
1SCiEntifiC RePoRTs |  (2018) 8:11344  | DOI:10.1038/s41598-018-29341-6

www.nature.com/scientificreports

Blast exposure elicits blood-
brain barrier disruption and repair 
mediated by tight junction integrity 
and nitric oxide dependent 
processes
Aric F. Logsdon1,2, James S. Meabon3,4, Marcella M. Cline1,5, Kristin M. Bullock1, 
Murray A. Raskind3,4, Elaine R. Peskind3,4, William A. Banks1,2 & David G. Cook1,2

Mild blast-induced traumatic brain injury (TBI) is associated with blood-brain barrier (BBB) disruption. 
However, the mechanisms whereby blast disrupts BBB integrity are not well understood. To address 
this issue BBB permeability to peripherally injected 14C-sucrose and 99mTc-albumin was quantified in 
ten brain regions at time points ranging from 0.25 to 72 hours. In mice, repetitive (2X) blast provoked 
BBB permeability to 14C-sucrose that persisted in specific brain regions from 0.25 to 72 hours. However, 
99mTc-albumin revealed biphasic BBB disruption (open-closed-open) over the same interval, which was 
most pronounced in frontal cortex and hippocampus. This indicates that blast initiates interacting 
BBB disruption and reparative processes in specific brain regions. Further investigation of delayed 
(72 hour) BBB disruption revealed that claudin-5 (CLD5) expression was disrupted specifically in the 
hippocampus, but not in dorsal striatum, a brain region that showed no blast-induced BBB permeability 
to sucrose or albumin. In addition, we found that delayed BBB permeability and disrupted CLD5 
expression were blocked by the nitric oxide synthase inhibitor N(G)-nitro-L-arginine methyl ester 
(L-NAME). These data argue that latent nitric oxide-dependent signaling pathways initiate processes 
that result in delayed BBB disruption, which are manifested in a brain-region specific manner.

Mild traumatic brain injury (mTBI) associated with blast exposure is the most prevalent form of injury among 
military personnel who have served in Operation Enduring Freedom/Operation Iraqi Freedom/Operation New 
Dawn (OEF/OF/OND), with at least 300,000 personnel being subject to at least one exposure1–5. Mild TBI, 
termed an “invisible injury,” may increase the risk for neurodegenerative disorders in mid to late life6–10. Recently, 
the role of vascular disruption in neurodegenerative disorders and TBI has received more attention11–13.

Vascular injury, including disruption of the blood-brain barrier (BBB), may be an important initiating mech-
anism by which mTBI could trigger long-term pathophysiological cascades promoting neurodegeneration, 
including Alzheimer’s-like disorders and other neurodegenerative proteinopathies that include chronic traumatic 
encephalopathy14–19. BBB disruption has been examined in a number of pre-clinical models of blast-induced trau-
matic brain injury (TBI)20–27. However, the temporal dynamics and the anatomical vulnerability to blast-induced 
BBB disruption are still not well-understood. BBB opening has been shown to be a transient event following blast 
injury23,28, suggesting a physiological repair process. In addition, secondary processes that influence BBB integrity 
can develop that may not be due to damage from the simple mechanical forces of blast23,29.
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In this study, we used a sensitive and highly quantifiable blood-borne radiolabeled tracer approach to assess 
the time course and magnitude of BBB disruption in multiple brain regions after blast-induced mTBI in mice. We 
chose time points to assess apparent mechanical damage (0.25 h), repair (3 and 24 h), and a hypothesized second-
ary process (72 h). We also assessed the effects of blast on tight junction integrity and the roles of nitric oxide and 
prostaglandin in mediating blast-induced BBB disruption.

Results
Blast exposure induces aberrant BBB permeability to radiolabeled sucrose and albumin. As 
an initial examination of the effects of blast exposure on BBB integrity, using well established methods25 we 
quantified specific BBB permeability to peripherally co-administered 14C-sucrose and 99mTc-albumin that  under 
normal conditions cross the BBB poorly30–32. These molecules are often used to measure BBB permeability to 
small (~0.34 kDa) and larger (~66.44 kDa) blood-borne molecules, as well as for assessing aspects of paracellular 
and transcellular BBB disruption, respectively33,34.

In keeping with previous reports23,24,35, blast overpressures were produced using a well-established pneumatic 
shock tube approach that accurately replicates battlefield-relevant shock waves generated by detonation of high 
explosives in the open field (Supplementary Fig. S1). A single blast exposure provoked BBB disruption as meas-
ured by 14C-sucrose entry into the CNS at 0.25, 24, and 72 h post-blast (Fig. 1a; p ≤ 0.01). Pair-wise Dunnett’s post 
hoc analysis confirmed a significant increase in 14C-sucrose CNS entry at 0.25 h (p ≤ 0.001, n = 8), 24 h (p ≤ 0.05; 
n = 8), and 72 h (p ≤ 0.05; n = 9) post-blast compared to sham controls (n = 7). The same mice also exhibited 
BBB permeability to 99mTc-albumin (Fig. 1b; p ≤ 0.05). However, post hoc analysis revealed that blast-induced 
99mTc-albumin CNS entry was significantly elevated only at the shortest, 0.25 h time point (p ≤ 0.05) compared to 
sham controls. These results are in keeping with a level of BBB disruption due to a mild to moderate blast expo-
sure that elicits both BBB injury and neuro-reparative processes. For the smaller sucrose molecules, BBB disrup-
tion persisted for at least 72 h, while aberrant BBB permeability to the larger albumin molecules was restored to 
normal levels within 24 h.

To assess the effects of repetitive injury, animals received two blasts (5 min inter-blast interval) that were of 
equivalent intensity to the 1X blast-exposed mice. These exposures occurred during a single, brief isoflurane 

Figure 1. Blood-brain barrier disruption to large and small molecules following blast. (a) A significant increase 
in brain/serum ratios of 14C-sucrose, (b) and 99mTc-albumin was observed in whole brain after 1X blast. (c) A 
significant increase in 14C-sucrose was also observed after 2X blast. (d) However, a significant increase in BBB 
permeability to albumin was at 0.25 h and 72 h after 2X blast, but not 24 h. One-way ANOVA post-hoc Dunnett’s. 
Values represent mean ± SEM. 1X blast: Sham (n = 7), mTBI 0.25 h (n = 8), 24 h (n = 8), and 72 h (n = 9). 2X 
blast: Sham (n = 22), mTBI 0.25 h (n = 5), 24 h (n = 11), and 72 h (n = 13). (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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treatment in order to minimize the number of anesthesia sessions needed for repetitive exposure (See Methods). 
2X blast exposure evoked BBB permeability to 14C-sucrose that persisted for at least 72 h (Fig. 1c; p ≤ 0.001). Post 
hoc analysis confirmed a significant increase in 14C-sucrose at 0.25 h (p ≤ 0.001; n = 5), 24 h (p ≤ 0.01; n = 11) and 
72 h (p ≤ 0.05; n = 13) post-blast compared to sham controls (n = 22). 2X blast also induced BBB permeability to 
99mTc-albumin (Fig. 1d; p ≤ 0.001). Post hoc analysis confirmed a significant increase in 99mTc-albumin permea-
bility at 0.25 h (p ≤ 0.001), as well as at 72 h post-blast (p ≤ 0.05) compared to sham controls.

The 2X blast results demonstrated that the CNS is able to restore normal BBB permeability to the larger albu-
min molecules within 24 h, while blast-induced BBB disruption affecting the sucrose radiotracer persisted for 
at least 72 h. However, unlike single blast, repetitive blast exposure initiated an additional latent process result-
ing in a delayed, second round of BBB permeability to 99mTc-albumin that emerged by 72 h post-blast (Fig. 1d). 
Currently, little is understood regarding the mechanisms by which mild blast-induced neurotrauma gives rise to 
delayed BBB disruption. Therefore, we focused on the 72 h opening to 99mTc-albumin occurring after 2X blast.

