1 immunoreactivity was indistinguish-
able from encapsome-injected brains. A similar temporal pattern was
observed in the thalamus (data not shown).

3.3. Effect of microglia depletion in the cortex

Sham-injured animals injected with empty liposomes into the cortex
demonstrated ED-1(+) microglia along the needle track at 3 days post-
injection (Fig. 2A) suggestive of microglial activation; by 15 days this
had dissipated (Fig. 2B) and few, if any, active cells were observed at
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35 days (Fig. 2C). Microglia stained with ED-1 were observed between
1mm and 6mm posterior to bregma in brain-injured animals injected
with empty liposomes (Fig. 2D-F). At 3 days ED-1(+) cells were ob-
served in all layers of the parietal and occipital cortices (Fig. 2D) and
was primarily present in layers 3–5 at 15 (Fig. 2E) and 35 days after
injury (Fig. 2F). No ED-1-labeled cells were present in sham-injured
animals injected with clodronate at any time point (Fig. 2G-I). A few
ED-1(+) cells were observed in clodronate-injected brain-injured ani-
mals at 3 days post-injury (Fig. 2J), with more cells 15 (Fig. 2K) and
35 days (Fig. 2L) post-injury. In brain-injured animals, the ED-1-labeled
cells appeared as either amoeboid (inset, panel L) or rod-like (inset,
panel K). Quantification of amoeboid ED-1-labeled microglia (Fig. 2M)
revealed a greater number of cells in brain-injured animals compared to
their sham-injured counterparts (injury status, F(1,46)= 75.8,
p < 0.0001) with the highest number at 3 days post-injury (time,
F(2,46) = 8.2, p < 0.001). Based on a significant interaction effect be-
tween injury status, time and treatment (F(2,46) = 9.3, p < 0.0005),
post-hoc analyses revealed that at 3 days, more ED-1(+) amoeboid cells
were present in empty liposome-injected brain-injured animals

compared to those injected with clodrosome (p < 0.0002). In contrast
at 35 days post-injury, this pattern was reversed wherein clodrosome-
injected brains had a greater number of amoeboid microglia compared
to those injected with empty liposomes (p < 0.02, Fig. 2M). Brain-in-
jured animals exhibited more ED-1(+) rod-like microglia (Fig. 2N, in-
jury status, F(1,46)= 28.0, p < 0.0001) at 3 days post-injury (time,
F(2,46) = 4.3, p < 0.02) but there was no significant effect of injury
status, time and treatment. Sex of the animal did not affect counts of
either amoeboid (F(2,46) = 0.2, p=0.98) or rod (F(2,46) = 0.8,
p=0.57) microglia. Quantitative analysis of Iba-1 immunoreactive
cells within the cortex at the 15- and 35-day time points revealed that
brain-injured animals exhibited more reactive microglia compared to
sham-injured animals (Fig. 2O, injury status, F(1,34) = 303.5,
p < 0.00001). Based on a significant interaction effect between injury
status, time and treatment (F(1,34) = 49.3, p < 0.0001), post-hoc ana-
lyses revealed that at 15 days post-injury, clodrosome-injected, brain-
injured rats contained fewer active Iba-1(+) microglia compared to the
brain-injured rats injected with empty liposomes (Fig. 2O,
p < 0.0002); at 35 days, similar numbers of Iba-1(+) active microglia

Table 1
Neurologic outcomes following TBI in the neonate.

Group Time point (days) N (F, M) Weight (g) Apnea (s) Righting reflex (s)

Sham Empty 3 3 (1, 2) 23.6 ± 1.3 NA ND
Sham Clodronate 3 (1, 2) 22.5 ± 1.0 NA ND
Injured Empty 5 (2, 3) 21.2 ± 0.9 11 ± 4 207 ± 36
Injured Clodronate 6 (1, 5) 19.9 ± 0.5 18 ± 2 196 ± 42
Sham Empty 15 5 (2, 3) 22.7 ± 0.6 NA 56 ± 13
Sham Clodronate 5 (2, 3) 23.6 ± 0.5 NA 59 ± 6
Injured Empty 5 (3, 2) 23.0 ± 0.2 13 ± 2 199 ± 33
Injured Clodronate 5 (2, 3) 23.3 ± 0.5 15 ± 3 163 ± 27
Sham Empty 35 5 (2, 3) 23.6 ± 0.6 NA 72 ± 4
Sham Clodronate 6 (2, 4) 23.3 ± 1.3 NA 69 ± 13
Injured Empty 5 (2, 3) 24.2 ± 0.4 13 ± 1 156 ± 31
Injured Clodronate 5 (2, 3) 24.2 ± 0.9 18 ± 2 191 ± 29
Sham Empty 28 9 (5, 4) 22.8 ± 1.0 NA 107 ± 12
Sham Clodronate 9 (5, 4) 22.1 ± 1.2 NA 101 ± 11
Injured Empty 8 (4, 4) 24.0 ± 0.7 15 ± 1 183 ± 21
Injured Clodronate 9 (4, 5) 22.1 ± 0.9 17 ± 1 230 ± 28

