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Introduction

Minocycline is a tetracycline antibiotic commonly used 
to treat bacterial infections (e.g., acne), but has a potent 
anti-inflammatory effect independent of its antibacterial 
action [1] The anti-inflammatory effects of minocycline have 
been reported in various animal models of CNS disease like 
Alzheimer’s [2], Parkinson’s [3], Huntington’s [4] and traumatic 
brain injury [5,6]. There is compelling evidence that the anti-
inflammation is caused by suppressing microglia activation; 

reducing inducible nitric oxide synthase (iNOS), an enzyme 
catalyzing the production of  nitric oxide; and by decreasing 
matrix metalloproteases associated with blood brain barrier 
(BBB) permeability [7]. There is ever growing evidence that 
failure in the BBB lies at the foundation of cerebral small vessel 
disease (cSVD), the underlying pathophysiological process 
affecting arterioles, capillaries, and venules [8,9]. Cerebral 
SVD is a leading cause of dementia [10-12] and thought to be 
a significant source of neurological disability in aging and a 
key pathogenic factor in Alzheimer’s [13]. Indeed, there is an 
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Minocycline is being tested in clinical trials for the treatment of stroke and traumatic brain injury. As an antibiotic it reduces microglia activation. 
Can minocycline be used to treat mild repetitive head injury? To that end, minocycline was tested in a novel, closed-head, momentum exchange 
model of repetitive mild head injury in female rats impacted while fully awake. Magnetic resonance imaging (MRI) revealed there was no brain 
damage or contusion attesting to the mild nature of the head impacts in this model. It was hypothesized that drug treatment would reduce 
edema and brain neuroinflammation. Female rats maintained on a reverse light-dark cycle were head impacted three times while fully awake 
with and without drug treatment. The impacts, separated by 24 hrs each, were delivered under red light illumination. Within 1-2 hrs of the 
last impact, rats were assessed for changes in water diffusion using diffusion weighted imaging. The data were registered to a 3D MRI rat atlas 
with 173 segmented brain areas providing site specific information on altered brain gray matter microarchitecture. Postmortem histology was 
performed 18 days post head injury. Head injury without minocycline treatment was characterized by multiple areas of increased fractional 
anisotropy, evidence of cytotoxic edema. Treatment with minocycline reversed these measures in many of the same areas and several others 
(e.g., hippocampus, basal ganglia, prefrontal cortex, sensory and motor cortices and thalamus). Histology for gliosis showed no evidence 
of neuroinflammation in the thalamus, hippocampus and cerebellum for control or experimental groups in this female model of mild head 
injury. These studies provide clear evidence that treatment with minocycline within hours after mild repetitive head injury significantly reduce 
measures of cytotoxic edema in a female rat model of mild repetitive head injury.
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ongoing clinical trial testing the efficacy of minocycline to 
reduce inflammation and BBB leakage in small vessel disease 
(MINERVA) [14].

These conditions of neuroinflammation, microglia activation, 
and BBB leakage have been reproduced in a model of mild 
repetitive head injury using anesthetized male rats [15], (i.e., 
“the bump on the head” incurred while playing organized 
sports, car accidents, falls, or in military combat [16-18]). This 
closed head, momentum exchange model was developed to 
replicate the human experience of a mild head injury without 
neuroradiological evidence of damage to the skull or brain 
[19]. While the impacts are mild they result in changes in 
BBB permeability [20] and sustained neuroinflammation and 
microglia activation in heterogenous brain areas, specifically 
the midbrain dopaminergic system [21]. The present study 
was undertaken to advance the model to include female 
rats, impacted while fully awake and during the dark phase 
when they are active, and to evaluate the treatment effect of 
minocycline using magnetic resonance imaging (MRI). Given 
the effectiveness of minocycline in various rodent models of 
neurodegenerative diseases, we hypothesized it would have a 
beneficial effect in this model of mild head injury. Minocycline 
treatment selectively reduced measures of water diffusion that 
would suggest alteration in the gray matter microarchitecture 
associated with cytotoxic edema. 

Methods

Animals 

Twenty-four Sprague Dawley female rats (250-300g) were 
purchased from Charles River Laboratories (Wilmington, MA, 
USA), housed on a reverse 12:12 light-dark cycle (lights off at 
9:00 hr), maintained in ambient temperature (22–24°C) and 
provided with food and water ad libitum. All experiments 
were conducted under dim red illumination between 10:00 
hrs and 18:00 hrs to avoid the transitions between the L-D dark 
cycles. Rats were randomly assigned to three experimental 
groups: 1) vehicle treated shams with no head injury (n = 8), 
2) vehicle treated with head injury (n = 8), and 3) minocycline 
treated with head injury (n = 8). Minocycline hydrochloride 
(Thermo Fisher Scientific, Waltham. MA) was taken up in saline 
and given IP in a dose of 45 mg/kg in a volume of 1 mL/kg 
within 1 hr post head impact. A single dose was given after 
each heat impact. The dose was taken from the literature 
using minocycline (45-50 mg/kg) to treat TBI in rats [22-24]. All 
animals were cared for in accordance with the NIH Guide to the 
Care and Use of Laboratory Animals. Methods and procedures 
used in this study were pre-approved by the Northeastern 
University Institutional Animal Care and Use Committee 
protocol 21-0824R. The protocols used in this study complied 
with the regulations of the institution and adhere to the 
ARRIVE guidelines for reporting in vivo experiments in animal 
research [25]. Animals were monitored daily over the duration 
of the study for general health, food and water consumption. 
A 15% loss in body weight was set as a humane endpoint.

