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Abstract

The role of microglia in the pathophysiology of injury to the developing brain has been extensively
studied. In children under the age of 4 who have sustained a traumatic brain injury (TBI), markers
of microglial/macrophage activation were increased in the cerebrospinal fluid and were associated
with worse neurologic outcome. Minocycline is an antibiotic that decreases microglial/
macrophage activation following hypoxic-ischemia in neonatal rodents and TBI in adult rodents
thereby reducing neurodegeneration and behavioral deficits. In study 1, 11-day-old rats received
an impact to the intact skull and were treated for 3 days with minocycline. Immediately following
termination of minocycline administration, microglial reactivity was reduced in the cortex and
hippocampus (p<0.001) and was accompanied by an increase in the number of fluoro-Jade B
profiles (p<0.001) suggestive of a reduced clearance of degenerating cells; however, this effect was
not sustained at 7 days post-injury. Although microglial reactivity was reduced in the white matter
tracts (p<0.001), minocycline treatment did not reduce axonal injury or degeneration. In the
thalamus, minocycline treatment did not affect microglial reactivity, axonal injury and
degeneration, and neurodegeneration. Injury-induced spatial learning and memory deficits were
also not affected by minocycline. In study 2, to test whether extended dosing of minocycline may
be necessary to reduce the ongoing pathologic alterations, a separate group of animals received
minocycline for 9 days. Immediately following termination of treatment, microglial reactivity and
neurodegeneration in all regions examined were exacerbated in minocycline-treated brain-injured
animals compared to brain-injured animals that received vehicle (p<0.001), an effect that was only
sustained in the cortex and hippocampus up to 15 days post-injury (p<0.001). Whereas injury-
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induced spatial learning deficits remained unaffected by minocycline treatment, memory deficits
appeared to be significantly worse (p<0.05). Sex had minimal effects on either injury-induced
alterations or the efficacy of minocycline treatment. Collectively, these data demonstrate the
differential effects of minocycline in the immature brain following impact trauma and suggest that
minocycline may not be an effective therapeutic strategy for TBI in the immature brain.
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Introduction

With close to half a million children affected annually, traumatic brain injury (TBI) remains
one of the most common causes of disability and death in infants and children (Coronado et
al., 2011; Faul, 2010; Langlois et al., 2005). The youngest age group (< 4 years old) exhibit
worse outcome following moderate to severe TBI compared to older children (Anderson et
al., 2005; Coronado et al., 2011). Pediatric TBI patients commonly exhibit traumatic axonal
injury (TAI) and brain atrophy which are associated with prolonged cognitive deficits such
as impairments of learning and memory, attention, and executive function (Anderson et al.,
2005; Anderson et al., 2009; Catroppa et al., 2008; Catroppa et al., 2007; Duhaime and
Raghupathi, 1999; Ewing-Cobbs et al., 2006; Ewing-Cobbs et al., 2004; Tong et al., 2004).
Injury to the immature brain may also have adverse effects on the development of cognitive
abilities (Babikian et al., 2015). Unfortunately, no specific therapies exist, with supportive
care in the acute post-traumatic period being the only current treatment option.

While the mechanisms underlying neuropathologic alterations following TBI in the
immature brain are not completely understood, inflammation may play an important role in
the sequelae of secondary injury. 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). Markers of microglial/macrophage activation such as sCD163,
ferritin, and interleukins-6,-8 and —10 were increased in cerebrospinal fluid (CSF) from
children after TBI with more prominent increases observed in the youngest age group (< 4
years of age), suggesting that these patients may be at higher risk for worse neurologic
outcome (Bell et al., 1997; Newell et al., 2015; Whalen et al., 2000). In neonatal rodents,
hypoxic-ischemia (HI) or ischemia resulted in robust microglial/macrophage activation
(Denker et al., 2007; Ferrazzano et al., 2013; lvacko et al., 1996; McRae et al., 1995; Vexler
and Yenari, 2009). Increased microglial reactivity in the injured hemisphere following TBI
in the immature mouse brain corresponded to areas containing degenerating neurons and
was associated with an expansion of the cortical lesion and spatial learning deficits (Pullela
et al., 2006; Tong et al., 2002). In addition, microglial reactivity has also been observed in
the white matter tracts that was associated with an increase in tissue loss of the injured
hemisphere and working and recognition memory deficits in a rabbit model of pediatric TBI
(Zhang et al., 2015). These data suggest that microglial activity may be involved in ongoing
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pathogenesis following TBI in the immature brain and may potentially serve as a therapeutic
target.

Minocycline is a second generation tetracycline derivative antibiotic with anti-inflammatory
properties, effectively crosses the blood-brain barrier after systemic administration and has
demonstrated neuroprotection in many models of brain injury and neurodegenerative
diseases (Elewa et al., 2006; Garrido-Mesa et al., 2013; Kim and Suh, 2009; Plane et al.,
2010). Following neonatal rodent models of HI, minocycline decreased microglial activation
which was associated with a reduction in injury-induced neuronal damage, oligodendroglial
cell death, hypomyelination, white matter atrophy and locomotor deficits (Cai et al., 2006;
Carty et al., 2008; Cikla et al., 2016; Fan et al., 2006). In a model of pediatric cardiac arrest,
acute treatment with minocycline reduced microglial activation along with
neurodegeneration and apoptosis (Tang et al., 2010). Treatment with minocycline following
TBI in the adult mouse resulted in a reduction of microglial activation and proliferation
which was associated with a decrease in pro-inflammatory cytokine response, cerebral
edema, lesion volume and attenuation of locomotor and spatial memory deficits (Homsi et
al., 2009; Homsi et al., 2010; Siopi et al., 2011; Siopi et al., 2012). Similarly, minocycline
administration following moderate-severe contusive trauma to the adult rat brain reduced
microglial activation and improved behavioral function (Abdel Baki et al., 2010; Lam et al.,
2013). In contrast, minocycline did not attenuate cell death, axonal injury or tissue loss
despite reducing active microglia following either diffuse brain trauma in the adult mouse
(Bye et al., 2007) or repetitive brain trauma in the neonate rat (Hanlon et al., 2016).
Depleting the brain of its resident microglia exacerbates cell death following neonatal stroke
(Faustino et al., 2011) but appears to not affect the extent of white matter injury following
TBI (Bennett and Brody, 2014). It must be noted that not all effects of minocycline can be
attributed to its effects on reducing microglial activation following brain injury. Fox et al.,
(2005) observed that minocycline administration following focal ischemia in the neonate rat
did not reduce the extent of microglial activation but did reduce the volume of injury.
Although microglial activation was not evaluated, minocycline treatment reduced both
apoptotic and excitotoxic cell death following HI in the neonatal rat (Arvin et al., 2002),
reduced caspase activation following contusive brain trauma in the adult mouse (Sanchez
Mejia et al., 2001) and attenuated inflammatory protein expression in a rat model of mild
blast TBI (Kovesdi et al., 2012). By contrast, minocycline worsened injury-induced
infarction and tissue atrophy in a mouse model of HI (Tsuji et al., 2004). Collectively, these
data underscore the complicated relationship between injury-induced microglial activation
and ensuing brain damage.

