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Traumatic brain injury (TBI) is a major global health concern and is increasingly 
recognized as a risk factor for neurodegenerative diseases including Alzheimer’s 
disease (AD) and chronic traumatic encephalopathy (CTE). Repetitive TBIs 
(rTBIs), commonly observed in contact sports, military service, and intimate 
partner violence (IPV), pose a significant risk for long-term sequelae. To 
study the long-term consequences of TBI and rTBI, researchers have typically 
used mammalian models to recapitulate brain injury and neurodegenerative 
phenotypes. However, there are several limitations to these models, including: 
(1) lengthy observation periods, (2) high cost, (3) difficult genetic manipulations, 
and (4) ethical concerns regarding prolonged and repeated injury of a 
large number of mammals. Aquatic vertebrate model organisms, including 
Petromyzon marinus (sea lampreys), zebrafish (Danio rerio), and invertebrates, 
Caenorhabditis elegans (C. elegans), and Drosophila melanogaster (Drosophila), 
are emerging as valuable tools for investigating the mechanisms of rTBI and 
tauopathy. These non-mammalian models offer unique advantages, including 
genetic tractability, simpler nervous systems, cost-effectiveness, and quick 
discovery-based approaches and high-throughput screens for therapeutics, 
which facilitate the study of rTBI-induced neurodegeneration and tau-related 
pathology. Here, we explore the use of non-vertebrate and aquatic vertebrate 
models to study TBI and neurodegeneration. Drosophila, in particular, provides 
an opportunity to explore the longitudinal effects of mild rTBI and its impact on 
endogenous tau, thereby offering valuable insights into the complex interplay 
between rTBI, tauopathy, and neurodegeneration. These models provide a 
platform for mechanistic studies and therapeutic interventions, ultimately 
advancing our understanding of the long-term consequences associated with 
rTBI and potential avenues for intervention.
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1 Introduction

Traumatic brain injury (TBI) affects an estimated 69 million people each year (1) and 
impose an economic burden on the world economy of over $400 billion (2). In the 
United States, more than 472,000 military service members sustained at least one brain injury 
between 2000 and 2022, with many reporting head injuries before service (3). Studies have 
shown that TBI is an environmental risk factor for neurodegenerative diseases including 
Alzheimer’s disease (AD) and other dementias (4, 5) while those with repeated head trauma 
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are at risk of developing chronic traumatic encephalopathy (CTE) (6). 
A previous head injury increases the risk for a subsequent head 
injury; thus, greater than 260 per 10,0000 military service members 
experience subsequent head injury within 1 year of an initial TBI (7). 
Athletes participating in high-contact sports are at risk for repeated 
head trauma, and exposure to repetitive TBIs (rTBIs) is common in 
professional athletes (8, 9). Some American football linemen 
experience nearly 2,000 impacts over the course of their career (8, 9). 
While repeated head trauma is commonly linked to contact sports 
such as football and boxing, it is also evident in the context of 
intimate partner violence (IPV). Thirty to 94% of women 
experiencing IPV report at least a single brain injury, with an 
estimated 80–90% of women sustaining injuries to the head and neck 
(10, 11). Those who experience brain injuries from IPV may report 
chronic cognitive impairments in memory and learning (12). Over 
time, the accumulation of these traumatic events may lead to the 
development of CTE, a progressive, neurodegenerative disease 
induced by repeated blows to or rapid displacement of the head, 
producing chronic changes in cognition, memory, and mood (6). 
Emerging literature suggests that neurodegenerative changes may 
occur in women who have experienced IPV, including a recent case 
study where CTE-like pathology was reported (13, 14). The link 
between CTE and repeated trauma in athletes is well-established. In 
a convenience sample of 202 deceased American football players, 
87% were diagnosed post-mortem with CTE; the affected percentage 
was higher (99%) when the sample was restricted to NFL players (15). 
In a post-mortem study of rugby and soccer players, eleven 
experienced repeated head trauma, and CTE pathology was found in 
eight of eleven (16). Despite attempts to use neuroimaging as a 
mechanism to identify and diagnose CTE before death, the formal 
diagnosis of CTE occurs only upon autopsy and no effective 
therapeutic interventions exist to prevent or mitigate 
neurodegeneration following rTBI.