Animals in the 15-day and 35-day survival groups were tested for spatial learning on days 10–14 and 28–32 respectively and euthanized for histology. Animals in the
28-day survival group underwent testing in the straight path swim test on days 26–27 post-injury and euthanized for electrophysiology. Values represent
means± standard error of the mean. NA, not applicable; ND, not determined.

Fig. 1. Iba-1(+) microglia in the cortex following clodronate-induced depletion.
Representative photomicrographs of sham-injured animals injected with empty liposomes (A-C) or clodronate liposomes (D-F) at 3 (A,D), 15 (B,E), and 35 (C,F) days
post-injury. Scale bar in panel L= 100 μm for all panels.
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were observed in both empty liposome- and clodrosome-injected rats
(Fig. 2O, p=0.79). Sex of the animal did not affect counts of Iba-1-
labeled cells (F(1.26) = 0.91, p=0.35).

A few FJB(+) cells were visible along the injection track of sham-
injured animals at 3 days post-injury (Fig. 3A and G) which dissipated
over time (Fig. 3B,C,H,I). Brain injury led to the appearance of de-
generating cells in the cortex in both empty liposome- (Fig. 3D-F) and
clodronate-injected animals (Fig. 3J-L). Degenerating cells were pri-
marily observed in layers 2–5 of the parietal and occipital cortices be-
tween 1mm and 6mm posterior to bregma at all times post-injury, with
a greater extent in animals injected with clodronate. Quantification
revealed a greater number of cells in brain-injured compared to sham-
injured animals (injury status, F(1,46) = 93.1, p < 0.0001, Fig. 3M) and

a greater number in brain-injured animals injected with clodronate
(injury status x treatment, F(1,46) = 20.9, p < 0.0001). The sex of the
animals did not affect injury- or treatment-induced neurodegeneration
(injury status x treatment x sex, F(2,46) = 0.6, p=0.76). The increase in
neurodegeneration at 15 days post-injury did not affect the injury-in-
duced reduction in cortical area in either encapsome- (8.4 ± 0.6%) or
clodrosome-injected- (5.6 ± 1.6%, t=−1.6, p=0.15) animals.

To determine the functional consequence of increased number of
FJB(+) cells in the parietal and occipital cortices, extracellular evoked
potentials were recorded at 28 days post-injury in layer 5 of the hin-
dlimb region of the parietal cortex (3–3.5 mm posterior to bregma)
following stimulation of layers 2–3. The evoked potentials in sham-in-
jured animals injected with either empty or clodronate-filled liposomes

Fig. 2. Microglia activation in the cortex following
clodronate-induced depletion.
Representative photomicrographs of ED-1 im-
munoreactivity in sham- (A-C) and brain-injured (D-
F) animals injected with empty liposomes and sham-
(G-I) and brain-injured (J-L) animals injected with
clodronate liposomes at 3 (A,D,G,J), 15 (B,E,H,K),
and 35 (C,F,I,L) days post-injury. Inset in Fig. K
shows a representative photomicrograph of a rod
microglia/macrophage characterized by an elon-
gated, thick cell body and short processes. Inset in
Fig. L shows a representative photomicrograph of an
amoeboid microglia characterized by a round cell
body and few, if any, visible processes.
Quantification of ED-1(+) microglia exhibiting
amoeboid (M) and rod (N) morphologies.
Quantification of Iba-1(+) cells exhibiting activated
morphology as described in Methods (O). Bar graphs
represent group means and error bars represent the
standard error of the mean. *, p≤ 0.05 compared to
time-matched sham-injured group; #, p≤ 0.05
compared to time-matched brain-injured empty li-
posome-injected animals. Scale bar in L=100 μm
for all panels; scale bar within the inset in panel
K= 10 μm for both inset micrographs.
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were not different from each other (Fig. 4A) suggesting that the re-
population of the microglia over the 4-week post-injection period
conferred normalcy to the circuit within the cortex. Similarly, brain-
injured animals that received injections of empty liposomes exhibited a
normal evoked signal albeit with a shorter latency (Fig. 4A). In contrast,
the amplitude of the signal in clodronate-injected brain-injured animals
was larger than that observed in corresponding sham-injured animals
although the latencies were similar (Fig. 4A). A 2-way ANOVA on the
amplitudes revealed a significant group effect (F(3,24) = 3.5, p < 0.05,
Fig. 4B) and the post-hoc analysis confirmed that the amplitude of the
signals from brain-injured clodronate-injected animals were

