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Introduction: Traumatic brain injury (TBI) is a leading cause of disability in

the US. Angiotensin 1-7 (Ang-1-7), an endogenous peptide, acts at the G

protein coupled MAS1 receptors (MASR) to inhibit inflammatory mediators

and decrease reactive oxygen species within the CNS. Few studies have

identified whether Ang-(1-7) decreases cognitive impairment following closed

TBI. This study examined the therapeutic e�ect of Ang-(1-7) on secondary

injury observed in a murine model of mild TBI (mTBI) in a closed skull, single

injury model.

Materials and methods: Male mice (n = 108) underwent a closed

skull, controlled cortical impact injury. Two hours after injury, mice were

administered either Ang-(1-7) (n = 12) or vehicle (n = 12), continuing

through day 5 post-TBI, and tested for cognitive impairment on days 1–5 and

18. pTau, Tau, GFAP, and serum cytokines were measured at multiple time

points. Animals were observed daily for cognition and motor coordination

via novel object recognition. Brain sections were stained and evaluated for

neuronal injury.

Results: Administration of Ang-(1-7) daily for 5 days post-mTBI significantly

increased cognitive function as compared to saline control-treated animals.

Cortical and hippocampal structures showed less damage in the presence of

Ang-(1-7), while Ang-(1-7) administration significantly changed the expression

of pTau and GFAP in cortical and hippocampal regions as compared to control.

Discussion: These are among the first studies to demonstrate that sustained

administration of Ang-(1-7) following a closed-skull, single impact mTBI

significantly improves neurologic outcomes, potentially o�ering a novel

therapeutic modality for the prevention of long-term CNS impairment

following such injuries.
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Introduction

Traumatic Brain Injury (TBI) is a continuum of

neuropathologies resulting from high-energy external

force applied to the brain that is subclassified as mild (i.e.,

concussion) to severe. The Centers for Disease Control

highlight TBI morbidity and mortality in the U.S. with an

estimated 1.7-million people experiencing TBI annually

and 52,000 TBI-related deaths per year (Traumatic Brain

Injury/Concussion | Concussion | Traumatic Brain Injury |

CDC Injury Center., 2021). Mild TBI (mTBI) is the lowest

severity of injury on the TBI spectrum and is often characterized

by loss of consciousness lasting <30min following traumatic,

sudden impact to- or rapid acceleration-deceleration of the

head (Vos et al., 2002; Menon et al., 2010). Risk factors for

mTBI include falls, contact sports, combat, transportation

accidents, and physical abuse (Cassidy et al., 2004; Terrio et al.,

2009).

The initial extrinsic trauma to the brain is accompanied by a

secondary intrinsic insult mediated by inflammation (Johnson

et al., 2013) and increases in reactive nitrogen (i.e., nitric

oxide) and oxygen species (Frati et al., 2017). This “second

hit” in TBI is a response by the host’s immune system to

contain local damage; this process causes collateral damage to

neurological structures due to its non-specificity (Kulbe and

Hall, 2017). Thus, improving TBI outcomes with interventions

that target the reversible secondary inflammation and its

sequelae are desired (Joseph et al., 2015; Albayram et al.,

2017). A recently recognized anti-inflammatory agent is the

biologically active heptapeptide Angiotensin-(1-7) [Ang-(1-7)]

(Passos-Silva et al., 2013). Angiotensin II is the major product of

the renin-angiotensin-aldosterone system (RAAS), responsible

for vasoconstriction, fluid retention, and inflammation via

actions at angiotensin II type 1(AT1) and angiotensin II type

2 (AT2) receptors (Mehta and Griendling, 2007). Angiotensin-

converting enzyme 2 (ACE2) metabolizes angiotensin II into

Ang-(1-7). Through actions at the G-protein-coupled Mas

receptor (GPCR; MASR), Ang-(1-7) exerts anti-inflammatory

(Pörsti et al., 1994), anti-oxidative, and vasodilatory (Jackson

et al., 1988; Santos et al., 2003) effects. MASRs are reported

throughout the CNS (Jiang et al., 2013) and studies in murine

models have shown Ang-(1-7) to confer neuroprotection against

CHF-induced cognitive impairment (Hay et al., 2017). Ang-

(1-7) also promotes anti-nociception in cancer-induced bone

pain (Forte et al., 2016), supporting the role of Ang-(1-

7) as an endogenous, physiologic adversary of pathologic

inflammation. Our objective was to determine whether Ang-

(1-7) confers neuroprotection in mice following closed-

skull mTBI. Behavioral, histologic, and biochemical evidence

demonstrate an inhibition of mTBI-related secondary injury

by Ang-(1-7).

Materials and methods

Animals

One hundred and eight male C57/BL6 mice (5.5 weeks, 18–

20 g) were housed in a temperature- and humidity-controlled

environment on a 12:12 h light:dark cycle. Food and water

were available ad libitum. All experiments were conducted

in accordance with the National Institutes of Health Guide

for the Care and Use of Laboratory Animals and approved

by The University of Arizona Institutional Animal Care and

Use Committee.

Traumatic brain injury model

A pneumatic impactor delivered a controlled cortical impact

(CCI) with desired kinetic parameters (Sandweiss et al., 2017).