Blast elicits brain region-specific BBB disruption. To investigate the vulnerability of distinct brain 
regions to repetitive blast-induced BBB disruption, we quantified aberrant 14C-sucrose and 99mTc-albumin BBB 
permeability in ten brain regions: frontal cortex, occipital cortex, parietal cortex, striatum, midbrain, thalamus, 
cerebellum, pons/medulla (brainstem), and hippocampus. Eight of the ten anatomical regions displayed signifi-
cant blast-induced permeability to blood-borne 14C-sucrose within 0.25 h compared to sham controls (Table 1). 
Under these conditions, blast exposure provoked significant BBB disruption that persisted in four of ten brain 
regions at 3 h (p ≤ 0.05), three of ten regions at 24 h (p ≤ 0.05), and four of ten regions at 72 h (p ≤ 0.05). Of note, 
the hippocampus and frontal cortex exhibited biphasic permeability to 14C-sucorse at 0.25 and 72 h, but not at 
24 h. 2X blast exposure significantly increased BBB permeability to 99mTc-albumin in the hippocampus, frontal 
cortex, and pons/medulla compared to sham controls (Table 2). For these brain regions, normal BBB integrity 
against 99mTc-albumin entry was restored within 3 to 24 h; and was followed by a second cycle of BBB disruption 
at 72 h. Similar to the sucrose data (Table 1), the hippocampus and frontal cortex exhibited biphasic permea-
bility to albumin at 0.25 and 72 h. Of special note was an increase in BBB opening at 72 h that occurred in the 

Brain region
0.25 h 
(n = 5)

3 h 
(n = 12)

24 h 
(n = 11)

72 h 
(n = 13)

Frontal cortex 104 ± 17*** 33 ± 12* 30 ± 13 33 ± 12*

Occipital cortex 70 ± 16*** 40 ± 11** 31 ± 12* 22 ± 11

Parietal cortex 90 ± 17*** 43 ± 12** 40 ± 13* 29 ± 12

Striatum 30 ± 23 20 ± 17 33 ± 17 13 ± 16

Midbrain 82 ± 16*** 27 ± 12 27 ± 12 23 ± 11

Thalamus 17 ± 16 10 ± 12 27 ± 12 34 ± 11*

Cerebellum 48 ± 15* 21 ± 11 26 ± 12 27 ± 11

Pons-medulla 139 ± 21*** 54 ± 15** 44 ± 15* 38 ± 15*

Hippocampus 53 ± 15** 06 ± 11 18 ± 11 28 ± 10*

Hypothalamus 66 ± 21* 12 ± 15 15 ± 16 23 ± 15

Whole Brain 87 ± 15*** 34 ± 11* 36 ± 11* 28 ± 11*

Table 1. Temporal profile of regional BBB permeability to 14C-sucrose after 2X blast mTBI. Blood-brain barrier 
(BBB); mild traumatic brain injury (mTBI). Values represent mean difference ± SEM normalized to sham 
control animals (n = 22). One-way ANOVA; post-hoc Dunnett’s; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

Brain region
0.25 h 
(n = 5)

3 h 
(n = 12)

24 h 
(n = 11)

72 h 
(n = 13)

Frontal cortex 289 ± 77*** 59 ± 56 −18 ± 57 148 ± 54*

Occipital cortex 69 ± 56*** 73 ± 41 −21 ± 42 10 ± 39

Parietal cortex 129 ± 58*** 62 ± 42 −09 ± 43 65 ± 41

Striatum 29 ± 61 −19 ± 44 −24 ± 47 −12 ± 43

Midbrain 69 ± 56*** 73 ± 41 −21 ± 42 10 ± 40

Thalamus 16 ± 79 107 ± 57 17 ± 59 153 ± 55*

Cerebellum 48 ± 35* 16 ± 25 −20 ± 26 29 ± 24

Pons-medulla 120 ± 41*** 57 ± 30 11 ± 30 88 ± 29*

Hippocampus 203 ± 72** −31 ± 52 −27 ± 54 144 ± 51*

Hypothalamus 66 ± 73* 18 ± 53 −18 ± 55 59 ± 52

Whole Brain 150 ± 36*** 30 ± 26 −10 ± 27 75 ± 26*

Table 2. Temporal profile of regional BBB permeability to 99mTc-albumin after 2X blast mTBI. Blood-brain 
barrier (BBB); mild traumatic brain injury (mTBI). Values represent mean difference ± SEM normalized to 
sham control animals (n = 22). One-way ANOVA; post-hoc Dunnett’s; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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pons-medulla (and whole brain) for 99mTc-albumin but not for 14C-sucrose (Table 2). Thus, blast exposure elicited 
a multiphase CNS response involving anatomically distinct manifestations of BBB disruption, initiating both 
immediate and latent processes that differentially modulated permeability to smaller and larger blood-borne 
molecules.

Delayed BBB disruption is associated with brain region-specific disturbances in claudin-5 
expression. One mechanism by which delayed BBB disruption could have occurred is through altered 
expression of the brain endothelial cell (BEC) tight junction protein, claudin-5 (CLD5). Our group has previously 
shown aberrant CLD5 expression in the acute phase following blast mTBI23. If disturbed CLD5 expression plays a 
role in mediating delayed blast-induced BBB disruption, we expected to find both a time and brain region-specific 
disturbance in the pattern of CLD5 expression mirroring the functional BBB integrity pattern seen above.

The hippocampus displayed biphasic permeability to both 14C-sucrose and 99mTc-albumin following blast 
exposure (Tables 1 and 2). Conversely, the striatum displayed the least vulnerability to blast-induced BBB dis-
ruption (Tables 1 and 2). Therefore, we focused our attention on these regions. CLD5 immunoreactivity in hip-
pocampal CA1 appeared markedly reduced 72 h post-blast (n = 4/4) compared to sham controls (Fig. 2a–d); 
n = 0/4). The intensity of CA1 CLD5 immunoreactivity was quantified using Imaris software (see Methods) by 
an operator who was blind to the experimental conditions. 2X blast provoked a 43.9% loss of CLD5 immunore-
activity in the CA1 region of hippocampus at 72 h compared to sham controls (Fig. 2e; p ≤ 0.05). In contrast to 
the hippocampus, CLD5 immunoreactivity in the dorsal striatum of these same mice used was not significantly 
altered by 2X blast exposure at any time point (Fig. 2f–j).

The loss of CLD5 immunoreactivity in hippocampus at 72 h could be due either to a loss of overall CLD5 pro-
tein levels or to mislocalization/diffusion of CLD5 away from the prominent tight junction domains where CLD5 
is highly concentrated. Western blot analysis of CLD5 levels revealed no significant changes in hippocampal, or 
striatal protein lysates of 2X blast mice versus sham controls (Supplementary Fig. S2). Thus, as has been reported 
previously regarding CLD5 expression after brain injury36–38, it is more likely blast caused extant CLD5 proteins 
to mislocalize and diffuse within the endothelial cytoplasm, making them more difficult to detect by immunoflu-
orescence. Taken together these results indicate that blast exposure caused brain region-specific disturbances in 
the expression of tight junction-localized CLD5. Interestingly, we found no changes in CLD5 immunoreactivity 
at 0.25 h post-blast, even though there was a significant increase in blast-induced permeability to 14C-sucrose and 
99mTc-albumin (Fig. 1, Tables 1 and 2). This suggests that the mechanisms mediating BBB disruption immediately 
after blast are distinct from second phase BBB disruptions arising 72 h later.

Blast causes perivascular reactive gliosis in association with aberrant claudin-5 expression. As 
with hippocampus, a delayed increase in permeability to both 14C-sucrose and 99mTc-albumin at 72 h post-blast 
was also observed in frontal cortex (Tables 1 and 2). In keeping with this, we similarly observed decreased CLD5 
immunoreactivity in frontal cortex of blast-exposed mice (Fig. 3a and i; n = 4/4) compared to sham controls 
(Fig. 3e and m; n = 0/4). Triple-label confocal immunostaining of ionized calcium-binding adapter molecule 1 
(IBA1) and glial fibrillary acidic protein (GFAP) revealed increased reactive gliosis at 72 h post-blast (Fig. 3b–d; 

Figure 2. Claudin-5 expression is disturbed in brain regions vulnerable to blast-induced BBB disruption. (a) 
Shows representative images of CLD5 immunofluorescence (green) in sham hippocampal CA1, (b) at 0.25 h, 
(c) 24 h, and (d) 72 h after 2X blast. (e) Fluorimetric quantitation conducted by a condition-blind rater revealed 
a significant decrease in CLD5 fluorescence measured at 72 h after 2X blast. (f) Shows representative images 
of sham CLD5 immunofluorescence in dorsal striatum, (g) at 0.25 h, (h) 24 h, and (i) 72 h after 2X blast. (j) 
Fluorimetric quantitation revealed no significant differences in CLD5 fluorescence after 2X blast. One-way 
ANOVA post hoc Dunnett’s for CLD5. Values represent mean ± SEM; n = 4. (*p ≤ 0.05). Scale bars = 50 µm.
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n = 4/4) compared to sham controls (Fig. 3f–h; n = 0/4). CD31 (an endothelial cell-specific marker) showed 
that BECs appeared intact (Fig. 3j and n); even though their CLD5 immunoreactivity was markedly reduced in 
blast-exposed mice. Additional GFAP immunostaining confirmed perivascular reactive gliosis at 72 h post-blast 
(Fig. 3k,l; n = 4/4) compared to sham controls (Fig. 3o,p; n = 0/4). In spite of robust morphological disturbances 
in the BECs and perivascular astrocytes, we found no overt alterations in neuronal somato-dendritc morphology 
at 72 hours post-blast (Supplementary Fig. S3). This is broadly in keeping with previous findings in this animal 
model in other brain regions where it takes a month, or more for significant neuronal loss to become evident24.

Taken together, these data confirm the potential significance of disturbed CLD5 expression during delayed 
BBB disruption and highlight the comparative vulnerability of the BBB to blast exposure. These data also show 
that aberrant CLD5 expression is closely associated with reactive gliosis, thus suggesting that perivascular neu-
roinflammation may play a role in delayed aberrant CLD5 expression provoked by blast exposure.