significantly larger than those from either the corresponding sham-in-
jured group (p < 0.05) or brain-injured empty liposome injected ani-
mals (p < 0.05). Analysis of the latency of the deflection of signals
showed a significant group effect (F(3,24)= 4.71, p < 0.05, data not
shown) with the post-hoc analysis indicating that signals from brain-
injured animals injected with the empty liposomes were faster than the
signals from the corresponding sham-injured animals (p < 0.02).
There were no differences in any measure between the sexes (ampli-
tude: F(3,24) = 0.4, p= 0.76; latency: F(3,24) = 1.2, p=0.32).

To evaluate whether alterations in the activity of local cortical cir-
cuits in the hindlimb region of the motor cortex were specifically

Fig. 3. Neurodegeneration in the cortex following
clodronate-induced microglia depletion.
Representative photomicrographs of FJB-labeling in
sham-injured (A-C) and brain-injured (D-F) animals
injected with empty liposomes and sham-injured (G-
I) and brain-injured (J-L) animals injected with clo-
dronate liposomes at 3 (A,D,G,J), 15 (B,E,H,K), and
35 (C,F,I,L) days post-injury. (M) Quantification of
FJB(+) profiles. Multivariate analysis of variance
revealed that injury status, irrespective of treatment
and time, was significant (p < 0.0001), and inter-
action between injury and treatment was significant
at all time points (p < 0.0001); detailed statistical
descriptions are provided in the Results. Bar graphs
represent group means and error bars represent the
standard error of the mean. Scale bar in L=100 μm
for all panels.
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related to presence of neurodegeneration and activated microglia,
evoked neuronal activity was recorded from the forelimb region of the
motor cortex at 1–1.2 mm anterior to bregma, a region that does not
demonstrate evidence of FJB reactivity or ED-1 immunoreactivity (data
not shown). Interestingly, qualitative evaluation of the traces revealed
that the amplitudes of the signal from brain-injured animals were larger
compared to sham-injured animals irrespective of treatment (Fig. 4C)
suggestive of an increase in excitability of this local circuit. Quantita-
tive analyses of amplitudes revealed a significant group effect
(F(3,25) = 17.5; p < 0.001) which was independent of sex
(F(3,25) = 0.2; p=0.93). The post-hoc analysis indicated that brain-
injured animals that received either empty or clodronate liposomes had
significantly larger signals than the corresponding sham-injured ani-
mals (p < 0.001, Fig. 4D). However, there was no significant effect of
either group (F(3,25) = 0.5; p=0.69) or sex (F(3,25) = 0.8; p=0.50) on
the latency to the deflection of the signal (data not shown). The ob-
served increase in excitability in the forelimb cortical region of brain-
injured animals may occur due to disinhibition in the local circuit
which can be behaviorally evaluated (Stoltz et al., 1999). Although
sham- and brain-injured animals were able to swim the straight path
with similar latencies (data not shown), the right front paw of brain-
injured animals (contralateral to the site of impact) was used to a
greater extent compared to the sham-injured cohort (F(3,27)= 11.1;

p < 0.001, Fig. 4E) but was not dependent on sex (F(3,27) = 0.4;
p=0.74). The number of strokes with the contralateral forelimb,
however, did not differ between brain-injured animals that were in-
jected with empty liposomes and those were injected with clodronate
liposome (p=0.41). Brain-injured animals injected with empty lipo-
somes exhibited normal use of the forepaw ipsilateral to the impact
whereas those that were injected with clodronate liposomes had a
modest increase in their use of this limb (F(3,27)= 3.9; p < 0.05,
Fig. 4E).