With the goal of understanding the role of microglial activation in neonatal brain trauma, the
present study sought to test the hypothesis that minocycline treatment following TBI will
attenuate microglia reactivity along with neuronal and axonal degeneration leading to
decreases in brain atrophy and a reversal of spatial learning and memory deficits. The effects
of both short-term (3 days) and extended (9 days) administration of minocycline (45mg/Kg/
dose) were tested in a well characterized model of single TBI in the 11-day-old rat. This
injury results in neuronal and axonal degeneration, TAI, microglial reactivity, tissue atrophy
and cognitive deficits that last up to 4 weeks post-injury (Raghupathi and Huh, 2007).
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Methods

Brain Injury

All surgical and behavioral procedures were done in accordance with the rules and
regulations of the Institutional Animal Care and Use Committee of Drexel University
College of Medicine and were in compliance with the Guide for the Care and Use of
Animals. Animals were placed on a heating pad set to 37°C to maintain body temperature
throughout all procedures and recovery. Brain injuries were induced in isoflurane-
anesthetized 11-day-old male and female Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA) using the electronically driven controlled cortical impact (eCCl) device
(Custom Design International, Richmond, VA), as previously described (Raghupathi and
Huh, 2007); the convex indenter (5mm diameter) was driven 3mm from the point of contact
with the skull with a velocity of 5m/s and a dwell time of 200ms. Animals were injured at 45
seconds following the removal of anesthesia, and the total time from anesthesia to impact
was 5 min; sham-injured animals were exposed to anesthesia for 4 min during surgical
preparation and the zeroing of the impactor tip to the skull (which was not fired). On the day
of injury, animals were randomly assigned to injury and treatment conditions. Animals had
similar weights on the day of injury irrespective of sex and injury/treatment status
(F2,129=0.76, p=0.38; Table 1). Apnea latency times were recorded for brain-injured animals
from the time of impact to when they took their first breath. The loss of a righting reflex was
measured by the length of time taken by the animal to return onto all four limbs after being
placed on their side immediately following injury. Once the animal regained normal
breathing, the skull was evaluated for the presence of fracture and herniation (if brain tissue
was extruding via the fracture) and hematoma which was defined as mild (if the area of the
hematoma was qualitatively smaller than the diameter of the impactor), moderate (if the area
was as large as the diameter of the impactor or severe (if the area was larger than the
diameter of the impactor) (Raghupathi and Huh, 2007). Pups were weaned from the dam on
postnatal day 21.

Treatment paradigms

Study 1—Immediately following the injury, animals were randomly assigned to receive a
45mg/Kg dose of minocycline hydrochloride (Sigma, St. Louis MO) dissolved in phosphate-
buffered saline (PBS), or vehicle (PBS, 0.2mL/Kg) via an intraperitoneal (i.p.) injection.
Sham-injured animals were also randomly assigned to receive either vehicle or minocycline.
Minocycline or vehicle was injected every 12 hours for 3 days for a total of 6 injections (45
mg/Kg/injection or 0.2 mL/Kg/injection). This dose and dosing paradigm was successful in
reducing acute microglial activation in neonate repetitive TBI (Hanlon et al., 2016) and other
models of neonate HI (Buller et al., 2009). Details of animal numbers as a function of
outcome measure and time point are presented in Table 2.

Study 2—Immediately after injury, animals were randomly assigned to receive
intraperitoneal injections of either minocycline (45mg/Kg) or PBS vehicle (0.2mL/Kg);
following a second injection of minocycline or vehicle 12 hours later, animals received once
daily intraperitoneal injections of minocycline or vehicle (45mg/Kg/injection or 0.2mL/Kg/
injection) for 9 days for a total of 11 injections. Sham-injured animals were also randomly
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assigned to receive either vehicle or minocycline. Similar extended dosing paradigms have
been successful in reducing microglial activation in the chronic post-injury period following
HI in neonate rats (Carty et al., 2008; Wixey et al., 2011), diffuse TBI in the adult mouse
(Ng et al., 2012) and contusive TBI in the adult rat (Lam et al., 2013). Details of animal
numbers as a function of outcome measure and time point are presented in Table 2.

Histologic and immunohistochemical staining and quantification

Animals were transcardially perfused with 10% formalin (Thermofisher), and brains were
processed for histology and immunohistochemistry as previously described (Hanlon et al.,
2016; Huh et al., 2007). Adjacent sets of sections (500um apart), representing the rostral-
caudal extent of the injury from Bregma to 5.6mm posterior to bregma, were mounted on
gelatin-coated slides and stained for Fluoro-Jade B (FJB) (Huh et al., 2008) and Nissl-
myelin (2% Cresyl violet and 0.2% Cyanine R) respectively. The areas of the cortex (from
midline to rhinal fissure) of the injured hemisphere and white matter (corpus callosum,
cingulum and lateral aspects up to the rhinal fissure) were measured in Nissl-myelin-labeled
sections via manual tracing using Image J software (NIH) (Hanlon et al., 2016). Additional
sets of sections were evaluated for microglia/macrophages using anti-ionized calcium-
binding adaptor molecule 1 (Ibal, Wako, Richmond, VA, 1:20,000) and traumatic axonal
injury (TAI) using a polyclonal antibody to the C-terminal end of amyloid precursor protein
(APP, Zymed, San Francisco, CA, 1:2,000) as previously described (Hanlon et al., 2016).
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) was conducted by counting labeled profiles (Ibal, FIB, APP) in 3—
5 high power field (HPF) images (20x magnification) per section across 5 non-adjacent
sections. Counts of Ibal(+) profiles were based on the presence of a discernable cell body
with elongated processes (resting) or an amoeboid appearance (activated); Ibal(+) profiles
that exhibited an activated morphology were counted and presented as a percent of total
Ibal(+) profiles in that region. Fluoro-Jade B(+) and APP(+) profiles (regardless of size)
were counted in 3 HPF images (20x magnification) per section that covered the area
between the corpus callosum, cingulum and the lateral aspects of the white matter up to the
rhinal fissure across 5 sections. The high density of Ibal immunoreactive profiles in these
white matter tracts required quantification using a thresholding-based area analysis as
previously described (Hanlon et al., 2016; Ng et al., 2012). Quantification was performed by
co-authors (LAH, JWH) blinded to both injury and treatment status.

Spatial Learning and Memory Assessment

Spatial learning was assessed on days 10-13 after sham- or brain injury using the Morris
water maze as previously described (Hanlon et al., 2016; Huh et al., 2008). On day 14 post-
injury, animals underwent probe trials (retention) and a visible platform trial (vision deficit
testing) as previously described (Hanlon et al., 2016). Animals that had problems
completing the learning trials were excluded from the study and are identified in Table 2.