Effects of cyclooxygenase or nitric oxide synthase inhibition on delayed BBB disruption.  
Broadly speaking, numerous findings point to at least two primary neuroinflammatory signaling cascades, 
the prostaglandin and/or nitric oxide pathways, which could mediate aspects of blast-induced delayed BBB 

Figure 3. Perivascular reactive gliosis occurs in association with aberrant claudin-5 expression after blast. 
(a) BLAST panels (top) show representative reduced tight junction protein (CLD5) immunofluorescence, 
(b) with markedly increased microglia (IBA1), (c) and astrocyte (GFAP) immunofluorescence in the frontal 
cortex. (d) MERGE (red, green, and white) shows the collective overlay of the neurovascular unit in the frontal 
cortex at 72 h after 2X blast. (e) SHAM panels (top) show representative images of intact CLD5, (f) with low 
microglia, (g) and astrocyte reactivity. (h) Neurovascular unit in the frontal cortex of a sham control. (i) BLAST 
panels (bottom) show representative reduced CLD5 immunofluorescence, (j) intact blood vessels (CD31), (k) 
increased GFAP immunofluorescence, (l) and the neurovascular unit in the frontal cortex at 72 h after 2X blast. 
(m) SHAM panels (bottom) show representative images of intact CLD5, (n) intact blood vessels, (o) low GFAP 
immunofluorescence, (p) and the neurovascular unit in the frontal cortex of a sham control. Scale bars = 30 µm.
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disruption39–41. We first tested the potential significance of prostaglandin-related signaling pathways by inhib-
iting cyclooxygenase with indomethacin (INDO). To accomplish this, we administered INDO at 48, 54, and 
71 h post-blast and then measured BBB permeability to 14C-sucrose and 99mTc-albumin at 72 h. As expected, 
blast exposed mice (n = 5) exhibited a significant increase of 77.4% in 14C-sucrose permeability at 72 h (Fig. 4a; 
p ≤ 0.05) compared to INDO sham controls (n = 5). However, INDO treatment did not significantly reduce 
the effects of blast on BBB permeability to 14C-sucrose. Blast exposure also increased BBB permeability to 
99mTc-albumin (Fig. 4b), with a significant 156% increase in 99mTc-albumin at 72 h post-blast (p ≤ 0.05) com-
pared to INDO sham controls. As with 14C-sucrose, INDO treatment only partially reduced BBB permeability to 
99mTc-albumin. These results suggest that under these experimental conditions prostaglandin-related pathways 
play a limited role in mediating second phase BBB disruption caused by blast exposure.

We next treated mice with N(G)-nitro-L-arginine methyl ester (L-NAME), a well-characterized pan-nitric 
oxide synthase (NOS) inhibitor42–46. L-NAME was injected at 48, 54, and 71 h post-blast or sham treatment and 

Figure 4. Nitric oxide synthase inhibition blocks delayed blood-brain barrier disruption after blast. (a) At 
72 h after 2X blast, a significant increase in 14C-sucrose, (b) and 99mTc-albumin was measured in whole brains 
compared to sham controls treated with INDO (5 mg/kg; ip). (a) No significant differences in 14C-sucrose, 
(b) or 99mTc-albumin were observed when INDO was administered after blast. (c) A significant increase 
in 14C-sucrose, (d) and 99mTc-albumin was also observed in whole brain at 72 h after 2X blast compared to 
L-NAME treated sham controls. (c) L-NAME administration (10 mg/kg; ip) significantly attenuated a blast-
induced increase in 14C-sucrose, (d) and 99mTc-albumin. One-way ANOVA post hoc Newman-Keul’s. Values 
represent mean ± SEM; n = 5. (*p ≤ 0.05 vs sham + L-NAME; #p ≤ 0.05 vs blast + vehicle; **p ≤ 0.01 vs 
sham + INDO).
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brain BBB permeability was assessed at 72 h. Blast exposed mice (n = 5) exhibited a significant increase of 55% 
in 14C-sucrose permeability at 72 h (Fig. 4c; p ≤ 0.01) compared to L-NAME sham controls (n = 5). Moreover, 
L-NAME significantly reduced 14C-sucrose permeability by 35.8% compared to vehicle-treated/blast exposed 
animals (Fig. 4c; p ≤ 0.05). 2X blast also increased 99mTc-albumin permeability at 72 h (Fig. 4d). A significant 
93% increase in 99mTc-albumin was measured in whole brain at 72 h post-blast (p ≤ 0.05) compared to L-NAME 
sham controls. L-NAME significantly reduced 99mTc-albumin permeability by 96% compared to vehicle-treated/
blast exposed animals (Fig. 4d; p ≤ 0.05). These data argue that the mechanisms governing delayed blast-induced 
BBB disruption involve one or more nitric oxide signaling pathways that are engaged over a period of 48 to 72 h 
following injury.

L-NAME reverses blast-induced disturbances in claudin-5 expression. The ability of L-NAME to 
rescue delayed blast-induced BBB disruption led us to hypothesize that L-NAME may block blast-induced dis-
turbances in CLD5 expression. Representative CLD5 confocal microscopy results show that CA1 hippocampal 
CLD5 immunoreactivity was reduced in 72 h post-blast mice (n = 4/4) compared to a sham controls (Fig. 5a,b); 
n = 0/4). CLD5 immunostaining appeared normal in blast-exposed animals treated with L-NAME (Fig. 5c; 
n = 4/4). Quantification of CLD5 immunoreactivity by a condition-blind observer revealed a significant 54% 
decrease in CLD5 immunofluorescence intensity in 72 h post-blast mice compared to sham controls (Fig. 5d; 
p ≤ 0.05). L-NAME administration to blast mice significantly rescued CLD5 immunofluorescence by 44% com-
pared to vehicle-treated/blast exposed animals (Fig. 5d; p ≤ 0.05).

We also examined hippocampal CA1 CLD5 immunostaining in blast exposed mice treated with INDO. 
In contrast to the effects of L-NAME, INDO treatment failed to normalize CLD5 expression in hippocampus 
(Supplementary Fig. S4). Overall, these data significantly strengthen the idea that nitric oxide-related signaling 
pathways mediate second-phase BBB disruption and CLD5 disturbances caused by blast.

L-Name attenuates TNFα in BBB-vulnerable brain regions after blast. TNFα is known to alter 
CLD5 expression47. To test whether blast induces brain region-specific changes in TNFα, we measured TNFα in 
hippocampus and striatum at 72 h. Hippocampal brain lysates from blast exposed mice (n = 5) exhibited a signif-
icant increase of 276.2 ± 118.4 (mean ± SEM) in TNFα protein expression (pg/mg) compared to sham controls 
(Fig. 6a; p ≤ 0.05; n = 5). No significant differences were observed in the striatum of the same mice (Fig. 6a).

A complex interplay exists between nitric oxide and TNFα48–51; therefore, in a separate experiment we exam-
ined the effects of L-NAME treatment on blast-induced TNFα expression in the hippocampus. A significant 
difference in TNFα protein expression was observed at 72 h after 2X blast (Fig. 6b; p ≤ 0.05). Blast exposed mice 
(n = 5) exhibited an increase of 168.8 ± 82.9 in TNFα protein expression compared to sham controls (n = 5), 
and an increase of 235.3 ± 63.9 compared to L-NAME sham controls (n = 5). L-NAME administration after 
blast (n = 5) significantly decreased TNFα protein expression by 219.8 ± 65.7 compared to vehicle-treated/blast 
exposed animals (Fig. 6b; p ≤ 0.05), suggesting that the mechanism by which blast provokes delayed BBB dis-
ruption involves nitric oxide-mediated TNFα elevation. Moreover, these data also suggest that the mechanistic 
pathways regulated by NOS and TNFα may play a role in accounting for differences in the vulnerability of differ-
ent brain regions (in this instance, the hippocampus versus the striatum) to delayed cycles of blast-induced BBB 
disruption.

Figure 5. L-NAME rescues claudin-5 immunofluorescence in the hippocampus after blast. (a) Shows 
representative sham control CLD5 immunostaining in hippocampal CA1 + L-NAME (10 mg/kg; ip), 
(b) at 72 h after 2X blast + vehicle, and (c) at 72 h after 2X blast + L-NAME. (d) A significant decrease in 
CLD5 immunofluorescence was measured at 72 h after 2X blast + vehicle, which was rescued by L-NAME 
administration. One-way ANOVA post hoc Newman-Keul’s. Values represent mean ± SEM; n = 4. (*p ≤ 0.05 vs 
sham + vehicle, and sham + L-NAME; #p ≤ 0.05 vs blast + vehicle). Scale bars = 50 µm.
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Discussion
In keeping with other reports21,23,52, we found that a single blast exposure provokes rapid, transient BBB disrup-
tion, permitting aberrant entry of both sucrose and albumin radiotracers into multiple brain regions. By 24 h, 
BBB integrity was restored to albumin, but not sucrose. After two consecutive (2X) mild blast exposures, the BBB 
reopens to albumin at 72 hours. We found that tight junction disintegrity correlates anatomically and temporally 
to this second phase of BBB disruption. These data report that blast exposure causes immediate and sustained 
brain permeability to small molecules, such as sucrose and is accompanied by additional latent processes that 
elicit delayed, brain region-specific permeability to larger molecules. Complementary findings of biphasic BBB 
opening has been reported in feline53 and murine models of stroke54,55. Furthermore, biphasic BBB opening has 
been observed in rats after controlled cortical impact TBI56,57.

Taken together, these findings suggest that several different forms of brain trauma set in motion multiple phys-
iological and/or pathological processes with interacting phases of BBB repair and delayed disruption. Thus, as is 
well-established in managing the pathologic processes attending stroke, these results highlight the importance 
of elucidating the specific pathophysiological cascades evoked by blast, as well as the timing of these cascades. 
Both considerations are crucial in the search for appropriate therapeutic targets; and in establishing when such 
interventions would likely to be of benefit rather than potential harm.

