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SUMMARY
Progression of acute traumatic brain injury (TBI) into chronic neurodegeneration is a major health problem
with no protective treatments. Here, we report that acutely elevated mitochondrial fission after TBI in mice
triggers chronic neurodegeneration persisting 17 months later, equivalent to many human decades. We
show that increased mitochondrial fission after mouse TBI is related to increased brain levels of mitochon-
drial fission 1 protein (Fis1) and that brain Fis1 is also elevated in human TBI. Pharmacologically preventing
Fis1 frombinding itsmitochondrial partner, dynamin-related protein 1 (Drp1), for 2weeks after TBI normalizes
the balance of mitochondrial fission/fusion and prevents chronically impaired mitochondrial bioenergetics,
oxidative damage, microglial activation and lipid droplet formation, blood-brain barrier deterioration, neuro-
degeneration, and cognitive impairment. Delaying treatment until 8 months after TBI offers no protection.
Thus, time-sensitive inhibition of acutely elevated mitochondrial fission may represent a strategy to protect
human TBI patients from chronic neurodegeneration.
Cell Reports Medicine 5, 101715, September 17, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of chronic neuro-

degeneration, and upward of 5 million Americans are currently

living with consequent symptoms, such as chronically impaired

cognition and increased risk of developing neurodegenerative

diseases of aging, including Alzheimer’s disease (AD) and Par-

kinson’s disease (PD).1–6 Strikingly, the current annual incidence

of TBI is�3.5 million in the USA and 70 million worldwide,7,8 and

even subconcussive TBI can impair cognitive function.9 Unfortu-

nately, there are currently no therapies that prevent chronic neu-

rodegeneration after TBI. Our study was designed to address

this unmet need.

TBI encompasses concussion, contusion, diffuse axonal

injury, and open or closed head injury and is commonly sus-

tained from falls, motor vehicle accidents, explosive forces, mil-

itary combat, sports injuries, violent assaults, and other

accidents. Thus,most forms of TBI aremultifactorial. We consid-

ered this when designing a laboratory mouse model of multi-

modal TBI10 to test our hypothesis that mitochondrial fission

would be elevated by TBI, akin to what is observed in other

chronic neurodegenerative conditions.11–14 Specifically, we

used a model of TBI that provides a comprehensive perspective

on TBI’s impact by combining readily calibratable and reproduc-

ible aspects of global concussive injury, acceleration/decelera-

tion trauma, and early blast wave exposure, the physics of which

we have rigorously characterized.10 Key outcome parameters in

this model align with the anomalies observed in human TBI pa-

tients, including early axonal degeneration followed by chronic

neuronal cell death, cognitive and motor deficits, blood-brain

barrier (BBB) deterioration, chronic neuroinflammation, systemic

metabolic alterations in the blood, and blood biomarkers.10,15–23

Although the brain composes only 2% of the body’s mass, it

comprises approximately 20% of the body’s total energy con-

sumption.24 As neurons generate only 10% of total ATP through

glycolysis,25 proper mitochondrial functioning is particularly crit-

ical for maintaining neuronal energy demand through the tricar-

boxylic acid cycle. Under healthy conditions, mitochondria

maintain an equilibrium between fission and fusion that optimally

serves the cell’s needs. Mitochondrial fission is mediated by

translocation of the cytosolic GTPase dynamin-related protein

1 (Drp1) to the outer mitochondrial membrane, where it binds

to adaptor proteins such as mitochondrial fission 1 (Fis1). While

some mitochondrial fission is required for mitochondrial biogen-

esis and transport, aberrantly excessive mitochondrial fission is

associated with excessive synthesis of reactive oxygen species

(ROS), mitochondrial membrane depolarization, bioenergetic

defects, mitophagy, and neuronal cell death.11 Importantly,

pathologically elevated mitochondrial fission is a feature of

many chronic neurodegenerative diseases, including AD, PD,

and Huntington’s disease (HD).11–14 Thus, we hypothesized

that mitochondrial fission might also be aberrantly elevated by

TBI, and, if so, then its inhibition would mitigate the resulting

chronic neurodegeneration.

Previous attempts have been made to block mitochondrial

fission using the pharmacologic agent mitochondrial division in-

hibitor 1 (Mdivi-1), but this is a non-specific agent with numerous

off-target effects, including inhibition of mitochondrial respira-
2 Cell Reports Medicine 5, 101715, September 17, 2024
tory complexes and increased generation of ROS.26,27 There-

fore, we chose to pharmacologically inhibit mitochondrial fission

with P110, a selective small peptide inhibitor of pathologic mito-

chondrial fission that readily enters the brain as a transactivator

of transcription (TAT) peptide28–32 and functions by blocking the

binding interaction of Fis1 andDrp1 under stressed conditions.32

Protective efficacy of P110 requires the presence of Drp1 and

does not affect expression of any fusion- or fission-related pro-

teins.28,32 Treatment with P110 reduces mitochondrial fragmen-

tation, mitochondrial damage, and tissue injury without affecting

normal physiological mitochondrial dynamics and func-

tion.13,28,33–35 Notably, subcutaneous administration of P110 is

protective in several preclinical animal models of neurodegener-

ative disease.13,28,33–36 In addition, acute or chronic administra-

tion of P110 has had no reported toxic effects in mice.28,34,36

Here, we show an early and rapid rise in Fis1 expression that

corresponds with pathologically elevated mitochondrial fission

after TBI. We also show that early transient treatment with

P110 after TBI permanently restores normal homeostatic mito-

chondrial fission and blocks progression of acute TBI into

chronic neurodegeneration in mice, even 17 months post-injury.

This is the equivalent of decades in people.37 Measures of

chronic neurodegeneration that are prevented by acute P110

treatment include impaired mitochondrial bioenergetics, oxida-

tive damage, microglial activation and lipid droplet formation,

BBB deterioration, neurodegeneration, and cognitive impair-

ment. Delaying P110 treatment until after chronic neurodegener-

ation has developed, however, is not protective in any of these

measures. Thus, early restoration of normal homeostatic mito-

chondrial fission after TBI prevents transition to chronic

neurodegeneration.

