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Abstract

Recent wars in Iraq and Afghanistan have accounted for an estimated 270,000 blast exposures 

among military personnel. Blast traumatic brain injury (TBI) is the ‘signature injury’ of modern 

warfare. Blood brain barrier (BBB) disruption following blast TBI can lead to long-term and 

diffuse neuroinflammation. In this study, we investigate for the first time the role of bryostatin-1, a 

specific protein kinase C (PKC) modulator, in ameliorating BBB breakdown. Thirty seven 

Sprague–Dawley rats were used for this study. We utilized a clinically relevant and validated blast 

model to expose animals to moderate blast exposure. Groups included: control, single blast 

exposure, and single blast exposure + bryostatin-1. Bryostatin-1 was administered i.p. 2.5 mg/kg 

after blast exposure. Evan’s blue, immunohistochemistry, and western blot analysis were 

performed to assess injury. Evan’s blue binds to albumin and is a marker for BBB disruption. The 

single blast exposure caused an increase in permeability compared to control (t=4.808, p<0.05), 

and a reduction back toward control levels when bryostatin-1 was administered (t=5.113, p<0.01). 

Three important PKC isozymes, PKCα, PKCδ, and PKCε, were co-localized primarily with 

endothelial cells but not astrocytes. Bryostatin-1 administration reduced toxic PKCα levels back 

toward control levels (t=4.559, p<0.01) and increased the neuroprotective isozyme PKCε 
(t=6.102, p<0.01). Bryostatin-1 caused a significant increase in the tight junction proteins VE-

cadherin, ZO-1, and occludin through modulation of PKC activity. Bryostatin-1 ultimately 
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decreased BBB breakdown potentially due to modulation of PKC isozymes. Future work will 

examine the role of bryostatin-1 in preventing chronic neurodegeneration following repetitive 

neurotrauma.
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Introduction

Each year, 1.7 million Americans experience a traumatic brain injury (TBI) in the USA [1]. 

Over 70 % of those patients sustain some form of disability following TBI [2]. The 

mechanisms by which TBI contributes to permanent homeostatic changes within the central 

nervous system (CNS) remain poorly understood. Recent evidence implicates disruption of 

the blood brain barrier (BBB) as an important indicator of brain injury [3]. Blast TBI, in 

particular, contributes to a vascular pressure surge that challenges BBB integrity [4]. Blast 

TBI also causes significant alterations in ZO-1, occludin, and VE-cadherin, important tight 

junction proteins [5]. The disruption is not universal across vasculature, however, with 

scattered lesions spread across the brain at specific microfoci [6]. Oxidative stress from 

damaged tissue causes increased BBB permeability at these microfoci [7]. The resulting 

BBB dysfunction contributes to inflammatory cascades and injury expansion [8]. The 

increase in blast-induced BBB permeability is transient with a return of tight junction 

function within 3 days, but the subsequent injury response is long-lasting [9].

One possible reason for these long-lasting effects is changes in protein kinase C (PKC) 

isozyme activity after injury. Some PKC isozymes, PKCα, PKCβ, and PKCε, translocate to 

the plasma membrane within 3 h after TBI and remain active for days [10–12]. PKCα 
activity has been linked to neuronal apoptosis following TBI [13] and is closely tied with 

glutamate receptor signaling [14]. PKCα and PKCδ activity can cause an uncoupling of 

NMDA receptors from spectrin mediated through sigma-1 receptor activation leading to 

calcium oscillations [15–17]. The calcium oscillations contribute to mitochondrial 

dysfunction and cell death [18]. PKCα and PKCδ can also hyperphosphorylate structural 

proteins such as tau and TBI61 within the hippocampus following injury [19]. Interestingly, 

PKC activity also decreases cerebral edema following TBI [20]. Three important isozymes 

play important roles in cerebral vasculature. PKCα regulates ZO-1 and occludin-tight 

junction proteins [21]. PKCδ activity regulates vessel constriction and vascular tone [22]. 

PKCε decreases vessel tone and provides neuroprotection [23]. Despite these associations, 

the role of specific PKC isozymes in BBB disruption following blast TBI has yet to be 

elucidated.

Although PKC activity has not been well studied in TBI, available evidence suggests that 

PKC isozymes play an important role in neural injury. An 80% increase in PKC activity was 

reported 3 h after TBI and contributes to secondary neuronal injury [10]. Compounds that 

modulate PKC isozymes therefore warrant further investigation. The potent PKC modulator, 

bryostatin-1, has profound neuroprotective effects in animal models of neural injury. The 
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single study using bryostatin-1 for treatment of mild TBI showed profound protection 

against learning and memory deficits in mice by increasing the α-secretase, ADAM10 [24]. 

Although PKC modulation has not been extensively studied in TBI models, in an 

Alzheimer’s disease model it increased PKCε, which facilitated amyloid β plaque 

degradation by increasing the enzyme neprilysin [25]. It also enhanced gabaergic signaling 

improving learning and memory through PKCα modulation and decreased synaptic loss [26, 

27]. Following ischemic stroke, bryostatin-1 modulated PKCα and PKCε to enhance 

survival and reduce edema in aged Sprague–Dawley rats [28]. Although Alzheimer’s disease 

and stroke are vastly different than TBI, they do share similar secondary mechanisms of 

injury, such as PKC and microglia activation, that should be carefully investigated

Herein, we show for the first time that PKC isozymes are increased after blast-induced TBI, 

and are correlated with acute BBB breakdown and tight junction protein changes. Using our 

clinically relevant and validated blast model [29], we observed statistically significant acute 

changes in BBB permeability 6 h after a single blast exposure. Interestingly, the PKC 

modulator bryostatin-1 reduced BBB permeability, decreased levels of the detrimental 

PKCα isozyme, and increased the beneficial PKCε isozyme. The mechanism of 

bryostatin-1’s beneficial effects is closely linked to regulation of tight junction proteins 

through specific modulation of PKC isozymes. Occludin closely interacts with the 

scaffolding proteins ZO-1 and VE-Cadherin [30], and our data show that bryostatin-1 

significantly elevated levels of occludin, VE-Cadherin, and ZO-1. Increasing the levels of 

tight junction proteins has been shown to help maintain BBB integrity [31]. Modulation of 

PKC expression may therefore be a promising treatment strategy for preventing BBB 

disruption following acute neurotrauma.