Previously we have reported that inhibiting prostaglandin synthesis with indomethacin can reduce 
lipopolysaccharide-induced BBB permeability39. Other groups have shown that inhibition of nitric oxide pro-
duction with L-NAME can reduce stroke-induced BBB permeability58. In this study, we show that secondary BBB 
disruption following blast is significantly attenuated by pan-specific NOS signaling inhibition with L-NAME. The 
results suggest that NOS pathways play an important role in mediating tight junction integrity after neurotrauma 
and have potential therapeutic implications for reducing BBB dysfunction and subsequent pathophysiology after 
blast injury. It has been shown that tight junction remodeling can occur after BEC perturbation59–63, which could 
explain why albumin CNS influx is attenuated by 24 hours. Initial BBB opening is likely dominated by mechan-
ical disruption of endothelial membranes caused by a putative surge of vascular overpressure as previously sug-
gested64 and is consistent with reported vascular pathology12. It may also be possible that the BBB continues to 
oscillate between open and closed into the subacute phase, and this may be due to ongoing aberrant nitric oxide 
production induced by blast.

It is possible that NO production could subserve BEC compensatory mechanisms that cause tight junction 
protein mislocalization, and upregulates caveolin-1-dependent transcytosis46. This could partially explain why 
L-NAME reduces albumin influx, suggesting that future studies to address the causal mechanism(s) by which 
blast opens the BBB to larger molecules. The nitric oxide synthase pathway is activated after blast TBI52,65 and has 
been implicated in neurodegeneration associated with TBI66,67. Moreover, nitric oxide inhibition has been shown 
to improve sensorimotor function68, reduce neuronal cell death69, and prevent edema formation after TBI70, sup-
porting the importance of nitric oxide pathways in response to brain injury71.

Tight junction protein expression has been shown to change after blast injury22,23 and correlates with 
TBI-induced BBB disruption64,72. Our findings of aberrant CLD5 expression 72 hours after blast, without a sig-
nificant change in CLD5 protein expression as measured by immunoblotting, could suggest that CLD5 may not 
be degraded as a result of blast, but rather diffused within BECs. Such redistribution has been demonstrated in 
rodent stroke models36,37 and in primary BECs after blast injury38. CLD5−/− mice exhibited BBB disruption to 

Figure 6. Brain region-specific blast-induced increases in TNFα are attenuated by L-NAME. (a) A significant 
increase in TNFα protein expression was measured hippocampus, but not in striatum at 72 h after 2X blast. (b) 
L-NAME (10 mg/kg; ip) attenuated a blast-induced increase in hippocampal TNFα. One-way ANOVA post 
hoc Newman-Keul’s. Values represent mean ± SEM; n = 5. (*p ≤ 0.05 vs sham + vehicle, and sham + L-NAME; 
#p ≤ 0.05 vs blast + vehicle).
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small molecules, such as sucrose, with no effect on larger molecules such as albumin73. This raises the possibility 
that aberrant CLD5 expression alone may not fully account for the delayed phase of blast-induced albumin influx 
into the CNS.

Perivascular astrocytic end-feet surround the abluminal side of BECs and are necessary for the formation 
and maintenance of the tight junctional barrier and BBB integrity74,75. In an animal model of CNS inflamma-
tory disease, endothelial growth factors released by activated astrocytes have been shown to reduce tight junc-
tion integrity, inducing BBB breakdown76,77. Thus, our findings of marked perivascular reactive gliosis and 
brain region-specific increases in TNFα argue that intercellular interactions between astrocytic neuroimmune 
responses and the BECs they enshroud, play important roles in mediating the anatomical and temporal manifes-
tations of blast-induced BBB disruption.

Veterans with mild TBI show structural and functional CNS abnormalities78–82. Future studies will focus on 
vulnerable brain regions at prolonged time points to assess the pathophysiology accompanying BBB disruption. 
Vulnerable regions of the BBB may be those that are more susceptible to chronic low-grade inflammation and 
associated with long-term neurodegeneration. The results herein build upon very recent findings of regional 
blast-induced BBB disruption83 also suggest that inhibiting nitric oxide may block the cyclic nature of BBB dis-
ruption such that carefully targeted and timed therapies may help prevent long-term blast-related pathophysiol-
ogy, cognitive, and behavioral disturbances.

Methods
Animals. Male C57BL/6 (n = 189) mice (Jackson Laboratories) aged 8–12 weeks (27–32 g) were used for this 
study. All mice had ad libitum access to food and water, were maintained under a 12 h day/night cycle, and group 
housed. Animals were randomly assigned to sham, drug, or mTBI groups. All animals were housed and handled 
in accordance with protocols approved by the Veterans Affairs Puget Sound Health Care System’s Institutional 
Animal Care and Use Committee (IACUC) and all experiments were conducted in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals. All experiments reported are in compli-
ance with the ARRIVE guidelines.

Blast exposure. All mice were allowed to acclimatize to the animal facility for at least one week prior to 
blast exposure. In preparation for blast exposure, animals were first anesthetized with 5% isoflurane, followed by 
maintenance with 2% isoflurane using a non-rebreathing anesthesia machine at a flow rate of 1 L/min oxygen. 
A flexible custom facemask designed to fit over the nose and mouth was attached to the mouse harness and pro-
vided anesthesia during blast exposure or sham treatment. In keeping with well-established procedures23,35, mice 
were positioned in the shock tube with their ventral body surface facing the oncoming shock wave as previously 
described. A pneumatic shock tube was used to expose mice to either a single blast exposure over the course of 
6–7 min, or two consecutive blast exposures over the course of 12–14 min. Two consecutive blast exposures con-
sistently produced a significant effect at 72 h (p ≤ 0.05), compared to a more variable response after a single blast. 
After the first blast exposure, the mouse was removed from the shock tube and re-adjusted in the harness prior to 
the second exposure. Sham control animals were mounted in the restraint harness and held under anesthesia for 
the same amount of time as the respective blast-exposed mice.

The blast exposure used in these experiments had a peak static pressure of 20.56 psi (±0.21), a positive phase 
duration of 5.37 ms (±0.070), and a shock wave velocity of 1.4 Mach. In keeping with a mild to moderate blast 
exposure 176/189 animals in this study survived the blast exposure (1X or 2X) and by inspection displayed nor-
mal ambulation, visually guided grasping responses when elevated by the tail near a foothold, and grooming 
behavior within 1 hour after exposure.

Radiolabeled tracer preparation. Following established procedures39, albumin (Sigma, St. Louis MO) 
was labeled with 99mTc (GE Healthcare, Piscataway, NJ). A mixture of 240 mg/ml stannous tartrate and 1 mg/ml 
albumin was adjusted to pH 3.0 with HCl. One millicurie of 99mTc-NaOH4 was added to this mixture and allowed 
to incubate for 20 min. The 99mTc-albumin was purified on a column of G-10 Sephadex (GE Healthcare) in 0.1 ml 
fractions of phosphate buffer (0.25 M). Radioactivity in the purified 99mTc-albumin peak was more than 90% acid 
precipitable in an equal volume of 1% bovine serum albumin (BSA) and trichloroacetic acid (30%). 5 × 106 cpm/
mouse of purified 99mTc-albumin fraction was combined with 1 × 107 dpm/mouse of 14C-sucrose (Perkin Elmer, 
Waltman, MA) in a final volume (0.2 ml/mouse) of lactated Ringer’s solution containing 1% BSA.

Radiolabeled tracer injections. At 0.25, 24, and 72 h after single blast, and at 0.25, 3, 24, and 72 h 
after 2X blast, or after time-matched sham procedures, mice were anesthetized with urethane (4 g/kg; 0.2 ml; 
ip), and the jugular veins exposed. The mice were given an intravenous co-injection of 99mTc-albumin 
(5 × 106 cpm) + 14C-sucrose (1 × 107 dpm) in 0.2 ml of lactated Ringer’s solution with 1% BSA for 10 min. Blood 
was collected from a cut in the descending abdominal aorta. The vascular space of the brain was then washed free 
of blood by opening the thorax, clamping the descending thoracic aorta, severing both jugular veins, and per-
fusing 20 ml of lactated Ringer’s solution through the left ventricle of the heart in less than 1 min. After washout, 
the mouse was immediately decapitated, the brain was removed, and dissected into ten brain regions that were 
individually weighed. Olfactory bulb was excluded due to variations in collection efficiency. Brains with visible 
blood after washout were excluded from analysis (n = 6). Serum was obtained by centrifuging the carotid artery 
blood for 10 min at 4000 × g. Levels of 99mTc radioactivity in the serum and brain regions were determined in a 
gamma counter. The same brain regions and sera were then solubilized, and the level of 14C radioactivity was 
determined in a beta counter. Brain tissue radioactivity was calculated by dividing the cpm (gamma), or dpm 
(beta) in the brain region by the weight of the brain region. Serum radioactivity was calculated by dividing the 
cpm, or dpm in the serum by the milliliters of serum counted. The brain tissue radioactivity was then divided by 



www.nature.com/scientificreports/

1 0SCiEntifiC RePoRTs |  (2018) 8:11344  | DOI:10.1038/s41598-018-29341-6

the corresponding serum radioactivity and the results given in units of microliters per gram of brain tissue. For 
shams, no significant differences were observed among the brain/serum ratios at the various points and so were 
combined and used as a single reference value (n = 22).