A closed-skull approach was used for this protocol, whereby

skin was incised at midline to expose the calvaria. Parameters

were set such that a 7.07 mm2 area of cortex located in the

left posteromedial parietal lobe (1.5mm left of sagittal suture,

1–2mm anterior to lambdoid suture) received a uniform blow

(impact: velocity of 4.0 m/s, depth of 1mm, and dwell time of

500ms); actual hit velocity for individual animals was recorded

immediately post-impact. Mice were anesthetized with 2.5%

isoflurane (vol/vol) in an oxygen vehicle (1.5 L/min) before

and during impact. Post-impact, mice were monitored for

recovery of respiration (time to inspire) and ambulation (time

to ambulate). Skin was closed with 5-0 absorbable sutures.

Drug dosing and testing

Mice received either Ang-(1-7) (1.0 mg/kg total dose, i.p., n

= 12) or normal saline (0.9%, i.p., 10 ml/kg) vehicle (n= 12) 2 h

post-TBI, 30min prior to NOR testing on days 1–5 and day 18,

and 30min prior to sacrifice on day 25. This timeline was chosen

to demonstrate a potential maintenance effect on cognitive

function in the drug group. Two final doses were administered

in order to probe for potential rebound effects. An additional

cohort of animals was sacrificed on days 1, 3, and 14 for cortical

and hippocampal western blots and ELISAs. An additional three

cohorts of mice were administered either normal saline, 0.1

mg/kg Ang-(1-7), or 0.3 mg/kg Ang-(1-7) (i.p., n = 10–12) to

establish the presence or absence of a dose-response relationship

as it pertains to cognitive function. All mouse cohorts were

subject to the same cognitive function testing, as described

below. Finally, to establish MASR dependence or independence

of any observed effect, an additional cohort of mice was subject

to pre-treatment with MASR antagonist A779 or saline. In
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this group, A779 (1 mg/kg, i.p.) or saline was injected i.p. (n

= 10–12) 30min prior to receiving 1 mg/kg Ang-(1-7) for 5

consecutive days. These mice were subject to cognitive function

testing alongside those having received saline + Ang-(1-7)

without antagonistic pre-treatment.

Cognitive function testing

Novel object recognition (NOR) was employed to test

mTBI-induced cognitive impairment (Arenth et al., 2014; Hay

et al., 2017; Sandweiss et al., 2017). The apparatus was an

evenly illuminated, opaque Plexiglas box (12 cm3 3 × 3

grid on the floor) inside an isolated observation room. A

video camera (Canon) acquired an aerial view of mouse

exploration/behavior. The time themouse spent interacting with

the objects of the test was tracked offline by three blinded

observers both manually and in an objective manner using

AnyMaze software; outcome measures in AnyMaze included

time with familiar, time with novel, latency to approach, time

spent moving, total distance traveled, speed, and number of

objects approaches for familiar and novel objects. Objects varied

in shape, color, and size. To eliminate olfactory cues, the

chamber and objects were cleaned between each mouse and

trial. Exploratory behavior was defined as the mouse directing

its nose toward the object at a distance of ≤ 2 cm (Hay et al.,

2017). The positions of the objects in the test phases, and the

objects used as novel or familiar, were counterbalanced between

the two groups of mice. Novel object recognition uses three

phases of exploration (habituation, familiarization, and testing)

to assess an animal’s memory in the absence of positive or

negative reinforcers.

We employed five trials, as follows:

Trial 1: Habituation—The animal is removed from its home

enclosure and allowed to freely roam the empty arena (without

object present) for 5 min.

Trial 2: Familiarization—Three identical objects are placed

in their respective crosshairs at opposing corners of the arena.

The mouse is re-introduced to the arena and allowed to

explore/interact with these identical objects for 5 min.

Trial 3: Familiarization 2—Repetition of Trial 2.

Trial 4: Familiarization with Baseline Collection

(Recorded)—Identical to Trial 2; however, this trial is

filmed/recorded in order to collect baseline time measurements

and movement data.

Trial 5: Testing (Recorded)—Two identical objects are placed

in their respective corners; however, the third object is replaced

with a single novel object in another corner of the arena. The

animal is then allowed to freely roam the arena (as in prior trials)

for 5min. This trial is recorded, and the one from which NOR

data are derived.

Of note, familiar objects must always be the same objects

for all testing days for a given mouse. For example, if animal 1

begins with three dragons as familiar objects, the familiar objects

on all subsequent days must also be dragons. The novel object,

however, may never be repeated.

Using multiple measures, the basis for NOR is that “The

preference for a novel object means that presentation of the

familiar object exists in an animal’s memory (Ennaceur 2010).”

The recognition of novelty requires more cognitive skills

from the subject relative to tasks measuring exploration of

novel environments or a single novel object (Silvers et al.,

2007). Multiple outcomes can be calculated, including

the Discrimination Index (time with novel-time with

familiar)/(time with novel + time with familiar), Recognition

Index (time with novel)/(time with novel + time with

familiar) which corresponds to retention, and Global Index

of Habituation (total time spent in exploring each objects

during the familiarization phase as compared to the total

time spent with each object in the test phase). Thus, an NOR

ratio > 0.5 would indicate that (1) cognitive discrimination

is intact, (2) retention of familiar object is intact, and/or

(3) exploratory behaviors are increased. It is important to

note that distance traveled in the context of the above is not

altered such that the effect of mTBI on only discrimination

and retention can be examined. Discrimination indices

(DI) were calculated with a score closer to 1 indicating

more time spent with the novel object, whereas scores

closer to 0 indicated a preference for familiar objects. To

determine if the DI reflected variability in hit parameters

over time, correlation analyses were conducted using a simple

linear regression.