Materials and Methods

Animals and Treatments

Thirty-seven (37) young adult (300–350 g) male Sprague–Dawley rats (Hilltop Lab 

Animals, Inc.) were used for this study. Animals were housed in pairs with 12 h:12 h dark to 

light cycle and food available ad libitum. The Institutional Animal Care and Use Committee 

of West Virginia University approved all procedures and experiments involving animals. The 

experiments were performed in accordance with the Guide for the Care and Use of 
Laboratory Animals. Ten (10) animals were used for Evan’s Blue (EB) absorbance analysis. 

Eighteen (18) animals were used for immunohistochemisty (IHC) staining and western blot 

analysis. Nine (9) animals were used for microvessel isolation and subsequent western blot 

analysis (Fig. 1). Bryostatin-1 was administered by intraperitoneal injection (2.5 mg/kg) 

[28], 5 min after blast exposure for all blast + bryostatin-1 groups.

Bryostatin-1 was dissolved in vehicle (10 % ethanol in 0.9 % normal saline). Bryostatin-1 

was obtained by Dr. Daniel Alkon from the National Cancer Institute, National Institutes of 

Health, Bethesda, MD, USA. The dose of bryostatin-1 was selected in accordance with 

animal protocols and according to a dose response curve showing that bryostatin-1 enters the 

brain but is maintained well below the maximal tolerated dose [32, 33]. Control animals 

were anesthetized and injected with vehicle. Bryostatin-1 is a potent modulator of PKC 

isozymes with selectivity for PKCα and PKCε [34].
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Blast Exposure

The animal was oriented perpendicular to the blast apparatus, with the driver section placed 

near the right side of the skull. A polyvinyl chloride shield protected the rest of the body. We 

utilized a membrane with a 0.005-in. thickness to generate a blast exposure with peak 

reflected overpressure of ~50 PSI and peak incident overpressure of ~15 PSI (Fig. 1b–c). 

The exposure produced moderate blast injury as previously characterized. [29]. The primary 

extent of injury has been localized to the left hemisphere due to coup and counter-coup 

acceleration/deceleration mechanisms [35]. Briefly, nitrogen gas builds pressure behind a 

clear polyester film that subsequently ruptures to produce a blast wave. Piezoelectric sensors 

(Model 102AO5; PCB Piezotronics) were placed in the reflected and incident positions at 

the exit of the shock tube and data was recorded with a data acquisition board (DAQ 23GF, 

National Instruments) and sensor signal conditioner (482C Series; PCB Piezotronics). 

LabView software version 12.0 (National Instruments) was used to reconstruct accurate 

pressure recording graphs (Fig. 1d). The short driver section generates brief-duration waves 

comparable to those seen from improvised explosive devices when scaled properly for the 

rodent size based on principles previously highlighted by Bass and colleagues [36, 37].

Evan’s Blue

Groups for Evan’s Blue (EB) included control (n=3), single blast (n=4), and single blast + 

bryostatin-1 (n=3). BBB permeability was assessed 6 h after blast exposure using EB as a 

tracer molecule. EB binds to albumin, and albumin will only enter the brain if the BBB is 

compromised. Animals were anesthetized with inhaled 4 % isoflurane (Halocarbon) and 

maintained with 2 % isoflurane before normal saline containing EB (2 %, 5 mL/kg) (2 %w/v 
in saline) was administered intravenously (femoral vein) 30 min prior to perfusion. The rats 

were transaortally perfused with normal saline for 10 min. The brains were excised; 

meninges and ependymal organs removed, hemispheres separated, and left prefrontal cortex 

sectioned. The prefrontal cortex is one of the brain regions most susceptible to BBB 

disruption following injury [38]. The left prefrontal cortex samples were then weighed, and 

homogenized in 1 mL of 50 % trichloroacetic acid (TCA). The resulting suspensions were 

placed in 0.5 mL aliquots. The aliquots were incubated for 24 h at 37°, and centrifuged at 

10,000 × g for 10 min. The supernatant was collected and measured by absorbance 

spectroscopy at 620 nm for EB determination. Calculations were based on external standard 

readings (50 µg/mL of EB dissolved in saline with eight serial dilutions). The extravasated 

dye in brain tissue was expressed as ng EB/mg of brain tissue.