RESULTS

Elevated Fis1 protein andmitochondrial fission after TBI
In contrast to the well-established aberrant elevation of mito-

chondrial fission due to increased Drp1 that has been reported

in AD, PD, and HD,13,35,38,39 we did not observe a change in

Drp1 or its activated form of phospho-Drp1 on serine 616

(S616) 24 h, 1 week, or 2 weeks after TBI (Figures 1A and

S1A–S1C). However, we did observe significant early elevation

of Fis1 24 h after TBI, modest elevation 1 week after TBI, and

no elevation at 2 weeks (Figures 1A, S1B, and S1C). We also de-

tected significantly elevated Fis1 expression in a small number of

human subjects diagnosed with both AD and TBI, but not in

those with AD alone (Figure 1B; Table S1). As detailed in the

following, in our mouse model of TBI we additionally noted a sig-

nificant increase in the number of smaller and rounded mito-

chondria after TBI, indicating excessive mitochondrial fission

and fragmentation (Figures 2A–2F and S1D). These findings

prompted us to hypothesize that inhibiting aberrantly high mito-

chondrial fission in this setting might be neuroprotective.

Prevention of chronic cognitive impairment after TBI by
acute inhibition of pathologically excessive
mitochondrial fission
Co-immunoprecipitation showed increased binding of Drp1 and

Fis1 after TBI in control TAT-treated animals, which was
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Figure 1. Prevention of chronic cognitive impairment after TBI by acute inhibition of pathologically excessive mitochondrial fission

(A) Western blot and quantification of Drp1, phospho-Drp1 (pDrp1) S616, and Fis1 in mouse hippocampus at 24 h and 2 weeks post-injury show early elevation in

Fis1 expression, but not Drp1 or pDrp1 S616 (n = 5 mice/group, two-tailed Student’s t test).

(B) Western blot and quantification show that AD subjects with TBI history have elevated Fis1, but Fis1 is not elevated in subjects with AD alone (n = 3 patients/

group, one-way ANOVA and Tukey’s post hoc analysis).

(C) Co-immunoprecipitation of Drp1 with Fis1 shows increased interaction in the cerebellum of TBI TAT animals and reduced interaction in P110-treated animals

(n = 3 mice/group).

(legend continued on next page)
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prevented in TBI mice receiving P110 treatment (Figures 1C and

S2). Thus, to test the neuroprotective efficacy of blocking Fis1-

Drp1 interaction after TBI, we subjected both male and female

wild-type mice to either TBI or sham injury and subsequently

treated them with either P110 or vehicle control TAT, starting

3 h after injury and continuing daily for 2 weeks (Figure 1D).

Mice subjected to TBI and TAT treatment also demonstrated sig-

nificant neurocognitive impairment in the novel object recogni-

tion task, which persisted chronically 6, 9, and 17 months later,

whereas P110-treated mice were completely protected from

TBI-induced cognitive impairment (Figures 1E and S3A). There

were no observed effects of P110 treatment in sham-injured

mice (Figures 1E and S3A). We next wondered whether delaying

treatment until the chronic phase of TBI would also be effective.

We chose to initiate a month-long regimen of P110 treatment at

8months post-injury (Figure 1D), or 10months of age, which cor-

responds roughly to amiddle-aged human.40 With this treatment

paradigm, there was no cognitive protection (Figure 1F). We did

not observe any acute or chronic changes in anxiety-like (open

field and light/dark tests) or depressive-like (forced swim test)

behavior after TBI. We observed a very small effect of increased

locomotor activity in males 6 months after TBI, which was

normalized by early P110 treatment (Figures S3B–S3Q).

Prevention of chronic mitochondrial fragmentation and
impaired bioenergetics after TBI by acute inhibition of
pathologically excessive mitochondrial fission
To determine howmitochondrial structure is altered as a function

of TBI and selective inhibition of excessive mitochondrial fission,

we collected brain tissue 2 weeks, 9 months, and 17 months af-

ter injury and imaged hippocampal ultrastructure using transmis-

sion electron microscopy (TEM). We conducted manual and

blinded measurement of 700–1,000 mitochondria from every

mouse of each group to determine aspect ratio, defined as the

ratio between the maximal and minimal Feret’s diameter.39 An

aspect ratio approaching 1 indicates greater sphericity, suggest-

ing an increase in mitochondrial fragmentation, meaning an in-

crease in fission-to-fusion ratio. This revealed mitochondrial

fragmentation both acutely and chronically after TBI, which

was prevented by treating mice with P110 for the 2 weeks imme-

diately following TBI (Figures 2A–2F and S1D). Interestingly, at

the 2-week time point, we observed a uniquely elongated pheno-

type in the TBI P110 group, with mitochondria longer than those

in both the sham TAT and sham P110 groups (Figures 2A, 2D,

and S1D). This illustrates that P110 exhibits specificity for

damaged mitochondria without affecting healthy mitochondria.

We also interrogated the effect of TBI and P110 treatment on

mitochondrial bioenergetics. Using hippocampal synapto-

somes, we tested responsiveness to oligomycin, carbonyl cya-

nide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and rote-
(D) Experimental schematic of injury and treatment strategy for early transient P1

delayed transient P110 treatment.

(E) Novel object recognition task at 2weeks, 9months, and 17months post-injury s

treatment (n = 35–40 mice/group for 2 weeks cohort, 36–40 mice/group for 9 mon

Tukey’s post hoc analysis).

(F) Novel object recognition task at 9months post-injury shows that cognitive impa

group; two-way ANOVA and Tukey’s post hoc analysis).
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none/antimycin to measure mitochondrial basal respiration,

maximal respiration, and spare respiratory capacity. All mea-

sures were reduced by TBI and restored by P110 treatment (Fig-

ure 2G). Just as was observed with TEM, P110 treatment in the

TBI condition caused mitochondrial function to improve beyond

that of sham TAT and sham P110 groups. This further supports

selective efficacy of P110 for conditions of pathologic mitochon-

drial fission.

