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Abstract

We have previously demonstrated that acute treatment with low dose methamphetamine is neu-
roprotectivein a rat model of severe traumatic brain injury (TBI). Using gene expression analysis,
we further showed that methamphetamine treatment significantly reduced the expression of pro-
inflammatory genes after severe TBI. Therefore, to further investigate the potential effects of me-
thamphetamine treatment on the neuroinflammatory response, we examined immunofluorescent
staining of Ibal and CD68, two marker of neuroinflammation, in the rat lateral fluid percussion
injury model of severe TBI. In this study, we observed temporal and spatial alterations in the pat-
tern of Ibal and CD68 labeling within two weeks after severe TBI. In general, methamphetamine
treatment did not dramatically alter the pattern of Ibal and CD68 staining. However, we did ob-
serve a unique and significant drug-induced increase of Iba1l labeling within the granule cell layer
of the dentate gyrusat 48 hours post injury. We also observed rod-shaped Ibal+ cells within the
core lesion in the cortex. These cells showed variable staining with CD68 and aligned most closely
with MAP2+ neuronal processes. Thus, acute treatment with low-dose methamphetamine after
severe TBI caused a transient bilateral increase of Ibal* cells within the granule layer of the den-
tate gyrus but did not alter the overall temporal and regional pattern of Ibal and CD68 staining
within the cortex, periventricular white matter, fimbria, or thalamus.
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1. Introduction

Traumatic brain injury (TBI) is a leading cause of death and disability in the United States with 1.7 million new
cases reported each year [1] [2]. Individuals surviving TBI commonly present with cognitive deficits, chronic
headaches, and mood disorders. Recent estimates report approximately 43.3% of Americans continue to display
residual disabilities 1 year after their injury [3]. In addition, TBI significantly increases the risk of developing
epilepsy and Alzheimer’s disease [4] [5].

The brain’s inflammatory response to TBI occurs within seconds of impact and may persist for years after in-
jury [6]. Post-TBI neuroinflammation, specifically the response of microglia, is a complex and poorly unders-
tood phenomenon. Activated microglia may be beneficial, acting to protect healthy tissue and repair damaged
tissue. However, microglia can also release pro-inflammatory cytokines and chemokines, which are partially re-
sponsible for the spread of secondary damage after the initial TBI [7]. Comprising only 10% - 20% of total cells
within the adult CNS, the significance of microglia was overlooked for decades [6] [8] [9]. However, microglias
are now the subject of numerous recent publications and heated debate [10]. Activation of microglia has been
linked to neuropathologies, including chronic pain, amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease
[6] [11] [12]. Paradoxically, activation of microglia has been linked to both neuroprotection [3] [13] and neuro-
toxic events [14] [15].

Microglia can adopt a spectrum of morphologies and specialized functions. For example, rod microglia re-
main poorly understood even though they have been observed in damaged cortical tissue for over a century since
Franz Nissl described them in 1899 [16]. These rod-shaped cells have been found in an array of progressive
neuropathologies in both animal models and humans [16] [17]. A better understanding of the nuances of micro-
glia activation could lead to the development of novel therapeutics.

Methamphetamine is a strong central nervous system stimulant that causes the release of dopamine, serotonin
and norepinephrine. It was first synthesized in 1887 and while toxic at high doses, low dose (25 mg/24hours)
methamphetamine is FDA approved and has been used for decades to treat ADHD in children over the age of 6
and has also been used for the treatment of obesity. We have reported that low-dose methamphetamine delivered
within 8 - 12 hours in rat models of severe TBI improves behavioral, cognitive, histological and MRI outcomes
[18]-[20]. We further demonstrated that methamphetamine mediates neuroprotection in part through a dopa-
mine/PI3K/AKT-signaling pathway [21]. In addition, we reported that treatment with low-dose methampheta-
mine reduced the expression of pro-inflammatory signals, including interleukin-14, CXCL2 and MYD88, while
significantly increasing the expression of the anti-inflammatory chemokine CXCL12 following TBI [20].
Therefore, we hypothesized that low dose methamphetamine may mediate neuroprotection in part by modulat-
ing microglial activation. To test this hypothesis, we used the lateral fluid percussion injury (LFPI) model,
which has been used in TBI research for decades and is a well-established protocol for replicating closed-skull
injury. LFPI consistently causes clinical characteristics of human TBI, including intracranial hemorrhage, brain
swelling, focal and diffuse axonal injury and the progression of damage radiating from the injury core [5]. We
chose to focus on labeling total microglia with antibodies directed against ionized calcium-binding adaptor mo-
lecule 1 (Ibal) and phagocytic microglia with antibodies directed against Cluster of Differentiation 68 (CD68).
However, it is important to note that these markers do not differentiate between resident microglia and infiltrat-
ing macrophages [3]. Thus in this study, cells are defined as Ibal and CD68-immunopositive, rather than using
the terms microglia or macrophage. Using this approach, we monitored region-specific neuroinflammation be-
tween 48 hours and 2 weeks post injury.