Microvessel Isolation

Rats were anesthetized with 4 % isoflurane, decapitated, and the brain was removed. The 

brain was placed in 10 mL of MVI Buffer two (6.02 g/L NaCl, 0.35 g/L KCl, 0.37 g/L 

CaCl2, 0.16 g/L KH2PO4, 0.3 g/L MgSO4, and 3.57 g/L HEPES) with protease inhibitor 

cocktail. The meninges and choroid plexus were removed and the cerebral hemispheres were 

placed in a glass homogenization tube with 4 mL of MVI Buffer one (6.02 g/L NaCl, 0.35 

g/L KCl, 0.37 g/L CaCl2, 0.16 g/L KH2PO4, 0.3 g/L MgSO4, 3.57 g/L HEPES, 2.1 g/L 

NaHCO3, 1.80 g/L Glucose, 0.11 g/L Na Pyruvate, and 10 g/L Dextran (64 K)) and protease 

inhibitor cocktail. MVIs one and two were pH adjusted to 7.4. With a Teflon pestle, the 
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tissue was homogenized and filtrate placed in a 16-mL tube with 4 mL of 26% dextran. The 

tubes were centrifuged at 5,800 × g for 10 min at 4 °C. The supernatant was aspirated and 

the pellet was re-suspended in 5 mL of MVI buffer two with protease inhibitor cocktail. The 

homogenate was filtered through 100 µm filter, and centrifuged at 5,800 × g for 5 min at 

4 °C. The supernatant was decanted and microvessel pellet saved for western blot analysis.

Western Blot

Western blot analysis was performed similar to work previously published by our laboratory 

[39]. Briefly, 24 h after blast exposure, animals were anesthetized with 4 % isoflurane, 

brains were removed by decapitation, and the brains were subsequently sectioned. Groups 

included control, single blast, and single blast + bryostatin-1. Protein samples from the left 

prefrontal cortex were dissolved in 0.5 mL hot (85–95 °C)1% sodium docecyl sulfate (SDS), 

sonicated, and a Bicinchoninic Acid (BCA) protein assay kit (Thermo Fisher Scientific, 

Rockfield, IL, USA) was used to determine protein concentration. The pre-stained standard 

SeeBlue® Plus2 (Life Technologies, Carlsbad, CA, USA) was used. 2X Lammeli buffer 

combined with 30 µg of protein was loaded per well and run on a Bolt® Mini tank system 

(Life Technologies) with pre-cast Bolt® Bis-Tris Plus 10 % 12-well gels (Life 

Technologies). PVDF membranes (Bio-Rad, Contra Costa, CA, USA) were soaked in 

methanol and used for wet transfer (Bio-Rad) at 60 V for 2.5 h. Primary antibodies used 

were occludin rabbit 1:1,000 (Life Technologies), PKCα, PKCδ, PKCe mouse 1:200 (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA), and VE-Cadherin rabbit 1:1,000 (Cell 

Signaling, Danvers, MA, USA). Microvessel isolation tissue was used to detect changes in 

PKC isozymes. LI-COR secondary antibodies IRDye® 800CW and IRDye® 680RD (LI-

COR, Lincoln, NE, USA) were used with an Odyssey fluorescent scanner at wavelengths 

800 or 700, intensity 6.0, and 84 resolution with high image quality. Images were analyzed 

after background subtraction, and normalized to β-actin to give relative overall intensity.

Immunohistochemistry

Experimental groups included control (n=3), single blast (n=3), and single blast + 

bryostatin-1 (n=3). Rats were anesthetized with 4 % isoflurane and transcardially perfused 

with 0.9 % saline followed by 4 % paraformaldehyde at 24 h after blast exposure. The rats 

were decapitated, and brains were removed and stored in 4 % paraformaldehyde until 

processing. The tissue was sectioned and paraffin embedded. Six-micrometer slices from the 

left prefrontal cortex were cut with a Leica RM2235 microtome (Leica Microsystems, 

Wetzlar, Germany) and mounted on slides. Slides were washed in xylene, 100 % EtOH and 

95 % EtOH for 5 min each in order to remove the paraffin, followed by rehydration in dH2O 

for 5 min. Using 10 % methanol and 10 % H2O2 in Dulbecco’s phosphate buffered saline 

(DPBS), slides were quenched for 15 min, followed by three rinses in DPBS for 5 min each. 

The slides were then added to permeabilizing solution (1.8 % L-Lysine, 4 % horse serum, 

and 0.2 % Triton X-100 in DPBS) for 30 min. Slices were circumscribed and incubated 

overnight with a primary antibody and 4 % horse serum. The next day, slides were rinsed 

and incubated for 3 h with a fluorescent secondary antibody. A second set of primary and 

secondary antibodies were used in the case of co-localization staining. Slides were then 

fixed with Permount mounting media. Primary antibodies include: PKCα, PKCδ, and PKCε 
mouse 1:500 (Santa Cruz Biotechnology), Claudin-5 mouse 1:200 (Life Technologies), 
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occludin rabbit 1:200 (Life Technologies), VE-Cadherin rabbit 1:150 (Cell Signaling), ZO-1 

Alexa Fluor® 488 mouse 1:200 (Life Technologies), Glial Fibrillary Acidic Protein (GFAP) 

mouse 1:150 (Cell Signaling), GFAP rabbit 1:500 (DAKO, Glostrup, Denmark), Neuronal/

glia proteoglycan 2 (NG-2) rabbit 1:500 (Santa Cruz Biotechnology) and Von Willebrand 

Factor (VWF) rabbit 1:200 (Sigma Aldrich, St. Louis, MO, USA). Secondary antibodies 

include Alexa Fluor 594 goat anti-mouse 1:1,000 (Life Technologies), Alexa Fluor 594 goat 

anti-rabbit 1:500 (Life Technologies), Alexa Fluor 488 donkey anti-mouse 1:500 (Life 

Technologies), and Alexa 488 donkey anti-rabbit 1:1,000 (Life Technologies). Twenty cells 

per slide were randomly selected, outlined, and measured with ImageJ software (NIH) by an 

observer blinded to experimental group. Density was adjusted per mean area to give 

corrected total cell fluorescence normalized to background for claudin-5, occludin, VE-

Cadherin, ZO-1, and PKCα, PKCδ, and PKCε. Co-localization was quantified with the 

ImageJ plugin Just Another Co-localization plugin to give Pearson’s coefficient for controls 

and overlap coefficient for treatment groups [40]. For percentage of co-localization, an 

observer blinded to experimental group counted 100 cells and the ratio of positive cells to 

total cells was recorded. χ2 analyses was used to compare between groups.