Mild head impact

Head impacts were generated with a pneumatic pressure 
driven 50 g compactor described by Viano and colleagues [26] 
and refined by Mychasiuk et al. [27] to reliably produce the 
7.4 m/s impact velocities described for mild rat head injury. 
Before the first impact, all rats were treated with 0.1 mg/kg 
slow-releasing buprenorphine via subcutaneous injection for 
its analgesic effect lasting through the duration of the three-
day repetitive injury period. Rats were lightly anesthetized 
with 1-2% isoflurane for impact setup. While anesthetized, rats 
were secured with a bite bar and strapped to a cradle to allow 
for acceleration along its chassis upon impact. When fully 
awake (typically within 1-2 minutes), the impact piston was 
directed to the top of the skull, midline, in the approximate 
area of Bregma for closed-head momentum exchange mild 
head injury. All rats showed normal ambulatory behavior 
within seconds of being placed into their home cage after 
head impact. There were no mortalities. There was no 
evidence of skull damage or contusion (Figure 1). Rats were 
subjected to three mild head impacts separated by 24 hours 
each as previously described [15,20]. The kinetic energy at 
impact is 1.37 joules. We have used this model to publish 
on the long-term neuroradiological effects of repetitive mild 
head impacts in isoflurane anesthetized, male rats [15,21]. 
This model is comparable to CHIMERA developed for mouse 
mild head injury [28,29]. All rats were imaged for edema using 
DWI within 1-2 hours of the third head impact. Eighteen days 
following the last impact rats were euthanized and the brain 
harvested for histology.

Imaging

Imaging sessions were conducted using a Bruker Biospec 7.0 
T/20-cm USR horizontal magnet (Bruker, Billerica, MA, USA) 
and a 2 T/m magnetic field gradient insert (ID=12 cm) capable 
of a 120-μs rise time. Radio frequency signals were sent and 
received with a quadrature volume coil built into the animal 
restrainer (Ekam Imaging, Boston MA, USA) [30]. The design 
of the restraining system included a padded head support 
obviating the need for ear bars, helping to reduce discomfort 
while minimizing motion artifact. All rats were imaged under 
1–2% isoflurane while keeping a respiratory rate of 40–50 
breaths/min. At the beginning of each imaging session, a high-
resolution anatomical data set was collected for assessment 
of structural damage using the RARE pulse sequence with 
following parameters: 35 slice of 0.7mm thickness; field of 
view (FOV) 3 cm; 256×256; repetition time (TR) 3900 msec; 
effective echo time (TE) 48 msec; number of excitations (NEX) 
3; 6 min 14 sec acquisition time. 

Diffusion weighted imaging – quantitative anisotropy

DWI was acquired with a spin-echo echo-planar-imaging 
(EPI) pulse sequence having the following parameters: TR/
TE = 500/20 msec, eight EPI segments, and 10 non-collinear 
gradient directions with a single b-value shell at 1000 s/mm2 
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Figure 1. Neuroradiology. Shown are radiograms of each subject in each experimental group. The edema (yellow arrow) that appears on 
the skin and tissue overlying the skull (dark area noted by white arrow) appears white using a T2 weighted pulse sequence.
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and one image with a B-value of 0 s/mm2 (referred to as B0) as 
previously described [15,31,32]. Geometrical parameters were: 
48 coronal slices, each 0.313 mm thick (brain volume) and with 
in-plane resolution of 0.313×0.313 mm2 (matrix size 96×96; 
FOV 30 mm3). The imaging protocol was repeated two times 
for signal averaging. Each DWI acquisition took 35 min and 
the entire MRI protocol including the anatomy lasted about 
90 min. There are numerous studies detailing the benefits of 
multi-shot EPI in BOLD imaging [33-37]. We avoided using 
single shot EPI because of its severe geometrical distortion 
at high field strengths (≥ 7T) and loss of effective spatial 
resolution as the readout period increases [33,38,39]. There 
is also the possibility of signal loss in single shot EPI due to 
accumulated magnetic susceptibility or field inhomogeneity 
[34].

DWI analysis was completed with MATLAB and MedINRIA 
(1.9.0; http://www-sop.inria.fr/asclepios/software/MedINRIA/
index.php) software. Because sporadic excessive breathing 
during DWI acquisition can lead to significant image motion 
artifacts that are apparent only in the slices sampled when 
motion occurred, each image (for each slice and each gradient 
direction) was screened prior to DWI analysis. For statistical 
comparisons among rats, each brain volume was registered to 
the 3D MRI rat brain atlas allowing voxel- and region-based 
statistics. All image transformations and statistical analyses 
were carried out using the in-house EVA software (Ekam 
Solutions LLC, Boston MA). For each rat, the B0 image was 
co-registered with the MRI atlas using a 9-parameter affine 
transformation. Insight Toolkit (https://itk.org/) registration 
framework was used with Affine transformation, mutual 
information similarity matrix and gradient descent optimizer 
with following parameters: Max step length 0.3 mm, Min step 
length 0.0001 mm, Number of iterations 100, Scan threshold 
20%. Finally, before segmentation, registration of the scans 
were closely inspected for quality and manually corrected 
if necessary. The average value for each ROI was computed 
using map files for indices of apparent diffusion coefficient 
(ADC) and fractional anisotropy (FA). 

For statistical comparisons among rats, each brain volume was 
registered to a 3D MRI Rat Brain Atlas (© 2012 Ekam Solutions 
LLC, Boston, MA) allowing voxel- and region-based statistics. 
All image transformations and statistical analyses were carried 
out using the in-house MIVA software (http://ccni.wpi.edu/). 
For each rat, the B0 image was co-registered with the B0 
template (using a 6-parameter rigid-body transformation). 
The co-registration parameters were then applied on the DWI 
ADC and FA maps. Normalization was performed on the maps 
because they provided the most detailed visualization of 
brain structures and allowed for more accurate normalization. 
The normalization parameters were then smoothed with a 
0.3-mm Gaussian kernel. To ensure that ADC and FA values 
were not affected significantly by the pre-processing steps, 
the ‘nearest neighbor’ option was used following registration 
and normalization. Statistical differences in measures of DWI 
between experimental groups were determined using one-

way ANOVA followed by Bonferroni post hoc tests (alpha set 
at 5%). Statistical differences in measures of DWI between 
experimental groups were determined using mixed effects 
analyses followed by Tukey’s post hoc test. 