Mammalian species, such as rats, mice, and pigs, have been used 
to model TBI and other neurodegenerative diseases including CTE 
to elucidate long-term outcomes. Although they have provided key 
insight into numerous secondary injury mechanisms and therapy 
development (17–19), there are several limitations to the existing 
literature: (1) lengthy observation periods of the model organism, (2) 
high cost for experimentation and associated costs, (3) relatively 
difficult and lengthy genetic manipulations, and (4) ethical concerns 
regarding a large number of mammals experiencing pain and 
debilitating injury. For these reasons and others, over the past several 
decades, researchers have initiated non-mammalian models such as 
fruit flies (Drosophila melanogaster; Drosophila), nematodes 
(Caenorhabditis elegans; C. elegans), zebrafish (Danio rerio) and sea 
lampreys (Petromyzon marinus) to model human neurodegenerative 
diseases and to map the etiopathogenesis of aberrant tau formation 
after TBI (20). Lower-order vertebrate and invertebrate models offer 
important potential benefits to studying TBI-induced 
neurodegeneration, including shorter lifespans to study endpoints, 
vast genetic tools to manipulate the expression of genes of interest, 
high-throughput analysis to identify genetic and biochemical 
networks, screening techniques to identify potential therapeutics, and 
reduced cost. Here, we  highlight the use of non-vertebrate and 
aquatic vertebrate organisms to define the basic mechanisms 
underlying repeated TBI and to model rTBI-
induced neurodegeneration.

2 Mechanisms of acute and repeated 
traumatic brain injury

2.1 Primary injury

As a result of TBI, two separate injuries occur on impact, a 
primary injury which causes a secondary injury to unfold in the 
minutes to hours after the initial impact. Blast injury, penetrating 
injuries, direct impact, and rapid acceleration and deceleration forces 
can injure the brain, producing a primary injury (21, 22). Within 
milliseconds, the primary impact produces TBI causing brain tissue 
to undergo rapid movement and tissue deformation (23). The primary 
injury leads to the shearing of white matter tracts, resulting in the 
formation of focal contusions as well as intra-and extracerebral 
hematomas (22).

In closed-head trauma, mechanical force transmits energy to 
neurons and glia, which may cause traumatic disruption of CNS 
structures, disturbances in circulatory autoregulation, impairment of 
the blood–brain barrier (BBB), and acute cellular dysfunction (23–
25). The brain is particularly vulnerable to mechanical force because 
of its viscoelastic nature and lack of structural support; therefore it is 
ineffective in withstanding the mechanical forces from a blow to the 
head (26). Linear acceleration forces exerted during traumatic events 
can lead to the formation of superficial brain lesions, whereas 
rotational forces rotate the brain around a fixed axis (27, 28). These 
rotational forces impart damage to deeper cortical structures (26, 29). 
Translational forces, specifically linear acceleration forces, impart 
damage to superficial gray matter, generating cerebral hemorrhages 
and cortical contusions (27, 30). In contrast, rotational forces 
mechanically and physiologically damage the deep cerebral white 
matter axons, resulting in diffuse axonal injury (27, 28). It is 
hypothesized that axons are further damaged when rapid acceleration 
and deceleration forces promote the dissociation of tau from 
microtubules by altering microtubule dynamics, leading to subsequent 
tau hyperphosphorylation and aggregation (31, 32). However, others 
suggest that tau hyperphosphorylation occurs first, altering 
microtubule dynamics, and affecting its association to microtubules 
(33, 34). Multiple exposures to blast force also result in an 
accumulation of pathological tau aggregates in the brain (35). Rapid 
distortion of neuron shape may also induce tau hyperphosphorylation, 
resulting in tau mislocalization (36). Collectively, these studies suggest 
that force from a primary injury, at least in part, contributes to the 
development of neurodegenerative tauopathies.