Statistical Analysis

Biochemical assay data were analyzed using GraphPad Prism 6.0 (GraphPad Software, Inc., 

La Jolla, CA, USA) by an observer blinded to experimental group. A one-way ANOVA with 

Tukey’s post-hoc was used to compare across groups for EB absorbance, western blot 

analysis, and IHC quantification. Overlap coefficient was calculated via the ImageJ plugin 

with the following equation: k2=k1×k2 with all values adjusted to threshold. Pearson’s 

coefficient was obtained for controls. χ2 analyses was used to compare the percentages of 

positive co-localized cells between groups. p<0.05 was considered statistically significant 

for all data analyzed.

Results

Bryostatin-1 Significantly Modulates PKCα and PKCε but not PKCδ Expression After Blast

Bryostatin-1 has previously been shown to be neuroprotective following mild TBI in a 

murine model by reducing β-secretase and β amyloid production [24]. Furthermore, our lab 

has published that bryostatin-1 decreases PKCα and increases PKCε following neural injury 

in an aged-female Sprague–Dawley model [28]. The role bryostatin-1 plays in regulating 

PKC activity at the neurovascular unit has yet to be determined. We examined perivascular 

regions of the left prefrontal cortex using quantitative IHC. A significant difference in PKCα 
was observed between groups (F(2,24)=7.743, p<0.01) 24 h after injury. Post-hoc 
comparison revealed a significant difference between control and single blast groups 

(t=5.043, p<0.01) and between single blast and single blast + bryostatin-1 groups (t=4.559, 

p<0.01) (Fig. 2a–g). A significant difference in PKCδ was observed between groups 

(F(2,27)=16.73, p<0.001) 24 h after injury. Post-hoc comparison revealed a significant 

difference between control and single blast groups (t=8.049, p<0.001) and between control 

and single blast + bryostatin-1 groups (t=5.292, p<0.01) (Fig. 2h–n). No significant 

difference was seen between single blast and single blast + bryostatin-1, consistent with the 

notion that bryostatin-1 negligibly alters PKCδ expression. A significant difference in PKCε 
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was observed between groups (F(2,27)=14.73, p<0.001) 24 h after injury. Post-hoc 
comparison revealed a significant difference between control and single blast + bryostatin-1 

groups (t=7.509, p<0.001) and between single blast and single blast + bryostatin-1 groups 

(t=5.133, p<0.01) (Fig. 2o–u). We also examined changes in PKC expression using western 

blot analysis. A significant difference between groups was observed for PKCα 
(F(2,14)=7.672, p<0.01). Post-hoc comparison revealed a significant difference between 

control and single blast (t=4.576, p<0.05), and between single blast and single blast + 

bryostatin-1 (t=5.113, p<0.01) (Fig. 3a). A significant difference between groups was 

observed for PKCδ (F(2,6)=13.25, p<0.01). Post-hoc comparison revealed a significant 

difference between control and single blast (t=7.197, p<0.01), and between control and 

single blast + bryostatin-1 (t=4.549, p<0.05) (Fig. 3b). A significant difference between 

groups was observed for PKCε (F(2,15)=10.05, p<0.01). Post-hoc comparison revealed a 

significant difference between control and single blast (t=4.546, p<0.05), and between 

control and single blast + bryostatin-1 (t=6.102, p<0.01) (Fig. 3 c).

Bryostatin-1 Maintained BBB Integrity Following Blast Exposure

BBB integrity can be measured by EB extravasation into the brain parenchyma [7]. EB binds 

to albumin, and albumin does not readily penetrate an intact BBB. NG-2 is a pericyte 

proteoglycan that is increased during BBB disruption and subsequent neovascularization 

[41]. Disruption of the BBB has multiple effects including neuroinflammation and formation 

of reactive oxygen species [42]. A significant difference between groups was observed for 

EB extravasation 6 h after blast exposure (F(2,7)=7.38, p<0.05) for the left prefrontal cortex 

(Fig. 4a). Post-hoc comparison was significant between control and single blast (t=4.808, 

p<0.05) and between single blast and single blast + bryostatin-1 (t=4.347, p<0.05). No 

significant difference was seen between control and single blast + bryostatin-1. Bryostatin-1 

successfully preserved the integrity of the BBB apparent on gross exam of the left 

hemisphere (Fig. 4b). A significant difference in NG-2 was observed 24 h after blast 

exposure (F(2,27)=20.42, p<0.001) for the left prefrontal cortex (Fig. 4c–h). Post-hoc 
comparison was significant between control and single blast (t=5.504, p<0.01), and between 

single blast and single blast + bryostatin-1 (t=8.961, p<0.001), but not between control and 

single blast + bryostatin-1.

PKC Modulation Alters Tight Junction Proteins at the Blood Brain Barrier

Activation of PKC isozymes is thought to play a crucial role in BBB disruption [43]. PKCα, 

in particular, has been linked to redistribution of tight junction proteins leading to increased 

vascular permeability [44]. PKCα is also known to activate sonic hedgehog protein leading 

to dysfunctional synthesis of tight junction proteins [45, 46]. Alternatively, increasing PKCε 
facilitates tight junction protein translocation from the nucleus to the plasma membrane [47]. 