3.4. Effect of microglia depletion in lateral white matter tracts

Because liposomes were injected into the deeper layers of the cortex
(1.7 mm from the dural surface), the underlying white matter may be
affected by diffusion of the liposomes. Injected of clodronate in sham-
(Fig. 5C) or brain-injured animals (Fig. 5D) depleted microglia in the
corpus callosum, cingulum, and lateral white matter at the 3-day time
point compared to animals injected with empty liposomes (Fig. 5A and
B). A few APP-labeled axons were observed in sham-injured animals
likely due to the intracerebral injection (Fig. 5E and G) whereas brain-
injured animals demonstrated robust APP labeling (Fig. 5F and H).
Brain-injured animals had significantly more APP labeling compared to
sham-injured animals regardless of whether they were injected with

Fig. 4. Extracellular evoked potentials in the cortex
at 4 weeks following clodronate-induced microglia
depletion.
Representative traces from the hindlimb region (A)
and forelimb region (C) of the motor cortex of sham-
injured and brain-injured animals that received ei-
ther empty or clodronate liposomes. (B, D)
Quantification of the amplitude of the maximum
deflection of the traces from the respective regions.
(E) Forelimb motor deficits in the straight path swim
task. Bar graphs represent group means and error
bars represent the standard error of the mean. *,
p≤ 0.05 compared to corresponding sham-injured
group; #, p≤ 0.05 compared to corresponding
brain-injured animals injected with empty lipo-
somes.
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empty or clodronate liposomes (F(3,14) = 59.6, p < 0.001, Fig. 5I)
Whereas depletion of microglia did not affect axonal injury, the number
of FJB(+) profiles were significantly higher at both 15 and 35 days
post-injury in the animals that were injected with clodronate
(F(3,25) = 14.7, p < 0.001, Fig. 5J). There was no effect of sex
(F(3,25) = 0.60, p=0.62).

3.5. Effect of microglia depletion in the thalamus

As observed in the cortex, brain injury resulted in activation of ED-
1(+) microglia in multiple thalamic nuclei (laterodorsal ventrolateral,
posterior, ventral posteromedial) which appeared as amoeboid (injury
status effect, F(1,46)= 126.6, p < 0.0000, Fig. 6A) or rod-like (injury
status effect, F(1,46) = 46.2, p < 0.0000, Fig. 6B) in morphology in the
thalamus. Clodronate injection into the thalamus effectively reduced
ED-1(+) microglia in both sham- and brain-injured animals at the 3-
day time point (Fig. 6A and B). A significant interaction effect between
injury status, treatment and time was evident for both amoeboid
(F(2,46) = 13.2, p < 0.0001, Fig. 6A) and rod-like ED-1(+) microglia
(F(2,46) = 3.2, p < 0.05, Fig. 6B). Post-hoc analysis revealed that brain-
injured empty-liposome animals had significantly more ED-1(+)
amoeboid microglia at 3 (p < 0.0002) and 15 days (p < 0.00002)
post-injury (Fig. 6A) and significantly more ED-1(+) rod-like microglia
at 3 (p < 0.0002) and 15 days (p < 0.01) post-injury
(Fig. 6B).Whereas at 3 days empty liposome injected brain-injured an-
imals contained more ED-1(+) amoeboid (p < .0002, Fig. 6A) and
rod-like microglia (p < 0.0002, Fig. 6A) compared to the clodronate-
injected cohort, at 35 days the clodronate-injected animals contained a
significantly greater number of ED-1(+) amoeboid microglia compared
to the empty liposome-injected group (p < 0.01, Fig. 6A). There was
no effect of sex on ED-1(+) amoeboid (F(6,34)= 0.5, p=0.84) or rod
microglia (F(6,34) = 0.2, p=0.99). Quantitative analysis of Iba-1 im-
munoreactive cells within the thalamus at the 15- and 35-day time