Statistical Analysis

All statistics were performed using Statistica 7 (StatSoft, Tulsa OK). All data are presented
as mean = standard error of the mean. As previously observed (Hanlon et al., 2016), sham-
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injured animals that received vehicle injections were not statistically different from those
that were treated with minocycline in any of the various histologic and behavioral outcome
measures and were therefore combined for statistical purposes. Outcome measures were
compared across groups (sham, injured + vehicle, injured + minocycline) as a function of
time (when applicable) and sex using appropriate analyses of variance (ANOVA). When
necessary, post-hoc analyses were performed using the Newman-Keuls test and a value of
p<0.05 was considered significant.

Acute responses to the injury

Impact to the intact skull of 11-day-old rats resulted in a skull fracture and hematoma in
brain-injured animals that were designated to receive either minocycline or vehicle. Chi-
square analysis revealed that the severity of hematoma and herniation did not differ between
brain-injured animals that went on to receive vehicle and those that were treated with
minocycline (X2(2)=2.82, p=0.24; Table 1). Hematoma severity did not differ between
brain-injured male and female animals (X2(2)=1.52, p=0.47; Table 1). Brain trauma resulted
in a brief period of apnea that was similar in male and female animals and did not differ
between the groups that were designated for treatment with minocycline and those that were
to receive vehicle injections (two-way ANOVA, F1 91=0.53, p=0.47; Table 1). Brain-injured
animals were unable to right themselves from a prone position immediately after the impact
and a two-way ANOVA of times to regain righting revealed a main effect of group
(F2,126=4.85, p<0.01; Table 1), but no interaction between group and sex (F; 126=0.34,
p=0.71); post-hoc analysis indicated that both groups of brain-injured animals took
significantly longer to right themselves compared to sham-injured animals (p<0.05). No
animals died as a result of anesthesia and/or injury, but in study 1, one brain-injured animal
that was treated with minocycline died at the end of 3 days (Table 2).

Study 1: Effect of minocycline in the cortex

In sham-injured animals and in brain-injured minocycline-treated animals, Ibal-positive
microglia displayed processes suggestive of a “resting” phenotype (Fig. 1A and 1C, open
arrows). Brain-injured animals that received either vehicle or minocycline injections
contained “activated” microglia, in which processes were fewer and/or shorter and cell
bodies were larger (Fig. 1B and 1C, filled arrows), in the retrosplenial cortex and through all
layers of the motor and somatosensory cortices. Quantification of the number of Ibal(+)
microglia in the cortex at both 3 and 7 days post-injury revealed an interaction effect
between group and time (F2,20=13.73, p<0.001; Fig. 1G) with a post-hoc analysis indicating
that both brain-injured groups contained more microglia compared to the time-matched
sham-injured animals, and that minocycline-treated, brain-injured animals had significantly
fewer total microglia than brain-injured animals that received vehicle; the latter effect was
only noted at 3 days post-injury (p<0.001), but not at 7 days post-injury (p=0.39; Fig. 1G).
Sex, when used as an independent variable, demonstrated no interaction with group or time
(F2,20=0.06, p=0.94). Similarly, quantitative analyses of activated microglia revealed an
interaction effect between group and time (F, 20=4.88, p<0.05; Fig. 1H) with the post-hoc
analysis indicating that minocycline treatment was only effective in decreasing the
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proportion of activated microglia in brain-injured animals at 3 days post-injury (p<0.01); sex
of the animals did not influence the interaction between group and time (F; 20=0.01,
p=0.99). In cortical areas that contained reactive microglia, FJB-labeled degenerating
neurons were observed (Fig. 1E and 1F); there were no FIB(+) profiles in the sham-injured
animals (Fig. 1D). A three-way ANOVA revealed an interaction effect between treatment
status and time (Fq 17=14.47, p<0.01, Fig. 1) and minocycline-treated, brain-injured
animals had significantly more FJB+ profiles than brain-injured animals (p<0.001) at 3 days
post-injury but not at 7 days post-injury (p=0.61); sex of the animals did not affect FIB
reactivity in the cortex (F1 17=0.79, p=0.39). Impact to the intact skull of either the neonate
male or the female rat did not result in an overt lesion or cavitation of the underlying cortex
(Fig. 1K and 1L). Cortical layers in sham-injured (Fig. 1J) and in brain-injured animals that
received vehicle (Fig. 1K) or minocycline (Fig. 1L) demonstrated typical cellular labeling.

Study 1: Effect of minocycline in the hippocampus

Closed head impact in the neonate rat resulted in neurodegeneration and microglial
reactivity in the hippocampus and was restricted to the dorsal aspect of the subiculum. As
observed in the cortex, most Ibal(+) microglia in the sham-injured animals exhibited the
typical “resting” morphology, whereas in the brain-injured animals activated microglia were
also observed (not shown). Quantification of Ibal(+) microglia only revealed a group effect
(F2,20=8.44, p<0.01; Fig. 2A), with more microglia in brain-injured animals compared to
sham-injured animals (p<0.001); however there was no difference between the two brain-
injured groups (p=0.77). By contrast, analysis of the proportion of activated microglia
indicated an interaction effect between group and time (F, 20=9.45, p<0.01; Fig. 2B). Brain-
injured animals had a significantly higher proportion of activated microglia than sham-
injured animals (p<0.001) and minocycline-treated brain-injured animals had a lower
percent of activated microglia than brain-injured animals that were injected with vehicle
(p<0.001). As was observed in the cortex, minocycline treatment only decreased the
proportion of activated microglia in brain-injured animals at 3 days post-injury (p<0.001)
and not at 7 days post-injury (p=0.47). The sex of the animals did not affect either the total
amount of Ibal (+) microglia (F2 20=0.30, p=0.74) or the proportion of activated microglia
(F2,20=0.34, p=0.72) in the subiculum. Quantification of FIB(+) profiles revealed an effect
between treatment status and time (F1 17=44.45, p<0.001; Fig. 2C) with minocycline
treatment increasing the number of FIB(+) cells at 3 days (p<0.001) but not at 7 days post-
injury (p=0.48; Fig. 2C). Sex of the animals did not influence FJB reactivity in the
subiculum (Fyq 17=1.43, p=0.25).

Study 1: Effect of minocycline in the thalamus

In the thalamus of brain-injured animals, reactive microglia (not shown), fluoro-Jade B(+)
profiles (not shown) and evidence of TAI (Fig. 2H) were observed within the dorsolateral
and lateral geniculate nuclei. Brain-injured animals, irrespective of treatment condition, had
significantly more Iba(+) microglia (F2 20=5.55, p<0.05; Fig. 2D) and a significantly greater
proportion of activated Ibal(+) microglia (F; 20=18.44, p<0.001; Fig. 2E) than sham-injured
animals. Brain-injured animals treated with minocycline had similar numbers of microglia
and a similar proportion of activated microglia compared with brain-injured animals that
received vehicle at both 3 and 7 days post-injury (total: 3 days, p=0.80; 7 days, p=0.79;

Exp Neurol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hanlon et al.