The 3D MRI rat atlas has 173 segmented, annotated brain areas. 
For DWI analysis (see below), 150 areas were chosen because 
they could be organized into well-defined neuroanatomical 
regions. Areas excluded were white matter tracts because 
they traverse several brain regions. Circumventricular organs 
(e.g., anterior and posterior pituitary, pineal gland, area 
postrema, median eminence) and small adjacent areas like 
the arcuate and retrochiasmatic nuclei, were also excluded 
because of their larger, more fenestrated blood vessels. Also 
excluded were areas with no clear regional organization (e.g., 
prerubral field). The remaining 150 brain areas were divided 
into 11 brain regions: cerebellum (20), cortex (19), thalamus 
(20), basal ganglia (10), hypothalamus (14), hippocampus 
(9), prefrontal cortex (9), olfactory bulb/cortex (8), amygdala 
(8), midbrain/pons (12), brainstem (21). The organization 
was based on conventional neuroanatomy and an effort to 
keep individual brain areas localized and contiguous within 
a region. The olfactory bulb/cortex is the exception as the 
piriform cortex extends some distance caudally along the 
ventral lateral cortex away from the bulbs. 

Immunohistochemistry

Following perfusion and tissue collection, brains were 
sectioned and immunohistochemically stained for 
visualization of astrocyte (GFAP+) and microglia (IBA1+) 
populations. Sections were obtained at 50 µm increments 
using a cryostat (Leica Biosystems) at -20°C and refrigerated 
at 4C until staining. From each sectioned brain, 2-3 
representative samples were selected per region of interest 
(thalamus, hippocampus, substantia nigra, and cerebellum) 
approximating the coordinates shown in Figure 4. Free-
floating immunohistochemistry was conducted in 12-well 
plates on a lightly rotating shaker at 4°C. Sections were triple-
rinsed in PBS (5 min/rinse) and blocked in 0.2% Triton X-100 
(85111; ThermoFisher Scientific, Rockford, IL, USA) and 5% 
Normal Goat Serum (S26; EMD Millipore, Temecula, CA, USA) 
in PBS for 1 hour. After blocking, sections were incubated 
in primary antibody solution overnight for 18 hours [1:1000 
rabbit anti-GFAP (Z0334; Agilent Dako, Cedar Creek, TX, USA) 
or 1:200 rabbit anti-AIF1/IBA1 (SAB5701363; Sigma-Aldrich, 
St. Louis, MO, USA) in blocking solution]. After primary 
antibody incubation, sections were triple-rinsed in PBS 
before incubation in secondary fluorescent antibody solution 
[1:400 goat anti-rabbit Alexa Fluor 488 (111-545-003; Jackson 
ImmunoResearch, West Grove, PA, USA) in blocking solution] 
for 1 hour. Following secondary antibody incubation, sections 
were triple-rinsed in PBS and mounted onto microscope slides 
in distilled water, cover slipped using Fluoroshield with DAPI 
mounting medium (F6057; Sigma-Aldrich, St. Louis, MO, USA), 
and sealed with clear polish. Slides were allowed to set for at 
least 24 hours at 4°C before confocal microscopy.
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Images were acquired using a Zeiss LSM 800 confocal 
microscope (Carl Zeiss Meditec AG, Jena, Germany; housed 
in the Institute for Chemical Imaging of Living Systems 
at Northeastern University) at 100X magnification. Data 
were collected from consistent sites within the thalamus, 
hippocampus, substantia nigra, and cerebellum (Figure 4). 
GFAP or IBA1 signal intensity was measured using FIJI ImageJ 
at a consistent threshold. One-way ANOVA for each region 
was conducted using IBM SPSS Statistics and graphed using 
Prism GraphPad software. 

Results 

Radiograms of head impact 

Shown are radiograms of each subject in each experimental 
group. The edema (yellow arrow) that appears on the skin and 
tissue overlying the skull (dark area noted by white arrow) 
appears white using a T2 weighted pulse sequence. One rat in 
the no treatment impact group did not present with edema at 
the putative site of impact (see asterisk). In all other cases the 
impact site and edema at the forebrain (level of Bregma) was 
consistent across all rats following the 3rd impact except for 
the last rat in the minocycline treated group where the impact 
sited is more rostral near the cerebrum (see asterisk). While all 
sham rats had no hits, one showed some evidence of edema 
that could not be accounted for (see asterisk).

Diffusion weighted imaging 

Table 1a shows the significant changes in measures of 
FA between vehicle treated sham rats and rats that were 
untreated and hit. In this case the increase in FA is considered a 
surrogate measure of cytotoxic edema. This comparison shows 
the extent of head injury as 50/173 brain areas presented with 
an increase in FA values without treatment. These areas are 
ranked in order of their significance. Reported are the mean 
(highlighted in gray) and standard deviation (SD) together 
with their probability values and the omega square (ω Sq) for 
effect size. The critical value was set at p <0.05 A false discovery 
rate (FDR) for multi-comparisons gave a significant level of 
p = 0.057. Table 1b lists 39/173 brains areas that showed a 
significant decrease in FA values with minocycline treatment. 
The FDR was p = 0.039. The location of many of these brains 
areas are shown in the 2D maps and summarized in the 3D 
reconstructions in Figure 3. When sham untreated rats were 
compared with head injured rats treated to minocycline there 
were very few significant differences (See Supplementary 
File S5). 