2. Methods
2.1. Surgical Procedures

All animal-use protocols were reviewed and approved by the University of Montana’s Institutional Animal Care
and Use Committee. Charles River Laboratories supplied adult, male Wistar rats (mean body weight = 400 g; 2 -
3 months old). The rats were kept in a regulated environment consisting of temperature control and 12-hour
light/12-hour dark daily cycle. The rats had constant access to food and water along with high-calorie enriched
food to prevent weight-loss following TBI.

Rats were randomly distributed to one of three treatment groups: 1) uninjured controls, 2) saline-TBI or 3)
methamphetamine-TBI. Rats were anesthetized by 1% - 3% isofluorane (Abbot Animal Health, Abbot Park, IL)
inhalation. A 5-mm craniotomy was formed over the right hemisphere caudal to the Bregma suture. A FPD 302
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fluid percussion TBI device (Amscien Instruments) was used to cause a brief (~20 msec) depression of the dura
mater that was the direct cause of injury. The intensity of the pressure delivered ranged from 1.9 - 2.1 atm. This
pressure resulted in a 25% mortality rate and modeled a severe head injury as we previously reported [19] [20].
Supplemental oxygen was supplied immediately after the injury and maintained until the animal recovered con-
sciousness. The uninjured controls received craniotomy but did not undergo any aspect of the LFPI. Treatment
was delivered 3 hours after TBI and continued for 24 h. An Alzetosmotic pump (Alzet, Cupertino, CA) im-
planted in the right inguinal crease, continuously delivered (6.7 pl/hour) treatment via the right femoral vein.
Methamphetamine (Sigma-Aldrich, St Louis, MO) was delivered via an IV bolus injection of 0.42 mg/kg fol-
lowed by 24-hour infusion with 0.5 mg/kg/hour.

An average righting time (the time in minutes required for an animal to bear weight on all four limbs) of 30
minutes was observed with this severity of injury. A modified neurological severity score (mMNSS) assessment
was also used to determine the severity of injury as previously described [19]-[21]. A score between 1 - 4 is
considered mild, 5 - 9 moderate, and 10 - 15 severe. An NSS of 10 or higher was required for inclusion in this
study.

Brains were collected from injured rats at 48 h, 1 week or 2 weeks after TBI. Brains from uninjured controls
were collected at 48 hrs after craniotomy. Intraperitoneal injections of ketamine (80 mg/kg-MW!I Veterinary
Supply Co., Chicago, IL) and xylazine (13 mg/kg-MW!I Veterinary Supply Co., Chicago, IL) were used prior to
perfusion of 4% paraformaldehyde (PFA-Sigma/Aldrich, St Louis, MO) fixative via transcardiac puncture.
Brains were extracted and post-fixed for 24 hours at 4°C in 4% PFA and divided into 2-mm coronal sections.
Sections were processed, paraffin embedded and 7-um thick slices were prepared.

2.2. Immunohistochemistry

Rat brain slices were dual-labeled with anti-Ibal antibody and one of the following antibodies: CD68, Endo-
thelial Barrier Protein (SMI-71), Microtubule-associated protein 2 (MAP2), or Neurofilament (SMI-312). Anti-
bodies were detected using the Cyanine 3 Tyramide Signal Amplification (TSA) Kit (Perkin Elmer, Waltham
MA). Endogenous peroxidase activity was blocked with 3% peroxide for ten minutes followed by a wash in
phosphate-buffered solution (PBS-VWR International, Denver, CO). This was followed by permeabilization
with 0.3% Triton X100 (Sigma-Aldrich, St Louis, MO) for 30 minutes then washed in PBS. Citric acid antigen
retrieval was then performed by boiling slides in 0.1 M citric acid, pH 6.4 for 10 minutes and cooling in the ci-
tric acid solution for 30 minutes before rinsing in PBS. Sections were blocked for 30 minutes in blocking buffer
(PNB) derived from reagents included in the TSA Kit. The goat primary anti-lbal antibody (Abcam ab5076; di-
luted 1:1000) was applied and incubated overnight at 4°C. The next day, slides were washed with PBS three
times for 5 minutes each. Slides were then incubated with biotinylated a-goat IgG (Vector Labs, Burlingame CA)
at a dilution of 1:400 for 1 hour at room temperature. Following three more 5-minute PBS washes, sections we-
reincubated with streptavidin horseradish peroxidase (HRP), obtained from the TSA Kit (diluted 1:100) for 1
hour at room temperature. Slides then received three more 5-minute washes with PBS before incubating in Cya-
nine 3, included in the TSA Kit (diluted 1:50) for 10 minutes. Sections were then blocked in 4% normal goat
serum (Vector Labs, Burlingame CA) for 30 minutes and incubated overnight at 4°C with one of the following
primary antibodies: CD68 (SerotecMCA341GA,; diluted 1:1000), MAP2 (Abcam ab32454; diluted 1:2000),
SMI-71 (Abcam ab24764; diluted 1:1000) or SMI-312 (Covance; diluted 1:1500). All antibodies accurately la-
beled structures corresponding with their previously published target specificity [22]-[26]. The next day, slides
were washed and signal detected by incubating with Alexa Fluor 488 goat a-mouse IgG or Alexa Fluor 488 goat
a-rabbit 1gG (Life Technologies, Grand Island NY) (diluted 1:400) for 1 hour at room temperature. After three
5-minute rinses with PBS, nuclei were counterstained with DAPI (Life Technologies, Grand Island NY) diluted
to 1 pg/ml in PBS for 5 minutes. Sections were rinsed in PBS, rinsed briefly in ddH,O and coverslipped using
Fluor Save mounting media (Calbiochem/EMD Millipore, Billerica MA).