Serum collection, cytokine screen, tissue
perfusion, and harvesting

Mice were anesthetized with ketamine 80 mg/kg/xylazine

12 mg/kg, i.p. Whole blood samples were acquired via a

transphrenic approach, allowed to coagulate (30min, room

temperature) and centrifuged (1,000 rpm/4◦C) for 20-min. Mice

were then immediately perfused with 10mL of iced 0.1M PBS.

Brains were immediately dissected and blocked in a matrix,

taking 3mm slices from the transverse cerebral fissure ending

anterior to the hippocampus. Left cerebral cortex in the region

of the injury and bilateral hippocampi were carefully dissected

in chilled 0.1M PBS. Serum and tissue samples were snap frozen

in liquid nitrogen and stored at −80◦C. Cytokine levels were

assessed using a commercial kit according to manufacturer’s

instructions (Invitrogen; SABiosciences, Valencia, CA, USA).

Westerns

Levels of glial fibrillary acidic protein (GFAP), total Tau, and

phosphorylated Tau (pTau) proteins were analyzed by western
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blot. Tissue samples were homogenized in a Tris-buffered-saline

lysis with protease and phosphatase inhibitor cocktail through

sonication on ice. Following BCA protein quantification,

15 µg of total protein from each sample was loaded

on 10% SDS-polyacrylamide gel wells (TGX Criterion XT;

BioRad, Hercules, CA), transferred to polyvinylidene difluoride

membrane (BioRad), and blocked with 5% bovine serum

albumin in Tris-buffered-saline containing 0.05% (vol/vol)

Tween-20 for 1 h at room temperature. Membranes were

incubated with primary antibody in 3% BSA/TBST at 4◦C

overnight. Antibodies and dilutions used rabbit monoclonal

anti-GFAP (Abcam ab68428; 1:3,000), rabbit monoclonal anti-

Tau (phospho S396, Abcam ab109390; 1:100,000), mouse

monoclonal anti-Tau (TAU-5, Abcam ab80579; 1:20,000),

mouse monoclonal anti-β-actin (Cell Signaling 7076S; 1:50,000),

and mouse monoclonal anti-α-Tubulin (Cell Signaling 3873S;

1:50,000). Blots were incubated in secondary antibody in 3%

BSA/TBST for 1 h at room temperature (Cell Signaling 7074

anti-rabbit IgG HRP-Linked, 1:25,000 for GFAP, 1:100,000

for pTau; Cell Signaling 7076 anti-mouse IgG HRP-Linked,

1:100,000 for total Tau, 1:50,000 for β-actin, 1:100,000 for

α-Tubulin). Membranes were then incubated in enhanced

chemiluminescence solution (Clarity ECL Substrate, BioRad)

(5min) and developed using GeneMate BlueLite Autorad films

(BioExpress, Kaysville, UT). Scanned images were processed

using Adobe Photoshop (San Jose, CA) and computational

analysis of band densities carried out using ImageJ software

(NIH). Data were normalized to either β-actin or α-tubulin and

reported as fold-change over untreated control.

H&E staining

Animals were sacrificed at days 1, 3, 7, and 14 post-mTBI.

Sectioned slices (40 um) were stained with hematoxylin &

eosin (H&E) using the Thermo Scientific Rapid-Chrome Frozen

Section Staining Kit (#99-900-01, and lot #413385). Directly

mounted brain sections followed this protocol: hematoxylin

(10 s), 5 rinses in D.I. H2O, dip in bluing agent, 5 dips in 95%

alcohol, dip in eosin-y, and 5 dips in each of the following

solutions: 95% alcohol, 100% alcohol, 100% alcohol, and 2 dips

in xylene. For free-floating sections in 30% sucrose in 1x-PBS,

5min in hematoxylin was used. Images were taken at 4×, 10×,

and 20× magnification for assessment of widespread effects

on the cortex and hippocampus and closer examination of

the injury site, respectively. Image cell counts were quantified

using NIH-provided ImageJ software. All images were converted

to 16-bit grayscale, with the upper threshold set at 20%. The

dimensions were set to 4.5 × 4.5mm on the area of cortical

injury, with circularity adjusted to 0.5–1 to recognize cell

structure (a value of 1 indicates a perfect circle) for counting

cortical and hippocampal neurons.

Statistical analysis

Serum protein levels were analyzed by one-way analysis

of variance (ANOVA; post-hoc Student-Newman-Keuls). NOR

time courses were used to create an area-under-the-curve

which was analyzed by repeated measure two-way ANOVA

with Tukey post-hoc analysis (three separate observers were

employed, all of whom were blind to treatments). Times

recorded from all observers were pooled and averaged.