Table 2a shows the significant changes in measures of ADC 
between vehicle treated shams and rats that were untreated 
and hit. In this case an increase in ADC would be interpreted 
as an increase in vasogenic edema. This comparison shows 
that only 7/173 brain areas presented with a change in ADC 

Table 1a. Fractional anisotropy - head injury with no treatment.

  Sham   Hit    

Brain Area Ave SD   Ave SD P-val Ω Sq

paraventricular n. 0.27 0.05 < 0.40 0.06 0.003 0.579

lateral preoptic n. 0.31 0.04 < 0.41 0.05 0.004 0.529

anterior hypothalamic n. 0.28 0.03 < 0.37 0.06 0.005 0.527

ventral medial striatum 0.31 0.05 < 0.41 0.06 0.005 0.505

lateral hypothalamus 0.37 0.04 < 0.45 0.04 0.005 0.502

ventral lateral striatum 0.30 0.04 < 0.37 0.04 0.006 0.478

extended amygdala 0.35 0.06 < 0.46 0.07 0.006 0.477

ventral posteriolateral thalamic n. 0.40 0.02 < 0.47 0.05 0.007 0.458

ventromedial thalamic n. 0.35 0.05 < 0.42 0.04 0.008 0.454

tenia tecta ctx 0.32 0.06 < 0.43 0.05 0.008 0.453

dorsal lateral striatum 0.34 0.04 < 0.40 0.06 0.009 0.433

ventral orbital ctx 0.30 0.04 < 0.39 0.06 0.009 0.430

prerubral field 0.35 0.05 < 0.42 0.05 0.010 0.412

ventral medial n. 0.30 0.05 < 0.38 0.05 0.010 0.410

posterior hypothalamic n. 0.32 0.04 < 0.41 0.06 0.011 0.409
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prelimbic ctx 0.32 0.04 < 0.41 0.06 0.011 0.409

reuniens n. 0.32 0.04 < 0.40 0.05 0.011 0.409

substantia nigra compacta 0.41 0.04 < 0.49 0.05 0.012 0.388

anterior olfactory n. 0.37 0.05 < 0.47 0.08 0.013 0.385

parafascicular thalamic n. 0.32 0.03 < 0.38 0.06 0.013 0.382

supramammillary n. 0.35 0.05 < 0.44 0.05 0.014 0.370

endopiriform n. 0.37 0.05 < 0.44 0.04 0.014 0.369

medial preoptic n. 0.32 0.03 < 0.40 0.05 0.014 0.367

rostral piriform ctx 0.35 0.05 < 0.42 0.04 0.015 0.364

infralimbic ctx 0.31 0.06 < 0.40 0.07 0.015 0.362

caudal piriform ctx 0.36 0.04 < 0.41 0.03 0.016 0.350

accumbens core 0.34 0.06 < 0.43 0.04 0.017 0.348

lateral amygdaloid n. 0.35 0.04 < 0.43 0.06 0.017 0.343

granular cell layer 0.38 0.06 < 0.47 0.08 0.017 0.342

claustrum 0.35 0.03 < 0.43 0.07 0.019 0.329

diagonal band of Broca 0.36 0.04 < 0.42 0.05 0.020 0.327

glomerular layer 0.43 0.03 < 0.50 0.05 0.020 0.327

dorsal medial n. 0.29 0.05 < 0.38 0.07 0.020 0.322

ventral pallidum 0.33 0.05 < 0.40 0.05 0.023 0.304

zona incerta 0.41 0.03 < 0.48 0.06 0.024 0.301

entorhinal ctx 0.34 0.03 < 0.40 0.06 0.027 0.284

accumbens shell 0.35 0.07 < 0.43 0.06 0.027 0.283

bed n. stria terminalis 0.37 0.03 < 0.44 0.06 0.027 0.283

central medial thalamic n. 0.29 0.05 < 0.37 0.07 0.027 0.283

suprachiasmatic n. 0.33 0.07 < 0.40 0.06 0.031 0.269

ventral tegmental n. 0.42 0.05 < 0.47 0.04 0.036 0.248

ventral posteromedial thalamic n. 0.34 0.04 < 0.41 0.05 0.037 0.246

magnocellular preoptic n. 0.37 0.04 < 0.44 0.07 0.042 0.228

reticular n. 0.48 0.03 < 0.52 0.05 0.047 0.214

premammillary n. 0.33 0.06 < 0.40 0.06 0.048 0.212

primary somatosensory ctx jaw 0.33 0.05 < 0.39 0.05 0.048 0.212

secondary somatosensory ctx 0.29 0.04 < 0.35 0.06 0.048 0.212

insular ctx 0.35 0.05 < 0.40 0.04 0.049 0.211

medial dorsal thalamic n. 0.32 0.05 < 0.38 0.06 0.049 0.211

medial orbital ctx 0.32 0.05 < 0.41 0.09 0.049 0.211
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Table 1b. Fractional anisotropy - head injury with treatment.