Gross examination of the neurovascular unit (VWF co-localized with GFAP) revealed 

histological disruption of the BBB following blast injury but maintenance of barrier integrity 

when bryostatin-1 was administered following blast exposure (Fig. 5a–c). A significant 

difference between groups was not observed for Claudin-5 (Fig. 5d–j) using fluorescent 

IHC. A significant difference between groups was observed for VE-Cadherin (F(2,6)=18.58, 

p<0.01) using western blot. Post-hoc comparison revealed a significant difference between 

control and single blast (t=4.571, p<0.05), and between control and single blast + 
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bryostatin-1 (t=8.616, p<0.01) (Fig. 6a). A significant difference between groups was 

observed for occludin (F(2,6)=49.02, p<0.001) using western blot. Post-hoc comparison 

revealed a significant difference between control and single blast (t=6.955, p<0.01), between 

control and single blast + bryostatin-1 (t=14, p<0.001), and between single blast and single 

blast + bryostatin-1 (t=7.048, p<0.01) (Fig. 6b). A significant difference between groups was 

observed for ZO-1 (F(2,26)=35.68, p<0.001) using fluorescent IHC. Post-hoc comparison 

revealed a significant difference between control and single blast + bryostatin-1 (t=11.45, 

p<0.001), and between single blast and single blast + bryostatin-1 (t=8.553, p<0.001) (Fig. 

6c–i). Additionally, a significant difference between groups was observed for VE-Cadherin 

(F(2,27)=5.9, p<0.05) using fluorescent IHC. Post-hoc comparison revealed a significant 

difference between control and single blast (t=4.016, p<0.05), and between control and 

single blast + bryostatin-1 (t=4.375, p<0.05) (Fig. 7a–g). A significant difference was also 

observed between groups for occludin (F(2,27)=79.88, p<0.001). Post-hoc comparison 

revealed a significant difference between control and single blast (t=8.304, p<0.001), 

between control and single blast + bryostatin-1 (t=17.86, p<0.0001), and between single 

blast and single blast + bryostatin-1 (t=9.557, p<0.001) (Fig. 7h–n).

PKCα, PKCδ, and PKCε are Co-localized with Endothelial Cells but not Astrocytes after 
Blast Exposure

The neurovascular unit and the associated BBB consists of endothelial cells, astrocytes, and 

pericytes that form a structural basement membrane [48]. The unit acts as a consortium that 

dictates vascular constriction and dilation in response to stimuli [49]. The role of PKC 

isozymes in mediating changes to vasculature tone following TBI has yet to be elucidated. 

We examined the extent of co-localization for PKCα, PKCδ, and PKCε with endothelial 

cells (VWF) or astrocytes (GFAP) in the left prefrontal cortex of control animals and single 

blast exposed animals 24 h after injury. The Pearson’s coefficient for control animals for 

PKCα and VWF was r=0.395 (Fig. 8a–f). The overlap coefficient for PKCα and VWF after 

single blast exposure (threshold A=20, threshold B=14) was r=0.954 with k1=0.734 and 

k2=1.238 (Fig. 8g–l). The Pearson’s coefficient for control animals for PKCα and GFAP 

was r=0.351 (Fig. 8m–r). The overlap coefficient for PKCα and GFAP after single blast 

exposure (threshold A=29, threshold B=22) was r=0.379 with k1=0.768 and k2=0.187 (Fig. 

8s–x). The Pearson’s coefficient for control animals for PKCα and VWF was r=0.61 (Fig. 

9a–f). The overlap coefficient for PKCδ and VWF after single blast exposure (threshold 

A=34, threshold B=14) was r=0.88 with k1 =0.444 and k2=1.744 (Fig. 9g–l). The Pearson’s 

coefficient for control animals for PKCδ and GFAP was r=0.029 (Fig. 9m–r). The overlap 

coefficient for PKCδ and GFAP after single blast exposure (threshold A=52, threshold 

B=20) was r=0.449 with k1=0.227 and k2=0.89 (Fig. 9s–x). The Pearson’s coefficient for 

control animals for PKCε and VWF was r=0.004 (Fig. 10a–f). The overlap coefficient for 

PKCε and VWF after single blast exposure (threshold A=44, threshold B=23) was r=0.978 

with k1=0.765 and k2=1.249 (Fig. 10g–l). The Pearson’s coefficient for control animals for 

PKCε and GFAP was r=0.133 (Fig. 10m–r). The overlap coefficient for PKCε and GFAP 

after single blast exposure (threshold A=24, threshold B=22) was r=0.394 with k1=0.286 

and k2=0.543 (Fig. 10s–x). We examined the percentage of positive cells for PKCα co-

localized with VWF in perivascular regions of the left prefrontal cortex 24 h after injury 

(Supplementary Fig. 1). The ratio of positively stained cells to total cells for control was 18/ 
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100, for blast-exposed animals 57/100, and for blast exposed animals treated with 

bryostatin-1 36/100. χ2=20.595 with two degrees of freedom and a two-tailed p value equal 

to 0.0001.