The data were plotted in GraphPad Prism 7 (GraphPad

Software, La Jolla, CA) and represent the mean ± SEM

with statistical significance represented by ∗p < 0.05. Group

sizes were determined using G∗Power analysis. A conventional

likelihood level β = 0.80 and a conventional significance level

α = 0.05 are assumed.

Results

TBI in a closed head, closed skull model
induces variable levels of cognitive
decline

Fifty-five C57blk/6J male mice received a preprogramed

TBI. Of these, 31 showed a reduction in DI values, whereas 24

showed either no change or an increase in DI values (Figure 1).

Differences in actual hit velocity (Figure 1B), latency to inspire

(Figure 1C), and time to ambulate (Figure 1D) were statistically

similar between mice showing decline, vs. stable or improved

ability to perform in the NOR task. Grouping post-TBI DI values

by percentages suggests multiple types of TBI induced by this

model: mild (<20% impairment/improvement), moderate (20–

60% impairment or improvement), and severe (>60% decline

or improvement) (Figure 1A) that corresponded to significant

differences in DI in the moderate range (Figures 1E,F, ∗∗p <

0.01). All subsequent assays were performed in animals with a

mild/moderate TBI (mTBI).

Ang-(1-7) prevents post-mTBI cognitive
dysfunction

Pre-mTBI novel object recognition (NOR) values

demonstrated no significant difference between treatment

groups (∗p > 0.05; Figure 2). mTBI significantly reduced

DI on days 1, 2, 3, and 16 in saline-treated mice (saline BL

to Day 3, p < 0.05); Ang-(1-7)-treated mice maintained

higher DI values for the duration of the experiment relative

to saline control, which aligned with pre-mTBI values. In

separate behavioral assays performed on sham mTBI mice, no

difference from baseline NOR was observed in mice treated

with Ang-(1-7).
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FIGURE 1

Closed skull traumatic brain injury (TBI) induced variable cognitive outcomes as determined by novel object recognition (NOR). (A) Number of

animals grouped by 20% bins showing both cognitive decline and cognitive improvement. Di�erences in (B) hit velocity, (C) time to inspire, and

(D) time to ambulate port impact were not di�erent between mice with cognitive impairment or normal cognition. (E,F) Animals with a mild TBI

(<20% decline or impairment) performed similar to uninjured animals in NOR, whereas moderate and severe outcomes were statistically

di�erent from baseline. Statistically significant di�erence (**p < 0.01, ***P < 0.001, and ****P < 0.0001), n = 55 mice.

Ang-(1-7)-mediated improvement in
cognitive function does not exhibit dose
dependence

As in the aforementioned cohorts, pre-injury DI did not

differ significantly between groups. mTBI again significantly

reduced NOR in most injured mice as evidenced by

reduced DI post-injury (Supplementary Figure 1). Ang-(1-

7) administration at both 0.1 and 0.3 mg/kg significantly

improved NOR in mice having shown initial cognitive

deficits post-mTBI (∗p < 0.05; Supplementary Figure 1).

However, DI did not differ significantly between 0.1
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FIGURE 2

Cognitive deficits after closed-skull TBI are mitigated by

Ang-(1-7). (A) Diagram of Novel Object Recognition set up. (B)

Discrimination Ratio as a function of time demonstrates relative

maintenance of cognitive function in mice treated with

Ang-(1-7) as opposed to normal saline alone. Time of TBI

infliction is denoted by the vertical dashed line. Primary

administration of either drug or saline vehicle took place 2h

post-TBI. All subsequent drug and saline injections took place

30min prior to NOR assays conducted on days 2–16. repeated

measures ANOVA (with Tukey correction) was employed to

analyze main e�ect of the drug intervention on DR, followed by

Tukey Range test where appropriate. Twenty-four male mice 12

mice in each group, statistically significant (*p < 0.05) di�erence

between treatment groups; Statistically significant (‡p < 0.05)

di�erence from baseline within the group.

and 0.3 mg/kg Ang-(1-7) doses in these initially

impaired mice.

Ang-(1-7)-mediated cognitive
improvement is attenuated in the setting
of MASR antagonist pre-treatment

To determine if Ang-(1-7) effects were mediated by MASR,

a selective antagonist, A779 (1 mg/kg, i.p.) was administered

30min prior to Ang-(1-7) (Figure 3). Pre-injury DI was again

shown not to be significantly different between groups receiving

either pre-treatment saline or A779 with Ang-(1-7). mTBI again

precipitated significant reduction in DI relative to baseline in

both groups (Figure 3A). In mice pre-treated with A779, DI was

significantly reduced relative to that of saline-pretreated animals

on days 2 and 4 post-mTBI (Figures 3A,B). This deleterious

effect of A779 was demonstrated despite subsequent Ang-(1-

7) administration in injured mice. Pre-treatment with MASR

antagonist A779 did not impair the ability of mice to move, i.e.,

no difference in total distance moved or speed was observed

(Figures 3C,D)

Ang-(1-7) attenuates neuronal loss in the
cortex post-mTBI

Using H&E staining, the effects of Ang-(1-7) on CNS

structure was assessed following mTBI. The number of cortical

pyramidal neurons was significantly reduced in the saline-

treated mice on days 1, 3, 7, and 14 following mTBI (Figures 4A,

2B). Ang-(1-7)-treated mice showed significantly higher cell

counts in the cortex compared to that of saline-treated mice

on days 1, 3, 7, and 14 post-mTBI (Figure 4B). Ang-(1-7)-

treated mice were shown to maintain naïve cell counts on

days 7–14 post-mTBI. Both saline-treated and Ang-(1-7) groups

maintained stable/upward-trending cell count for the duration

of the experiment, except for day 3 in the saline-treated group.