Indomethacin and N(G)-nitro-L-arginine methyl ester treatment. In some experiments, mice 
received three injections of indomethacin (INDO; Sigma; St. Louis MO; 5 mg/kg; 100 µl 7% NaHCO3; ip) at 48, 
54, and 71 h post-blast. Other mice received three injections of N(G)-nitro-L-arginine methyl ester (L-NAME; 
Sigma; 10 mg/kg; 100 µl 7% NaHCO3; ip) at 48, 54, and 71 h post-blast. For these experiments, Sham controls 
received identical INDO, or L-NAME injections along with their respective blast cohorts. Vehicle controls 
received 100 µl injections of 7% NaHCO3.

Confocal microscopy. Dissected mouse brains were immediately post-fixed in 4% paraformaldehyde in PBS 
at 4 °C and then equilibrated with cryoprotectant (30% sucrose in PBS) overnight at 4 °C. Sagittal sections embed-
ded in OCT (Tissue-Tek, Torrance, CA), and after decay of 99mTc, were cut at 50 µm thickness from bisected brains 
with a CM1850UV cryostat (Leica, Buffalo Grove, IL). Antigen retrieval was performed with 50 mM sodium 
citrate (pH 9.0) and then heating at 80 °C for 30 min. Immunostaining was performed according to our previ-
ously published methods14. Floating tissue sections were cover slipped with a drop of Prolong® Gold Antifade 
Reagent with or without DAPI (Invitrogen, Eugene, OR). The following antibodies were applied overnight at 
4 °C: mouse monoclonal anti-claudin-5 labeled with Alexa 488 (Thermo, Rockford, IL; 1:100), rabbit monoclonal 
anti-microtubule-associated protein 2 (MAP2; Cell Signaling, Danvers, MA; 1:2000), rabbit polyclonal anti-IBA1 
(Wako, Osaka, Japan; 1:1000), chicken polyclonal anti-GFAP (Millipore, Billerica, MA; 1:1000), and rabbit poly-
clonal CD31 (Abcam, Cambridge, MA; 1:500). Goat secondary antibodies labeled with Alexa 647 and Cy3 were 
applied for 2 h (Jackson Immunoresearch, West Grove, PA; 1:1000). Confocal microscopy was performed with 
a Leica TCS SP5 II microscope with Leica objectives (10X and 20X with 0.3 and 0.7 numerical aperture, respec-
tively). Confocal microscopic images were acquired with the Leica Application Suite and processed using image 
adjustments limited only to linear contrast and brightness adjustments applied identically to data from blast- and 
sham-treated animals in each experiment.

Immunoblotting. Left brain hemispheres from mice in the 99mTc-albumin experiments were immediately 
flash frozen in liquid nitrogen and stored at −80 °C for ten 99mTc-albumin half-lives (~60 h). Hippocampus and 
striatum were dissected and sonicated in radioimmunoprecipitation assay (RIPA) buffer with protease/phos-
phatase inhibitors (Thermo; Rockford, IL 1:100). Samples were then centrifuged for 15 min at 12000 × g at 4 °C 
and supernatant collected and standardized with a bicinchoninic acid (BCA) assay. Brain extracts of equivalent 
total protein content were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
(20 µg total protein/lane) under reducing conditions, transferred to nitrocellulose, and probed with rabbit pol-
yclonal claudin-5 (Invitrogen, Eugene, OR; 1:1000) and rabbit monoclonal β-actin (Cell signaling, Danvers, 
MA; 1:10000) as loading controls. Blots were then probed with anti-rabbit horseradish peroxidase-conjugated 
secondary antibody (Jackson ImmunoResearch; 1:5000) and visualized by enhanced chemiluminescence (GE 
Healthcare, Piscataway, NJ). Optical densities of the immunoreactive protein bands were quantified using 
Image-Quant with background subtraction and normalization to loading control.

Cytokine measurements. Tumor necrosis factor alpha (TNFα) levels were measured using a murine 
Bio-Plex Pro™ assay kit (Bio-Rad Laboratories, Inc.; Hercules, CA) in brain lysates previously prepared for 
immunoblotting. All brain samples were diluted 1:3 in sample diluent provided in the kit and processed accord-
ing to the manufacturer’s protocol. Plates were read on a Bio-Plex 200 (Bio-Rad Laboratories, Inc., Hercules, CA). 
Values (pg/mg) were acquired by normalizing each sample to their respective BCA concentration obtained for 
immunoblotting.

Statistical analysis. Statistical analyses used GraphPad Prism® 6.0 (GraphPad Software, Inc., La Jolla, CA). 
Error bars represent the standard error of the mean (SEM). Comparison of more than two groups was made 
using one-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc test (for comparing time points to 
a collective sham group) or Newman-Keuls post-hoc test (for comparing experimental groups to sham control 
groups, and drug treatment groups).

Data availability. Authors will provide published data and relevant protocols upon request to the Principal 
Investigator by phone or email.

References
 1. Owens, B. D. et al. Combat wounds in Operation Iraqi Freedom and Operation Enduring Freedom. J Trauma 64, 295–299, https://

doi.org/10.1097/TA.0b013e318163b875 (2008).
 2. Hoge, C. W. et al. Mild traumatic brain injury in U.S. Soldiers returning from Iraq. N. Engl. J. Med. 358, 453–463 (2008).
 3. Bell, R. S. et al. Military traumatic brain and spinal column injury: a 5-year study of the impact blast and other military grade 

weaponry on the central nervous system. J Trauma 66, S104–111, https://doi.org/10.1097/TA.0b013e31819d88c8 (2009).
 4. MacGregor, A. J., Dougherty, A. L., Morrison, R. H., Quinn, K. H. & Galarneau, M. R. Repeated concussion among U.S. military 

personnel during Operation Iraqi Freedom. J Rehabil Res Dev 48, 1269–1278 (2011).
 5. Eskridge, S. L. et al. Injuries from combat explosions in Iraq: injury type, location, and severity. Injury 43, 1678–1682, https://doi.

org/10.1016/j.injury.2012.05.027 (2012).
 6. Schofield, P. W. et al. Alzheimer’s disease after remote head injury: an incidence study. Journal of neurology, neurosurgery, and 

psychiatry 62, 119–124 (1997).
 7. Fleminger, S., Oliver, D. L., Lovestone, S., Rabe-Hesketh, S. & Giora, A. Head injury as a risk factor for Alzheimer’s disease: the 

evidence 10 years on; a partial replication. Journal of neurology, neurosurgery, and psychiatry 74, 857–862 (2003).

http://dx.doi.org/10.1097/TA.0b013e318163b875
http://dx.doi.org/10.1097/TA.0b013e318163b875
http://dx.doi.org/10.1097/TA.0b013e31819d88c8
http://dx.doi.org/10.1016/j.injury.2012.05.027
http://dx.doi.org/10.1016/j.injury.2012.05.027


www.nature.com/scientificreports/

1 1SCiEntifiC RePoRTs |  (2018) 8:11344  | DOI:10.1038/s41598-018-29341-6

 8. Lee, Y. K. et al. Increased risk of dementia in patients with mild traumatic brain injury: a nationwide cohort study. PloS one 8, 
e62422, https://doi.org/10.1371/journal.pone.0062422 (2013).

 9. Nordstrom, P., Michaelsson, K., Gustafson, Y. & Nordstrom, A. Traumatic brain injury and young onset dementia: a nationwide 
cohort study. Annals of neurology 75, 374–381 (2014).

 10. Gardner, R. C. et al. Dementia risk after traumatic brain injury vs nonbrain trauma: the role of age and severity. JAMA neurology 71, 
1490–1497, https://doi.org/10.1001/jamaneurol.2014.2668 (2014).

 11. Zlokovic, B. V. Neurovascular mechanisms of Alzheimer’s neurodegeneration. Trends in neurosciences 28, 202–208, https://doi.
org/10.1016/j.tins.2005.02.001 (2005).

 12. Elder, G. A. et al. Vascular and inflammatory factors in the pathophysiology of blast-induced brain injury. Front Neurol 6, 48, https://
doi.org/10.3389/fneur.2015.00048 (2015).

 13. Glushakova, O. Y., Johnson, D. & Hayes, R. L. Delayed increases in microvascular pathology after experimental traumatic brain 
injury are associated with prolonged inflammation, blood-brain barrier disruption, and progressive white matter damage. Journal 
of neurotrauma 31, 1180–1193, https://doi.org/10.1089/neu.2013.3080 (2014).

 14. Huber, B. R. et al. Blast exposure causes early and persistent aberrant phospho- and cleaved-tau expression in a murine model of 
mild blast-induced traumatic brain injury. Journal of Alzheimer’s disease: JAD 37, 309–323, https://doi.org/10.3233/JAD-130182 
(2013).

 15. Kondo, A. et al. Antibody against early driver of neurodegeneration cis P-tau blocks brain injury and tauopathy. Nature 523, 
431–436, https://doi.org/10.1038/nature14658 (2015).