2.3. Image Capture & Statistical Analysis

Images were captured on an OlympusFluoviewFV1000 confocal microscope (Olympus, Center Valley PA).
Single-plane images were used for quantification and image analysis using Image-Pro Plus 6.2 software (Im-
age-Pro, Bethesda MD). Representative images presented are Z-stack images. All images were collected from
sections taken from Bregma —3.3. It has been shown that digital image analysis is appropriate for analyzing
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changes in clusters of overlapping microglia or macrophages [27]. Due to the Ibal-immunopositive cell clusters
observed in our samples, we chose to use digital image analysis rather than stereologiccell counting. Areas of
interest and appropriate threshold values were defined for each structure as previously described [27]. Sum inte-
grated optical density (I0D) was measured within the cortex, periventricular white matter, fimbria, dentate gyrus,
granule cell layer of the dentate gyrus, hippocampal CA3 radiatum, and thalamic laterodorsal nuclei. Treatment
group averages of sum IOD and standard errors of the mean were calculated. One-way Analysis of Variance
(ANOVA) tests with Tukey’s post hoc comparison were used when comparing several groups. Student’s un-
paired t-Tests were used when comparing only two groups. P-values less than 0.05 were deemed statistically
significant.

3. Results

In the brain, Ibal is specifically expressed on microglia. Ibal expression is upregulated upon microglia activa-
tion. CD68 is a lysosomal protein and has been used to stain macrophages and microglia. Like Ibal, CD68 ex-
pression is increased in activated microglia. Therefore, we used staining of these two markers as measures of
neuroinflammation. Between 48 hours and 2 weeks after severe TBI, an increase in both CD68" and CD68 -
Ibal® cells was observed in the cortex, periventricular white matter, dentate gyrus, CA3 radiatum, fimbria, and tha-
lamus. However, temporal and spatial differences were observed in both Ibal and CD68 labeling. Although the
major core lesion after lateral fluid percussion injury (LFPI) is primarily observed in the cortex, there was not a
significant increase of Ibal staining at 48 hours after injury (Figure 1). However, increased labeling of Ibal
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Figure 1. Pattern of Ibal and CD68 staining in the cortex (injury core) at 48 hrs, 1 week and 2 weeks post-TBI. Ibal (red),
CD68 (green) and DAPI (blue). (A) Schematic of a rat brain at Bregma —3.3 with red box marking location of analysis, (B)
Uninjured control, (C) Summary graph of Ibalstaining presented as relative fluorescence intensity (IOD SUM), (D)
Summary graph of CD68 staining presented as relative fluorescence intensity (I0D SUM), (E) Saline at 48 hours, (F) Saline
1 week after TBI, (G) Saline 2 weeks after TBI, (H) Methamphetamine at 48 hours post-TBI, (I) Methamphetamine one
week post-TBI, and (J) Methamphetamine 2 weeks post-TBI. For 48 hour analysis (Saline n = 6; Methamphetamine n = 6),
for 1 Week analysis (Saline n = 5; Methamphetamine n = 4), for 2 week analysis (Saline n = 4; Methamphetamine n = 4), * =
p < 0.05 compared to uninjured, ** = p < 0.01 compared to uninjured; # = p < 0.05 compared to 48 hour Saline, and ¢¢ = p <
0.01 compared to 48 hour Methamphetamine; scale bar = 80 um.
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with in the cortex was observed 1 week after TBI and remained elevated at the 2-week time point. Interestingly,
CD68 labeling did not parallel the increase of Ibal labeling seen at one and two weeks post-TBI.