Previous research indicates that mTBI disrupts white matter

integrity (Arenth et al., 2014); we measured the thickness of

the corpus callosum, as well as overall thickness of the cortex

for both (Figures 2C,D). The present study found no significant

difference in callosal or cortical thickness between saline and

Ang-(1-7) treatment groups (Figures 4C,D).

Ang-(1-7) reduces neuronal loss in the
hippocampus post-mTBI

The number of hippocampal neurons in the CA3 region

was measured for both ipsilateral and contralateral regions

with respect to cortical impact. Cell count in the CA3 region

of both ipsilateral (left) and contralateral (right) sides was

significantly reduced in the saline-treated group on days 1, 3,

7, and 14 following TBI (Figures 5A–C). Ang-(1-7)-treated mice

showed a greater ipsilateral cell count as compared to the saline-

treated group on days 1, 3, 7, and 14 post-TBI (Figure 5B);

similar findings were observed in the contralateral hippocampus

(Figure 5C).

Ang-(1-7) modulates ratio of Tau protein
phosphorylation in cortex and
hippocampus following mTBI

Tau, a microtubule-associated protein that promotes

tubulin assembly, contributes to the stability of microtubules

in neuronal axons. Post-translational modification of Tau

via phosphorylation destabilizes these interactions altering
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FIGURE 3

A779 MASR antagonist pre-treatment attenuated Ang-(1-7)-mediated cognitive improvement. (A) The NOR discrimination index (DI) was

statistically lower in A779 (1 mg/kg, i.p.)-pretreated animals vs. saline on days 2 and 4 of treatment post TBI (*p < 0.05). (B) This was confirmed

after calculation of the Area under the curve (AUC) to account for di�erences over time. (C,D) Showed no di�erences in total distance moved or

speed were observed (P > 0.05). Repeated measures ANOVA (with Tukey correction) was employed. N = 12 mice in each group. **P < 0.01, ns;

no significant.

axoplasmic function (Gong et al., 2005). Measurement of Tau

and pTau, over the 14 days post-TBI demonstrated statistically

significant (p < 0.05) changes between Ang-(1-7)-treated mice

and saline-treated controls in cortical tissue (Figure 6). For

cortical tissue, pooled protein densities from Western blot

studies depicted higher expression of pTau [68.4± 10.4 Ang-(1-

7) vs. 24.2 ± 11.42 Saline, p = 0.042] and lower expression of

Tau [123.5 ± 9.08 Ang-(1-7) vs. 140.1 ± 4.44 Saline, p = 0.13]

relative to pre-TBI baseline in the Ang-(1-7) group compared to

control on day 7 (Figure 6). This translated to a higher pTau:Tau

ratio in Ang-(1-7)-treated mice compared to those treated with

saline on day 7 [0.59± 0.11 Ang-(1-7) vs. 0.33± 0.08 Saline, p=

0.01] (Figure 4C). pTau:Tau ratios were greater in the Ang-(1-7)

tissue starting on post-TBI day 3 throughout the end of the

study (Day 3, p= 0.01; Day 7, p= 0.011; Day 14, p= 0.003).

In hippocampal tissue, however, pooled protein densities

fromWestern blot studies depicted an inverse relationship from

that of the cortex. Pooled protein densities from hippocampal

Western blot studies on post-mTBI day 7 showed lower

expression of pTau [45.2 ± 1.65 Ang-(1-7) vs. 95.2 ± 5.85

Saline, p = 0.0007] (Figure 7A) and higher expression of Tau

[157.7 ± 9.11 Ang-(1-7) vs. 117.3 ± 1.34 Saline, p = 0.003]

(Figure 7B) relative to pre-mTBI baseline in the Ang-(1-7) group

as compared to control. This translated to a lower pTau:Tau ratio

in Ang-(1-7)-treated mice compared to those treated with saline

on day 7 [0.312 ± 0.033 Ang-(1-7) vs. 1.691 ± 0.403 Saline, p

= 0.02] (Figure 7C). pTau:Tau ratios were consistently lower in

the Ang-(1-7) group over the course of the 14 days post-mTBI

period (Day 1, p = 0.02; Day 3, p = 0.0830; Day 7, p = 0.02;

Day 14, p= 0.10).

Reactive gliosis is reduced in Ang-(1-7)
treated mouse cortex

Changes to brain architecture in post-mTBI animals include

glial scar formation in damaged regions secondary to astrocyte

proliferation. We measured the extent of reactive gliosis using

total expression of astrocyte GFAP. In the Ang-(1-7)-treated

group, western blot revealed lower relative expression of cortical

GFAP compared to pre-mTBI baseline on all days post-mTBI
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FIGURE 4

Histology of cerebral cortex after mTBI and Ang1-7 intervention (A) HandE staining of cortex for naïve, saline (N = 4), and Ang-(1-7) (N = 4)

treated groups days 1, 3, 7, 14 post-TBI. (B) Mouse picture gives location of the single mTBI to the closed skull just above the left parietal lobe.