 16. Goldstein, L. E. et al. Chronic traumatic encephalopathy in blast-exposed military veterans and a blast neurotrauma mouse model. 
Science translational medicine 4, 134ra160, https://doi.org/10.1126/scitranslmed.3003716 (2012).

 17. Mez, J. et al. Clinicopathological Evaluation of Chronic Traumatic Encephalopathy in Players of American Football. Jama 318, 
360–370, https://doi.org/10.1001/jama.2017.8334 (2017).

 18. Lucke-Wold, B. P. et al. Linking traumatic brain injury to chronic traumatic encephalopathy: identification of potential mechanisms 
leading to neurofibrillary tangle development. Journal of neurotrauma 31, 1129–1138, https://doi.org/10.1089/neu.2013.3303 
(2014).

 19. Omalu, B. I. et al. Chronic traumatic encephalopathy in a National Football League player. Neurosurgery 57, 128–134; discussion 
128–134 (2005).

 20. Shetty, A. K., Mishra, V., Kodali, M. & Hattiangady, B. Blood brain barrier dysfunction and delayed neurological deficits in mild 
traumatic brain injury induced by blast shock waves. Frontiers in cellular neuroscience 8, 232, https://doi.org/10.3389/
fncel.2014.00232 (2014).

 21. Logsdon, A. F. et al. Altering endoplasmic reticulum stress in a model of blast-induced traumatic brain injury controls cellular fate 
and ameliorates neuropsychiatric symptoms. Frontiers in cellular neuroscience 8, 421, https://doi.org/10.3389/fncel.2014.00421 
(2014).

 22. Lucke-Wold, B. P. et al. Bryostatin-1 Restores Blood Brain Barrier Integrity following Blast-Induced Traumatic Brain Injury. Mol 
Neurobiol 52, 1119–1134, https://doi.org/10.1007/s12035-014-8902-7 (2015).

 23. Huber, B. R. et al. Blast exposure causes dynamic microglial/macrophage responses and microdomains of brain microvessel 
dysfunction. Neuroscience 319, 206–220, https://doi.org/10.1016/j.neuroscience.2016.01.022 (2016).

 24. Meabon, J. S. et al. Repetitive blast exposure in mice and combat veterans causes persistent cerebellar dysfunction. Sci Transl Med 8, 
321ra326, https://doi.org/10.1126/scitranslmed.aaa9585 (2016).

 25. Hue, C. D. et al. Time Course and Size of Blood-Brain Barrier Opening in a Mouse Model of Blast-Induced Traumatic Brain Injury. 
Journal of neurotrauma 33, 1202–1211, https://doi.org/10.1089/neu.2015.4067 (2016).

 26. Garman, R. H. et al. Blast exposure in rats with body shielding is characterized primarily by diffuse axonal injury. Journal of 
neurotrauma 28, 947–959, https://doi.org/10.1089/neu.2010.1540 (2011).

 27. Yeoh, S., Bell, E. D. & Monson, K. L. Distribution of blood-brain barrier disruption in primary blast injury. Annals of biomedical 
engineering 41, 2206–2214, https://doi.org/10.1007/s10439-013-0805-7 (2013).

 28. Readnower, R. D. et al. Increase in blood-brain barrier permeability, oxidative stress, and activated microglia in a rat model of blast-
induced traumatic brain injury. Journal of neuroscience research 88, 3530–3539, https://doi.org/10.1002/jnr.22510 (2010).

 29. Hall, A. A. et al. Repeated Low Intensity Blast Exposure Is Associated with Damaged Endothelial Glycocalyx and Downstream 
Behavioral Deficits. Frontiers in behavioral neuroscience 11, 104, https://doi.org/10.3389/fnbeh.2017.00104 (2017).

 30. Levin, V. A., Fenstermacher, J. D. & Patlak, C. S. Sucrose and inulin space measurements of cerebral cortex in four mammalian 
species. The American journal of physiology 219, 1528–1533, https://doi.org/10.1152/ajplegacy.1970.219.5.1528 (1970).

 31. Blasberg, R. G., Fenstermacher, J. D. & Patlak, C. S. Transport of alpha-aminoisobutyric acid across brain capillary and cellular 
membranes. Journal of cerebral blood flow and metabolism: official journal of the International Society of Cerebral Blood Flow and 
Metabolism 3, 8–32, https://doi.org/10.1038/jcbfm.1983.2 (1983).

 32. Patlak, C. S., Blasberg, R. G. & Fenstermacher, J. D. Graphical evaluation of blood-to-brain transfer constants from multiple-time 
uptake data. Journal of cerebral blood flow and metabolism: official journal of the International Society of Cerebral Blood Flow and 
Metabolism 3, 1–7, https://doi.org/10.1038/jcbfm.1983.1 (1983).

 33. Ziylan, Y. Z., Robinson, P. J. & Rapoport, S. I. Blood-brain barrier permeability to sucrose and dextran after osmotic opening. The 
American journal of physiology 247, R634–638, https://doi.org/10.1152/ajpregu.1984.247.4.R634 (1984).

 34. Mayhan, W. G. & Heistad, D. D. Permeability of blood-brain barrier to various sized molecules. The American journal of physiology 
248, H712–718, https://doi.org/10.1152/ajpheart.1985.248.5.H712 (1985).

 35. Schindler, A. G. et al. Blast-related disinhibition and risk seeking in mice and combat Veterans: Potential role for dysfunctional 
phasic dopamine release. Neurobiology of disease 106, 23–34, https://doi.org/10.1016/j.nbd.2017.06.004 (2017).

 36. Liu, J., Jin, X., Liu, K. J. & Liu, W. Matrix metalloproteinase-2-mediated occludin degradation and caveolin-1-mediated claudin-5 
redistribution contribute to blood-brain barrier damage in early ischemic stroke stage. J Neurosci 32, 3044–3057, https://doi.
org/10.1523/JNEUROSCI.6409-11.2012 (2012).

 37. Yang, Y., Estrada, E. Y., Thompson, J. F., Liu, W. & Rosenberg, G. A. Matrix metalloproteinase-mediated disruption of tight junction 
proteins in cerebral vessels is reversed by synthetic matrix metalloproteinase inhibitor in focal ischemia in rat. J Cereb Blood Flow 
Metab 27, 697–709, https://doi.org/10.1038/sj.jcbfm.9600375 (2007).

 38. Del Razo, M. J. et al. Mourad, Randall J. Leveque, David G. Cook. Computational and in vitro studies of blast-induced blood-brain 
barrier disruption. J. Sci. Comput. 38, 347–374, https://doi.org/10.1137/15M1010750 (2016).

 39. Banks, W. A. et al. Lipopolysaccharide-induced blood-brain barrier disruption: roles of cyclooxygenase, oxidative stress, 
neuroinflammation, and elements of the neurovascular unit. Journal of neuroinflammation 12, 223, https://doi.org/10.1186/s12974-
015-0434-1 (2015).

 40. Banks, W. A. et al. Nitric oxide isoenzymes regulate lipopolysaccharide-enhanced insulin transport across the blood-brain barrier. 
Endocrinology 149, 1514–1523, https://doi.org/10.1210/en.2007-1091 (2008).

 41. Xaio, H., Banks, W. A., Niehoff, M. L. & Morley, J. E. Effect of LPS on the permeability of the blood-brain barrier to insulin. Brain 
research 896, 36–42 (2001).

 42. Rees, D. D., Palmer, R. M., Hodson, H. F. & Moncada, S. A specific inhibitor of nitric oxide formation from L-arginine attenuates 
endothelium-dependent relaxation. British journal of pharmacology 96, 418–424 (1989).

http://dx.doi.org/10.1371/journal.pone.0062422
http://dx.doi.org/10.1001/jamaneurol.2014.2668
http://dx.doi.org/10.1016/j.tins.2005.02.001
http://dx.doi.org/10.1016/j.tins.2005.02.001
http://dx.doi.org/10.3389/fneur.2015.00048
http://dx.doi.org/10.3389/fneur.2015.00048
http://dx.doi.org/10.1089/neu.2013.3080
http://dx.doi.org/10.3233/JAD-130182
http://dx.doi.org/10.1038/nature14658
http://dx.doi.org/10.1126/scitranslmed.3003716
http://dx.doi.org/10.1001/jama.2017.8334
http://dx.doi.org/10.1089/neu.2013.3303
http://dx.doi.org/10.3389/fncel.2014.00232
http://dx.doi.org/10.3389/fncel.2014.00232
http://dx.doi.org/10.3389/fncel.2014.00421
http://dx.doi.org/10.1007/s12035-014-8902-7
http://dx.doi.org/10.1016/j.neuroscience.2016.01.022
http://dx.doi.org/10.1126/scitranslmed.aaa9585
http://dx.doi.org/10.1089/neu.2015.4067
http://dx.doi.org/10.1089/neu.2010.1540
http://dx.doi.org/10.1007/s10439-013-0805-7
http://dx.doi.org/10.1002/jnr.22510
http://dx.doi.org/10.3389/fnbeh.2017.00104
http://dx.doi.org/10.1152/ajplegacy.1970.219.5.1528
http://dx.doi.org/10.1038/jcbfm.1983.2
http://dx.doi.org/10.1038/jcbfm.1983.1
http://dx.doi.org/10.1152/ajpregu.1984.247.4.R634
http://dx.doi.org/10.1152/ajpheart.1985.248.5.H712
http://dx.doi.org/10.1016/j.nbd.2017.06.004
http://dx.doi.org/10.1523/JNEUROSCI.6409-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.6409-11.2012
http://dx.doi.org/10.1038/sj.jcbfm.9600375
http://dx.doi.org/10.1137/15M1010750
http://dx.doi.org/10.1186/s12974-015-0434-1
http://dx.doi.org/10.1186/s12974-015-0434-1
http://dx.doi.org/10.1210/en.2007-1091


www.nature.com/scientificreports/

1 2SCiEntifiC RePoRTs |  (2018) 8:11344  | DOI:10.1038/s41598-018-29341-6

 43. Rees, D. D., Palmer, R. M. & Moncada, S. Role of endothelium-derived nitric oxide in the regulation of blood pressure. Proceedings 
of the National Academy of Sciences of the United States of America 86, 3375–3378 (1989).