  Vehicle   Minocycline    

Brain Area Ave SD   Ave SD P-val Ω Sq

accumbens core 0.43 0.04 > 0.37 0.03 0.004 0.561

endopiriform n. 0.44 0.04 > 0.38 0.02 0.005 0.513

glomerular layer 0.50 0.05 > 0.44 0.02 0.008 0.440

prerubral field 0.42 0.05 > 0.35 0.03 0.011 0.409

reuniens n. 0.40 0.05 > 0.32 0.03 0.011 0.407

medial preoptic n. 0.40 0.05 > 0.32 0.04 0.012 0.387

paraventricular n. 0.40 0.06 > 0.31 0.05 0.015 0.365

ventral lateral striatum 0.37 0.04 > 0.31 0.02 0.017 0.347

rostral piriform ctx 0.42 0.04 > 0.37 0.03 0.019 0.330

tenia tecta ctx 0.43 0.05 > 0.35 0.04 0.020 0.327

ventromedial thalamic n. 0.42 0.04 > 0.37 0.04 0.020 0.325

9th cerebellar lobule 0.49 0.08 > 0.39 0.06 0.020 0.322

central gray 0.43 0.08 > 0.35 0.04 0.023 0.304

dorsal lateral striatum 0.40 0.06 > 0.35 0.03 0.023 0.304

dorsal paragigantocellularis n. 0.44 0.09 > 0.34 0.05 0.023 0.304

ventral medial striatum 0.41 0.06 > 0.35 0.04 0.026 0.289

ventral medial n. 0.38 0.05 > 0.31 0.06 0.027 0.283

lateral hypothalamus 0.45 0.04 > 0.39 0.04 0.028 0.282

supramammillary n. 0.44 0.05 > 0.37 0.06 0.031 0.268

infralimbic ctx 0.40 0.07 > 0.34 0.02 0.036 0.248

insular ctx 0.40 0.04 > 0.36 0.02 0.036 0.247

sub coeruleus n. 0.46 0.08 > 0.39 0.05 0.036 0.247

accumbens shell 0.43 0.06 > 0.37 0.04 0.037 0.246

pontine reticular n. caudal 0.44 0.10 > 0.35 0.07 0.037 0.245

reticulotegmental n. 0.47 0.10 > 0.35 0.11 0.037 0.245

ventral orbital ctx 0.39 0.06 > 0.33 0.02 0.039 0.239

parafascicular thalamic n. 0.38 0.06 > 0.32 0.03 0.040 0.234

interpeduncular n. 0.46 0.08 > 0.39 0.07 0.042 0.227

premammillary n. 0.40 0.06 > 0.31 0.07 0.042 0.227

principal sensory n. trigeminal 0.48 0.06 > 0.41 0.04 0.048 0.213

anterior hypothalamic n. 0.37 0.06 > 0.31 0.04 0.048 0.212

reticular n. midbrain 0.41 0.08 > 0.35 0.04 0.048 0.212

posterior hypothalamic n. 0.41 0.06 > 0.34 0.06 0.048 0.211

dorsal medial n. 0.38 0.07 > 0.30 0.07 0.049 0.210
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values. The critical value was set at p <0.05. An FDR for multi-
comparisons gave a significant level of p = 0.008. Table 2b lists 
48/173 brains areas that showed a significant decrease in ADC 
values with minocycline treatment. All DWI measures for each 
experimental condition and their tables for all 173 brain areas 
are provided in Supplementary Data Files S1-S4. 

Shown in Figure 2 are scatter plot/bar graphs (mean ± SD) 
for only brain regions that showed minocycline associated 
differences in FA and ADC. The dots represent each brain 
area contributing to that brain region. For example, the 
hippocampus is composed of nine areas: dorsal and ventral 
subiculum, dorsal and ventral dentate, dorsal and ventral 

Table 2a. Apparent diffusion coefficient - head injury with no treatment.

  Vehicle   Hit    

Brain Area Ave SD   Ave SD P-val Ω Sq

medial amygdaloid n. 2.78 0.30 < 2.44 0.14 0.021 0.320

primary somatosensory ctx jaw 1.69 0.05 < 1.84 0.14 0.024 0.302

glomerular layer 2.24 0.12 > 2.06 0.16 0.032 0.263

primary somatosensory ctx upper lip 1.74 0.06 < 1.93 0.21 0.049 0.210

anterior amygdaloid n. 2.38 0.29 > 2.12 0.17 0.049 0.209

medial orbital ctx 2.22 0.33 > 1.88 0.20 0.049 0.209

olfactory tubercles 2.63 0.36 > 2.25 0.29 0.049 0.209

Table 2b. Apparent diffusion coefficient - head injury with treatment.

Vehicle Minocycline

Brain Area Ave SD   Ave SD P-val Ω Sq

lateral dorsal thalamic n. 2.00 0.17 > 1.75 0.08 0.001 0.690

central medial thalamic n. 1.86 0.18 > 1.65 0.08 0.003 0.579

anterior pretectal n. 2.19 0.27 > 1.74 0.14 0.004 0.550

primary somatosensory ctx jaw 1.84 0.14 > 1.59 0.10 0.004 0.530

ventrolateral thalamic n. 1.89 0.19 > 1.65 0.09 0.004 0.528

primary somatosensory ctx upper lip 1.93 0.21 > 1.65 0.08 0.005 0.504

posterior thalamic n. 1.90 0.23 > 1.64 0.09 0.005 0.502

ventral anterior thalamic n. 1.85 0.17 > 1.64 0.08 0.005 0.499

ventral posteriolateral thalamic n. 1.91 0.20 > 1.69 0.08 0.008 0.453

2nd cerebellar lobule 2.24 0.33 > 1.83 0.17 0.008 0.452

primary somatosensory ctx barrel field 1.95 0.25 > 1.69 0.09 0.008 0.451

anterior thalamic nuclei 1.96 0.16 > 1.73 0.12 0.009 0.432

ventral posteromedial thalamic n. 1.88 0.22 > 1.67 0.08 0.009 0.431

CA3 dorsal 2.06 0.25 > 1.81 0.09 0.009 0.429

secondary somatosensory ctx 1.92 0.23 > 1.65 0.07 0.009 0.429

primary somatosensory ctx forelimb 1.90 0.20 > 1.66 0.10 0.011 0.409
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medial dorsal thalamic n. 1.97 0.18 > 1.71 0.14 0.011 0.406