2.2 Secondary injury

The biochemical and cellular responses to the initial impact 
produce additional damage to the brain, resulting in a secondary 
injury. Following a primary injury, massive disturbances in brain 
metabolism, neuroinflammatory responses, microstructural changes, 
and behavioral changes occur reviewed in (37). Often a consequence 
of injury, disruption of neuronal and glia osmotic control drives 
cellular edema, the predominant form of brain edema immediately 
following TBI (38). Brain edema likely exacerbates injury by increasing 
cytotoxicity and promoting cell death (39). It is hypothesized that 
following trauma, extracellular glutamate rises, initiating activation of 
N-methyl-D-aspartate (NMDA) receptors which promotes the influx 
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of intracellular calcium ions (40). The large influx of calcium activates 
proteases, endonucleases, and other degradative enzymes and initiates 
cell death and apoptosis (41).

Oxidative stress damages brain tissue by supplying an excess of 
reactive oxygen species (ROS) and reactive nitrogen species (RNS) 
(42). These free radicals disrupt cellular function and preferentially 
lyse the hydrophobic portion of the lipid bilayer (42). Oxidative stress 
can oxidize amino acids, resulting in protein modification and loss of 
catalytic function (43). Protein modifications lead to severe protein 
aggregation within hours of post-ischemic injury (44). Endogenous 
antioxidants such as glutathione (GSH) play a vital role in protection 
against ROS and RNS. Depletion of GSH exacerbates brain infarction 
following cerebral ischemia (45, 46). After TBI in rodents, GSH 
decreases in the hippocampus, potentially leading to apoptotic 
neuronal death (46).

Neuroinflammation, while it can promote recovery during a limited 
period, also contributes to the pathophysiology of secondary injury by 
exacerbating damage. The normal BBB prevents the entry of hydrophilic 
molecules through tight and adherens junctions between endothelial 
cells (47, 48). Following TBI, the BBB can be  disrupted, recruiting 
leukocytes (49). The damage also activates resident microglial cells, 
which can remain in an activated state for years following TBI (50, 51). 
Chronic inflammation following traumatic brain injury increases axonal 
degeneration and neuronal loss (52, 53), and the resulting injury and 
brain dysfunction may have a delayed onset and persist long-term, 
leading to dementia or CTE. Microglia, along with astrocytes, participate 
in “reactive gliosis,” an aggressive response to neurotrauma involving 
enlarged glial cells in damaged brain areas (54). Microglial cells function 
like peripheral macrophages and secrete proinflammatory cytokines and 
chemokines (55). In both post-brain injury and neurodegenerative 
disease such as AD, resident immune cells like astrocytes and microglia 
are elevated (53), implicating inflammation as a potential link between 
the two phenomena.

Recent evidence suggests that activated microglia can have 
detrimental effects as they directly correlate with the extent of tau 
pathology (55, 56) and can increase amyloidogenic amyloid precursor 
protein (APP) production (57). Cherry and colleagues investigated the 
relationship between neuroinflammation and CTE and found that the 
duration of repeated head injury exposure predicted the activated 
microglial cell density and subsequent greater hyperphosphorylated tau 
pathology (58). The increase in aberrant APP proliferation eventually 
leads to the amyloid beta (Aβ) plaques that have been previously 
associated with AD (59), emphasizing the role of neuroinflammation in 
the development of continuing injury long after TBI occurs. However, 
several models of TBI in rodents demonstrate a reduction in amyloid 
beta plaques following TBI (60, 61), and one study showed that mice 
overexpressing amyloid precursor protein had a rise in unaggregated Aβ 
in the hippocampus with extensive hippocampal neuronal death, thereby 
suggesting that the plaques may be protective against unaggregated (Aβ) 
toxicity unclear (62), though it remains. Therefore, a more thorough 
understanding of the complex mechanistic underpinnings of 
amyloidogenesis and tauopathies must be explored.