Ang-(1-7) (1 mg/kg, i.p./day on days 1–5) treated mice have significantly higher cortical cell count compared to the saline-treated mice (days

1–5, i.p. p < 0.03). (C,D) No significant di�erence was found for cortical thickness and corpus callosum thickness between Ang-(1-7) (1 mg/kg,

i.p./day on days 1–5) treated mice and saline treated mice.

(baseline = 103.3 ± 9.42; Day 1 = 21.7 ± 7.31, p = 0.0001;

Day 3 = 58.4 ± 5.92, p = 0.0007; Day 7 = 43.6 ± 9.08, p =

0.007; Day 14= 42.9± 8.22, p= 0.0015) (Figure 6D). In saline-

treated controls, GFAP expression was not significantly changed

from pre-mTBI baseline. Relative expression of cortical GFAP

was significantly lower in Ang-(1-7) mice compared to controls

by post-mTBI day 14 [42.9 ± 8.22 Ang-(1-7) vs. 162.4 ± 38.66

Saline, p = 0.0005] (Figure 6D); this effect was not observed in

hippocampal sections (Figure 7D).

Ang-(1-7) does not significantly change
serum levels of proinflammatory
mediators post-mTBI

Previous studies suggest that circulating levels of

proinflammatory cytokines are increased after mTBI (Kelley

et al., 2007; Rowe et al., 2016). To assess the proinflammatory

response in Ang-(1-7)-treated mTBI mice, serum samples were

analyzed for 40 inflammatory cytokines on days 1, 3, 7, and 14

post-mTBI. Of the cytokines assessed, levels of six were detected

after mTBI: CXCL13, C5/C5a, sICAM-1, M-CSF, SDF-1, and

TIMP-1. mTBI increased serum CXCL13 levels on day 3 post-

injury in saline-treated mice (382.5 ± 145.1% over naïve); this

was reduced by Ang-(1-7) intervention, albeit not significantly

(162.7 ± 145.1%; Figure 8A). M-CSF expression in serum was

decreased below naïve levels post-mTBI by day 7 in both saline

(29.5 ± 18.2%) and Ang-(1-7) groups (5.3 ± 5.3%; Figure 8B);

no statistical difference was observed between treatment groups.

TIMP1 showed bidirectional fluctuations after mTBI. On day

1 post-mTBI, serum from Ang-(1-7)-treated mice showed an

increased in TIMP-1 relative to naïve mice (432.9 ± 163.8%

over naïve); levels of TIMP in saline-treated mice were similar

to controls (121.2 ± 50.9%). By day 7, TIMP1 was no longer

detected in serum samples from mTBI mice (Figure 8C). Whilst

C5/C5a, sICAM-1, and SDF-1 were detected in serum after

mTBI, none were changed following any intervention.

Discussion

TBI results in millions of emergency department visits,

hospitalizations, and deaths each year while many more

go undiagnosed and untreated by primary, urgent, and

specialty care clinicians (Vos et al., 2002; Menon et al., 2010;
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FIGURE 5

Histology of hippocampus after mTBI and Ang1-7 intervention (A) HandE staining of left (ipsilateral) hippocampus and right (contralateral)

hippocampus for naïve, saline (N = 4), and Ang-(1-7) (N = 4) (1 mg/kg, i.p./day on days 1–5) treated groups on days 1, 3, 7, and 14 post-TBI. (B)

Left hippocampus shows Ang-(1-7) treated mice maintain higher hippocampal cell counts in the CA3 region compared to the saline treated

mice on days 1, 3, 7, 14 post-TBI. (C) Right hippocampus shows Ang-(1-7) treated mice maintain higher hippocampal cell counts in the CA3

region compared to saline treated mice on days 1 and 3 post-TBI.

Traumatic Brain Injury/Concussion | Concussion | Traumatic

Brain Injury | CDC Injury Center., 2021). mTBI is common

and may suppress cognitive function in the long-term, yet there

exist no proven therapies to mitigate these potential negative

outcomes. Here, studies examined the therapeutic effect of Ang-

(1-7) on secondary injury observed in a murine model of mTBI

in a closed skull, single injury model. Ang-(1-7) inhibited the

cognitive deficits of mTBI, reduced neuronal loss, and reduced

levels of phosphorylated Tau in the hippocampus during the

secondary injury phase of mTBI.

Ang-(1-7) maintained cognition on days 1–3 following

mTBI but lost efficacy by days 5–8, suggesting tolerance;

however, discontinuation of Ang-(1-7) after day 5 resulted in

a rebound effect, suggesting that early treatment may inhibit

long-term deficits of mTBI. Importantly, the beneficial effects of

Ang-(1-7) on post-mTBI cognition were shown not to be dose-

dependent, as no significant differences in NOR were observed

between the 0.1 and 0.3 mg/kg Ang-(1-7) groups. Finally, in

order to bolster the argument that the role of Ang-(1-7) in

post-injury neuroprotection is MASR-mediated, pre-treatment

with MASR antagonist A779 was employed alongside Ang-(1-

7) administration in a group of mice again subject to mTBI.