Page 8

proportion: 3 days, p=0.47; 7 days, p=0.35; Fig. 2D and 2E). Neither the total Ibal(+)
microglia (F2,20=0.10, p=0.90) nor the proportion of activated Ibal(+) microglia (F220=0.79,
p=0.47) was affected by the sex of the brain-injured animals. Quantification of FIJB+ profiles
revealed a significant effect of treatment status (F1 17=4.45, p<0.05) that indicated that
minocycline-treated brain-injured animals had significantly more FIB+ profiles compared to
brain-injured animals that received vehicle irrespective of sex or time (p<0.05; Fig. 2F).
There was, however, an interaction effect between sex and treatment status (F 17=6.143,
p<0.05) that demonstrated that female brain-injured animals that received the vehicle had
fewer FJB+ reactivity than male animals that received the vehicle and female minocycline-
treated animals (p<0.05, Fig. 2F). Evidence of traumatic axonal injury (TAI) as revealed by
the presence of amyloid precursor protein (APP) accumulation within axons was observed
only at 3 days post-injury (Fig. 2H) and not in sham-injured animals (Fig. 2G). Analysis of
the number of APP(+) profiles indicated no effect of treatment status or sex (F1 5=2.90,
p=0.15, Fig. 2I).

Study 1: Effect of minocycline in white matter tracts

In sham-injured animals, Ibal-labeled microglia in the corpus callosum, cingulum and white
matter tracts below the site of impact were sparse and displayed a large number of processes
(Fig. 3A, open arrows). At 3 days post-injury, reactive microglia (Fig. 3B and 3C, filled
arrows) were observed as extremely dense labeling, although some Ibal(+) cells in
minocycline-treated, brain-injured animals, exhibited visible processes (Fig. 3C, open
arrows). Regions containing reactive microglia also demonstrated injured axons exhibiting
intra-axonal accumulation of APP (Fig. 3E and 3F) whereas sham-injured animals did not
exhibit APP immunoreactivity (Fig. 3D). Fluoro-Jade B(+) profiles were observed at both 3
(Fig. 3H and 3I) and 7 days post-injury (not shown) in a diffuse and punctate pattern
suggestive of axonal degeneration; no FJB+ labeling was observed in sham-injured animals
(Fig. 3G). Quantitative analysis of Ibal(+) immunoreactivity revealed an interaction effect
between group and time (F3,20=86.23, p<0.001), wherein a post-hoc analysis indicated that
both brain-injured groups had a significantly larger Ibal immunoreactive area than that in
sham-injured animals (p<0.001) and that minocycline-treated brain-injured animals had
significantly smaller labeled areas at 3 days post-injury (p<0.001) but not at 7 days post-
injury (p=0.45) compared to brain-injured animals injected with vehicle (Fig. 3J). Despite
this effect on Ibal immunoreactivity, there was no effect of minocycline treatment on the
number of APP+ profiles in brain-injured animals (F1 5=0.74, p=0.43; Fig. 3K).
Additionally, minocycline treatment did not alter injury-induced FJB reactivity (F4 17=0.007,
p=0.93; Fig. 3L). The sex of the animals failed to demonstrate any interaction effects with
group or time with regards to Ibal (F; 20=0.82, p=0.46), APP (F1 5=0.74, p=0.43) or FJB
reactivity (F1 17=0.01, p=0.93) in the white matter tracts. The area of the white matter below
the impact site in brain-injured animals was significantly smaller compared to that in sham-
injured animals at both 3 and 7 days post-injury (F2 20=10.90, p<0.001) and was unaffected
by treatment with minocycline at either 3 days (p=0.47) or 7 days post-injury (p=0.77) (data
not shown) and sex (F2,20=0.09, p=0.91).
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Study 1: Effect of minocycline on spatial learning and memory

Brain injury resulted in a spatial learning deficit based on the observation that brain-injured
animals exhibited an increased latency to locate the hidden platform compared to sham-
injured animals (Fig. 4A). A repeated measures ANOVA revealed main effects of group
(F2,84=3.14, p=0.05) and training day (F3 g4=35.51, p<0.001), but no interaction effect
between group and training day (Fg g4=0.97, p=0.45) or between group, training day, and sex
(Fe,84=1.02, p=0.42; Fig. 4A). Post-hoc analysis indicated that sham-injured animals took a
shorter amount of time to locate the hidden platform compared to brain-injured animals that
received vehicle (p<0.05), but not those that received minocycline (p=0.06). However, both
groups of brain-injured animals had similar latencies to the hidden platform across treatment
days (p=0.42) indicating that minocycline treatment had no effect on injury-induced spatial
learning deficits. The decreased efficiency in learning the location of the platform was
associated with a retention deficit based on the observation that brain-injured animals spent
less time in the platform zone (F; 25=3.41 p<0.05; Fig. 4B) that was not affected by
treatment or sex (F, 26=0.31, p=0.73). There was no difference in the amount of time spent
in the peripheral zone between brain- and sham-injured animals (F3 2g=2.61, p=0.09)
possibly because female rats, irrespective of injury/treatment status, spent significantly more
time in the peripheral zone compared to male rats (F1 25=4.21, p<0.05, Fig. 4B).
Importantly, the learning and memory deficits appeared not to be due to problems in vision
based on the lack of either a group or sex effect in the visible platform trial (F; 25=1.67,
p=0.21; Fig. 4B) or problems in motor function based on similar swim speeds in sham- and
brain-injured male and female rats (sham-injured: 23 £+ 0.84 cm/s; brain-injured vehicle: 24
+ 1.39 cm/s; brain-injured minocycline: 21 + 0.88 cm/s; F, 25=0.49, p=0.62).

Study 2: Effect of minocycline in the cortex and white matter tracts

At 10 and 15 days post-injury, brain-injured animals demonstrated evidence of microglial
activation and FJB reactivity in the same areas of the cortex and white matter tracts (Fig. 5)
as those observed at 3 and 7 days post-injury. In sham-injured animals, resting Ibal (+)
microglia with elongated cell bodies and long processes predominated (Fig. 5A inset),
whereas Ibal(+) microglia in brain-injured animals, were amoeboid in appearance (Fig. 5B
inset). The effects of extending minocycline administration to 9 days following brain injury
(study 2) on microglial reactivity and neurodegeneration were different from the effects of
the short duration treatment paradigm used in study 1. In the cortex, a 3-way ANOVA
revealed an interaction effect only between group and time (F 23=32.13, p<0.001; Fig. 5A),
and not between group, time and sex (F, 23=0.05, p=0.96); post-hoc analysis indicated that
at 10 days post-injury, minocycline-treated, brain-injured animals had significantly fewer
microglia compared to vehicle-treated brain-injured animals (p<0.01; Fig. 5A). In contrast,
at the 15-day time point, the number of Ibal(+) cells in the minocycline group was
significantly greater than that in the vehicle group (p<0.001; Fig. 5A). Analysis of the
proportion of activated microglia also demonstrated an interaction effect between group and
time (F» 23=10.11, p<0.001) with minocycline-treated, brain-injured animals exhibiting a
significantly greater proportion compared to their counterparts that received vehicle at both
10 (p<0.001; Fig. 5B) and 15 days (p<0.001, Fig. 5B). Again, sex of the animal had no
interaction effect with group or time (F 23=0.15, p=0.87). Minocycline-treated, brain-
injured animals contained significantly more FIB(+) profiles compared to brain-injured

Exp Neurol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hanlon et al.