2.3 Acute and repeated brain trauma

Several studies highlight the different responses to single as 
opposed to multiple or repeated head injuries by characterizing the 
immediate and delayed effects on brain metabolism, 

neuroinflammatory responses, microstructural changes, and 
behavioral changes. Following a single mild TBI in mice, glucose 
utilization in the hippocampus and sensorimotor cortex increased in 
the first 3 days following injury, while rTBI (a second injury 3 days 
following the first injury) failed to elicit the same immediate response 
(63). However, after 20 days, rTBI mirrored single head injury with 
respect to glucose utilization (63), indicating a delayed effect on brain 
metabolism after rTBI. Moreover, axonal degeneration, increased glial 
activation and proinflammatory cytokine gene expression were 
detected 40 days after initial repeated injuries, highlighting the 
prolonged neuroinflammatory responses present after repeated but 
not single injuries (63). Studies in mammals demonstrate that a single 
TBI is associated with transient increases in hyperphosphorylated tau 
(64), while depositions of hyperphosphorylated tau aggregates were 
associated with rTBI (58, 65). Additionally, chronic mild rTBI 
increased tau abundance within the gray matter up to 3 months 
following injury (66), and rTBI led to increased phosphorylated tau 
than a single mild TBI (67). This evidence suggests that acute and 
repeated injuries have distinct temporal patterns of glucose utilization, 
neuroinflammatory responses, and tau hyperphosphorylation. Since 
prolonged neuroinflammatory responses are associated with an 
increased risk of neurodegenerative disease (68), this evidence 
suggests particular mechanisms that might be  invoked to explain 
neurodegeneration following repeated, non-disabling head trauma.

Microstructural and behavioral changes also occur after 
rTBI. Multiple head injuries resulted in more severe microstructural 
changes, cortical volume loss, behavioral deficits, and histopathological 
alterations compared to single injuries (69). Jamnia et  al. (70) 
demonstrated persistent memory deficits and structural changes in 
the cortex and corpus callosum in rats exposed to repeated 
concussions--three injuries, 48 h apart (70). These rats also 
experienced deficits in behavior, exhibited anxiety and increased 
corticosterone levels following rTBI (70). When piglets experienced 
one high-level rotational injury versus one high-level rotational injury 
with four subsequent mid-level rotational injuries administered 8 min 
apart, the multiple rotation injury group experienced greater gait 
times 1 day post after injury (71). Overall, gait patterns were normal 
in the single rotation group but were abnormal following the 
additional rotations (71), suggesting the long-term effect of repeated 
rotational brain injury on locomotor behavior. Recent studies 
underscored the accumulating nature of symptoms in adolescents 
with repeated concussions, with higher symptom scores observed after 
the second concussion compared to the initial one (72). Following a 
second concussion, patients reported an increased burden of 
neuropsychiatric symptoms, particularly in cognitive, sleep, and 
neuropsychiatric domains (73). Collectively, these studies emphasize the 
importance of considering the cumulative effects of repeated head 
injuries, with potential long-term consequences on brain structure, 
function, and behavior.

3 Tau’s role in neurodegenerative 
disease

A recent NINDS consensus document indicated that CTE is likely 
to occur in the years to decades following rTBI; pathognomonic 
lesions of tau hyperphosphorylation occur in the cortical sulci 
surrounding small blood vessels (74). While many areas of the brain 
may be affected by rTBI, the hippocampus, an important structure for 
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memory and cognition, may be particularly vulnerable to subsequent 
injuries following a concussion-like injury, leading to changes in 
mood, memory, and anxiety regulation (75–78). The exact 
mechanisms by which these cognitive changes are triggered by 
repeated concussion (rather than physical disruption of neural tissue) 
remain unclear, though several studies have suggested that 
neurotoxicity, functional impairment of neuronal synapses, and 
axonal stabilization by aberrant microtubule-associated protein 
(MAP) tau may contribute to memory impairment and loss (79, 80) 
(Figures 1A,B). Tau is a crucial protein in the central nervous system 
(CNS) involved in the stabilization of microtubules and regulation of 
axonal transport (81, 82), and its accumulation, hyperphosphorylation, 
and aberrant localization are recognized as hallmarks of CTE (74). In 
humans, six different isoforms of tau are produced in the adult brain. 
These arise via alternative splicing at its amino-and carboxy-terminal 
ends (Figure 2). Once phosphorylated on multiple sites (e.g., Ser356, 
Ser396, Thr231), tau loses the ability to bind microtubules (33, 83, 84), 
thereby promoting microtubule depolymerization and instability.