Discussion

Bryostatin-1 has been successfully used in numerous animal models of neural injury 

including TBI, ischemic stroke, auditory neurodegeneration, and Alzheimer’s disease and is 

currently under investigation in clinical trials [50, 51, 24, 52]. Recent findings have shown 

that secondary injury mechanisms such as neuroinflammation, endoplasmic reticulum stress, 

and PKC activity are conserved despite the type of injury [53–55]. The timing of activity 

might vary but the pathways are similar and theoretically targeted in a similar fashion. For 

example, bryostatin-1 protects against loss of pre-synaptic synaptophysin and loss of post-

synaptic spinophylin following TBI in mice [24]. In an aged-female Sprague– Dawley stroke 

model, bryostatin-1 improved survival and reduced ischemic damage [28]. Likewise, 

bryostatin-1 decreased apoptosis and prevented deficits in synaptogenesis in a global model 

of cerebral ischemia [50, 56]. Despite the different injury models bryostatin-1 was a 

successful therapeutic because it upregulates PKC activity early and downregulates activity 

when used at excess doses or at chronic time points [57]. At the dose used in this study, it is 

possible that an early activation of PKCα is followed by a drastic downregulation observed 

at 24 h. PKCε may also be increased not only due to upregulation but also from increased 

synthesis [27]. Future studies will be required to look at PKC changes at both earlier time 

points and also the beneficial effects of bryostatin-1 when administered at subacute time 

points. In Alzheimer’s disease, early upregulation of PKC activity enhances neuronal repair 

and decreases amyloid-mediated degeneration while maintaining long-term potentiation [58, 

59]. In addition, bryostatin-1 facilitates neurite outgrowth, maintains cognitive function [52], 

and enhances synaptic connectivity and spatial learning [34]. For affective disorders, 

bryostatin-1 downregulates ERK-dependent PKC activity at late time points, which can have 

beneficial effects for treating substance abuse, depression, and aversive emotional memories 

[51, 60]. Similar molecular PKC targets appear to be altered in TBI [14].The potential for 

bryostatin-1 as a treatment for TBI warrants further investigation. The necessity for different 

dosing strategies as well as altering the timing of dosing must be carefully considered in a 

series of future studies. Furthermore, specific activation of select isozymes will offer 

compelling insight into their protective properties following TBI. In this study, we examined 

how a single 2.5 mg/kg dose of bryostatin-1 affects BBB integrity acutely following blast-

induced TBI.

We found that a single moderate TBI significantly increased EB extravasation into the left 

prefrontal cortex 6 h after injury. Bryostatin-1 administration ameliorated this disruption. A 

potential mechanism by which this occurs is through regulation of PKCα and PKCε, which 

subsequently increases the tight junction proteins VE-Cadherin, occludin, and ZO-1 at the 

BBB. It has been previously shown in an ischemic stroke model that inhibiting PKCα 
increases the tight junction proteins ZO-1, occludin, and VE-Cadherin [61]. PKCα has 

limited regulatory function for claudin-5 accounting for the non-significant findings 

observed. Tight junction proteins overall are essential for maintaining limited and selective 

permeability into the brain parenchyma and preventing neuroinflammation [62]. A switch to 

Lucke-Wold et al. Page 10

Mol Neurobiol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PKCα activation following TBI has been shown to accelerate neuroinflammation [63]. Our 

data show that bryostatin-1 decreased levels of PKCα when given after blast. A separate 

isozyme, PKCδ, mediates vasoconstriction, but its role in tight junction disruption is poorly 

understood [64]. Our data show that bryostatin-1 had a negligible effect on PKCδ levels. 

Another isozyme, PKCε, is associated with neuroprotection in various models of brain 

injury [65]. Bryostatin-1 was previously shown to regulate tight junction proteins in vitro via 

modulation of PKCe [66]. PKCe is essential for exportation of zona occluden proteins to the 

site of functional activity [47]. We found that bryostatin-1 significantly elevated PKCε when 

administered after blast injury.

Increasing VE-Cadherin, occludin, and ZO-1 strengthens the BBB therefore maintaining its 

integrity [67]. Other therapeutic approaches for TBI such as hyperbaric oxygen and 

sevoflurane were previously shown to significantly increase tight junction protein expression 

[68, 69]. Our data provide compelling evidence that bryostatin-1 also increases tight junction 

proteins leading to maintenance of the BBB and decreased permeability after blast injury. 

Future work will examine the functional capacity of these tight junction proteins as well as 

their efficient means of trafficking [70]. Utilizing in vitro modeling with astrocyte and 

endothelial co-culture may represent an effective way to examine functional capacity [71]. 

Designing an effective in vitro model of blast TBI and BBB dynamics is an area requiring 

focused investigation [72, 73]. Another avenue requiring further investigation is how 

changes in PKC function affect the gliovascular unit. Our data show that PKC changes were 

localized to the endothelial cells not glia. What has yet to be discovered is how cytokines 

released from endothelial cells may alter the surrounding gliovascular unit [74]. In order to 

investigate this important area, specific PKC modulators such as (Alphatomega; H-

FKKQGSFAKKK-NH(2)) for PKCα and the PKCε peptide activator must be used in future 

investigative studies [75, 76]. A malfunctioning gliovascular unit can contribute to chronic 

neurodegeneration [77].