points revealed that brain-injured animals exhibited more reactive
microglia compared to sham-injured animals (Fig. 6C, injury status,
F(1,34) = 187.1, p < 0.00001). Based on a significant interaction effect
between injury status, time and treatment (F(1,34) = 21.8, p < .00005),
post-hoc analyses revealed that at 15 days post-injury, clodrosome-in-
jected, brain-injured rats contained fewer active Iba-1(+) microglia
compared to the brain-injured rats injected with empty liposomes
(Fig. 6C, p < 0.0002); at 35 days, similar numbers of Iba-1(+) active
microglia were observed in both empty liposome- and clodrosome-in-
jected rats (Fig. 6C, p=0.06). Sex of the animal did not affect counts of
Iba-1-labeled cells (F(1.26) = 0.20, p=0.65). Despite the decrease in
ED-1(+) activated microglia in the clodronate-injected animals at
3 days post-injury, there was no difference in the burden of axonal in-
jury (injury status X treatment F(1,14) = 0.04, p= 0.84, Fig. 6E).
However, FJB labeling at all times post-injury was significantly in-
creased in brain-injured animals injected with clodronate liposomes
(injury status X treatment, F(1,48) = 36.1, p < 0.0000, Fig. 6D); there
was no effect of sex on FJB reactivity (F(6,35)= 1.5, p=0.22). Despite
this observation of increased neurodegeneration at the 15-day time
point, the injury-induced decrease in area of the thalamus was not
different between the animals injected with empty liposomes
(14.9 ± 1.5%) and those injected with clodrosome (13.3 ± 1.9%,
t=−0.65, p=0.54).

3.6. Effect of microglia depletion in the subiculum

Although the hippocampus was not directly targeted, depletion of
microglia was observed in the dorsal aspect of the subiculum pre-
sumably as a result of diffusion of the liposomes from the thalamic
injections. Brain-injured animals had a significantly greater number of
ED-1(+) amoeboid (Fig. 7A, F(1,45) = 29.1, p < 0.0000) and rod-like
microglia (Fig. 7B, F(1,45) = 31.4, p < 0.0000). Based on a significant
interaction effect between injury, treatment and time (F(2,45) = 3.3,

Fig. 5. Pathologic alterations in the white matter
following clodronate-induced microglia depletion.
Representative photomicrographs of Iba-1(+) mi-
croglia at 3 days post-injury in the white matter
tracts below the impact site of sham- (A) and brain-
injured (B) animals injected with empty liposomes
and sham- (C) and brain-injured (D) animals injected
with clodronate liposomes. Representative photo-
micrographs of APP(+) profiles at 3 days post-injury
in sham- (E) and brain-injured (F) animals injected
with empty liposomes and sham- (G) and brain-in-
jured (H) animals injected with clodronate lipo-
somes. (I) Quantification of the extent of APP la-
beling using the grid analysis described in the
methods. (J) Quantification of FJB(+) profiles. Bar
graphs represent group means and error bars re-
present the standard error of the mean. *, p≤ 0.05
compared to corresponding sham-injured group.
Scale bar in panel H=100 μm for all panels.

L.A. Hanlon, et al. Experimental Neurology 316 (2019) 39–51

46



p < 0.05), a post-hoc analysis revealed that at 35 days, brain-injured
animals injected with clodronate had more ED-1(+) amoeboid micro-
glia compared to the empty liposome cohort (p < 0.02, Fig. 7A). In-
terestingly, brain-injured clodronate-injected female rats had sig-
nificantly more ED-1(+) amoeboid microglia at 35 days post-injury
compared to the corresponding male cohort (p < 0.05). There was no
effect of sex on ED-1(+) rod microglia/macrophages (F6,33= 0.3,
p=0.93). Quantitative analysis of Iba-1 immunoreactive cells within
the subiculum at the 15- and 35-day time points revealed that brain-
injured animals exhibited more reactive microglia compared to sham-
injured animals (Fig. 7C, injury status, F(1,34) = 79.7, p < 0.00001).
Based on a significant interaction effect between injury status, time and
treatment (F(1,34) = 10.0, p < 0.005), post-hoc analyses revealed that
at 15 days post-injury, clodrosome-injected, brain-injured rats con-
tained fewer active Iba-1(+) microglia compared to the brain-injured
rats injected with empty liposomes (Fig. 7C, p < 0.0002); at 35 days,
similar numbers of Iba-1(+) active microglia were observed in both
empty liposome- and clodrosome-injected rats (Fig. 7C, p=0.81). Sex

of the animal did not affect counts of Iba-1-labeled cells (F(1.26) = 0.04,
p=0.84). As in the cortex and thalamus, FJB reactivity was increased
in the subiculum of brain-injured animals (F(1,48) = 15.9, p < 0.0002,
Fig. 7D). Moreover, brain-injured animals that were injected with clo-
dronate also exhibited more FJB(+) profiles compared to the cohort
that were injected with empty liposomes (F(1,48)= 5.1, p < 0.03,
Fig. 7D). There was no effect of sex on FJB reactivity in the subiculum
(F3,36= 0.95, p=0.47).