Abnormal phosphorylation of human tau (hTau) by both 
non-proline and proline kinases results in insoluble and misfolded tau, 
leading to the aberrant accumulation and aggregation of filamentous 
tau polymers, known as paired helical filaments (PHFs) and 
neurofibrillary tangles (NFTs), two features of CTE (74). Following 
and perhaps due to the formation of NFTs, neuronal degeneration and 
death result in release of tau into the extracellular space (90). In turn, 
this promotes tau uptake into astroglia (91). Some studies have even 
suggested that the spread of tau through glia cells mirrors a prion-like 

spread, though whether the misfolded tau actually promotes 
subsequent local misfolding of the normal trans isomer of tau has not 
been investigated (84, 92).

As noted, the configuration of tau in the trans form is the 
physiological conformation. In contrast, the cis conformation of 
aberrantly phosphorylated tau (p-tau) has been linked to pathogenesis 
in neurodegenerative disease and of cognitive symptoms (65, 93, 94). 
In a rodent study of impact and blast injury, the appearance of the cis 
configuration of hyperphosphorylated tau was associated with 
neurotoxic effects and spread to regions contralateral to the injury, 
associated with cognitive impairment (65, 94). When targeted with a 
monoclonal antibody against cis p-tau, neuronal apoptosis was 
prevented, suggesting that accumulation of cis p-tau is very early in 
the pathogenic sequence of post-TBI neurodegeneration (94). PIN1, 
a peptidyl-prolyl isomerase, plays a role in isomerizing threonine 
proline bonds at multiple sites (95–97) including those in tau. 
However, only the isomerization at the phosphorylated Thr231-Pro232 
bond in tau is associated with a biological phenotype (98). The 
isomerization of p-tau at Thr231-Pro232 from cis to trans, promotes both 
dephosphorylation of tau by PP2A and microtubule stabilization (99). 
Depletion of Pin1 results in apoptosis and mitotic arrest (100). In an 
AD model, paired helical filaments contribute to neuronal death 
(101). Several studies demonstrate that upon restoring the prolyl 
isomerase in a cell model, Pin1 promotes microtubule binding and 
stability in vitro as well as dephosphorylation at amino acid site Thr231 
(101, 102). The specific anatomic sites of where tau 
hyperphosphorylation is found and the pattern of neuronal spread can 

FIGURE 1

The function of tau in neurons and its role in brain injury. (A) In a healthy neuron, tau plays a vital role in stabilizing and supporting axonal transport by 
binding to microtubules and suppressing microtubule depolymerization (81, 82). The phosphorylation state of tau influences its binding affinity to the 
microtubule with hypophosphorylation supporting a tighter bind (33, 83, 84). (B) Brain injury triggers various cascades, leading to the 
hyperphosphorylation of tau by protein kinases (85). This hyperphosphorylated state disrupts the binding of tau to microtubules, causing microtubule 
instability and depolymerization (33, 83, 84). Consequently, tau undergoes filamentous aggregation, forming pathognomonic lesions characteristic of 
chronic traumatic encephalopathy (CTE), such as neurofibrillary tangles (86). Image created using BioRender.com.
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differentiate between different tauopathic neurodegenerative diseases. 
In AD, NFTs arise in the brainstem and entorhinal cortex before 
spreading to the medial temporal lobe and evenly distributing in the 
neocortex layers III and V (65, 103, 104). In contrast, CTE develops 
in the deep sulci of the superficial neocortical layers II and III of the 
cerebral cortex, focally and perivascularly (86). The spread continues 
irregularly to the neocortex, medial temporal lobe, diencephalon, 
basal ganglia, and brainstem (65, 105). Though the pathologic spread 
of tau differs, AD and CTE share at least two of the same tau 
phosphorylation sites including Thr231 and Ser199 which have been 
implicated in neurotoxicity and neuronal dysfunction (65). These 
common phosphorylation sites, in addition to patterns of deposition, 
allow AD models of tauopathy to inform CTE tauopathy studies. 
Throughout this review, “CTE-like” will be used to describe models 
that recapitulate the phosphorylation and aggregation profile of tau in 
human CTE, but for which meeting the criterion that tau aggregates 
occur in the sulci is not possible because the brain is lissencephalic.