Page 10

animals that received vehicle (F1 15=76.78, p<0.001; Fig. 5C). There was an interaction
effect between group, sex and time (Fy 15=10.29, p<0.01) that indicated that at 10 days post-
injury, male minocycline-treated, brain-injured animals had significantly more FIB(+)
profiles in the cortex compared to male brain-injured animals that received the vehicle
(p<0.001; Fig. 5C). FJB reactivity was greater in the cortex of brain-injured females that
received the vehicle compared to their male counterparts at 10 days (p<0.01), but female
brain-injured minocycline-treated animals had significantly fewer FIB(+) profiles in the
cortex compared to their male counterparts at 10 days (p<0.05). Female brain-injured
animals demonstrated similar FJB reactivity irrespective of treatment at 10 days post-injury
(p=0.24). At 15 days, however, both male and female brain-injured minocycline-treated
animals had significantly more FJB(+) profiles than their brain-injured counterparts that
received the vehicle (p<0.05).

In the white matter tracts below the site of impact, area analysis of Ibal labeling revealed an
interaction effect between group and time (F, 23=71.6, p<0.001) with a post-hoc analysis
indicating that minocycline-treated, brain-injured animals had significantly greater labeled
area at 10 days post-injury (p<0.001), but not at 15 days (p=0.30), than brain-injured
animals that received vehicle (Fig. 5D). There was an interaction effect between sex and
condition that indicated that male brain-injured animals that received the vehicle had
significantly decreased labeled white matter area compared to female brain-injured animals
that received the vehicle (p<0.001) while brain-injured minocycline-treated males had
significantly increased labeled white matter area compared to brain-injured minocycline-
treated females (p<0.01). Furthermore, both brain-injured minocycline-treated males and
females demonstrated increased white matter area compared to their counterparts that
received the vehicle (males, p<0.001; females, p<0.01). Minocycline-treated, brain-injured
animals had significantly more FJB+ profiles at 10 days (p<0.001), but not at 15 days
(p=0.91) post-injury, than their counterparts that received vehicle (Fig. 5E) and this was not
affected by the sex of the animals.

Compared to sham-injured animals (Fig. 5F), brain-injured animals exhibited a substantially
enlarged lateral ventricle in the hemisphere ipsilateral to the impact site at 10 (Fig. 5G and
5H) and 15 days post-injury (not shown). Moreover, both the cortex and the underlying
white matter tracts were visibly thinner in the brain-injured animals. Quantitative analysis of
the area of the cortex revealed an interaction effect between group and time post-injury
(F2,22=4.70, p<0.05; Fig. 5I); post-hoc analysis indicated that at 10 days post-injury both
brain-injured groups exhibited smaller cortical areas compared to the sham-injured group
(p<0.01). Importantly, the area of the cortex in the brain-injured group that was treated with
minocycline was significantly less than that in brain-injured animals that received vehicle
(p<0.001; Fig. 51). At 15 days post-injury, the cortical areas in both brain-injured groups
were significantly less than in sham-injured animals (p<0.001; Fig. 51) but the minocycline-
treated group was not different from the group that received vehicle (p=0.31). An interaction
effect between group, sex, and time was observed (F 2,=3.42, p=0.05) that indicated that
sham-injured males had significantly increased cortical area compared to sham-injured
females (p<0.05) at 15 days post-injury. In sham-injured animals and in the hemisphere
contralateral to the impact site in brain-injured animals, robust myelin labeling in the corpus
callosum and lateral white matter was observed (Figures 5F—H). In brain-injured animals the
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white matter atrophy that was observed at both 3 and 7 days post-injury (vide supra)
persisted to the 10 and 15 day time points. Quantitative analyses revealed an interaction
effect between group and time (F; 23=57.23, p<0.001; Fig. 5J) and the post-hoc analysis
indicated that brain-injured animals exhibited a significantly smaller area compared to sham-
injured animals at both 10 and 15 days post-injury (p<0.001); importantly, minocycline-
treated brain-injured animals had significantly smaller white matter areas than the brain-
injured animals that received the vehicle at 10 days post-injury (p<0.05), but not at 15 days
post-injury (p=0.93; Fig. 5J). An interaction effect between group, sex and time (F 23=5.19,
p<0.05) indicated that sham-injured males had significantly greater white matter areas than
sham-injured females (p<0.001) at 15 days post-injury.

Study 2: Effect of minocycline in the hippocampus and thalamus

At 10 and 15 days post-injury, brain-injured animals demonstrated increased numbers of
microglia and FJB reactivity in the hippocampus and thalamus compared to their sham-
injured counterparts (Fig. 6). In the hippocampus, these alterations continued to be restricted
to the dorsal aspect of the subiculum wherein a 3-way ANOVA revealed an interaction effect
between group and time (F; 23=23.01, p<0.001; Fig. 6A), but no effect of sex (F; 23=0.01,
p=0.99); post-hoc analysis indicated that at 10 days post-injury, minocycline-treated, brain-
injured animals had significantly fewer microglia compared to their counterparts that
received vehicle (p=0.05; Fig. 6A). At 15 days post-injury, however, minocycline-treated
brain-injured animals had significantly more microglia than brain-injured animals that
received vehicle (p<0.001). The proportion of activated microglia in the subiculum also
demonstrated an interaction effect between group and time (F, 23=3.93, p<0.05; Fig. 6B)
with no effect of sex (F23=2.59, p=0.10). There was, however, an increase in the proportion
of activated microglia in minocycline-treated, brain-injured animals compared to those that
received vehicle animals at both times post-injury (p<0.001; Fig. 6B). Minocycline-treated
animals also contained greater numbers of FIB(+) profiles at both time points post-injury
compared to brain-injured animals that received vehicle (F1 15=18.15, p<0.001; Fig. 6C).
Similarly, there was no effect of sex with regards to FJB in the subiculum (F 15=0.57,
p=0.46).