Prevention of chronic oxidative stress and microglial
activation after TBI by acute inhibition of pathologically
excessive mitochondrial fission
Oxidative stress is intimately linked tomitochondrial dysfunction,

inflammation, and neuronal damage and has been reported in

several preclinical and clinical TBI studies.41–49 Specifically, the

lipid-rich nature of the brain renders it highly vulnerable to lipid

peroxidation, leading to synthesis of reactive aldehydes such

as 4-hydroxy-2-nonenal (4-HNE),50,51 one of the most abundant

and toxic products of lipid peroxidation.52,53 Importantly, 30% of

the protein targets of 4-HNE aremitochondrial.54 4-HNE disrupts

mitochondrial bioenergetics by impairing the electron transport

chain55–57 and perturbing the balance of mitochondrial fission/

fusion58 and occurs in neurodegenerative disorders, including

AD.59,60 Increased lipid peroxidation and oxidative stress have

also been observed in preclinical TBI models and human

TBI.61–67 To assess whether blocking excessive mitochondrial

fission had any effect on oxidative stress andwhether P110 could

prevent TBI-induced lipid peroxidation, we immunohistochemi-

cally stained 4-HNE in brain slices derived frommice at 2 weeks,

9 months, and 17 months post-injury (Figures 3, S4, and S5).

Elevated lipid peroxidation, as measured by 4-HNE staining,

was observed in all sham TBI animals across the various ages,

with maximal staining at 9 months. Lipid peroxidation after TBI

was significantly decreased, however, by early P110 treatment

at all time points. An interesting feature of the oxidative damage

elicited by TBI was that lipid peroxidation was more pronounced

in the CA3 region of the hippocampus than in the CA1 region or

the dentate gyrus (Figures 3, S4, and S5). Although relative

vulnerability of the CA3 region is well known,68 we report here

the persistence of 4-HNE staining in the CA3 region at the very

chronic time point of 17 months after TBI.

We next sought to extend these findings by using the thiobar-

bituric acid reactive substances (TBARSs) assay to quantify

levels of malondialdehyde (MDA), an additional byproduct of

lipid peroxidation that is typically elevated after brain injury in

people.63–66 We observed significantly elevated MDA in the

brains of mice at both 2 weeks and 9 months post-TBI, which

was prevented by acute P110 treatment (Figure S6).

As an additional measure of oxidative-stress-related injury, we

evaluated activation of microglia and the deposition of microglial
10 treatment and experimental schematic of injury and treatment strategy for

hows significant cognitive impairment that is prevented by early transient P110

ths cohort, and n = 4–8mice/group for 17 months cohort; two-way ANOVA and

irment cannot be rescued with delayed transient P110 treatment (n = 6–7mice/
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lipid droplets, a toxic pro-inflammatory profile observed in aging

and neurodegeneration.69 At 9 months post-injury, we observed

significant reduction in microglial ramification in the hippocam-

pus, suggesting an increase in microglial activation (Figures

4A–4C). Notably, mitochondria-derived ROS have been impli-

cated in accumulation of microglial lipid droplets in both mice

and Drosophila melanogaster.70 Interestingly, a loss of Marf

(the D. melanogaster homolog of mitofusin-1 and mitofusin-2)

is associated with ROS accumulation and subsequent lipid

droplet formation, but Drp1 knockdown is not.70 These results

suggest that a mitochondrial imbalance that favors fission pro-

motes microglial lipid droplet formation, and neuron-specific

mutations in these genes lead to lipid droplet formation only in

microglia and not in neurons.70 Given the elevation of lipid perox-

idation at all three measured time points after TBI in our model,

and the clear protection of early transient P110 treatment in

this parameter, we investigated the effect of TBI and P110 treat-

ment on microglial lipid droplet accumulation by using the

BODIPY label, as previously described.69 Concordantly, we

observed accumulation of lipid droplets in hippocampal micro-

glia 9 months post-injury, which was significantly reduced by

early transient P110 treatment (Figures 3D and 3E).

Prevention of chronic neurodegeneration and
chronically impaired survival of young hippocampal
neurons after TBI by acute inhibition of mitochondrial
fission
To determine the extent of neurodegeneration as a function of

TBI and pharmacologic treatment with P110, we used silver

staining to label degenerating neurons.17,71,72 We observed

elevated hippocampal silver staining at both 2 weeks and

9 months post-injury, which was significantly reduced by early

treatment with P110 (Figures 5A–5C). We also investigated

changes in the survival of young hippocampal neurons using

5-bromodeoxyuridine (BrdU) labeling, as TBI and other neuro-

degenerative conditions are characterized by reduced survival

of these cells, which are generated by postnatal hippocampal

neurogenesis. Mice were injected with a single bolus of BrdU

either 2 or 3 weeks (for the acute and chronic experiments,

respectively) prior to euthanasia to label dividing neural precur-

sor cells in the hippocampal dentate gyrus, per established

methods.15,73,74 Normally, most of these newborn cells die

within the first few weeks, leaving only a fraction surviving to

become young hippocampal neurons.75 We observed a signif-

icant reduction in survival of these cells both 2 weeks and

9 months after TBI, which was prevented by acute treatment

with P110 (Figures 6A–6C).
Figure 2. Prevention of chronic mitochondrial fragmentation and bioe

excessive mitochondrial fission

(A–C) Transmission electron microscopy (TEM) of hippocampal mitochondria co

chondrial fragmentation after TBI. Fragmentation is prevented with early tra

measurements.

(D–F) Quantification of TEM images (n = 4–7 mice/group, with 700–1,000 mitocho

hoc analysis).