 44. Mulsch, A. & Busse, R. NG-nitro-L-arginine (N5-[imino(nitroamino)methyl]-L-ornithine) impairs endothelium-dependent 
dilations by inhibiting cytosolic nitric oxide synthesis from L-arginine. Naunyn-Schmiedeberg’s archives of pharmacology 341, 
143–147 (1990).

 45. Pfeiffer, S., Leopold, E., Schmidt, K., Brunner, F. & Mayer, B. Inhibition of nitric oxide synthesis by NG-nitro-L-arginine methyl ester 
(L-NAME): requirement for bioactivation to the free acid, NG-nitro-L-arginine. British journal of pharmacology 118, 1433–1440 
(1996).

 46. Schubert, W. et al. Microvascular hyperpermeability in caveolin-1 (−/−) knock-out mice. Treatment with a specific nitric-oxide 
synthase inhibitor, L-NAME, restores normal microvascular permeability in Cav-1 null mice. J Biol Chem 277, 40091–40098, 
https://doi.org/10.1074/jbc.M205948200 (2002).

 47. Clark, P. R., Kim, R. K., Pober, J. S. & Kluger, M. S. Tumor necrosis factor disrupts claudin-5 endothelial tight junction barriers in 
two distinct NF-kappaB-dependent phases. PloS one 10, e0120075, https://doi.org/10.1371/journal.pone.0120075 (2015).

 48. Theas, S. et al. Nitric oxide mediates the inhibitory effect of tumor necrosis factor-alpha on prolactin release. Neuroendocrinology 74, 
82–86, https://doi.org/10.1159/000054673 (2001).

 49. Lowenstein, C. J. et al. Nitric oxide inhibits viral replication in murine myocarditis. The Journal of clinical investigation 97, 
1837–1843, https://doi.org/10.1172/JCI118613 (1996).

 50. Nakaizumi, A. et al. Nitric oxide potentiates TNF-alpha-induced neurotoxicity through suppression of NF-kappaB. Cell Mol 
Neurobiol 32, 95–106, https://doi.org/10.1007/s10571-011-9739-5 (2012).

 51. Yamaguchi, H., Kidachi, Y., Umetsu, H. & Ryoyama, K. L-NAME inhibits tumor cell progression and pulmonary metastasis of r/m 
HM-SFME-1 cells by decreasing NO from tumor cells and TNF-alpha from macrophages. Mol Cell Biochem 312, 103–112, https://
doi.org/10.1007/s11010-008-9725-5 (2008).

 52. Mishra, V. et al. Primary blast causes mild, moderate, severe and lethal TBI with increasing blast overpressures: Experimental rat 
injury model. Scientific reports 6, 26992, https://doi.org/10.1038/srep26992 (2016).

 53. Kuroiwa, T., Ting, P., Martinez, H. & Klatzo, I. The biphasic opening of the blood-brain barrier to proteins following temporary 
middle cerebral artery occlusion. Acta neuropathologica 68, 122–129 (1985).

 54. Belayev, L., Busto, R., Zhao, W. & Ginsberg, M. D. Quantitative evaluation of blood-brain barrier permeability following middle 
cerebral artery occlusion in rats. Brain research 739, 88–96 (1996).

 55. Pillai, D. R. et al. Cerebral ischemia-reperfusion injury in rats–a 3 T MRI study on biphasic blood-brain barrier opening and the 
dynamics of edema formation. Journal of cerebral blood flow and metabolism: official journal of the International Society of Cerebral 
Blood Flow and Metabolism 29, 1846–1855, https://doi.org/10.1038/jcbfm.2009.106 (2009).

 56. Baldwin, S. A., Fugaccia, I., Brown, D. R., Brown, L. V. & Scheff, S. W. Blood-brain barrier breach following cortical contusion in the 
rat. Journal of neurosurgery 85, 476–481, https://doi.org/10.3171/jns.1996.85.3.0476 (1996).

 57. Baskaya, M. K., Rao, A. M., Dogan, A., Donaldson, D. & Dempsey, R. J. The biphasic opening of the blood-brain barrier in the cortex 
and hippocampus after traumatic brain injury in rats. Neuroscience letters 226, 33–36 (1997).

 58. Gu, Y. et al. Caveolin-1 regulates nitric oxide-mediated matrix metalloproteinases activity and blood-brain barrier permeability in 
focal cerebral ischemia and reperfusion injury. J Neurochem 120, 147–156, https://doi.org/10.1111/j.1471-4159.2011.07542.x (2012).

 59. Winger, R. C., Koblinski, J. E., Kanda, T., Ransohoff, R. M. & Muller, W. A. Rapid remodeling of tight junctions during paracellular 
diapedesis in a human model of the blood-brain barrier. Journal of immunology 193, 2427–2437, https://doi.org/10.4049/
jimmunol.1400700 (2014).

 60. Willis, C. L., Camire, R. B., Brule, S. A. & Ray, D. E. Partial recovery of the damaged rat blood-brain barrier is mediated by adherens 
junction complexes, extracellular matrix remodeling and macrophage infiltration following focal astrocyte loss. Neuroscience 250, 
773–785, https://doi.org/10.1016/j.neuroscience.2013.06.061 (2013).

 61. Chip, S., Nitsch, C., Wellmann, S. & Kapfhammer, J. P. Subfield-specific neurovascular remodeling in the entorhino-hippocampal-
organotypic slice culture as a response to oxygen-glucose deprivation and excitotoxic cell death. Journal of cerebral blood flow and 
metabolism: official journal of the International Society of Cerebral Blood Flow and Metabolism 33, 508–518, https://doi.org/10.1038/
jcbfm.2012.190 (2013).

 62. Cooper, I., Cohen-Kashi-Malina, K. & Teichberg, V. I. Claudin-5 expression in in vitro models of the blood-brain barrier. Methods 
in molecular biology 762, 347–354, https://doi.org/10.1007/978-1-61779-185-7_25 (2011).

 63. Stamatovic, S. M., Keep, R. F., Wang, M. M., Jankovic, I. & Andjelkovic, A. V. Caveolae-mediated internalization of occludin and 
claudin-5 during CCL2-induced tight junction remodeling in brain endothelial cells. The Journal of biological chemistry 284, 
19053–19066, https://doi.org/10.1074/jbc.M109.000521 (2009).

 64. Abdul-Muneer, P. M. et al. Induction of oxidative and nitrosative damage leads to cerebrovascular inflammation in an animal model 
of mild traumatic brain injury induced by primary blast. Free Radic Biol Med 60, 282–291, https://doi.org/10.1016/j.
freeradbiomed.2013.02.029 (2013).

 65. Logsdon, A. F. et al. Salubrinal reduces oxidative stress, neuroinflammation and impulsive-like behavior in a rodent model of 
traumatic brain injury. Brain research 1643, 140–151, https://doi.org/10.1016/j.brainres.2016.04.063 (2016).

 66. Rao, V. L., Dogan, A., Bowen, K. K. & Dempsey, R. J. Traumatic injury to rat brain upregulates neuronal nitric oxide synthase 
expression and L-[3H]nitroarginine binding. Journal of neurotrauma 16, 865–877, https://doi.org/10.1089/neu.1999.16.865 (1999).

 67. Tweedie, D. et al. Changes in mouse cognition and hippocampal gene expression observed in a mild physical- and blast-traumatic 
brain injury. Neurobiology of disease 54, 1–11, https://doi.org/10.1016/j.nbd.2013.02.006 (2013).

 68. Wada, K., Chatzipanteli, K., Busto, R. & Dietrich, W. D. Effects of L-NAME and 7-NI on NOS catalytic activity and behavioral 
outcome after traumatic brain injury in the rat. Journal of neurotrauma 16, 203–212, https://doi.org/10.1089/neu.1999.16.203 
(1999).

 69. Gahm, C. et al. Reduced neuronal injury after treatment with NG-nitro-L-arginine methyl ester (L-NAME) or 2-sulfo-phenyl-N-
tert-butyl nitrone (S-PBN) following experimental brain contusion. Neurosurgery 57, 1272–1281; discussion 1272–1281 (2005).

 70. Terpolilli, N. A. et al. The novel nitric oxide synthase inhibitor 4-amino-tetrahydro-L-biopterine prevents brain edema formation 
and intracranial hypertension following traumatic brain injury in mice. Journal of neurotrauma 26, 1963–1975, https://doi.
org/10.1089/neu.2008-0853.