In the thalamus, the regional distribution of activated microglia and FJB reactive profiles at
10 and 15 days post-injury was similar to that observed at 3 and 7 days post-injury (not
shown). Analysis of the number of microglia revealed an interaction effect between group
and time (F,,23=16.26, p<0.001; Fig. 6D) with the post-hoc test indicating that brain-injured
animals had significantly more microglia compared to sham-injured animals at 10 days post-
injury (p<0.001), but not at 15 days post-injury (vehicle group, p=0.48; minocycline group,
p=0.59). Sex did not influence the interaction between group and time (F »3=1.05, p=0.37).
When the population of activated microglia was analyzed, an interaction effect between
group and time (F, 23=53.46, p<0.001; Fig. 6E) was observed with a subsequent post-hoc
analysis revealing that at 10 days post-injury, minocycline-treated, brain-injured animals had
a higher percentage of activated cells compared to brain-injured animals that received
vehicle (p<0.001), and that this effect was lost at 15 days post-injury (p=0.39); there was no
effect of sex (F, 23=2.50, p=0.10). Minocycline-treated, brain-injured animals exhibited
significantly more FJB+ profiles in the thalamus at 10 days post-injury (p<0.001), but not at
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15 days post-injury (p=0.88), compared to brain-injured animals that received vehicle (Fig.
6F) and this was unaffected by sex (F1 15=0.79, p=0.39).

Study 2: Effect of minocycline on spatial learning and memory

As observed in study 1, brain-injured animals in study 2 were also impaired in their ability
to learn and remember the location of the submerged platform (Fig. 7). Analysis of spatial
learning patterns illustrated in Figure 7A revealed main effects of group (F 105=9.16,
p<0.001) and training day (F3 105=44.72, p<0.001), but no interaction (Fg 105=1.41, p=0.22;
Fig. 7A). Post-hoc analysis demonstrated that brain-injured animals took significantly longer
to locate the hidden platform compared to sham-injured animals (p<0.01), and that there was
no difference in latencies between the two brain-injured groups (p=0.65) indicating that
prolonged minocycline treatment had no effect on injury-induced spatial learning deficits;
there was no influence of sex of the animal on these observations (Fg 105=0.62, p=0.71). A
2-way ANOVA for the time spent in the platform zones revealed a main effect of group
(F2,35=7.33, p<0.01) and an interaction effect between group and sex (F, 35=3.31, p<0.05).
Post-hoc analysis indicated that sham-injured animals spent more time in the platform zones
than brain-injured animals treated with minocycline (p<0.01), but not with vehicle (p=0.18);
however, brain-injured minocycline-treated animals spent significantly less time in the
platform zone than their counterparts that received vehicle (p<0.05). Male sham-injured
animals spent more time in the platform zone than their minocycline-treated, brain-injured
counterparts (p=0.10), but this was not different from either brain-injured counterparts that
received vehicle (p=0.10) or female sham-injured animals (p>0.05). Similarly, analysis of
the time spent in the peripheral zone revealed a main effect of group (F2 35=6.24, p<0.01)
and an interaction effect between group and sex (F2 35=4.15, p<0.05). Post-hoc analyses
indicated that sham-injured animals spent significantly less time in the peripheral zone
compared to brain-injured animals treated with minocycline (p<0.01), but not brain-injured
animals that received vehicle (p=0.15; Fig. 7B); importantly, minocycline-treated brain-
injured animals spent more time in the peripheral zones compared to their counterparts that
received the vehicle (p=0.05). Male sham-injured animals spent less time in the peripheral
zone compared to males from both brain-injured groups (vehicle, p<0.05; minocycline,
p<0.01) and female sham-injured animals (p<0.05). There was no group or sex effect in the
visible platform trial, indicating that observed spatial learning deficits in brain-injured
animals were not due to a problem in visual function (F 35=0.08 ,p=0.92; Fig. 7B).
Additionally, deficits in learning and retention were not due to deficits in motor function as
indicated by a lack of differences between groups or sexes in swim speed (sham-injured: 26
+ 0.43 cm/s; brain-injured vehicle: 24 + 0.81 cm/s; brain-injured minocycline: 24 + 0.82
cm/s; Fp 35=1.52, p=0.23).

Discussion

The present study demonstrates that short-term minocycline administration initiated
immediately following closed head injury in the neonate rat reduced the total number of
microglia and microglial activation when evaluated upon termination of treatment. This
reduction was accompanied by an increase in the extent of neurodegeneration and was not
sustained to 4 days after treatment ended. Moreover, there was no attenuation of spatial

Exp Neurol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hanlon et al.

Page 13

learning and memory deficits that were tested in the second week post-injury. When the
dosing of minocycline was extended to the second week post-injury, microglial activation,
axonal degeneration and neurodegeneration were exacerbated in multiple brain regions and
this effect was sustained in the cortex and hippocampus up to the third week post-injury;
whereas spatial learning deficits were unaffected by treatment, retention of the learned task
was mildly but significantly worsened in the minocycline-treated, brain-injured group.
Collectively, these data suggest that acute minocycline treatment may not be a viable
strategy for TBI in the neonate.

Short-term administration of minocycline (similar to the paradigm used in study 1) has been
found effective in decreasing microglial activation following neonatal hypoxic ischemia (Cai
et al., 2006; Cikla et al., 2016; Fan et al., 2006; Lechpammer et al., 2008), pediatric cardiac
arrest (Tang et al., 2010), neonatal repetitive TBI (Hanlon et al., 2016), and adult TBI (Bye
et al., 2007; Homsi et al., 2010; Siopi et al., 2011). The reduction in activated microglia was
accompanied by an attenuation of neuronal damage (Cikla et al., 2016), a decrease in
asphyxia-induced neurodegeneration (Tang et al., 2010), and a reduction of lesion volume
following TBI (Homsi et al., 2010). However, the association between microglial activation
and attendant neurodegeneration in brain injury is not quite clear-cut: minocycline treatment
following TBI in the adult mouse decreased F4/80-labeled microglia that exhibited the
activated phenotype without affecting lesion volume or TUNEL labeling (Bye et al., 2007)
whereas in a model of neonatal stroke minocycline failed to reduce microglial activation, but
still had a beneficial effect on lesion volume (Fox et al., 2005). In contrast to all the above
studies, the decrease in acute microglial activation observed in the present study was in fact,
associated with an increase in the number of FIB+ neurons suggestive of either a lack of
clearance of degenerating neurons or that microglia may play a more active role in neuronal
survival following injury to the immature brain (Potter et al., 2009). This latter possibility is
supported by the fact that depletion of microglia following stroke in neonatal rats causes an
increase in lesion size (Faustino et al., 2011). Microglial activation also occurs in white
matter tracts following injury to either the neonate or the adult brain. In the neonate, HI-
induced microglial activation and the concomitant oligodendrocyte cell death, myelin loss
and decrease in white matter volume were attenuated by minocycline (Cai et al., 2006; Fan
et al., 2006; Lechpammer et al., 2008). In the adult mouse, TBI-induced loss of corpus
callosum volume was attenuated by minocycline treatment (Siopi et al., 2011). In contrast,
short-term administration of minocycline in the present study did not affect axonal injury or
degeneration, an observation that was similar to those in a model of repetitive brain trauma
in the neonate rat (Hanlon et al., 2016) and closed head injury in the adult mouse (Homsi et
al., 2010). In this regard, genetic ablation of microglia in the white matter did not reduce
trauma-induced axonal injury (Bennett and Brody, 2014).