Since there is currently no treatment to prevent or mitigate CTE 
or other forms of neurodegeneration after TBI, researchers have 
focused on two main drivers of injury-induced sequelae, Pin1 and tau. 
Lu et  al. (101) have produced anti-Pin1 antibodies to restore the 
function of phosphorylated tau (101) in vitro but have not yet 
extended the studies to in vivo CTE-like models. In recent years, the 
literature has turned its focus to anti-cis tau antibodies that work to 
clear phosphorylated tau plaques in AD, CTE, and severe TBI animal 
models (93, 94, 106) and have reported improved outcomes in vivo. 
Albayram and colleagues found that repetitive mild injuries led to 
more severe phosphorylated cis tau and tangle-like structures which 
resemble CTE-like pathology. Treatment with anti-cis phosphorylated 

tau led to the elimination of cis phosphorylated tau and total tau 
accumulation (93). A clinical trial for the use of antibodies targeting 
cis-hyperphosphorylated tau at Thr231 is currently underway (107). 
Perhaps these promising developments in antibody-based therapies 
will result in effective treatments for CTE and other related tauopathies.

4 Non-mammalian models of 
neurodegenerative disease

For decades, researchers have used rodent models to recapitulate 
traumatic brain injury and its subsequent sequelae. Difficulties in 
modeling acceleration and deceleration forces limited the rodent 
models to specific features of TBI and led to the creation of contusion 
injury models, namely controlled cortical impact and fluid percussion 
models (108). The rapid increase in molecular and genetic techniques, 
in addition to the commercial availability of transgenic rodents and 
materials, make rodents an attractive substitute for large animal 
models of brain injury (109). However, large animal models of 
traumatic brain injury can model a more dynamic range of TBI, 
namely replicating features of acceleration/deceleration forces (110), 
which are limited in rodent models. Additionally, rodents have 
lissencephalic brains with no rigid tentorium cerebelli (109), which 
restrict the modeling of neurodegenerative diseases with pathology 
localized to the sulci in the brain. In particular, the pathognomonic 
lesions of human CTE are found in the sulci near perivascular regions, 
regions that are particularly vulnerable to mechanical stress from 
injury (86). Large animal models like primates, have gyrencephalic 
brains, increasing the translatability of this model to humans (109, 

FIGURE 2

Splicing variants of tau. Tau undergoes alternative splicing involving exons 2, 3, and 10, resulting in six different isoforms of the protein containing the 
presence or absence of exons containing microtubule-binding domains (R) and N-terminal insertions (N) (87). The ratio of the different tau isoforms 
varies in different regions of the brain and during different stages of development (88). Tau isoform composition also varies in tauopathic diseases, 
such as CTE and Alzheimer’s disease, which may impact aggregation and pathology (89). Image created using BioRender.
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110). Like rodent models, primate models have drawbacks. However, 
primate models are limited by cost, lack of established post-TBI 
functional assays, are technically difficult, and raise ethical concerns 
(109, 110). Therefore, the use of non-mammalian models may be an 
attractive substitute for large animal and rodent models.