 71. Khaldi, A., Chiueh, C. C., Bullock, M. R. & Woodward, J. J. The significance of nitric oxide production in the brain after injury. 
Annals of the New York Academy of Sciences 962, 53–59 (2002).

 72. Badaut, J., Ajao, D. O., Sorensen, D. W., Fukuda, A. M. & Pellerin, L. Caveolin expression changes in the neurovascular unit after 
juvenile traumatic brain injury: signs of blood-brain barrier healing? Neuroscience 285, 215–226, https://doi.org/10.1016/j.
neuroscience.2014.10.035 (2015).

 73. Nitta, T. et al. Size-selective loosening of the blood-brain barrier in claudin-5-deficient mice. The Journal of cell biology 161, 653–660, 
https://doi.org/10.1083/jcb.200302070 (2003).

 74. Ballabh, P., Braun, A. & Nedergaard, M. The blood-brain barrier: an overview: structure, regulation, and clinical implications. 
Neurobiology of disease 16, 1–13, https://doi.org/10.1016/j.nbd.2003.12.016 (2004).

 75. Rubin, L. L. et al. A cell culture model of the blood-brain barrier. The Journal of cell biology 115, 1725–1735 (1991).

http://dx.doi.org/10.1074/jbc.M205948200
http://dx.doi.org/10.1371/journal.pone.0120075
http://dx.doi.org/10.1159/000054673
http://dx.doi.org/10.1172/JCI118613
http://dx.doi.org/10.1007/s10571-011-9739-5
http://dx.doi.org/10.1007/s11010-008-9725-5
http://dx.doi.org/10.1007/s11010-008-9725-5
http://dx.doi.org/10.1038/srep26992
http://dx.doi.org/10.1038/jcbfm.2009.106
http://dx.doi.org/10.3171/jns.1996.85.3.0476
http://dx.doi.org/10.1111/j.1471-4159.2011.07542.x
http://dx.doi.org/10.4049/jimmunol.1400700
http://dx.doi.org/10.4049/jimmunol.1400700
http://dx.doi.org/10.1016/j.neuroscience.2013.06.061
http://dx.doi.org/10.1038/jcbfm.2012.190
http://dx.doi.org/10.1038/jcbfm.2012.190
http://dx.doi.org/10.1007/978-1-61779-185-7_25
http://dx.doi.org/10.1074/jbc.M109.000521
http://dx.doi.org/10.1016/j.freeradbiomed.2013.02.029
http://dx.doi.org/10.1016/j.freeradbiomed.2013.02.029
http://dx.doi.org/10.1016/j.brainres.2016.04.063
http://dx.doi.org/10.1089/neu.1999.16.865
http://dx.doi.org/10.1016/j.nbd.2013.02.006
http://dx.doi.org/10.1089/neu.1999.16.203
http://dx.doi.org/10.1089/neu.2008-0853
http://dx.doi.org/10.1089/neu.2008-0853
http://dx.doi.org/10.1016/j.neuroscience.2014.10.035
http://dx.doi.org/10.1016/j.neuroscience.2014.10.035
http://dx.doi.org/10.1083/jcb.200302070
http://dx.doi.org/10.1016/j.nbd.2003.12.016


www.nature.com/scientificreports/

13SCiEntifiC RePoRTs |  (2018) 8:11344  | DOI:10.1038/s41598-018-29341-6

 76. Argaw, A. T., Gurfein, B. T., Zhang, Y., Zameer, A. & John, G. R. VEGF-mediated disruption of endothelial CLN-5 promotes blood-
brain barrier breakdown. Proceedings of the National Academy of Sciences of the United States of America 106, 1977–1982, https://doi.
org/10.1073/pnas.0808698106 (2009).

 77. Argaw, A. T. et al. Astrocyte-derived VEGF-A drives blood-brain barrier disruption in CNS inflammatory disease. The Journal of 
clinical investigation 122, 2454–2468, https://doi.org/10.1172/JCI60842 (2012).

 78. Macdonald, A., Monson, C. M., Doron-Lamarca, S., Resick, P. A. & Palfai, T. P. Identifying patterns of symptom change during a 
randomized controlled trial of cognitive processing therapy for military-related posttraumatic stress disorder. Journal of traumatic 
stress 24, 268–276, https://doi.org/10.1002/jts.20642 (2011).

 79. Jorge, R. E. et al. White matter abnormalities in veterans with mild traumatic brain injury. The American journal of psychiatry 169, 
1284–1291, https://doi.org/10.1176/appi.ajp.2012.12050600 (2012).

 80. Petrie, E. C. et al. Neuroimaging, behavioral, and psychological sequelae of repetitive combined blast/impact mild traumatic brain 
injury in Iraq and Afghanistan war veterans. Journal of neurotrauma 31, 425–436, https://doi.org/10.1089/neu.2013.2952 (2014).

 81. MacDonald, C. L. et al. Functional status after blast-plus-impact complex concussive traumatic brain injury in evacuated United 
States military personnel. Journal of neurotrauma 31, 889–898, https://doi.org/10.1089/neu.2013.3173 (2014).

 82. McKee, A. C. et al. The spectrum of disease in chronic traumatic encephalopathy. Brain: a journal of neurology 136, 43–64, https://
doi.org/10.1093/brain/aws307 (2013).

 83. Kuraikose, M. et al. Temporal and spatial effects of blast-overpressure on blood-brain barrier permeability in traumatic brain injury. 
Scientific Reports 8, https://www.nature.com/articles/s41598-018-26813-7 (2018)

Acknowledgements
The author(s) disclosed receipt of the following financial support for the research, authorship, and/or publication 
of this article: These studies were supported by R01AG046619 (WAB), and T32AG052354 (A.F.L.), VA Puget 
Sound Health Care System Seed Grant (J.S.M.), Department of Veterans Affairs Office of Research and 
Development Medical Research Service RDIS# 0005 (D.G.C.), Veterans Affairs Rehabilitation Research and 
Development Service Merit Review Grant #B77421 (E.R.P.), University of Washington Friends of Alzheimer’s 
Research (D.G.C., E.R.P.), University of Washington Royalty Research Fund (D.G.C.), Northwest Network Mental 
Illness Research Education and Clinical Center (J.S.M., E.R.P., M.A.R.).

Author Contributions
Author contributions were as follows: Study design (A.F.L., J.S.M., W.A.B., D.G.C.); conducted experiments 
(A.F.L., J.S.M., M.M.C., K.M.B.); analyzed data (A.F.L., J.S.M., W.A.B., D.G.C.); wrote manuscript (A.F.L., W.A.B., 
D.G.C.); provided critical scientific input in manuscript preparation and interpreting results (A.F.L., E.R.P., 
M.A.R., W.A.B., D.G.C.).

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29341-6.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1073/pnas.0808698106
http://dx.doi.org/10.1073/pnas.0808698106
http://dx.doi.org/10.1172/JCI60842
http://dx.doi.org/10.1002/jts.20642
http://dx.doi.org/10.1176/appi.ajp.2012.12050600
http://dx.doi.org/10.1089/neu.2013.2952
http://dx.doi.org/10.1089/neu.2013.3173
http://dx.doi.org/10.1093/brain/aws307
http://dx.doi.org/10.1093/brain/aws307
https://www.nature.com/articles/s41598-018-26813-7
http://dx.doi.org/10.1038/s41598-018-29341-6
http://creativecommons.org/licenses/by/4.0/

	Blast exposure elicits blood-brain barrier disruption and repair mediated by tight junction integrity and nitric oxide depe ...
	Results
	Blast exposure induces aberrant BBB permeability to radiolabeled sucrose and albumin. 
	Blast elicits brain region-specific BBB disruption. 
	Delayed BBB disruption is associated with brain region-specific disturbances in claudin-5 expression. 
	Blast causes perivascular reactive gliosis in association with aberrant claudin-5 expression. 
	Effects of cyclooxygenase or nitric oxide synthase inhibition on delayed BBB disruption. 
	L-NAME reverses blast-induced disturbances in claudin-5 expression. 
	L-Name attenuates TNFα in BBB-vulnerable brain regions after blast. 

	Discussion
	Methods
	Animals. 
	Blast exposure. 
	Radiolabeled tracer preparation. 
	Radiolabeled tracer injections. 
	Indomethacin and N(G)-nitro-L-arginine methyl ester treatment. 
	Confocal microscopy. 
	Immunoblotting. 
	Cytokine measurements. 
	Statistical analysis. 
	Data availability. 

	Acknowledgements
	Figure 1 Blood-brain barrier disruption to large and small molecules following blast.
	Figure 2 Claudin-5 expression is disturbed in brain regions vulnerable to blast-induced BBB disruption.
	Figure 3 Perivascular reactive gliosis occurs in association with aberrant claudin-5 expression after blast.
	Figure 4 Nitric oxide synthase inhibition blocks delayed blood-brain barrier disruption after blast.
	Figure 5 L-NAME rescues claudin-5 immunofluorescence in the hippocampus after blast.
	Figure 6 Brain region-specific blast-induced increases in TNFα are attenuated by L-NAME.
	Table 1 Temporal profile of regional BBB permeability to 14C-sucrose after 2X blast mTBI.
	Table 2 Temporal profile of regional BBB permeability to 99mTc-albumin after 2X blast mTBI.