A779 pre-treatment not only nullified the beneficial effects of

exogenous Ang-(1-7) (which should render the treatment no

better or worse than saline) but precipitated significant reduction

in cognitive function relative to saline on days 2 and 4 following

mTBI. Not only does this support the hypothesis that the

MASR axis serves an important function in the attenuation of

secondary injury post-mTBI, but also brings into question the

role of endogenous Ang-(1-7) in the natural mammalian defense

against the sequelae of neurotrauma. Further investigation into

the deleterious effects of MASR antagonism in the setting of

trauma is therefore warranted. A similar finding was reported

by Janatpour et al. (2019) using an open-skull, single cortical

injury model, wherein Ang-(1-7) attenuated motor deficits at 3

days post-injury and improved performance in the Morris water

maze at 28 days post-injury.

This long-term effect of Ang-(1-7) treatment was further

supported by histopathology demonstrating maintenance and

steady improvement of tissue architecture and pyramidal

neuron counts, respectively, over 7–14 days in both the cortex

and hippocampus ipsilateral to the site of injury. Interestingly,

the contralateral hippocampus demonstrated neuronal loss

that was also attenuated by the administration of Ang-(1-7),
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FIGURE 6

Protein changes in ipsilateral cortex following TBI (N = 3–4 mice/group). (A) Pooled protein densities of cortex from Western blot studies

demonstrate a significant decrease for pTau on days 1, 3, 7, and 14 after a mTBI in both Ang-(1-7) (1 mg/kg, i.p. days 1–5) and saline treated

animals. Yet, a significant di�erence was seen on days 3, 7, and 14 in Ang-(1-7) treated animals as compared to saline with less pTau expression.

(B) There was a significant increase in Tau on day 7 but not on days 1, 3, or 14, Ang-(1-7) did have a significant e�ect in increasing overall Tau on

day 7 but was no di�erent to saline on the other days. (C) The pTau:Tau ratio is expressed relative to 1.0, the pre-TBI control value and

demonstrated a significant di�erence on days 3, 7, and 14 between saline and Ang-(1-7) treatment. (D) GFAP was represented as Percent

Control Expression for post-TBI days 1, 3, 7, 14. GFAP expression in cortex demonstrated a reverse-U-shaped curve with levels increasing on

days 1 and 14 but decreasing on days 3 and 7. Ang-(1-7) demonstrated a significant decrease in GFAP on days 1 and 14 as compared to saline

treatment. NC (normal control) is pre-TBI control protein levels standardized to a value of 100. “◦” indicates a statistically significant di�erence (p

< 0.05) in expression level or ratio between the selected post-TBI day and baseline for saline treated animals. “1” indicates a statistically

significant di�erence (p < 0.05) in expression level or ratio between the selected post-TBI day and baseline for Ang-(1-7) treated animals. “*”

indicates a statistically significant di�erence (p < 0.05) in expression level or ratio between the Ang-(1-7) and Saline treated groups for the

selected post-TBI day (N = 4 mice/group).

suggesting that there may be widespread effects in the CNS post-

mTBI, and that systemic administration of the peptidemay reach

all areas of the CNS vulnerable to damage. The reduction of

mTBI-induced GFAP expression in the cortex on days 1 and 14

by Ang-(1-7) suggests that Mas receptor activation on glial cells

may reduce overall CNS inflammation and gliosis (Janatpour

et al., 2019). Yet, the lack of significant effect on days 3 and 7

are likely due to the once-daily administration paradigm and

the absence of dose accumulation required to overcome the

cortical inflammation and damage generated by mTBI. Here in

this study, we did not examine microglial response, as microglia

are not used in the clinicopathological diagnostic setting to judge

cortical injury; however, astrogliosis and neuronal injury/death

are commonly used.

Increased pTau has been linked to several CNS diseases in

humans, including mTBI that results in cognitive impairment

over time (Morris, 2011; Shahim et al., 2014). The mTBI-

induced increase in the ratio of pTau to Tau in the hippocampus
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FIGURE 7

Protein changes in hippocampus following TBI (n = 3–4 mice/group). (A) Pooled protein densities of left hippocampus from Western blot

studies demonstrate a significant decrease for pTau on days 1, 3, 7, and 14 after a mTBI in saline treated animals. Yet, a significant di�erence was

seen on days 1 and 7 in Ang-(1-7) (1 mg/kg, i.p. days 1–5) treated animals as compared to saline with less pTau expression. There were no

significant di�erences on days 3 and 14 between saline and Ang-(1-7) treatments. (B) There was a significant increase in Tau on days 3, 7, and 14

after the mTBI in the Ang-(1-7) treatment with day 14 doubling in the amount of hippocampal Tau protein due to Ang-(1-7) treatment. (C) The

pTau:Tau ratio demonstrated a significant di�erence on days 1 and 7 with Ang-(1-7) demonstrating a significant decrease in pTau as compared

to saline treated animals. A similar trend was seen on days 3 and 14. (D) GFAP was represented as Percent Control Expression for post-TBI days