In study 1, a sustained effect on microglial activation and neurodegeneration was not
observed once the treatment was terminated; moreover, there was no attenuation of injury-
induced spatial learning and retention deficits. Consistent with these observations,
minocycline did not affect motor deficits in brain-injured adult mice (Bye et al., 2007) or
spatial learning and memory following HI in neonatal mice (Cikla et al., 2016) and TBI in
adult rats (Kelso et al., 2011). This lack of sustained effect may be due to the fact that the
half-life of minocycline in rodents is rather short (2-3 hours) (Andes and Craig, 2002). In
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contrast, a number of studies have demonstrated that minocycline reduced behavioral
impairments days and weeks after treatment termination in Hl-injured neonatal rats (Fan et
al., 2006) and in adult mice following TBI (Homsi et al., 2010; Siopi et al., 2012). It is
possible that these differences may relate to the variability in dose and dosing paradigms
employed in the various studies.

Because sustained benefits with the short-term administration of minocycline were not
observed, the dosing was extended into the second week post-injury and terminated
immediately prior to behavioral analyses. Dosing minocycline for 6 days decreased
microglial activation while simultaneously reducing the extent of HI-induced
oligodendrocyte cell death and myelin loss (Carty et al., 2008; Wixey et al., 2011) and
neurodegeneration (Leonardo et al., 2008). In contrast, a 7- or 14-day dosing paradigm that
was effective in decreasing the number of activated microglia did not affect brain trauma-
induced neurogenesis at 2 or 6 weeks post-injury (Ng et al., 2012). In a model of adult TBI,
daily administration of minocycline for 7, 12 or 16 days reduced microglial activation and
reversed spatial learning and memory deficits at 8 weeks post-injury but did not attenuate
lesion volume (Lam et al., 2013). In the current study, extended minocycline administration
resulted in an increase in the number of activated microglia in the multiple brain regions
which was accompanied by an increase in the number of FIB(+) profiles. This observation is
consistent with that in a mouse model of visual cortex ablation in which minocycline
administration to injured metallothionein-deficient immature brain increased the number of
activated microglia while simultaneously increasing the extent of neuronal loss which was
associated with a minocycline-induced upregulation of pro-apoptotic genes (Potter et al.,
2009). Moreover, the modest exacerbation of spatial memory deficits observed in the
minocycline-treated animals may be related to increased neurodegeneration in the subiculum
of the hippocampus, an area that has been implicated in spatial learning and memory
function (O’Mara, 2005; O’Mara et al., 2009). In addition, the increased numbers of
activated microglia may have led to pathologic increases in pro-inflammatory cytokines such
as IL-1p which can inhibit both long-term potentiation and worsen acquisition and retention
of a spatial memory task (Ross et al., 2003; Trofimov et al., 2012).

In addition to a change in morphology, microglial activation has also been characterized as
an increase in total number of cells possibly due to a combination of proliferation and
migration (Loane and Kumar, 2016; Potts et al., 2006). Following TBI in the adult mouse,
short-term minocycline administration led to a sustained suppression of total microglial
numbers at 3 months after the injury (Homsi et al., 2010; Siopi et al., 2011). Total microglia
was decreased in minocycline-treated neonatal mice up to 9 days following hypoxic-
ischemia (Cikla et al., 2016). These reports are consistent with those in the current study and
support the need for including the two different aspects of the post-injury microglial
response in the evaluation of interventions targeting these cells. All of our statistical analyses
included sex as an independent variable and led to the observation that sex did not influence
injury-induced acute neurologic responses, microglial reactivity, neurodegeneration or
cognitive function. In this regard, a recent study reported that injury-induced increases in
microglial number was not dependent on the sex of the injured neonate animal (Chhor, et al.
2016). However, injury-induced mitochondrial dysfunction (Robertson and Saraswati,
2015), changes in neuronal structure (Semple, et al., 2016) and social recognition (Semple et
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al., 2016) were more apparent in male rats, whereas injury-induced deficits in play behavior
was predominantly observed in female rats (Mychasiuk, et al., 2014). In our study, sex did
not influence the effects of minocycline in the various outcomes, an observation that is in
contrast to the effect of progesterone which was effective in reversing mitochondrial
dysfunction only in male rat pups (Robertson and Saraswati, 2015). These observations
underscore the importance of utilizing sex as a variable in histologic and behavioral analyses
when injury-induced alterations and efficacy of neuroprotective strategies are tested. It must
be noted that insufficient information in clinical reports on pediatric moderate-severe TBI
makes it difficult to ascertain whether sex is a contributing factor to acute and chronic
outcomes.

The results described here have several limitations. First, although total microglia and
microglial morphology were evaluated using two different dosing paradigms, only a single
dose (45 mg/kg/injection) was utilized in each paradigm; the efficacy of this dose has been
well-documented (Buller et al., 2009). Neonatal mice that received a lower daily dose (22.5
mg/kg) of minocycline for 6 days showed improvement in white matter pathology following
hypoxia-ischemia (Carty et al., 2008), raising the possibility the 45 mg/kg dose for 9 days
may be too high. Second, only spatial learning and memory in the Morris water maze was
used to test cognitive function, although minocycline has been effective in reducing deficits
in this measure of cognition (Fan et al., 2006; Lam et al., 2013). Nevertheless, future studies
warrant the use of a wider range of functional outcomes that may allow researchers to better
understand the differential effects of minocycline treatment following injury to the
developing brain. Additional future investigations should investigate the effect of
minocycline on microglial phenotype as it has been documented that minocycline can
selectively target the pro-inflammatory M1 phenotype (Kobayashi et al., 2013) and similarly
decrease harmful mediators associated with an M1 phenotype such as IL-1p and TNFa
(Bye et al., 2007; Wang et al., 2005; Wasserman and Schlichter, 2007; Yrjanheikki et al.,
1999).

Conclusions

The data presented here indicate that minocycline treatment in the acute period for 3 days
following closed head injury in the neonate rat transiently inhibits microglial activation but
does not reduce neurodegeneration, axonal injury or spatial learning deficits. Extending the
dosing period of minocycline to 9 days exacerbates microglial activation and
neurodegeneration and cognitive deficits. Collectively, these data underscore the complex
nature of post-traumatic cellular pathology in the developing brain and further suggest that
acute interventions targeting the inflammatory cascade may not be a viable strategy for
pediatric TBI.
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Abbreviations

TBI Traumatic brain injury

TAI traumatic axonal injury

CSF cerebrospinal fluid

HI hypoxic-ischemia

eCCl electronically driven controlled cortical impact
PBS phosphate-buffered saline

FJB fluoro-jade B

Ibal anti-ionized calcium-binding adaptor molecule 1
APP amyloid precursor protein

HPF high power field

ANOVA analysis of variance
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Highlights

Short-term minocycline administration following closed head injury in the
neonate rat reduced trauma-induced microglial activation but exacerbated
neurodegeneration.