CA1 dorsal 2.10 0.29 > 1.81 0.13 0.011 0.405

insular ctx 1.86 0.13 > 1.71 0.10 0.013 0.385

prelimbic ctx 1.76 0.11 > 1.60 0.11 0.013 0.385

primary somatosensory ctx shoulder 2.04 0.23 > 1.80 0.10 0.015 0.362

lateral orbital ctx 1.74 0.04 > 1.61 0.12 0.017 0.348

dorsal lateral striatum 1.82 0.17 > 1.65 0.09 0.017 0.342

1st cerebellar lobule 2.33 0.45 > 1.87 0.24 0.018 0.341

parafascicular thalamic n. 1.95 0.24 > 1.71 0.10 0.021 0.321

auditory ctx 1.94 0.28 > 1.69 0.08 0.024 0.302

7th cerebellar lobule 1.97 0.45 > 1.61 0.14 0.028 0.281

periaqueductal gray thalamus 2.22 0.33 > 1.92 0.13 0.028 0.281

ventral orbital ctx 1.71 0.03 > 1.61 0.14 0.036 0.247

primary motor ctx 1.88 0.15 > 1.73 0.15 0.037 0.246

white matter 2.10 0.23 > 1.94 0.10 0.037 0.246

pedunculopontine tegmental n. 2.06 0.34 > 1.79 0.12 0.037 0.245

parabrachial n. 2.21 0.36 > 1.88 0.14 0.037 0.244

dorsal medial striatum 1.86 0.16 > 1.71 0.10 0.037 0.244

lemniscal n. 2.54 0.39 > 2.21 0.31 0.037 0.244

medial cerebellar n. fastigial 2.29 0.31 > 1.93 0.27 0.037 0.244

ventral medial striatum 1.77 0.15 > 1.64 0.08 0.042 0.230

reticular n. midbrain 2.07 0.30 > 1.82 0.15 0.042 0.227

anterior cingulate n. 2.02 0.18 > 1.83 0.15 0.043 0.227

primary somatosensory ctx hindlimb 2.02 0.23 > 1.80 0.11 0.048 0.212

3rd cerebellar lobule 2.23 0.39 > 1.87 0.21 0.049 0.210

4th cerebellar lobule 2.26 0.40 > 1.91 0.12 0.049 0.210

claustrum 1.76 0.11 > 1.64 0.10 0.049 0.210

precuniform n. 1.97 0.35 > 1.69 0.11 0.049 0.210

superior colliculus 2.41 0.32 > 2.08 0.20 0.049 0.210

9th cerebellar lobule 1.97 0.39 > 1.65 0.17 0.049 0.209

globus pallidus 1.82 0.19 > 1.67 0.09 0.049 0.209

reticular n. 1.96 0.21 > 1.77 0.08 0.049 0.209
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CA3 and CA1 and a single CA2. For a list of brain areas in each 
region see Supplementary File S6. With the data organized 
into brain regions there is a significant increase in ADC values 
associated with vasogenic edema when comparing hit with no 
treatment (CTL) to sham no hit rats (SHAM) for the thalamus 
(p<0.0001), cerebellum (p<0.001) and sensorimotor cortices 
(p<0.05). FA values were significantly greater in CTL than 
SHAM for all brain regions indicative of cytotoxic edema with 
repeated head injury. What was consistent across all groups, 
with the exception of the olfactory system, was a decrease in 
measures of FA and ADC with minocycline treatment (MINO) 
in head injured rats compared untreated head impacted 
controls, suggesting a decrease in vasogenic and cytotoxic 
edema. 

Figure 3 shows the anatomical localization of the brain 
areas listed in Tables 1a and 1b for FA values, presented 
as 2D activation maps. The coronal sections are labeled 
(a) through (h) and arranged from rostral (top) to caudal 
(bottom). The red denotes brain areas where FA values were 
significantly increased with head injury but no treatment. The 
blue denotes brain areas where FA values were significantly 
decreased in head injured rats treated with minocycline. 
Areas in yellow denote the location of white matter tracts. 

In brain section (a), the olfactory bulb with three different 
layers shows injury to the glomerular and granular layers. 
Treatment with minocycline significantly reduces FA values or 
the putative cytotoxic edema in the glomerular layer shown 
in blue. Brain section (b) highlights the injury in the forebrain 
prefrontal ctx (e.g., prelimbic, infralimbic and ventral orbital 
cortices) shown in red. Treatment with minocycline reversed 
the FA values in all of these injured areas with the exception 
of the prelimbic ctx and somatosensory ctx. Brain section (c) 
highlights injury to the dopaminergic, forebrain basal ganglia 
(e.g., dorsal lateral striatum, medal and lateral ventral striatum, 
accumbens core and shell, and ventral pallidum) shown in 
red. Treatment with minocycline reversed FA values in all of 
these injured sites with the exception of somatosensory ctx 
and ventral pallidum. Indeed, as you progress through each 
of the brain sections the areas of putative cytotoxic injury 
defined by an increase in FA shown in red also appear as 
blue with minocycline treatment, but not all injured areas are 
recovered with treatment. This distinction is shown in the 3D 
reconstructions to the right. The red reconstruction shows 
the injured whole brain (i.e., significantly elevated levels of FA 
suggestive of cytotoxic edema) and the blue reconstruction 
represents injured areas sensitive to minocycline treatment 
(i.e., significantly reduced measures of FA). The reconstructions 

Figure 2. Regional changes in water diffusivity using DWI. Shown are bar graphs (mean ± SD) and dot plots for different brain regions 
for two indices of anisotropy, apparent diffusion coefficient (ADC) and fractional anisotropy (FA), for each experimental condition. The dots 
represent the number of brain areas in that particular brain region. For example, the hippocampus, comprised of the dorsal and ventral 
dentate, dorsal and ventral subiculum, dorsal and ventral CA1, dorsal and ventral CA3, and CA2, has nine dots. Each dot is the average of the 
values for that particular brain area in shams without head injury (n=8), rats hit three times with no treatment (n=7) and rats hit three times 
and treated with minocycline (n=8). The list of brain areas that comprise prefrontal ctx, basal ganglia, cerebellum, thalamus, and sensory and 
motor cortices can be found in Supplementary Data S1: *<0.05; ***<0.001***; ****<0.0001.
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are not identical. It should be noted that areas in brainstem 
sections (g & h) show significant decreases in FA values (e.g., 
sensory n. trigeminal, central gray, pontine reticular n. and 
9th cerebellar lobule) (blue) that are not identified as having 
putative cytotoxic edema (no red). However, there are several 
areas of the hit, untreated brain that are not “recovered” with 
minocycline treatment (i.e., red with no matching blue). These 
areas are shown in the boxed insert. Of note are the thalamus 
and the substantia nigra and VTA. 