In addition to amoeboid shaped Ibal” cells, we observed rod-shapedlbal® cells within the injury zone of the
cortex. Rod-shapedIbal® cells were not observed untill week after injury and were most evident within the cor-
tical lesion at two weeks post-TBI. The occurrence and prevalence of rod-shapedlbal® cells within the injury
core of the cortex was not altered by treatment with methamphetamine (data not shown). Rod-shaped cells la-
beled with Ibal but only occasionally co-labeled with antibodies to CD68 (Figure 2), suggesting that phagocy-
tosis is not a consistent function of these cells. The lack of co-labeling with SMI-71 indicated that rod-shaped
Ibal® cells do not align with nearby neurovasculature (Figure 2). Ziebell et al. [17] and Taylor et al. [28] sug-
gested that rod-shapedlbal® cells align with cortical axons. Indeed, stained axons (with NF312 antibody) and
dendrites (with anti-MAP2 antibody), showed an undeniable alignment with rod-shapedlbal® cells (Figure 2).
However, co-localization was not observed betweenlbal and NF312 and only occasionally seen with Ibal and
MAP2. When colocalization was seen between MAP2 and Ibal staining, it consisted of the medial end of a rod
cell associating with the distal tip of MAP2-labeled dendrites.

In addition to the cortex, the hippocampus is vulnerable to damage following TBI. Hippocampal sclerosis is a
common consequence of TBI seen in human patients and animal models [5] [29]. In addition, we have reported
CA1 neuronal loss as consequence of severe TBI in the LFPI model [20]. Of the brain regions examined, the
hippocampus showed the earliest increase in Ibal staining. At 48 hours, the majority of Ibal staining was ob-
served within the dentate gyrus (Figure 3) and the stratum radiatum of region CA3 (Figure 4). In addition,
compared to uninjured controls, we observed significantly more CD68" labeling within both hippocampal re-
gions but only at 48 hours post injury. In addition, the increase in CD68 staining was observed in both metham-
phetamine and saline treated rats, with no significant difference seen between the two treatment groups.

Interestingly, the hippocampus was unique in the pattern of Ibal/CDG68 staining, which did differ between the
treatment groups. Although a dramatic reduction in CD68 labeling was observed in both saline and metham-
phetamine treated rats at the 1-week time point, Ibal labeling remained significantly elevated only in the saline
treated group at one week. Although the time course of Ibal labeling was similar between the dentate gyrus and
the CA3 stratum radiatum, the magnitude of Ibal labeling was much greater within the dentate gyrus. Further
scrutiny of the response within the dentate gyrus further revealed a unique, treatment-dependent pattern within
the granule cell layer. Ibal labeling within the dentate gyrus as a whole was not different between the metham-
phetamine and saline treated groups. However, further analysis of the granule cell layer demonstrated a signifi-
cant effect of methamphetamine treatment (Figure 5(A), Figure 5(B)). Theipsilateral granule cell layer of me-
thamphetamine-TBI rats displayed a significant increase of both Ibal and CD68 labeling at 48 hours post-TBI
compared to uninjured controls. In contrast, the saline treated TBI rats only showed a significant increase in
CD68 labeling, which was significantly lower than that seen in methamphetamine-treated rats (Figure 4). Al-
though rats treated with saline showed an increase of Ibal within the dentate gyrus, surprisingly no increase was
seen within the granule cell layer. For both treatment groups, levels of 1bal and CD68 labeling within the gra-
nule cell layer at 1 and 2 weeks post-TBI were approximately equivalent to those observed in uninjured animals.
Since previous studies have established that the response of microglia to higher doses of methamphetamine is
observed bilaterally, we turned our attention to the contralateral granule cell layer [30]. Increased Ibal labeling
was also observed within the contralateral granule cell layer of methamphetamine-treated TBI animals compared
to saline-TBI treated and uninjured controls, thus confirming the drug-specific effect of low-dose methamphe-
tamine on activation of Ibal® cells within this structure (Figures 5(L)-(Q)). Interestingly, abilateral increase in
CD68 labeling was not observed (Figure 5(P)). Regardless of the treatment, CD68 was only observed ipsilateral
to the injury (Figure 5(G), Figure 5(J), Figure 5(M), Figure 5(N)). Thus, Ibal® cells showed two separate
responses to two distinct stimuli, TBI and methamphetamine treatment. This dualistic response of Ibal® cells is
worth investigating further and may have future implications for drug development. Taken together, TBI causes
an increase of Ibal and CD68 within the ipsilateral dentate gyrus regardless of treatment, while treatment with
methamphetamine causes a bilateral increase of Ibal specifically within the granule cell layer.