(G) Hippocampal synaptosome mitochondrial bioenergetics shows respiratory s

respiration, and spare respiratory capacity (n = 16 samples (4 animals)/group; two

way ANOVA tests for interaction between injury effect and treatment effect.
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Prevention of chronic BBB deterioration after TBI by
acute inhibition of excessive mitochondrial fission
We have previously reported that TBI causes early disruption of

BBB permeability to 30 kDa dextran (6 h post-injury) and that this

early leakiness is rectified at 24 h post-injury.18 The prominence

of BBB deterioration in other preclinical models of TBI has also

been recently reported by others.76 Here, we observed through

TEM that, although endothelial barriers were intact 2 weeks after

injury, there was significant astrocytic endfoot swelling along

capillaries of the hippocampus. In addition, we observed

frequent endfoot damage, defined as disruption of the astrocytic

plasma membrane and destruction of organelles. Notably,

animals acutely treated with P110 showed a reduction in both

measurements of BBB damage (Figures 7A–7E). At 9 months

post-injury, we did not observe significant endfoot damage,

but both the TBI TAT and TBI P110 groups showed significant

endfoot swelling (Figures 7B and 7D). By 17 months post-injury,

astrocytic endfeet in the TBI TAT group had progressed to signif-

icant damage, which was prevented in the TBI P110 group

(Figures 7C–7E). We then wondered whether this might be due

to astrocytic reactivity after TBI, but we did not observe any

changes in astrocyte reactivity at the chronic stage of injury (Fig-

ure S7). Next, we investigated whether the structural changes in

the BBB corresponded to functional impairment. At the

17-month time point, we observed significant immunoglobulin

G (IgG) extravasation into the parenchyma of the hippocampus,

an indication of abnormal BBB permeability that was not

observed in TBI animals receiving early P110 treatment

(Figures 7F and 7G). Together, our results indicate a time-depen-

dent progression of astrocyte endfoot dysfunction at the BBB af-

ter TBI, in which initial acute damage is restored to an extent but

then resumes by 17 months after injury and is accompanied by

functional impairment. Notably, early transient inhibition of mito-

chondrial fission mitigates this chronic progression of BBB dam-

age after TBI.

DISCUSSION

Our results indicate that, as with other chronic neurodegenerative

diseases, chronic neurodegeneration after TBI is driven by exces-

sive mitochondrial fission and fragmentation. However, in

contrast to AD, PD, and HD, in which this phenomenon is driven

by elevated expression of Drp1, TBI is characterized by selective

elevation of Fis1 in the absence of any changes to Drp1. As phos-

pho-Drp1 is previously known to be elevated in human andmouse

AD, this raises the possibility of synergistic effect resulting from

simultaneous elevation of both phospho-Drp1 and Fis1 in the
nergetic impairment after TBI by acute inhibition of pathologically

llected 2 weeks, 9 months, and 17 months post-injury shows excessive mito-

nsient P110 treatment. Structural changes are quantified by aspect ratio

ndria quantified and averaged per animal; two-way ANOVA and Tukey’s post

uppression 2 weeks after TBI, and P110 improves basal respiration, maximal

-way ANOVA and Tukey’s post hoc analysis). Data are the means ± SEM. Two-
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Figure 3. Prevention of chronic hippocampal lipid peroxidation after TBI by acute inhibition of excessive mitochondrial fission

(A–C) Representative 4-HNE staining of the hippocampal CA3 region shows increased lipid peroxidation at 2 weeks, 9 months, and 17 months post-injury. Early

transient P110 treatment prevents 4-HNE elevation.

(D–F) Quantification of lipid peroxidation from CA3 region of hippocampus (n = 3 mice/group; two-way ANOVA and Tukey’s post hoc analysis).
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setting of combinedTBI andADand could be a contributing factor

to how TBI accelerates the onset and severity of AD. Notably, the

acutely significant increase in Fis1 24 h after TBI does not appear

to persist after 2 weeks, and stabilization of excessive mitochon-
drial fission with P110 during this acute period is sufficient to

produce long-lasting (more than 1 year) normalization of homeo-

static mitochondrial fission. This is accompanied by protection

from increased ROS and lipid peroxidation damage, BBB
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deterioration, axonal degeneration, microglial activation and lipid

droplet accumulation, impaired survival of young hippocampal

neurons, and neurocognitive impairment. Furthermore, at later

time points after TBI when the process of chronic neurodegener-

ation has been established, P110 is not protective.

Recent evidence has shown that Fis1-mediated mitochon-

drial fission is specifically responsive to oxidative stress,

altered mitochondrial membrane potential, and changes in

intracellular calcium and pH.77 These properties of Fis1 may

relate to the specificity that we observed in TBI and suggest

that Fis1 represents a heretofore unidentified target for early

therapeutic efforts after TBI. Given that aberrantly high mito-

chondrial fission in other forms of neurodegenerative disease,

such as AD, PD, and HD, is associated with selectively elevated

Drp1, future investigation will explore whether and how Fis1 or

Drp1 are responsible for driving distinct mitochondrial deficits

in different disease states. Understanding these disease-spe-

cific alterations could lead to more individualized treatment

strategies for patients afflicted with various neurodegenerative

pathologies.

One interesting observation in this study is that P110 is spe-

cifically effective at targeting injured mitochondria, in contrast

to other mitochondrial fission inhibitors that have been tested

in various neurodegenerative paradigms. For example, P110

treatment did not alter structure or bioenergetic function of hip-

pocampal mitochondria in sham-injured mice but did elicit

elongated mitochondria in TBI mice. P110 also improved mito-

chondrial bioenergetics of TBI mice beyond that of sham-

injured mice. Thus, we conclude that P110 selectively targets

damaged mitochondria to restore fission-fusion balance

without disrupting healthy mitochondria or other vital cellular

functions.

Our findings demonstrate that early, transient inhibition of

mitochondrial fission after TBI prevents progression from acute

to chronic neurodegeneration. This protective effect lasted until

the longest time point examined, 17 months after TBI in mice,

which is the equivalent of many decades in people. Later initia-

tion of treatment with P110, after acute TBI had fully transitioned

into chronic neurodegeneration, had no protective effect, indi-

cating that mitochondrial fission-fusion pathology after TBI is

important to address rapidly after injury. Interestingly, our group

has recently demonstrated that a 1-month treatment with the

brain NAD+/NADH-stabilizing agent P7C3-A20, initiated 1 year

after TBI, completely halts neurodegeneration, restores struc-

ture and integrity of the BBB, attenuates neuroinflammation,

and restores normal cognitive function.18,78 These findings,

taken together with the results from the present study, suggest

that promoting energetic homeostasis within the cell plays an
Figure 4. Prevention of chronic microglial hyperactivation and lipid dr

chondrial fission

(A) Representative Iba1 staining of hippocampus with skeletonized microglia.