Short-term minocycline administration failed to attenuate injury-induced
spatial learning or memory deficits.

Extending the time of minocycline administration following closed head
injury in the neonate rat exacerbated trauma-induced microglial activation,
neurodegeneration and axonal degeneration.

Extended minocycline administration failed to attenuate injury-induced
spatial learning deficits but exacerbated memory deficits.

The effects of minocycline administration was not influenced by the sex of
the brain-injured animal.
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FIGURE 1. Effect of short-term minocycline administration in the cortex
Representative photomicrographs illustrate Ibal(+) microglia (A-C) and FJB(+) profiles

(D-F) in sham-injured animals (A,D), brain-injured animals that received vehicle (B,E), and
brain-injured, minocycline-treated animals (C,F). Open arrows denote resting microglia
while the closed arrows denote an activated phenotype. Graphs illustrate counts of Ibal(+)
cells (G), the proportion of activated Ibal(+) cells (H), and counts of FIB(+) profiles (1).
Representative photomicrographs of Nissl-myelin stained sections from sham-injured (J),
brain-injured animals injected with vehicle (K), and brain-injured, minocycline-treated
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animals (L) at 3 days post-injury. As described in the results, there was no effect of sex so
values for male and female rats were combined for graphical representation. *, p < 0.05
compared to sham-injured values; #, p < 0.05 compared to animals that received vehicle.
HPF, high power field. Scale bar for panels A-F in panel F=50um; scale bar for panels J-L in
panel L=500um. Box in panel J indicates the area of the cortex represented in panels A-F.
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FIGURE 2. Effect of short-term minocycline administration in the hippocampus and thalamus
Graphs illustrate counts of Ibal(+) cells (A,D), the proportion of activated Ibal(+) cells

(B,E), and counts of FIB(+) profiles (C,F) in the hippocampus (A-C) and the thalamus (D-
F). Representative photomicrographs illustrating intra-axonal accumulation of amyloid
precursor protein (APP) in the thalamus of a brain-injured animal injected with vehicle (H);
note the lack of labeling in the sham-injured animal (G). (I) Graph illustrating counts of
APP(+) profiles. In panels A-E, there was no effect of sex so values for male and female rats
were combined for graphical representation. *, p < 0.05 compared to sham-injured values; #,
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p < 0.05 compared to brain-injured animals that received vehicle. HPF, high power field.
Scale bar=50um.
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FIGURE 3. Effect of short-term minocycline administration in subcortical white matter tracts
Representative photomicrographs illustrate Ibal(+) immunoreactivity (A-C), intra-axonal

APP accumulation (D-F), and FJB(+) profiles (G-I) in sham-injured (A,D,G), brain-injured
animals injected with vehicle (B,E,H), and brain-injured, minocycline-treated animals
(C,F,I). Open arrows denote resting microglia while the closed arrows denote an activated
phenotype. Graphs illustrate the area of Ibal immunoreactivity (J), and the numbers of
APP(+)(K) and FJB(+) profiles (L). Sex did not influence any of the outcomes and therefore,
values for male and female rats were combined for graphical representation. *, p < 0.05
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compared to sham-injured values; #, p < 0.05 compared to brain-injured animals receiving
vehicle. HPF, high power field. Scale bar for all panels=50um.
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FIGURE 4. Effect of short-term minocycline administration on injury-induced spatial learning
and memory deficits

(A) Latency to the platform on each day represents the average of 4 trials. (B) Average times
spent in the area surrounding the platform location and the periphery of the maze during the
spatial retention (probe) trial. Also included is the time to the visible platform. Latencies to
the platform and times spent in the various zones of the maze were unaffected by sex so
values for male and female rats were combined for graphical representation. *, p < 0.05
compared to sham-injured animals.
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FIGURE 5. Effect of extended minocycline administration in the cortex and subcortical white
matter tracts

Graphs illustrate counts of Ibal(+) cells (A), the proportion of activated Ibal(+) cells (B),
and counts of FIJB(+) profiles (C) in the cortex, area of Ibal immunoreactivity (D), and the
number of FIB(+) profiles (E) in the subcortical white matter. Inset images in panels A and
B are representative of 1bal (+) cells from sham-injured and brain-injured animals,
respectively. Representative photomicrographs of Nissl-myelin stained sections from sham-
injured (F), brain-injured injected with vehicle (G), and brain-injured, minocycline-treated
animals (H) at 10 days post-injury. Graphs illustrate the area of the cortex (1) and the
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underlying white matter (J). The sex of the animals affected the values for FIB profile counts
(C) but did not affect the quantification in other outcomes and areas. *, p < 0.05 compared to
sham-injured values; #, p < 0.05 compared to brain-injured animals receiving vehicle; @, p
< 0.05 compared to corresponding males. HPF, high power field. Scale bar for insets in
panels A and B in panel A=10um; scale bar for panels F-H in panel H=500um.
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FIGURE 6. Effect of extended minocycline administration in the hippocampus and thalamus
Graphs illustrate counts of Ibal(+) (A, D), the proportion of activated Ibal(+) cells (B,E),

and counts of FIB(+) profiles (C,F) in the hippocampus (A—C) and the thalamus (D-F). Sex
had no influence on outcomes so values for male and female rats were combined for
graphical representation. *, p < 0.05 compared to sham-injured values; #,p < 0.05 compared
to brain-injured animals injected with vehicle. HPF, high power field.
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FIGURE 7. Effect of extended minocycline administration on injury-induced spatial learning
and memory deficits

(A) Latency to the platform on each day represents the average of 4 trials. (B) Average times
spent in the area surrounding the platform location and the periphery of the maze during the
spatial retention (probe) trial. Also included is the time to the visible platform. Sex had no
effect on spatial learning and memory outcomes so values for male and female rats were
combined for graphical representation. *, p < 0.05 compared to sham-injured animals; #, p <
0.05 compared to brain-injured animals injected with vehicle.
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Table 2

Animal numbers used in studies 1 and 2 as a function of outcome measure and survival time point(s).

Study | Outcome | Time point (N) Excluded Animals

1 Histology | 3d (4S,71V,9IM) | -----—--
7d (3S,41V,51IM) | --------

Spatial 10-14d (11S, 12 1V, | 1 IM died at 3d post-injury
Learning | 14 IM) 1 1M and 1 SM displayed thigmotactic behavior
and were excluded

2 Histology | 10d (55,5 1V, 6IM) | ---------
15d (7S, 6 IV, 6 IM) | ---------

Spatial 10-14d (14S, 141V, | 11V and 6 IM displayed thigmotactic behavior
Learning | 20 IM) and were excluded

Sham- and brain-injured animals were randomly assigned to receive either vehicle or minocycline as described in the Methods. Included are the
animals that were excluded from the study due to either mortality or behavioral abnormality. S, sham; 1V, injured + vehicle; IM, injured +
minocycline.
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