Damage to white matter tracts is also a common consequence of TBI and is implicated in the development of
long-term cognitive impairments. In human patients, damage to white matter tracts can be seen on scans years
after a moderate or severe TBI [14] [31] [32]. Furthermore, reports from both humans and animal models indi-
cate that white matter injury (WMI) progresses temporally [32]. We previously reported that treatment with
low-dose methamphetamine produced significant increases in white matter tract remodeling at 5 and 6 weeks
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Figure 2. Rod-shaped Ibal* cells showed variable CD68 staining and aligned with neuronal processes. Images show Ibal*
rod-shaped cells within the cortical core injury at 2 weeks after TBI. The top row shows rod-shaped cells labeled with Ibal
(A), CD68 (B) and the merged image (C). The second row shows rod-shaped cells labeled with Ibal (D), NF312 (E) and the
merged image (F). The third row shows rod-shaped cells labeled with Ibal (G), MAP2 (H) and the merged image (I). The
bottom row shows rod-shaped cells labeled with Ibal (J), SMI-71 (K) and the merged image (L). Scale bar represents 60 pm;
arrows show linear direction of stained processes; boxes show examples of colocalization; Ibal (red) and CD68 (green, top
row); NF312 (green, second row); MAP2 (green, third row); SMI-71 (green, bottom row).
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Figure 3. TBI causes increases inlbal and CD68 staining in the ipsilateral dentate gyrus after injury. lbal (red), CD68 (green)
and DAPI (blue). (A) Schematic of a rat brain at Bregma —3.3 with red box marking location of analysis, (B) Uninjured
control, (C) Summary graph of Ibal staining presented as relative fluorescence intensity (IOD SUM), (D) Summary graph of
CD68 staining presented as relative fluorescence intensity (IOD SUM), (E) Saline at 48 hours after TBI, (F) Saline at 1 week
after TBI, (G) Saline at 2 weeks after TBI, (H) Methamphetamine at 48 hours after TBI, (I) Methamphetamine at 1 week
after TBI, (J) Methamphetamine at 2 weeks after TBI. For 48 hour analysis (Saline n = 6; Methamphetamine n = 6), for 1
week analysis (Saline n = 5; Methamphetamine n = 4), for 2 week analysis (Saline n = 4; Methamphetamine n = 4), ** =p <
0.01 compared to uninjured, *** = p < 0.001 compared to uninjured; # = p < 0.05 compared to 48 hour Saline, ## = p < 0.01
compared to 48 hour Saline and ¢dd = p < 0.001 compared to 48 hour Methamphetamine; scale bar = 80 um.

post TBI [18]. There is also a known connection between WMI and the time course of neuroinflammation fol-
lowing TBI [33] [34]. Therefore, we investigated Ibaland CD68 labeling within white matter tracts in a time-
dependent manner. An increase in Ibal labeling within the fimbria ipsilateral to the injury was greatest 1 week
after TBI (Figure 6). While increases in Ibal and CD68 labeling were seen in both treatment groups, only sa-
line-treated rats showed a statistically significant difference. However, there was not a significant difference
between saline and methamphetamine treated rats. A similar pattern of CD68 labeling was observed. Both Ibal
and CD68 staining was higher in injured rats at 1 week and returned to near baseline levels by 2 weeks post-TBI.
In contrast, the periventricular white matter, proximal to the cortical injury zone, showed the largest effect at 2
weeks after TBI (Figure 7). Labeling with both Ibal and CD68 increased within the periventricular white matter
at each subsequent time point. Again, treatment with methamphetamine did not alter staining of these two
markers in either the fimbria or periventricular white matter at these time points.

We observed regions of autofluorescence in the ipsilateral periventricular white matter at 48 hours post TBI
(Figure 8(A)). The autofluorescence was detectable primarily in the green channel. Further scrutiny under high
magnification showed a large number of small nucleated cells that did not co-label with Ibal (Figure 8(B)). Given
their lack of nucleus, location and time after injury, we can be fairly confident that these were erythrocytes asso-
ciated with hemorrhage caused by the severe TBI. Consistent with this theory, these cells were not seen at later
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Figure 4. Ibal and CD68 staining in the ipsilateral CA3 stratum radiatum post-TBI. Images show the stratum radiatum of
CA3 within the ipsilateral hippocampus labeled with Ibal (red), CD68 (green) and DAPI (blue). (A) Schematic of a rat brain
at Bregma —3.3 with red box marking location of analysis, (B) Uninjured control, (C) Summary graph of Ibal staining
presented as relative fluorescence intensity (IOD SUM), (D) Summary graph of CD68 staining presented as relative
fluorescence intensity (IOD SUM), (E) Saline at 48 hours, (F) Saline 1 week after TBI, (G) Saline 2 weeks after TBI, (H)
Methamphetamine at 48 hours post-TBI, (I) Methamphetamine one week post-TBI, and (J) Methamphetamine 2 weeks
post-TBI. For 48 hour analysis (Saline n = 6; Methamphetamine n = 6), for 1 Week analysis (Saline n = 5; Methamphetamine
n = 4), for 2 Week analysis (Saline n = 4; Methamphetamine n = 4), * = p < 0.05 compared to uninjured; scale bar = 80 um.

time points. Furthermore, the general location of hemorrhages seen at 48 hours after injury corresponded with
the areas of significantly increased Ibal and CD68 labeling seen at 2 weeks (Figure 7). Treatment with me-
thamphetamine did not alter the appearance of hemorrhages seen 48 hours after injury.