(B and C) Sholl analysis of hippocampal microglia 9 months post-injury shows a de

P110 treatment.

(D) Representative BODIPY and Iba1 staining of hippocampus shows an increase

early transient P110 treatment.

(E) Quantification ofmicroglial lipid droplets in hippocampus (n= 3mice/group; tw

way ANOVA tests for interaction between injury effect and treatment effect.
important role in achieving effective therapy against neurode-

generation after TBI at all stages of disease and that different

stages present different therapeutic opportunities.

Administration of P110 also significantly mitigated lipid perox-

idation, which persisted well after a year post-TBI. We also re-

ported amelioration of the extent of distribution and intensity of

4-HNE adducts over time following early transient blockade of

excessive mitochondrial fission. This is further corroborated in

our model by TBI-mediated elevation of MDA, a biomarker

known to be elevated in people with TBI. These findings also

correlate with our observations of TBI-mediated elevation in mi-

croglial activation and accumulation of lipid droplets 9 months

post-injury, and likewise P110-mediated mitigation. Importantly,

our results are concordant with prior reports that attenuating mi-

croglial activation in other models of TBI is protective in chronic

injury.79

Lastly, in addition to the extensive long-term protection of neu-

rons observed by silver staining of mature neurons and BrdU la-

beling of young newborn hippocampal neurons, we also report

long-term protection against both acute and chronic changes

in BBB structure and function. We note that the BBB deteriora-

tion that we observed by electron microscopy after TBI ranged

from astrocytic endfoot swelling along capillaries to endfoot

damage in the form of disrupted astrocytic plasma membrane

and destruction of organelles. Not only are astrocytes an impor-

tant component of the BBB but they are also widely abundant

throughout the brain and crucial for virtually all aspects of brain

function. While we did not specifically interrogate astrocytes in

other regions of the brain, we note that others have shown that

astrocytes play an important role in the pathophysiology of

various forms of TBI.76,80–83 Given the protective efficacy of

P110 that we observed for astrocytes at the BBB, and the previ-

ous report of the ability of P110 to protect astrocytes throughout

the brain,84 it is reasonable to expect that P110 would also pro-

tect astrocytes in the various phases and forms of TBI that

involve astrocytic pathology.

In conclusion, early stabilization ofmitochondrial structure and

function confers persistent restoration of normal brain function

after TBI, as revealed by P110-mediated inhibition of TBI-

induced mitochondrial fission. Addressing the high energy de-

mand and disruption of metabolic homeostasis after brain injury

in a timely manner, as shown here, could represent a converging

neurotherapeutic target acrossmany forms and stages of neuro-

degenerative disease.

Limitations of the study
The phenomenon reported here has been reported in one

model of TBI in mice (multimodal TBI), and the correlative
oplet accumulation after TBI by acute inhibition of excessive mito-

crease in microglial ramification after TBI, which is prevented by early transient

in lipid droplet-positivemicroglia at 9months post-injury, which is prevented by

o-way ANOVA and Tukey’s post hoc analysis). Data are themeans ±SEM. Two-
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Figure 5. Prevention of chronic axonal neurodegeneration after TBI by acute inhibition of pathologically excessive mitochondrial fission

(A and B) Representative images of neurodegeneration measured by silver staining of the hippocampus at 2 weeks and 9 months post-injury show significant

protection with early transient P110 treatment.

(C) Quantification of silver stain images (n = 5 mice/group, with 6 sections/animal counted and normalized to area; two-way ANOVA and Tukey’s post hoc

analysis). Data are the means ± SEM. Two-way ANOVA tests for interaction between injury effect and treatment effect.
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finding of selectively elevated Fis1 in human TBI brain has been

shown in a small number of cases. There are many different

forms of TBI in people and many different models in mice,

and it will be important in future work to establish whether our

findings extend to the other forms and models of TBI. Given

the multimodal nature of our injury model, we are optimistic

that our results will prove relevant to a wide variety of other

forms and models of TBI. However, injury-specific pathologic

events and treatment approaches will undoubtedly be uncov-

ered as the field advances. We also note that our human data

demonstrating increased Fis1 expression in the brains of sub-

jects with TBI and AD, but not AD alone, do not include isolated

TBI brain samples, which we were unable to acquire. Addition-

ally, treatment with P110 was limited to a single paradigm in

which mice were treated daily for 2 weeks after injury. Addi-
10 Cell Reports Medicine 5, 101715, September 17, 2024
tional work will be needed to further refine the time window dur-

ing which aberrantly high mitochondrial fission provides an

effective therapeutic target for preventing chronic neurodegen-

eration after TBI. For example, it would be valuable to know

whether delaying treatment by a few days would still confer

the same lasting therapeutic effect. Lastly, the mitochondrial

data from the TEM and bioenergetic experiments were ob-

tained exclusively from neurons. Although there was no gross

reactivity observed in astrocytes, given the global nature of

TBI and P110 treatment, further work will explore the role of

mitochondrial fission in glial cells after injury. This will include

interrogation of Fis1 and pDRP1 levels in discrete cell types in

the brain as a function of time after TBI, as well as the effect

of inducible cell-specific genetic elimination of Fis1 on both

acute and chronic outcomes after TBI.
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Figure 6. Prevention of chronically excessive death of young hippocampal neurons after TBI by acute inhibition of pathologically excessive

mitochondrial fission

(A and B) Representative images of BrdU-positive cell survival, which is impaired 2 weeks and 9 months post-injury and prevented by early transient P110

treatment.

(C) BrdU-positive cell survival is impaired 9 months post-injury and prevented by early transient P110 treatment (n = 4–5 mice/group, with 6 sections/animal

counted and normalized to area; two-way ANOVA and Tukey’s post hoc analysis). Data are the means ± SEM. Two-way ANOVA tests for interaction between

injury effect and treatment effect.
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Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Andrew A. Pieper

(andrew.pieper@case.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report the original code. Any additional information

required to reanalyze the data reported in this paper is available from the

lead contact upon request.
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R.E., Cintrón-Pérez, C.J., Shin, M.-K., Yin, T.C., Emery, J.L., Martin, S.F.,

et al. (2018). Neuroprotective Efficacy of a Sigma 2 Receptor/TMEM97

Modulator (DKR-1677) after Traumatic Brain Injury. ACS Chem. Neurosci.