Immunohistochemistry

Shown in Figure 4 are representative micrographs of 
immunostaining for changes in astrocyte and microglia 
activation from the three experimental groups. No significant 
main effects of experimental condition were observed in any 
region. A post hoc power analysis conducted using G*Power 
software indicated an achieved power of 1-β = 0.153 to detect 
a large effect, an important limitation of this analysis.

Figure 3. Fractional anisotropy heat maps. Shown are the anatomical localization of the brain areas listed in Tables 1a and b for FA values, 
presented as 2D activation maps. The coronal sections are labeled (a) through (h) and arranged from rostral (top) to caudal (bottom). The red 
denotes brain areas where FA values were significantly increased with head injury but no treatment. The blue denotes brain areas where FA 
values were significantly decreased in head injured rats treated with minocycline. Areas in yellow denote the location of white matter tracts. 
There are several areas of the hit, untreated brain that are not represented in the minocycline treated maps (i.e., red with no matching blue). 
These areas are shown in the boxed insert. 
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Figure 4. Histology. a) Data collection sites within the thalamus, hippocampus, and cerebellum are outlined in red, with the substantia 
nigra outlined in blue. b) & c) Signal intensity values are graphed for GFAP+ astrocytes (b) and IBA1+ microglia (c) in each region above 
corresponding sample images. Individual data points represent the average signal intensity of the region per subject, shaded bars signify 
each group mean, and error bars indicate the range of ± 1 SD from the group mean.
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Discussion

This study was undertaken to assess the efficacy of 
minocycline to treat mild repetitive head injury. Minocycline 
is reported to reduce microgliosis in mice and rats following 
significant brain damage caused by traumatic head 
impact [5,6,23,40-42]. All of these studies focused on the 
consequences of brain damage (e.g., lesion volume) and 
the subsequent loss of cognitive and motor behavior. The 
present study contributes to this body of literature in two 
ways. First, by using a model of mild repetitive head injury 
that better reflects the human experience. Head impacts were 
delivered during the dark period of the circadian cycle when 
rats are active, and then when rats were fully awake without 
the confound of anesthesia. There was no neuroradiological 
evidence of skull damage or brain contusion or noticeable 
deficits in motor behavior after each of three impacts. All of 
these findings attest to the mild nature of the head injury. 
Changes in diffusion weighted imaging, specifically increases 
in fractional anisotropy, were used as a surrogate measure 
of cytotoxic edema. These data are discussed below in the 
context of the many preclinical rodent studies on TBI with 
minocycline treatment and their translation to the human 
experience and clinical condition. 

There have been numerous studies using minocycline 
to treat TBI in mice and rats [23,24,40-46]. All have used 
controlled cortical impact or weight drop protocols on 
anesthetized animals with open or closed skulls producing 
frank brain damage. The doses range from 20-90 mg/kg 
with various dosing regimens. Minocycline treatment under 
these conditions reduces neuroinflammation and microglia 
activation [40,41,43,44,47]. Alterations in emotion [43], 
motor [41] and olfactory function [45] are corrected with 
minocycline. Although, a study by Vonder Haar and coworkers 
using a dose regimen meant to mimic clinical practice 
reported only modest results with respect to restoration of 
behavioral functions [46]. Similarly, Pechacek et al. reported 
deficits in motor impulsivity and attention following head 
injury were unaffected by minocycline treatment [23], raising 
questions about the efficacy of minocycline for the treatment 
of psychiatric disorders following head injury. 

The dosing regimen used by Taylor et al. in male and female 
adult Sprague Dawley rats was very similar to that used in the 
present study. Following an open skull CCI injury, rats were 
treated with 50 mg/kg of minocycline once daily for three 
consecutive days. The protracted hyperthermia caused by the 
TBI was reduced with minocycline treatment [24]. Although 
it should be noted these were moderate to severe head 
injuries. Kovesdi et al. used mild blast injury in anesthetized 
adult male Sprague Dawley rats maintained on a reverse L-D 
cycle and reported enhanced neuroinflammation and deficits 
in cognition and emotion [22]. Daily IP injections of 50 mg/
kg of minocycline over four days reduced the biomarkers of 
inflammation and mitigated the behavioral deficits.

From all of these preclinical studies on TBI in rodents the 
ones most relevant to the findings in this study are those 
involved in measuring edema and the integrity of the BBB. 
Enhanced neuroinflammation, elevated proinflammatory 
cytokines and disruption in the BBB is common with most 
head injuries [48]. Homsi et al. provided the first evidence that 
a specific treatment regimen of minocycline could reduce 
brain edema in mice following head injury [47]. More recently, 
Lu and coworkers reported a 45 mg/kg dose of minocycline 
given within 30 min of head injury reduced edema and 
preserved BBB integrity in mice [42]. In another example using 
a different method other than head impact to cause brain 
injury, mice exposed to the neurotoxin 1,2-dicholorethane 
show many of the same pathological sequalae of head injury 
characterized by an increase in proinflammatory cytokines, 
gliosis, disruption in BBB integrity and edema. Treating mice 
with 45 mg/kg minocycline one hr before 1,2-DCE exposure 
reduces edema [49]. 