Spatial learning and memory were assessed in separate groups of
animals on post-injury days 10–14 (Fig. 8A and B) and 28–32 (Fig. 8C
and D). On days 10–14, sham-injured animals that were injected with
the empty liposomes were able to learn the task in a pattern similar to
our earlier observations (Raghupathi and Huh, 2007). Interestingly,
intracerebral injections of clodronate into either sham- or brain-injured
animals impaired their ability to learn the location of the platform
(Fig. 8A) such that there was no significant effect of injury
(F(1,51) = 2.2, p=0.15) or treatment (F(1,51) = 2.7, p=0.12) on spatial
learning. In the probe trial, brain-injured animals did, however, spend

Fig. 6. Pathologic alterations in the thalamus following clodronate-induced microglia depletion.
Quantification of ED-1(+) microglia that exhibit amoeboid (A) or rod (B) morphologies, Iba-1(+) cells exhibiting activated morphology as described in Methods (C),
and (D) FJB(+) profiles at 3, 15 and 35 days post-injury. (E) Quantification of APP(+) profiles at 3 days post-injury. Bar graphs represent group means and error bars
represent the standard error of the mean. *, p≤ 0.05 compared to time-matched sham-injured group; #, p≤ 0.05 compared to time-matched brain-injured animals
injected with empty liposomes.
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Fig. 7. Pathologic alterations in the dorsal sub-
iculum following clodronate-induced microglia de-
pletion.
Quantification of ED-1(+) microglia that exhibit
amoeboid (A) or rod (B) morphologies, (C) Iba-1(+)
cells exhibiting activated morphology as described in
Methods, and (D) FJB(+) profiles at 3, 15, and
35 days post-injury. Bar graphs represent group
means and error bars represent the standard error of
the mean. *, p≤ 0.05 compared to time-matched
sham-injured group; #, p≤ 0.05 compared to time-
matched brain-injured injected with empty lipo-
somes.

Fig. 8. Spatial learning and memory assessment
following clodronate-induced microglia depletion.
Assessment of spatial learning in the Morris water
maze presented as latency to find the hidden plat-
form on days 10–13 post-injury (A) and days 28–31
post-injury (C). Probe trial performance on day 14
(B) and day 32 post-injury (D). Bar graphs represent
group means and error bars represent the standard
error of the mean.
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significantly less time in the platform zone compared to sham-injured
animals (Fig. 8B, F(1,17) = 4.7, p < 0.05) although there was no sig-
nificant effect of injury in the visible platform trial (Fig. 8B,
F(1,17) = 4.1, p=0.06). When animals were assessed on post-injury
days 28–31, brain-injured animals were significantly impaired in their
ability to locate the hidden platform compared to sham-injured animals
irrespective of treatment (F(1,45) = 8.6, p < 0.05, Fig. 8C). In the probe
trial, brain-injured animals spent less time in the platform zone com-
pared to sham-injured animals (F(1,15) = 4.7, p < 0.05, Fig. 8D) in-
dicating a retention deficit. There was no effect of injury in the visible
platform trial (F(1,15) = 2.0, p=0.18).