4.1 Petromyzon marinus (sea lampreys)

Harnessing lower vertebrates for the study of proteins implicated 
in human disease enables mechanistic studies in a large, identifiable 
neuron population while extending studies from invertebrates. The 
robust neuroregenerative capabilities and functional recuperation 
exhibited by the CNS in lower-order vertebrates make them an 
attractive experimental model for investigating the role and behavior 
of abnormal tau following TBI and neurodegeneration. In particular, 
the biochemical properties of tau have been studied in the lamprey. 
Hall et al. (111) utilized sea lamprey anterior bulbar cells (ABC) to 
demonstrate that chronic, full-length human tau overexpression 
resulted in fibrillary tangles reminiscent of the tau tangles present in 
neurodegenerative disease, particularly AD (111). They also 
demonstrated that proprietary small molecules prevented 
neurodegeneration in cells containing an accumulation of tau 
filaments (112) while Honson et al. (113) provided evidence for a 
small molecule inhibitor, N3 (a benzothiazole derivative) to arrest tau 
aggregate formation in sea lamprey neurons (113). Sea lampreys have 
also been used to study the movement and deposition of tau and its 
subsequent role in neurodegeneration. One study demonstrated that 
mutated tau, particularly the P301L form, migrates in a transneuronal 
manner, while wild-type tau does not (114, 115). Another study 
showed that extracellular human tau moves both synaptically and 
non-synaptically (116). Additionally, exonic mutations in human tau 
accelerated degeneration in lamprey ABCs (117). Interestingly, Le 
et al. (116) noted similarities between tau patterns in lampreys and tau 
patterns in humans. Over time, extracellular tau deposits in the 
lamprey mirrored the deposits indicative of human CTE and even 
resembled the perivascular halos that are pathognomonic of CTE in 
humans. (116). When taken together, these studies suggest that 
lampreys serve as an excellent model of some features of 
neurodegenerative disease, highlight its use as a rapid screening tool, 
and may be used to further investigate the mechanisms driving the 
formation of aberrant tau after TBI.

4.2 Danio rerio (zebrafish)

The zebrafish (Danio rerio) proteome exhibits a notable degree of 
homology with the human and they have similar anatomical structures 
and functions of the brain, thereby making it a suitable organism for 
investigating TBIs. There are several models that recapitulate closed-
headed TBI in the zebrafish. McCutcheon et  al. (118) employed a 
targeted, pulsed, high-intensity focused ultrasound (pHIFU) to induce 
damage to the brain by mechanical force (118). Zebrafish injured by 
pHIFU demonstrated increased expression of β-APP and β-III tubulin, 
a microtubule protein (118), suggesting that this model may be used to 
investigate the pathophysiology of TBI. Additionally, a non-invasive 
mild TBI model was developed in adult zebrafish using a laser to induce 
damage to neural tissue (119). Laser-induced damage to the brain 

resulted in dilated vessels, hemorrhage and edema, 1 day post-injury 
(119). These signs suggest that the laser-induced brain injury reproduces 
features of the pathophysiology associated with mild TBI (119). In the 
most recent study of zebrafish TBI models, Gill et al. (120) developed a 
method to model blast injury without the use of anesthetics by dropping 
a weight onto a fluid-filled plunger (120, 121). This method of injury 
produced cell death, hemorrhage, blood flow abnormalities, and 
tauopathy, consistent with TBI (121). The homology between zebrafish 
and humans in terms of TBI pathophysiology make zebrafish an 
excellent tool to advance our understanding of TBI and its 
underlying mechanisms.

In addition to modeling TBI pathophysiology, zebrafish have been 
used as a biosensor to investigate tauopathies. One study conducted a 
high-throughput screen for herbal extracts to reduce neuronal death 
initiated by aberrant tau. Of the 400 herbal extracts screened in the 
zebrafish, 45 were identified as having the potential to reduce 
tau-induced neuronal death (122). Additionally, Lopez et  al. (123) 
investigated the clearance kinetics of an aberrant tau protein variant, 
p.A152T, and applied both pharmacological and genetic approaches to 
reduce the burden of p.A152T tau in zebrafish by upregulating 
autophagy (123). Reduction of p.A152T by upregulation of autophagy 
ameliorated morphological abnormalities and reduced 
hyperphosphorylated tau (123). In another study, Cosacak et al. (124) 
created a transgenic zebrafish to explore the aberrant human tau variant, 
P301L. P301L generates neurofibrillary tangles in mammalian models 
of tauopathies (125, 126), though did not produce neurofibrillary 
tangles in the zebrafish nor exacerbate Aβ42 toxicity (124), suggesting 
a protective mechanism in the zebrafish that may be exploited. These 
therapies aimed at reducing aberrant tau burden may serve as a strategy 
for treating tauopathies.