Activated microglia can be detected in the thalamus for up to 1-year post-TBI [3] [14]. Although unremarka-
ble at 48 hours post-TBI, the laterodorsal thalamic nuclei displayed an interesting response pattern at subsequent
time points (Figure 9). By 1-week post-TBI, a significant increase of Ibal was observed in both methampheta-
mine- and saline-treated animals. This increase in labeling remained at the 2-week time point. In contrast, a sig-
nificant increase inCD68 labeling was not seen until 2 weeks post injury and was only significant in the sa-
line-treated rats. However, there was not a significant difference between saline and methamphetamine-treated
rats.

4. Discussion

The controversial, multifaceted roles of microglia, can make interpretation of post-TBI neuroinflammation data
a challenge. However recent publications focusing on neuroinflammation continue to provide evidence for the
undeniable importance of microglia to neuropathologies. Our study sought to elucidate the potential effect of-
low-dose methamphetamine on the progression of neuroinflammation following severe TBI. High doses of me-
thamphetamine are known to influence neuroinflammation while low doses improve cognitive and functional
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Figure 5. Methamphetamine causes a bilateral increase of Ibal labeling within the granule cell layer of the dentate gyrus.
Images show the granule cell layer of the ipsilateral dentate gyrus at Bregma —3.3 labeled with 1bal (red), CD68 (green) and
DAPI (blue). (A) Uninjured Ibal and DAPI, (B) Uninjured CD68 & DAPI, (C) Uninjured Ibal, CD68 and DAPI merged, (D)
Saline (ipsilateral) at 48 hours post-TBI Ibal & DAPI, (E) Saline (ipsilateral) at 48 hours post-TBI CD68 & DAPI, (F) Saline
(ipsilateral) at 48 hours post-TBI Ibal, CD68, and DAPI merged, (G) Methamphetamine (ipsilateral) at 48 hours post-TBI
Ibal & DAPI, (H) Methamphetamine (ipsilateral) at 48 hours post-TBI CD68 & DAPI, (I) Methamphetamine (ipsilateral) at
48 hours post-TBI Ibal, CD68 and DAPI merged. (J) Saline (contralateral) at 48 hours post-TBI Ibal & DAPI, (K) Saline
(contralateral) at 48 hours post-TBI CD68 & DAPI, (L) Saline (contralateral) at 48 hours post-TBI Ibal, CD68, and DAPI
merged, (M) Methamphetamine (contralateral) at 48 hours post-TBI Ibal & DAPI, (N) Methamphetamine (contralateral) at
48 hours post-TBI CD68 & DAPI, (O) Methamphetamine (contralateral) at 48 hours post-TBI Ibal, CD68 and DAPI merged.
(P) Summary graph of Ibal staining presented as relative fluorescence intensity (IOD SUM), (Q) Summary graph of CD68
staining at 48 hours post-TBI, presented as relative fluorescence intensity (IOD SUM). For 48 hour analysis (Saline n = 6;
Methamphetamine n = 6), for 1 week analysis (Saline n = 5; Methamphetamine n = 4), for 2 week analysis (Saline n = 4;
Methamphetamine n = 4), 60x images, * = p < 0.05 compared to uninjured, *** = p < 0.001 compared to uninjured; #

compared to 48 hour Saline; scale bar = 40 pm.
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Figure 6. TBI causes increased Ibal and CD68 staining at 1 week after injury within the ipsilateral fimbria.Images show the
ipsilateral fimbria labeled with Ibal (red), CD68 (green) and DAPI (blue). (A) Schematic of a rat brain at Bregma —3.3 with
red box marking location of analysis, (B) Uninjured control, (C) Summary graph of Ibal staining presented as relative
fluorescence intensity, (D) Summary graph of CD68 staining presented as relative fluorescence intensity, (E) Saline at 48
hours after TBI, (F) Saline at 1 week after TBI, (G) Saline at 2 weeks after TBI, (H) Methamphetamine at 48 hours after TBI,
(1) Methamphetamine at 1 week after TBI, (J) Methamphetamine at 2 weeks after TBI. For 48 hour analysis (Saline n = 6;
Methamphetamine n = 6), for 1 week analysis (Saline n = 5; Methamphetamine n = 4), for 2 week analysis (Saline n = 4;
Methamphetamine n = 4), ** = p < 0.01 compared to uninjured, *** = p < 0.001; scale bar = 80 pm.

outcomes and significantly reduce inflammatory signals following TBI [18]-[20] [30].Therefore, we wanted to
investigate the potential connection between low-dose methamphetamine and neuroinflammation markers. Here
we report that although low-dose methamphetamine significantly impacts microglia/macrophages specifically
within the granule cell layer of the dentate gyrus soon after injury (48 hrs), it does not alter the overall temporal
and spatial progression of Ibal and CD68 labeling throughout the brain following TBI.