An area of ongoing research is how the progression of acute BBB disruption leads to chronic 

detrimental outcomes. Subtle changes can occur in a young developing brain post TBI that 

often take years to manifest into symptoms [78]. Microbleeds from a disrupted BBB 

following TBI can cause long-term negative outcomes such as glial scarring and white 

matter degeneration [79–81]. These markers of injury have been associated with mid-to-late 

life diseases such as chronic traumatic encephalopathy, autoimmune encephalomyelitis, 

vascular dementia, and early-onset Alzheimer’s disease [82–84]. Interestingly, stabilization 

of the BBB through PKC modulation decreases chronic negative effects acutely [85]. If BBB 

disruption does occur, calcium imbalance triggers a host of downstream events. Current 

understanding indicates that glia communicate with neurons through calcium signaling, and 

calcium signaling is often disrupted following TBI [86]. Disrupted calcium signaling can 

lead to activation of endoplasmic reticulum stress and mitochondrial dysfunction [87]. Long-

term outcomes include the formation of reactive oxygen species, amyloid pathology, and tau 

hyperphosphorylation [88]. PKC isozymes are known tau kinases that are increased in 

neurodegenerative disease [89]. Long-term bryostatin-1 treatment has been shown to 

modulate tau hyperphosphorylation in a murine model of dementia [90, 51]. A large 

prospective cohort study has recently shown that veterans diagnosed with TBI have a 1.57 

adjusted hazard ratio for the onset of dementia compared to controls [91]. Ongoing work 
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will investigate the long-term role bryostatin-1 treatment plays in preventing 

neurodegeneration following repetitive blast exposure. Appropriate dosing strategies will be 

carefully developed for single and repetitive injury. The effects of bryostatin-1 are likely 

twofold: protection of BBB acutely and preservation of neuronal stability chronically. 

Timing and appropriate dosing is a necessity to tease out the most appropriate protective 

treatment windows. PKC modulation offers a promising therapeutic approach for preventing 

the chronic sequelae associated with neurotrauma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Table showing the experimental techniques used for each time point
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Fig. 2. 
Bryostatin-1 decreases PKCα and increases PKCε 24 h after blast exposure. Our data show 

that bryostatin-1 has a profound effect after blast traumatic brain injury using fluorescent 

IHC. Scale bar=100 µm in left prefrontal cortex. PKCα control (a) with inlay (b) compared 

to single blast exposure (c) with inlay (d), and single blast exposure + bryostatin-1 (e) with 

inlay (f) showed significant difference between groups. Post-hoc comparison between 

control and single blast (**p<0.01) and between single blast and single blast + bryostatin-1 

(##p<0.01) as depicted in bar graph (g). PKCγ control (h) with inlay (i) compared to single 

blast exposure (j) with inlay (k), and single blast exposure + bryostatin-1 (l) with inlay (m) 

showed significant difference between groups. Post-hoc comparison between control and 

single blast (***p<0.001) and between control and single blast + bryostatin-1 (**p<0.01) as 

depicted in bar graph (n). PKCε control (o) with inlay (p) compared to single blast exposure 

(q) with inlay (r), and single blast exposure + bryostatin-1 (s) with inlay (t) showed a 

significant difference between groups. Post-hoc comparison between control and single blast 

+ bryostatin-1 (***p<0.001) and between single blast and single blast + bryostatin-1 (!!

p<0.01) as depicted in bar graph (u)
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Fig. 3. 
Bryostatin-1 is a potent PKC modulator. It has been used to regulate PKC activity in a time-

specific manner for multiple neural injury models. Protein concentrations were measured in 

the left prefrontal cortex 24 h after blast expsoure using western blot analysis. A significant 

difference between groups was observed for PKCα. Post-hoc comparison between control 

and single blast (*p<0.05), and between single blast and single blast + bryostatin-1 

(##p<0.01) (a). A significant difference between groups was observed for PKCδ. Post-hoc 
comparison between control and single blast (**p<0.01), and control and single blast + 

bryostatin-1 (*p<0.05) (b). A significant difference between groups was observed for PKCε. 

Post-hoc comparison between control and single blast (*p<0.05), and between control and 

single blast + bryostatin-1 (**p<0.01) (c). Bryostatin-1 significantly decreased PKCα levels 

and increased PKCε levels when administered after blast exposure
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Fig. 4. 
Bryostatin-1 preserves BBB integrity. Evan’s blue binds to albumin and is a widely used 

marker for detecting breaches in the BBB. NG-2 is a proteoglycan found in pericytes that 

will be increased when the BBB is disrupted. Scale bar=100 µm in left prefrontal cortex. A 

significant difference between groups was observed for EB absorbance in the brain after 

femoral vein injection post-blast. Post-hoc comparison revealed a significant difference 

between control and single blast (*p<0.05), and between single blast and single blast + 

bryostatin-1 (#p<0.05) (a). Gross examination revealed increased EB staining in the left 

hemisphere following blast exposure that was decreased when bryostatin-1 was given 

following blast (b). A significant difference between groups was observed for NG-2 IHC 

fluorescent staining (c–h). Post-hoc comparison revealed a significant difference between 

control and single blast (**p<0.01), and between single blast and single blast + bryostatin-1 

(###p<0.001) (i)
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Fig. 5. 
Vasculature disruption after blast exposure is independent of claudin-5 regulation. PKCα 
specifically regulates occludin, ZO-1, and VE-Cadherin, but not claudin-5. Claudin-5 levels 

may therefore be independent of bryostatin-1 modulation. Scale bar=5 µm in the left 

prefrontal cortex (a–c). Scale bar=100 µm in the left prefrontal cortex (d–j). VWF (green) 

was co-localized with GFAP (red) to give a visual representation of cerebral vasculature. 