10, 1595–1602. https://doi.org/10.1021/acschemneuro.8b00543.

21. Dutca, L.M., Stasheff, S.F., Hedberg-Buenz, A., Rudd, D.S., Batra, N.,

Blodi, F.R., Yorek, M.S., Yin, T., Shankar, M., Herlein, J.A., et al. (2014).

Early Detection of Subclinical Visual Damage After Blast-Mediated TBI En-

ables Prevention of Chronic Visual Deficit by Treatment With P7C3-S243.
14 Cell Reports Medicine 5, 101715, September 17, 2024
Invest. Ophthalmol. Vis. Sci. 55, 8330–8341. https://doi.org/10.1167/iovs.

14-15468.

22. Harper, M.M., Rudd, D., Meyer, K.J., Kanthasamy, A.G., Anantharam, V.,

Pieper, A.A., Vázquez-Rosa, E., Shin, M.-K., Chaubey, K., Koh, Y., et al.

(2020). Identification of chronic brain protein changes and protein targets

of serum auto-antibodies after blast-mediated traumatic brain injury. Heli-

yon 6, e03374. https://doi.org/10.1016/j.heliyon.2020.e03374.

23. Wattiez, A.-S., Castonguay, W.C., Gaul, O.J., Waite, J.S., Schmidt, C.M.,

Reis, A.S., Rea, B.J., Sowers, L.P., Cintrón-Pérez, C.J., Vázquez-Rosa, E.,
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Mouse monoclonal anti-Drp1 BD Transduction Cat# 611113

Rabbit polyclonal anti-Drp1S616 Cell Signaling Technology Cat# 3455S

Rabbit polyclonal anti-Fis1 Proteintech Cat# 10956-1-AP; RRID:AB_2102532

Rabbit monoclonal anti-GAPDH Cell Signaling Technology Cat#2118S

Mouse monoclonal anti-GFAP (ASTRO6) Thermo Fisher Scientific Cat# MA5-12023; RRID:AB_10984338

Rabbit polyclonal anti-Iba1 FUJIFILM Wako Shibayagi Cat# 019-19741

Mouse monoclonal anti-NeuN Millipore Cat# MAB377; RRID:AB_2298772
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Rabbit polyclonal anti-4 hydroxynonenal
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Alexa Fluor 488 Goat anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat# A32723; RRID:AB_2633275

Alexa Fluor 594 Goat anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat# A32740; RRID:AB_2762824

Biological samples

Human cortical brain tissue Mesulam Center for Cognitive

Neurology and Alzheimer’s Disease,

Northwestern University

https://www.brain.northwestern.edu/

Chemicals, peptides, and recombinant proteins

P110 and vehicle peptide TAT Ontores Company Cat# P104966

Critical commercial assays

FD NeuroSilver Kit FD NeuroTechnologies, Inc Cat#PK301

Seahorse XF Cell Mito Stress Test kit Agilent Cat#103015

SynPer Synaptosome Isolation Reagent ThermoFisher Cat# 87793

MDA kit Sigma Aldrich Cat# MAK085

Duolink In Situ Red Starter Kit Sigma Aldrich Cat# DUO92101

Experimental models: Organisms/strains

Traumatic Injury Overpressure Chamber Louis Stokes Cleveland

Veterans Association

N/A

Software and algorithms

Any-maze behavior tracking software Stoelting https://www.any-maze.com/

GraphPad Prism GraphPad Software, Inc. https://www.graphpad.com/

ImageJ/Fiji National Institute of Health,

Bethesda, MD

https://imagej.nih.gov/ij

ZEN ZEISS https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
7-week-old male and female C57BL/6J mice were obtained from The Jackson Laboratory and acclimated to the animal facility for

1 week prior to manipulation. Mice were group-housed with water and food provided ad libitum under controlled temperature, hu-

midity, and light (12-h light/dark cycle) conditions. All animal procedures were performed in accordance with the protocol approved

by the Louis Stokes Cleveland Veterans Affairs (VA) Medical Center Institutional Animal Care and Use Committee.
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Human subjects
Tissue samples from human brain were provided by the Northwestern University Alzheimer’s Disease Research Center brain bank,

through coordination with the Cleveland Alzheimer’s Disease Research Center Translational Therapeutics Core, and under approved

study protocols. Written consent was provided by all donors for use of the brain tissues. Donor ages averaged 81 ± 5 (group 1), 83 ± 7

(group 2) and 85 ± 3 years old (group 3). The patient history of TBI, and additional age information is reported in the Supplemental

Information (Table S1).

METHOD DETAILS

In vivo multimodal traumatic brain injury
This procedure was conducted as previously described (9,14–17,19-22). 8-week-old mice were anesthetized with ketamine/xylazine

(100/10 mg/kg) via intraperitoneal (i.p.) injection. Mice were placed in a padded, cylindrical shield protecting their body, leaving the

head exposed and untethered. They were then secured in an enclosed chamber constructed from an air tank partitioned into two

sides and separated by a port covered by a mylar membrane. The pressure in the side not containing the mouse was increased

to cause membrane rupture at 20 pounds per square inch (PSI), which generates a �1–2 ms jet airflow of 137.9 ± 13.79 kPa that

passes through the animal’s head. The jet of air produced upon membrane rupture provides a concussive injury, which is followed

by acceleration/deceleration of the head and then exposure to the ensuing blast wave within an enclosed space.

P110 treatment
The P110 and control peptide TAT were synthesized by Ontores company (Hangzhou, China) (Product: P104966, Lot number:

ON120414SF-01). The peptides were synthesized as one polypeptide with TAT47–57 carrier in the following order: N-terminus–

TAT–spacer (Gly-Gly)–cargo (Drp149–55)–C-terminus. The C-termini of the peptides were modified to C (O)-NH2 using Rink Amide

AM resin to increase stability. Peptides were analyzed by analytical reverse-phase high-pressure liquid chromatography (RP-HPLC)

andmatrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) and purified by preparative RP-HPLC. The purity of

peptides was >90%whenmeasured by RP-HPLC Chromatogram. Lyophilized peptides were stored at�80�C and dissolved in ster-

ile water before use.