We found that Ibal® cells within the hippocampus responded quickly after TBI but subsided by 2 weeks
post-TBI. Meanwhile, the periventricular white matter was characterized by a progressively increasing expres-
sion of Ibalthat began within 1 week after TBI. In contrast to the hippocampus, the cortex, fimbria, periventri-
cular white matter, and the thalamus did not appear affected at 48 hours after TBI but showed a significant re-
sponse at the later time points. A recent study used the controlled cortical impact model of mild TBI in mice and
also found a delayed increase of Ibal-labeling within the thalamus that was associated with worse sleep main-
tenance [35]. Again, methamphetamine did not influence the general temporal-spatial progression of Ibal and
CD68 expression after severe TBI.

Rod-shapedibal® cells were most evident 2 weeks post-severe TBI, which contrasts a previous report of
maximal rod cells at 7 days after TBI [17]. Our model delivered a severe TBI via LFPI, while Ziebell et al. [17]
used a moderate midline TBI model. The difference in models combined with variations in tissue preparation is
a possible explanation for the discrepancy. We show that these rod-shapedibal® cells align with axons and ap-
pear to associate with dendrites. Furthermore, we show that rod-shapedibal® cells do not align or associate with
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Figure 7. TBI causes a progressive increase lbal and CD68 staining within the ipsilateral periventricular white matter.
Images show the ipsilateral periventricular white matter proximal to the cortical injury labeled with Ibal (red), CD68 (green)
and DAPI (blue). (A) Schematic of a rat brain at Bregma —3.3 with red box marking location of analysis, (B) Uninjured
control, (C) Summary graph of Ibal staining presented as relative fluorescence intenity, (D) Summary graph of CD68
staining presented as relative fluorescence intensity, (E) Saline at 48 hours after TBI, (F) Saline at 1 week after TBI, (G)
Saline at 2 weeks after TBI, (H) Methamphetamine at 48 hours after TBI, (I) Methamphetamine at 1 week after TBI, (J)
Methamphetamine at 2 weeks after TBI. For 48 hour analysis (Saline n = 6; Methamphetamine n = 6), for 1 week analysis
(Saline n = 5; Methamphetamine n = 4), for 2 week analysis (Saline n = 4; Methamphetamine n = 4), * = p < 0.05 compared
to uninjured, *** = p < 0.001; # = p < 0.05 compared to 48 hour Saline, ### = p < 0.001 compared to 48 hour Saline; ¢ =p <
0.05 compared to 48 hour Methamphetamine, ¢dd = p < 0.001 compared to 48 hour Methamphetamine; scale bar = 80 pm.

microvasculature following TBI. We expand on previous studies by showing that some, but not all, rod-shaped-
Ibal® cells are CD68-immunopositive, suggesting phagocytosis. The inconsistent presence of CD68 may indi-
cate rod cells increase phagocytic activity as necessary in order to clear a path of debris for growing axons.
MAP?2 is required for microtubule assembly and plays a crucial role in neuritogenesis. Combined with the fact
that microglia are known to influence dendritic growth [36], one hypothesis could be that rod-shaped Ibal” cells
guide and promote the growth of damaged neurons post-TBI. Low-dose methamphetamine did not appear to al-
ter rod-shapedlibal® cells within 2 weeks post-TBI. However since rod microglia are associated with cognitive
deficits and methamphetamine has been shown to reduce post-TBI cognitive impairments [19] [20], it would be
interesting to further investigate the connection between rod-shapedlbal® cells and low-dose methamphetamine
at later time points. Altered morphological structure is an attribute of activated microglia, but it offers little in-
sight into the functional role of the cell. Full characterization of rod-shapedlbal® cell function was out of the
scope of this study. However, such studies are necessary in order to better understand how these unique cells are
involved with neuropathology or neurorestoration. Along with rod-shapedlbal® cells, phagocytic (CD68") and
amoeboid lbal” cells increased in the cortex at later time points. The increase of Ibal” cells seen within the cor-
tex could be associated with the recently reported neuroprotective synaptic stripping; further analysis of the
functional consequences of the observed neuroinflammation is needed [13] [37].
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A

Figure 8. Hemorrhages are observed 48 hours after TBI. Images show the ipsilateral periventricular white matter proximal to
the cortical injury 48 hours after TBI labeled with Ibal (red), CD68 (green) and DAPI (blue). (A) Schematic of a rat brain at
Bregma —3.3 with red box marking location of analysis, (B) 10x image of autofluorescent RBCs, scale bar = 200 pm, (C)
60x% image, scale bar = 20 pm.
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Figure 9. TBI causes a delayed increase of Ibal and CD68 staining within the ipsilaterallaterodorsal thalamus. Images show
the ipsilaterallaterodorsal thalamic nuclei labeled with Ibal (red), CD68 (green) and DAPI (blue). (A) Schematic of a rat
brain at Bregma —3.3 with red box marking location of analysis, (B) Uninjured control, (C) Summary graph of Ibal staining
presented as relative fluorescence intensity (IOD SUM), (D) Summary graph of CD68 staining presented as relative
fluorescence intensity (I0OD SUM), (E) Saline at 48 hours, (F) Saline 1 week after TBI, (G) Saline 2 weeks after TBI, (H)
Methamphetamine at 48 hours post-TBI, (I) Methamphetamine one week post-TBI, and (J) Methamphetamine 2 weeks post-
TBI. For 48 hour analysis (Saline n = 6; Methamphetamine n = 6), for 1 Week analysis (Saline n = 5; Methamphetamine n =
4), for 2 week analysis (Saline n = 4; Methamphetamine n = 4), ** = p < 0.01 compared to uninjured, *** = p < 0.001