4. Discussion

Depletion of microglia within the site of maximal injury in the
cortex led to increased staining for fluoro-Jade B (FJB) in both the acute
(3 days) and chronic (35 days) post-injury periods compared to their
empty liposome-injected counterparts. This increase in the number of
FJB(+) profiles was associated with an increase in the amplitude of the
extracellular evoked field potentials suggestive of altered neuronal
circuity within the cortex. Depletion of microglia within the white
matter tracts below the impact site did not reduce the extent of trau-
matic axonal injury but did lead to an increase in the number of FJB(+)
profiles. Similarly, depletion of microglia led to an increase in FJB
staining in both the thalamus and dorsal subiculum but did not ex-
acerbate injury-induced spatial learning deficits at 4 weeks post-injury.
Repopulation of microglia was almost complete by 35 days following
depletion in both sham- and brain-injured animal although the ED-
1(+) microglia in brain-injured animals continued to exhibit morpho-
logical signs of activation to a greater extent than those injected with
empty liposome. Clodronate-induced microglia depletion in adult
models of stroke or Alzheimer's models have been shown to be neuro-
protective (Asai et al., 2015; Ma et al., 2016). In a model of hy-
pothermic cardiac arrest in adult rats, clodronate administration ef-
fectively decreased the number of microglia in the hippocampus of
injured rats but did not result in amelioration of neuronal cell death
(Drabek et al., 2012). Collectively these data suggest that acute de-
pletion of microglia may not be beneficial following TBI in the neonate.

Interestingly, the ED-1(+) microglia in brain-injured animals de-
monstrated both rod-like and amoeboid phenotypes. Rod-like microglia
have been observed following TBI in the adult rat and our current study
has identified that these microglia are an activated phenotype as evi-
dent by ED-1 immunoreactivity, but it is unclear whether or not they
play a specific role in post-injury pathology (Taylor et al., 2014). There
is some evidence to suggest that rod-like microglia are highly pro-
liferative and can rapidly transformation to an amoeboid shape (Tam
and Ma, 2014), suggesting that the rod-like microglia observed in the
acute post-injury period in the clodronate-treated brain-injured animals
may go on to become amoeboid microglia during the chronic post-
traumatic period. To the best of our knowledge, this is the first reported
case of rod-like microglial activation following experimental pediatric
TBI. Further studies are needed to elucidate the functional role of rod-
like microglia following trauma to the immature brain.

The temporal and regional patterns of microglia activation suggest
that microglia are involved in injury-induced neurodegeneration. Both
developmental and traumatic injury-induced cell death are associated
with activation of microglia (Hanlon et al., 2016; Hanlon et al., 2017;
Pont-Lezica et al., 2011; Simon et al., 2018; Tong et al., 2002). It is
unclear, however, whether microglia actively initiate and/or perpe-
tuate cell death or whether their role is to phagocytose dead/dying cells
(Hanisch and Kettenmann, 2007; Loane and Kumar, 2016). Our ob-
servations of an increase in FJB labeling in clodronate-injected animals
are similar to the exacerbation of lesion size and promotion of he-
morrhage following stroke in the neonatal rat (Faustino et al., 2011;
Fernandez-Lopez et al., 2016) although we did not observe any addi-
tional loss of cortical or thalamic area in the clodronate-injected brain-