In our previous studies, we found that P110 treatment in the dosage of 0.5–3 mg/kg/day range was effective in various disease

models.12,27,32–34 We found that P110 at 1.5 mg/kg/day was protective in our TBI mouse model. Thus, in the current study, mice

were treated with peptide P110 or control peptide TAT via i.p. injection at a dose of 1.5 mg/kg/day for 2 weeks after injury, beginning

3 h after injury. Treatment was then ceased, and mice were allowed to age. In the case of the ‘‘delayed treatment’’ cohort, treatment

with either P110 peptide or vehicle was initiated at 8 months post-injury for 4 weeks at the same dose.

Western blotting
Tissues were flash frozen in liquid nitrogen after rapid dissection on ice. They were then homogenized in radioimmunoprecipitation

assay (RIPA) buffer (Sigma-Aldrich R0278) containing protease and phosphatase inhibitors. Lysates were centrifuged for 30 min at

18,000xg at 4�C. Protein concentration of the supernatant was determined using the bicinchoninic acid (BCA) protein assay kit

(Thermo Scientific A53225). Samples were prepared with 2x Laemmli sample buffer (Bio-Rad Laboratories 1610737) containing

beta-mercaptoethanol and heated at 100�C for 5 min. Proteins were resolved in 4%–20% Criterion TGX Stain-Free gels (Bio-

Rad Laboratories 5678095) and transferred onto 0.2 mm polyvinylidene fluoride (PVDF) membranes. Membranes were blocked us-

ing casein solution (Thermo Scientific 37528) for 1 h, and then incubated overnight at 4�C with the following primary antibodies,

diluted in casein, to probe target proteins: Drp1 (BD Transduction 611113, 1:2000), phospho-Drp1 S616 (Cell Signaling Technology

3455S, 1:1000), Fis1 (Proteintech 10956-1-AP, 1:1000) and GAPDH (Cell Signaling Technology 2118s, 1:5000). Membranes were

then rinsed 3 3 5 min in tris-buffered saline with tween 20 and incubated in horseradish-peroxidase-conjugated secondary anti-

bodies diluted in casein solution for 1 h at room temperature. SuperSignalTMWest Femto Maximum Sensitivity Substrate (Thermo

Scientific 34096) was used to develop membranes, and Image Lab Software (Bio-Rad Laboratories, Inc) was used to analyze

bands.

Behavioral testing
All behavioral testing was performed and scored in a randomized and blinded manner. All animals are accounted for. The novel

object recognition (NOR) task was performed as previously described.85 Briefly, animals were habituated in the open field box

for 5 min each. During this time, they were recorded and tracked using AnyMaze software to analyze parameters such as

average speed and time spent in the center of the box, as a measure of anxiety-like behavior. 24 h later, animals were placed

in the same box with two identical objects and allowed to freely explore the objects for a total of 20 s. 24 h later, one object was

replaced with a new, different object and animals were again allowed to freely explore the objects for a total of 20 s ‘‘Discrim-

ination index’’ was calculated as (time with novel object – time with familiar object)/(time with novel object + time with familiar

object). The light/dark assay was performed, as previously described.86 Briefly, mice were placed in a box that was 50%

exposed and 50% enclosed for 5 min and monitored using AnyMaze tracking software. Increased time spent exploring the

open, ‘‘light’’ area was indicative of a lower anxiety-like phenotype. We also used the forced swim test and tail suspension
e2 Cell Reports Medicine 5, 101715, September 17, 2024
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test as measures of depressive-like behavior, as previously described.87,88 Briefly, mice were placed in a large tub of water and

monitored for escape-oriented behaviors over 5 min. The time each mouse spent immobile was quantified, and longer immobility

was interpreted as depressive-like behavior.

Transmission electron microscopy
Mice were euthanized by transcardial perfusion with 4% paraformaldehyde in phosphate-buffered saline (PBS) solution. Free-

floating brain sections (40mM thick) were washed with PBS and fixed in quarter-strength Karnovsky’s fixative solution for 2 h at

room temperature. After washing, specimens were postfixed for 2 h in an unbuffered 1:1 mixture of 2% osmium tetroxide and 3%

potassium ferrocyanide. After rinsing with distilled water, specimens were soaked overnight in an acidified solution of 0.25% uranyl

acetate. After another rinse in distilled water, specimens were dehydrated in ascending concentrations of ethanol, passed through

propylene oxide, and embedded in EMbed 812 embedding media (Electron Microscopy Sciences, Hatfield, PA). Thin sections

(70 nm) were cut on an RMCMT6000-XL ultramicrotome. These were mounted on Gilder square 300 mesh nickel grids (Electron Mi-

croscopy Sciences) and then sequentially stained with acidified methanolic uranyl acetate, followed by amodification of Sato’s triple

lead stain. These were coated on a Denton DV-401 carbon coater (Denton Vacuum LLC) and examined in an FEI Tecnai Spirit (T12)

with a Gatan US4000 4k 3 4k resolution charge-coupled device (CCD).

Mitochondrial analysis
TEM images were collected from randomly selected neurons within the hippocampus. Mitochondria within each cell were traced on

FIJI software, and particle analysis was completed on each image to determine Feret diameter and minimum diameter. The ratio be-

tween Feret and minimum diameter was then calculated to determine the aspect ratio of each mitochondrion.38 Aspect ratios from

mitochondria of each mouse (approximately 700–1000 per mouse) were averaged, and subject to two-way ANOVA to determine the

significance of the interaction between TBI and P110 treatment.