compared to uninjured; scale bar = 80 um.
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Perez-Polo et al. [15] showed that at 6 hours after mild TBI one of the structures most affected by the
pro-inflammatory cytokine 1L-15 was the ipsilateral hippocampus. We previously demonstrated that treatment
with low-dose methamphetamine results in decreased IL-15 expression at 32 hours after severe TBI [20]. Our
results showed that Ibal and CD68 labeling within the ipsilateral hippocampus is most affected at 48 hours
post-TBI. Furthermore, our data showed that the dentate gyrus, rather than other hippocampal structures, was
most affected and that activation subsides by 1-week post-TBI.

Microglia activation has been linked to neurogenesis within the dentate gyrus post-TBI [36]. However, exact-
ly how microglia may contribute to granule cell neurogenesis remains unclear. We previously reported that me-
thamphetamine treatment increased granule cell neurogenesis following severe TBI [21]. Here we report that
treatment with low-dose methamphetamine also causes a unique and transient bilateral increase of Ibal labeling
within the granule cell layer of the dentate gyrus at 48 hours post-TBI. The lbal® cells, increased by metham-
phetamine, within the granule layer may be releasing growth factors (i.e. BDNF) guiding neurogenesis, assisting
in pruning or synaptic integration of newborn neurons [36]. Although amoeboid Ibal” cells are classically asso-
ciated with phagocytosis, in the context of adult hippocampal neurogenesis ramified microglia are the cells re-
sponsible for phagocytizing apoptotic cells [36]. Our results from the dentate granule cell layer show an in-
creased number of ramified microglia rather than amoeboid cells after treatment with methamphetamine (Figure
5). It is plausible this increase of ramified microglia within the granule layer is linked to the increased neuroge-
nesis caused by methamphetamine. Future studies are needed in order to test the connection between metham-
phetamine’s effect on lbal® cells and neurogenesis within the dentate gyrus.

Our data supports a recent finding by Glushakova et al. [38] that Ibal and CD68 immunoreactive cells in-
crease in white matter tracts, specifically the periventricular white matter, up to 3 months post-TBI, presumably
accompanying the expansion of microbleeds reported in their study. In support of this idea, we observed autof-
luorescent erythrocytes 48 hours after injury within the periventricular white matter at similar locations where
the greatest 1bal labeling was seen at 2 weeks post TBI. Although it remains unclear whether the neuroinflam-
matory response within the periventricular white matter continues to rise after the 2-week time point, it is rea-
sonable to predict the Ibal” cells’ response will continue to expand alongside the continued expansion of micro-
bleeds reported by Glushakova et al. [38]. Low-dose methamphetamine does not affect the spread of Ibal and
CD68 immunopositive cells within white matter tracts, specifically within the periventricular white matter and
fimbria. Interestingly, white matter tract injury is strongly correlated with worse clinical outcomes and low-dose
methamphetamine is shown to improve clinical outcomes post-TBI and yet the drug has no effect within the pe-
riventricular white matter or fimbria. In conclusion, acute treatment with low-dose methamphetamine after se-
vere TBI causes a drug-dependent, transient, bilateral increase of Ibal* cells within the granule cell layer of the
dentate gyrus but otherwise does not induce major alterations in the overall temporal-spatial progression of I1bal
and CD68 staining in general throughout the brain.

5. Conclusion

Our results demonstrate that there is a temporal and spatial pattern to the expression of markers observed in acti-
vated microglia/macrophage following severe TBI in the rat lateral fluid percussion injury in the rat model. Our
results indicate that microglial activation is first observed within the hippocampus (48 hours), which resolves by
one-week post injury but progresses to the cortex (by one week) and finally involves the thalamus and periventri-
cular white matter by two weeks post injury. We further demonstrate that rod-shaped microglias are aligned with
neuronal processes within the injury core of the cortex at one and two weeks post injury. Finally, we observed a
unique increase in microglial activation within the granule cell layer of the dentate gyrus of methamphetamine
treated rats at 48 hours post TBI. This correlates with our previous observation that at the same time point post TBI
methamphetamine treated rats had a significant increase in granule cell neurogenesis. Thus, we hypothesize that
methamphetamine-induces microglia may serve a beneficial function in relation to granule cell neurogenesis.
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