injured animals compared to their empty liposome-injected counter-
parts. Similarly, prolonged minocycline administration, an antibiotic
that decreases microglial activation, also exacerbated neurodegenera-
tion and caused a rebound increase in microglial reactivity during the
chronic post-traumatic period following TBI in the neonate rat (Hanlon
et al., 2017). We posit that the increase in FJB(+) profiles in clo-
dronate-injected animals relative to those injected with empty lipo-
somes may likely be a consequence of decreased phagocytosis of dying
cells. Over the 4–5weeks following injury, we did not observe any
appreciable change in the extent of FJB staining in any injured brain
region of the clodronate-injected animals. The concomitant observation
that the repopulated microglia in these animals exhibited amoeboid
(activated) morphology to a greater extent than those in empty lipo-
some-injected brains may be representative of either a compensatory
increase associated with the continued presence of degenerating neu-
rons or the invasion of blood-borne macrophages. When neurodegen-
eration and microglial reactivity were increased in the hindlimb cortex
region at the chronic post-traumatic period, the neuronal activity sig-
nals showed evidence of hyperactivity indicating dysfunction and dis-
inhibition of neuronal circuitry. Further assessments are necessary to
determine whether the hyperactivity in the local cortical circuitry is
due to aberrant connections formed by the dying neurons and/or fac-
tors secreted from the activated microglia. We were unable to detect
differences in the use of hindlimbs in the straight path swim test either
as function of injury or injection of liposomes (data not shown) perhaps
because of the predominant use of the hindlimbs to swim the straight
path; neither injury nor liposome injection affected the speed at which
the animals swam (data not shown). It must be noted that clodronate
administration in the neonate rat induced a hyperlocomotive pheno-
type measured using open field behaviors (Nelson and Lenz, 2017;
VanRyzin et al., 2016). Brain injury in the neonate resulted in hyper-
activity within the forelimb region of the motor cortex which may be
the basis for the disinhibition of the forelimb use in the straight path
swim test (Stoltz et al., 1999). Injections of clodronate were localized to
the hindlimb cortical region and the thalamus; therefore, it is not sur-
prising that no effect of clodronate injection was observed on injury-
induced hyperactivity in the forelimb region and the concomitant dis-
inhibition of the forelimb function. The injection of clodronate into the
thalamus allowed for diffusion into the dorsal subiculum leading to
depletion of microglia in this region which may explain why sham-in-
jured animals that received clodronate were unable to learn the loca-
tion of the hidden platform during testing on days 10–14 and thereby
suggesting that microglial activity may be necessary for normal cog-
nitive functioning (Harry and Kraft, 2012; Schlegelmilch et al., 2011).
Similarly, microglial depletion with clodronate at the early post-natal
age induced chronic deficits in the T-maze, social recognition and novel
object recognition tests (VanRyzin et al., 2016). Prolonged adminis-
tration of minocycline following diffuse brain injury in the neonate rat
exacerbated trauma-induced spatial memory deficits (Hanlon et al.,
2017). Collectively, these data demonstrate that extremes of microglial
activity- either too little or too excessive- may be detrimental for proper
cognitive functioning of the immature brain following trauma. In con-
trast, a high dose of minocycline was able to reduce activation of mi-
croglia and improve spatial memory acquisition in brain-injured 17-
day-old rats (Simon et al., 2018).

The observation that microglia depletion in the white matter does
not affect the extent of traumatic axonal injury supports previous ob-
servations that minocycline treatment which decreased microglial ac-
tivity in adult and pediatric TBI did not change the burden of axonal
injury (Hanlon et al., 2016; Hanlon et al., 2017; Homsi et al., 2010).
Similarly, genetic depletion of microglia did not alter silver staining,
APP accumulation, or neurofilament labeling in the white matter tracts
following repetitive brain injury in adult mice (Bennett and Brody,
2014). In the white matter tracts, microglia play a beneficial role in
providing trophic support to oligodendrocyte precursor cells to aid
them through differentiation into a mature myelinating
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oligodendrocyte and therefore these cells share a very close spatial
relationship (Domingues et al., 2016). When activated by an insult,
microglia can be detrimental by inhibiting this maturation causing
oligodendrocyte damage and myelination deficits (Domingues et al.,
2016; Peferoen et al., 2014). Macrophage depletion with clodronate
following demyelination injury in the adult rat impaired remyelination
which was associated with a decreased expression of insulin-like
growth factor 1 and a reduced oligodendrocyte progenitor cell response
(Kotter et al., 2005). Oligodendrocyte death has been observed fol-
lowing TBI in adult rodents and hypoxic-ischemic (HI) injury in the
neonate rat (Liu et al., 2002; Lotocki et al., 2011; Mierzwa et al., 2015).
Future efforts need to determine whether the FJB profiles observed in
the white matter tracts are indicative of both axonal fragments, dying
oligodendrocytes and oligodendrocyte precursor cells.

Although clodronate depletes all Iba-1(+) cells at 3 days post-in-
jury, ED-1(+) cells were observed in the regions of local depletion
suggesting that these cells may reflect the infiltration of peripheral
macrophages. At 35 days, the number of ED-1(+) cells in clodronate-
injected brains were greater than that of Iba-1(+) profiles suggestive of
differences in microglia population and underscore the importance of
colabeling ED-1(+) cells with Iba-1, a limitation of the current study. In
addition, the lack of observable sex differences may be reflective of
being underpowered to detect significance. Despite these limitations,
the data presented here demonstrate that microglia depletion following
closed head injury in the neonate rat reduces clearance of degenerating
neurons which was associated with increased neuronal activity but does
not affect the extent of traumatic axonal injury and injury-induced
motor and cognitive deficits. Further studies should focus on the cel-
lular mechanisms underlying these responses and whether depleting
microglia or inhibiting activation during the subacute and chronic post-
traumatic periods provide greater benefit to the brain-injured animal.
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