Edema makes a significant contribution to the 
neuropathology of head injury [50,51]. Vasogenic edema is 
caused by injury to the BBB and the immediate translocation 
of fluid to the extracellular space of the brain parenchyma. 
An increase in ADC, a quantitative measure of water mobility, 
is used as a surrogate marker for this change in extracellular 
volume [51]. The increase in ADC is usually accompanied by 
a decrease in FA. If the head injury is moderate or severe, 
cytogenic edema occurs characterized by cellular swelling 
due to loss of homeostatic regulation of osmolarity across the 
plasma membrane. This phase of brain edema usually presents 
with a decrease in ADC and increase in FA [52]. This increase 
in brain water contributes to parenchymal swelling and 
increase in intracranial pressure. Changes in BBB permeability 
and subsequent cerebral edema are dynamic with acute and 
chronic phases. For example, Logsdon and colleagues showed 
two mild blast injuries that cause an immediate increase in 
BBB over much of the brain, resolving with 24 h only to return 
72 hrs later [53]. The vulnerable areas were the prefrontal 
cortex, hippocampus, thalamus, and medulla. In brain injury 
with contusion, Ren and Lu used DWI at multiple times over 72 
hrs to follow the dynamic changes in edema in rats [54]. The 
initial vasogenic edema at 1 hr evolved into a combination of 
vasogenic and cytotoxic edema by 12 hrs that resolved by 24 
hrs but reappeared after 48 that was prominently cytotoxic 
edema by 72 hrs. 

In a previous study we reported a single mild impact devoid 
of any neuroradiological evidence of brain damage causes 
a short-lived increase in vasogenic edema in the thalamus, 
basal ganglia and cerebellum as evidenced by an increase in 
ADC [19]. The increase in extracellular fluid volume peaked 
at 6 hrs but returned to baseline by 24 hrs. In the present 
study female rats were subjected to three mild head impacts 
and imaged for changes in ADC and FA within a few hours of 
the last insult. We anticipated the severity of the vasogenic 
edema in these animals would be greater than that of a single 
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impact characterized by an increase in ADC and decrease in 
FA. Indeed, the level of putative injury based on measures of 
DWI was widespread as shown in Figure 2. To our surprise, 
the expected increase in ADC and decrease in FA was not 
realized; instead, all affected brain regions (e.g., thalamus, 
prefrontal ctx, hippocampus, cerebellum, basal ganglia and 
sensorimotor cortices) presented with little change in ADC but 
robust increases in FA. In all cases, treatment with minocycline 
reversed the increase in FA measures. As shown in Figure 
3, many of the same brain areas identified as sustaining a 
putative cytotoxic injury were treated with minocycline. 
Areas less responsive to minocycline were the midbrain 
dopaminergic system and the thalamus, raising questions 
about the sensitivity and vulnerability of these areas to head 
injury. Cai et al. reported two mild head impacts in anesthetized 
male rats interrupted perivascular clearance and aquaporin 4 
expression in the substantia nigra [21]. Interestingly, patients 
with mild-to-moderate TBI with persistent symptoms of 
diminished cognitive function present with higher FA values 
and lower ADC values in the midbrain [55].

Data interpretation and limitations

The major limitation in this study was the absence of males 
to assess sex differences in this model of repetitive mild 
head injury. In previous studies using anesthetized male 
Sprague Dawley rats we interrogated the brain injury with 
several different imaging modalities including a quantitative 
ultra short time to echo-contrast enhanced procedure to 
assess blood brain barrier disruption at the level of the 
microvasculature using the contrast agent ferumoxytol 
and resting state functional connectivity. This project was 
designed to evaluate head injury in awake animals with and 
without minocycline treatment using DWI alone, a modality 
we have run in all of our previous studies and an MRI procedure 
readily performed in the clinic. While the changes in DWI 
would suggest brain injury caused by edema, there were no 
significant changes in astrocyte or microglia activation that 
would confirm the presence of neuroinflammation. As noted, 
the histological analysis was limited to 3-4 subjects and may 
have been underpowered. It is also very possible that use of 
only females and attending to the circadian time of injury i.e. 
the dark phase of the light-dark cycle may have significant 
effects on disease progression in this model of mild repetitive 
head injury. 

Summary

A recent review by Cox et al. questioned the validity of 
preclinical models in guiding the development of new 
therapeutics for the treatment of head injury [56], a view shared 
by others to account for the many failed clinical trials for TBI 
[57,58]. To that end we chose to eschew the standard models 
of TBI that routinely cause brain damage leading to measures 
of cognitive and motor dysfunction. Instead, we have focused 
on mild head injury common in organized sports, soldiers in 
combat and everyday accidents in the young and old. Critical 

to this model is the absence of any damage as confirmed by 
neuroradiology. The only evidence of injury is the “bump on 
the head” from the edema on the skin overlying the skull as 
shown in Figure 1. This model, as reported in other studies on 
mild head injury [27,59-62], does not effectively alter behavior, 
discounting this measure as an endpoint when interpreting 
disease progression and drug efficacy using rodents. To make 
our model more relevant to human experience, rats were 
head impacted while fully awake, eliminating the confound of 
anesthesia, and during the dark phase of their L-D cycle when 
they are most active. Magnetic resonance imaging for changes 
in indices of anisotropy using DWI and BBB permeability using 
blood contrast enhanced techniques are readily performed in 
the clinic, aiding in the translation of data from rats to humans 
by using the same techniques. Previous studies from our lab 
using imaging with mild impacts directed to the forehead 
have identified the thalamus, cerebellum, hippocampus, basal 
ganglia, and midbrain dopaminergic system as vulnerable 
areas [15,19-21]. The data in this study is consistent with 
those findings, but using a model further refined to reflect 
the human experience of repetitive head injury. Moreover, we 
provide evidence using DWI that the alterations in gray matter 
microarchitecture affected by edema can be treated with 
minocycline given after head impact. 
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