Synaptosome isolation
Animals were rapidly euthanized by cervical dislocation, and hippocampal and cortical tissues were dissected on ice.We determined

that euthanasia by CO2 asphyxiation altered mitochondrial bioenergetics (Figure S8), and therefore rapid cervical dislocation was

determined as the preferred method for isolation of live synaptosomes. Tissues were homogenized in Syn-Per reagent

(ThermoFisher 87793) prepared with protease and phosphatase inhibitors using a glass Dounce homogenizer. Samples were centri-

fuged for 10 min at 1200xg at 4�C. Supernatant was then transferred to a fresh tube and centrifuged for 20 min at 15000xg at 4�C.
Supernatant was discarded, and the pellet was resuspended in media of choice. For bioenergetic analysis, synaptosomes were re-

suspended in fortified XF RPMI, as described in the mitochondrial bioenergetics methods section below.

Mitochondrial bioenergetics
Synaptosomes were resuspended in XF RPMI (Agilent 103681), fortified with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose.

Samples were then plated on a 96-well cell microplate provided in the XFe96 Flux Pak (Agilent 102601), with 20mg per well. Plates

were spun for 20 min at 2000xg at 4�C, and subsequently subjected to the Cell Mito Stress Test (Agilent 103015) using the Seahorse

XFe96 Analyzer. Three readings of oxygen consumption rate from each segment of the test were averaged, and spare respiratory

capacity was calculated as the difference between maximal and basal respiration.

Immunohistochemistry
Mice were euthanized by transcardial perfusion with 4% paraformaldehyde in phosphate-buffered saline (PBS) solution. Free-

floating brain sections (40mM thick) were processed and stained with an FD NeuroSilver Kit (FD NeuroTechnologies, Columbia,

MD). For neurogenesis experiments, mice were injected intraperitoneally with a single bolus of 5-bromodeoxyuridine (BrdU) at

a dose of 150 mg/kg. For the acute survival experiments, mice were injected 24 h after TBI, and euthanized 2 weeks post-injury

by transcardial perfusion. For the chronic survival experiments, mice were injected with BrdU 3 weeks before euthanasia. Brains

were processed and cut into 40mM thick, free-floating sections, which were then probed with anti-BrdU primary antibody (Sigma-

Aldrich SAB4700630), followed by a biotin-conjugated secondary antibody (Vector Laboratories BA-2000). Sections were devel-

oped using diaminobenzidine and counterstained using hematoxylin to visualize anatomical structures. IgG extravasation staining

was performed as described previously.17 BODIPY staining was performed to visualize lipid droplets as described previously.68

For 4-HNE staining, free-floating sections were subjected to antigen retrieval at 98�C in 10 mM sodium citrate buffer (pH 6.0).

Thereafter, sections were blocked in 5% normal goat serum (S-1000, Vector Laboratories) and incubated overnight with rabbit

anti-HNE (1:500, HNE11S, Alpha diagnostic International). On the following day, sections were incubated with goat anti-rabbit

Alexa 594 (1:300; A32740, Invitrogen) for 2 h at room temperature, washed in PBS, and mounted using an antifade aqueous media

(Vectashield Plus with DAPI, Vector Laboratories). Finally, the images were acquired on LSM 880, and mean fluorescence inten-

sities were quantified with Fiji ImageJ software. Iba1 and GFAP immunofluorescent staining were performed using rabbit anti-Iba1

(Wako 019–19741) and mouse anti-GFAP (Thermo Fischer MA5-12023), followed with Alexa Fluor Plus 488 and 594 secondary

antibodies.
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TBARS assay of MDA
MDA was quantified with lipid peroxidation assay kit per the manufacturer’s instructions (MAK085, Sigma-Aldrich). Tissue was ho-

mogenized in lysis buffer containing butyrate hydroxytoluene, centrifuged, and supernatant was collected. Thiobarbituric acid was

added to samples, incubated at 95�C for 60 min, and then cooled on ice for 10 min. Absorbance was read at 532 nm and concen-

trations were interpolated from a standard curve and normalized to the protein content of samples.

Co-immunoprecipitation of Drp1/Fis1 in TBI mouse model
Mouse cerebella was lysed in a total cell lysate buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, and protease inhib-

itor). Total lysates with 800 mg protein for each group were incubated with the anti-Drp1 antibody (BD Biosciences, 611738) overnight

at 4�C followed by the addition of protein A/G beads (Santa Cruz, sc-2003) for 2 h at 4�C. Immunoprecipitates werewashed four times

with cell lysate buffer and were analyzed by western blot using anti-Drp1 (1:1000) and anti-Fis1 (Proteintech, 10956-1-AP. 1:1000)

antibodies.

In situ proximity ligation assay (PLA)
PLA was performed using the Duolink In Situ Red Starter Kit (mouse/rabbit, DUO92101, Sigma). Briefly, brain sections were permea-

bilized and blocked with PLA blocking buffer for 1 h at 37�C and incubated with the anti-Drp1 (1:1000) and anti-Fis1 (1:1000) antibody

overnight at 4�C. The sections were then incubated with the PLA probes (Anti-Rabbit PLUS and Anti-Mouse MINUS) for 1 h at 37�C,
followed by the ligation and amplification steps. The PLA signal was visible as a distinct fluorescent spot and analyzed by confocal

microscopy (Fluoview FV3000, Olympus). The number and size of the fluorescent signals was quantitated using NIH ImageJ

software.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism, version 9.0.0 (GraphPad Software, Inc.), and all quantifications and

analyses were performed in a blinded manner. For animal experiments comparing injury groups, the groups were compared using

independent samples t tests. For animal experiments with both injury and treatment experimental groups, two-way ANOVA models

were estimated in which the interaction of injury (TBI vs. Sham) and treatment (P110 vs. Vehicle) was the effect of interest, assessing

whether the effect of TBI was significantly altered by P110 treatment, and results were reported as an ‘‘interaction p-value.’’ When a

significant interaction effect was detected, Tukey’s post hoc tests were performed and significant pairwise differences between

injury and treatment groups identified. Human subject results were analyzed using one-way ANOVA with Tukey post hoc pairwise

comparisons. Data are presented as mean ± SEM, and individual data points represent individual samples or animals. Details of sta-

tistical analysis can be found in the figure legends. Significance was determined at p value below 0.05.
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