1, 3, 7, and 14. GFAP expression in cortex demonstrated an increase in levels from baseline on days 3, 7, and 14 with no significant di�erence

between treatment groups. NC (normal control) is pre-TBI control protein levels standardized to a value of 100. “◦” indicates a statistically

significant di�erence (p < 0.05) in expression level or ratio between the selected post-TBI day and baseline for saline treated animals. “1”

indicates a statistically significant di�erence (p < 0.05) in expression level or ratio between the selected post-TBI day and baseline for Ang-(1-7)

treated animals. * indicates a statistically significant di�erence (p < 0.05) in expression level or ratio between the Ang-(1-7) and Saline treated

groups. *P < 0.05.

was significantly reduced by Ang-(1-7) treatment, supporting

a neuroprotective role for Ang-(1-7). While these are the

first reports of Ang-(1-7) effects on pTau, further studies

are required to determine whether increased dosing and/or

sustained administration of Ang-(1-7) proves more beneficial.

Thus, mTBI significantly damages the CNS based on the

histologic and behavioral metrics observed, and this damage is

mitigated and reversed by Ang-(1-7).

Corresponding to the cognitive changes, significant

differences in cytokine levels between the treatment and control

groups existed. Specifically, brain levels of CXCL-13 and Timp-1

were increased on day 1. However, typical proinflammatory

mediators such as IL-6, IL-1β, and TNFα were not detected

above baseline levels from day 1 to 14 suggesting that the

conditions favored a mild injury. Recent studies indicate that

MasR activation in the CNS decreases levels of reactive oxygen

species (Zhou et al., 2018). Recent studies using cardiomyocytes

demonstrate that Ang-(1-7) acting at MASR protects from

PI3/Akt-induced apoptosis (Yang et al., 2018), supporting an

Ang-(1-7)/MASR cellular protective effect following severe

stress. Such studies with the current mTBI model must

be explored.
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FIGURE 8

Qualitative changes in serum cytokine levels (n = 3–4

mice/group). (A) CXCL13 expression increases after 3 days

post-mTBI in saline treated animals. Ang-(1-7) (1 mg/kg, i.p.)

significantly normalized this mTBI induced CXCL13 increase on

(Continued)

FIGURE 8

D3 (*p < 0.05). No other increases or decreases in CXCL13

expression were observed over the observation period of 14 d.

(B) M-CSF expression decreases below naïve levels after day 3

post-mTBI in saline and Ang-(1-7) treated animals, at 7 d (p <

0.05) with no di�erence between saline and Ang-(1-7) groups.

(C) TIMP-1 expression significantly increases in Ang-(1-7)

treated animals 1-day post TBI as compared to naïve controls;

this increase was not observed in saline treated animals until D3

post TBI 3d post-mTBI; Ang-(1-7) treated animals expressed

TIMP-1 at significantly lower levels than saline treated

animals (p = 0.03).

Critically, Ang-(1-7) induced a statistically significant

decrease in pTau and functional Tau in the hippocampus

compared to control animals 1–14 days post-mTBI, suggesting

a neuroprotective role. Previous studies have demonstrated the

neuroprotective role of Ang-(1-7) in stroke, as it attenuates

the inflammatory response generated during the “second-hit”

phase of TBI by increasing vasodilation and cerebral blood flow,

decreasing oxidative stress, and reducing pro-inflammatory

gene expression (Zheng et al., 2014). Likewise, we believe the

RAASmetabolite employs a similar mechanism to prevent long-

term inflammatory damage following mTBI.

Similar studies in other areas of cognitive impairment

have investigated Ang-(1-7) including models of Alzheimer’s

disease in which Ang-(1-7) demonstrate therapeutic potential

by attenuating Aβ42-induced changes linked to behavioral

and molecular observation including memory impairment and.

attenuation of tau hyperphosphorylation (pTau) within the

hippocampus (Chen et al., 2017). Ang-(1-7) was shown to be

cerebroprotective in aging animals by attenuating the loss of

endothelial function of cerebral arteries that often occurs with

aging and correlated with ACE2 deficiency (Peña-Silva et al.,

2012). Ang-(1-7) has a potential therapeutic strategy for delayed

cerebral ischemia in subarachnoid hemorrhage and reduce brain

damage. Cognitive impairment in a murine model of congestive

heart failure (CHF) exhibited both spatial memory and object

recognition dysfunction, while systemic administration of Ang-

(1-7) improved spatial memory in CHF mice and attenuate a

cognitive decline as compared with shams (Hay et al., 2017).

Here, in agreement with prior studies, Ang-(1-7) is shown to

be structurally and functionally neuroprotective in a closed-

skull, controlled cortical impact model of mTBI, supporting

its potential in clinical utility for the treatment of traumatic

brain injury.
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SUPPLEMENTARY FIGURE 1

Ang-(1-7)-mediated improvement in cognitive function does not exhibit

dose dependence between the 0.1 and 0.3 mg/kg groups. Demonstrates

that 0.1 and 0.3 mg/kg groups mediated improvement in cognitive

function and there is significant di�erence (∗p < 0.05 on Day 2, 0.1 and

0.3 mg/kg groups vs. Saline). N = 8–12 mice/group.
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