Control vasculature in the left prefrontal cortex was visibly intact (a). Twenty-four hours 

after blast exposure left prefrontal cortex vasculature was visibly disrupted as indicated by 

the sparse VWF staining (b). Bryostatin-1 preserved vasculature integrity when administered 

after blast exposure (c). No significant differences were observed between groups for 

claudin-5 using fluorescent IHC (d–j)
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Fig. 6. 
Bryostatin-1 significantly increases tight junction proteins. Our data show that bryostatin-1 

significantly upregulated tight junction proteins leading to maintenance of BBB integrity 

following blast TBI. Scale bar=100 µm in left prefrontal cortex. A significant difference was 

observed between groups using western blot for VE-Cadherin with post hoc comparison 

showing significance between control and single blast (*p<0.05), and between control and 

single blast + bryostatin-1 (**p<0.01) 24 h after blast exposure (a). A significant difference 

was observed between groups using western blot for occludin with post hoc comparison 

showing significance between control and single blast (**p<0.01), between control and 

single blast + bryostatin-1 (***p<0.001), and between single blast and single blast + 

bryostatin-1 (##p<0.01) 24 h after blast exposure (b). A significant difference was observed 

between groups using fluorescent IHC for ZO-1 with post hoc comparison showing 

significance between control and single blast + bryostatin-1 (***p<0.001), and between 

single blast and single blast + bryostatin-1 (###p<0.001) 24 h after blast exposure (c)
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Fig. 7. 
Tight junction protein expression was increased by bryostatin-1 at vasculature. Tight 

junction protein return of function is necessary for restoration of BBB integrity. Scale 

bar=75 µm in left prefrontal cortex. A significant difference was observed between groups 

using fluorescent IHC for VE-Cadherin with post hoc comparison showing significance 

between control and single blast (*p<0.05), and between control and single blast + 

bryostatin-1 (*p<0.05) 24 h after blast exposure (a–g). A significant difference was observed 

between groups using fluorescent IHC for occludin with post-hoc comparison showing 

significance between control and single blast (***p<0.001), between control and single blast 

+ bryostatin-1 (****p<0.0001), and between single blast and single blast + bryostatin-1 

(###p<0.001) 24 h after blast exposure (h–n)
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Fig. 8. 
PKCα co-localized with endothelial cells but not astrocytes. Both astrocytes and endothelial 

cells are critical for maintenance of the BBB. PKCα activity within endothelial cells plays 

an intimate role in regulating extracellular tight junction proteins. Fluorescnt IHC red 

staining for PKCα, green staining for VWF (endothelial) or GFAP (astocyte), and yellow is 

overlay. Scale bar=20 µm in left prefrontal cortex. PKCα (a) with inlay (b) and VWF (c) 

with inlay (d) have a weak overlay with a Pearson’s coefficient of r=0.395 seen in (e) with 

inlay (f) for control animals. PKCα (g) with inlay (h) and VWF (i) with inlay (j) have a 

very strong overlay with an overlap coefficient of r=0.954 seen in (k) with inlay (l) 24 h post 

blast exposure. PKCα (m) with inlay (n) and GFAP (o) with inlay (p) have a weak overlay 

with a Pearson’s coefficient of r=0.351 seen in (q) with inlay (r) for control animals. PKCα 
(s) with inlay (t) and GFAP (u) with inlay (v) have a weak overlay with an overlap 

coefficient of r=0.379 seen in (w) with inlay (x) 24 h post blast exposure

Lucke-Wold et al. Page 25

Mol Neurobiol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
PKCδ co-localized with endothelial cells but not astrocytes. PKCδ plays an important role in 

mediating vascular tone. Its role in regulation of tight junction proteins is not completely 

understood. Fluorescent IHC red staining for PKCδ, green staining for VWF (endothelial) or 

GFAP (astocyte), and yellow is overlay. Scale bar=20 µm in left prefrontal cortex. PKCδ (a) 

with inlay (b) and VWF (c) with inlay (d) have a moderate overlay with a Pearson’s 

coefficient of r=0.61 seen in (e) with inlay (f) for control animals. PKCδ (g) with inlay (h) 

and VWF (i) with inlay (j) have a strong overlay with an overlap coefficient of r=0.88 seen 

in (k) with inlay (l) 24 h post blast exposure. PKCδ (m) with inlay (n) and GFAP (o) with 

inlay (p) have a very weak overlay with a Pearson’s coefficient of r=0.029 seen in (q) with 

inlay (r) for control animals. PKCδ (s) with inlay (t) and GFAP (u) with inlay (v) have a 

moderate overlay with an overlap coefficient of r=0.449 seen in (w) with inlay (x) 24 h post 

blast exposure
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Fig. 10. 
PKCε co-localized with endothelial cells but not astrocytes. PKCε contributes to 

neuroprotection when increased after brain injury. PKCε has been associated with improved 

cognitive performance and decreased neurodegeneration. Fluorescent IHC red staining for 

PKCε, green staining for VWF (endothelial) or GFAP (astocyte), and yellow is overlay. 

Scale bar=20 µm in left prefrontal cortex. PKCε (a) with inlay (b) and VWF (c) with inlay 

(d) have a very weak overlay with a Pearson’s coefficient of r=0.004 seen in (e) with inlay 

(f) for control animals. PKCε (g) with inlay (h) and VWF (i) with inlay (j) have a strong 

overlay with an overlap coefficient of r=0.978 seen in (k) with inlay (l) 24 h post blast 

exposure. PKCε (m) with inlay (n) and GFAP (o) with inlay (p) have a weak overlay with a 

Pearson’s coefficient of r=0.133 seen in (q) with inlay (r) for control animals. PKCε (s) 

with inlay (t) and GFAP (u) with inlay (v) have a weak overlay with an overlap coefficient 

of r=0.394 seen in (w) with inlay (x) 24 h post blast exposure
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