While aquatic vertebrates are useful models to study 
neurodegeneration and the mechanisms driving aberrant formation of 
tau, their inherent ability to regenerate neurons (127) following injury 
may confound the consequences of the secondary injury. However, 
understanding regeneration may provide key insights into pathways 
provoked by TBI and may lead to the development of therapeutics to 
mitigate the effects or potentially reverse TBI-induced pathology. 
Furthermore, these models provide a way to screen various interventions 
at relatively low cost while examining histological and biochemical 
correlates of TBI.

5 Invertebrate model organisms

5.1 Caenorhabditis elegans (roundworms)

In C. elegans, researchers have utilized blast injuries to model mild 
TBI. However, the existing blast methods have yielded heterogeneous 
outcomes. Angstman et al. developed a shock wave injury model that 
produces a consistent and quantifiable injury, but its predictive ability 
for individual outcomes remains limited. However, in 2019, Miansari 
et al. (128) demonstrated that high-frequency surface acoustic waves 
(SAW) in a C. elegans model of blast-induced mild TBI, confined within 
a narrow range of the substrate surface, induced mobility and short-
term memory deficits in a more homogenous manner than previous 
models in the literature, suggesting that SAW may be an improved early-
stage model for human TBI. Additionally, Angstman et al. have shown 
that their blast-related model of mild TBI in C. elegans recapitulates 
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essential characteristics of human TBI, including loss of consciousness 
and subsequent recovery (129, 130). This compelling evidence further 
strengthens the suitability of C. elegans as a viable non-mammalian 
model for TBI and a suitable alternative model organism for mitigating 
ethical concerns when using mammalian models to explore 
repetitive trauma.

Beyond inducing injuries, researchers have employed C. elegans as 
a model organism to investigate the effects of TBI-modified tau. Brain 
homogenates from mice with chronic TBI and or intracerebral 
inoculation of tauTBI, a form of tau that aggregates after chronic TBI, 
impaired motility, and neuromuscular synaptic transmission in 
C. elegans (131, 132). Surprisingly, when naive mice were intracerebrally 
inoculated with tauTBI, a prion-like spread of tauTBI occurred, resulting 
in memory deficits and synaptic toxicity (131, 132). Moreover, Diomede 
et al. established the therapeutic potential of Aβ1-6A2V(D), an all-D-
isomer synthetic peptide, to promote tau degradation by proteases and 
impede tau aggregation in a C. elegans model (114). Additionally, the 
average lifespan of C. elegans ranges from 9 to 23 days depending on the 
rearing temperature (133), highlighting the ability to track tau 
aggregation through the entire lifespan of the organism. Collectively, 
these studies demonstrate the potential of using C. elegans as biosensors 
to investigate and manipulate the biochemical properties of tau and its 
interactions with potential therapeutic peptides in a faster and less 
complex manner than mammalian models. Overall, C. elegans is a 
valuable alternative to mammalian models for studying 
neurodegenerative diseases, providing an array of genetic tools and 
simple mechanistic studies to understand tau in the context of 
dysfunction, such as TBI.

5.2 Drosophila melanogaster (fruit flies)

Drosophila melanogaster is an excellent model system to study the 
longitudinal effects of rTBI and its effect on endogenous tau protein. 
Using Drosophila, it is possible to study post-injury behavior, while 
interrogating histological features of injury and correlating these 
responses to proteomic and transcriptomic changes (e.g., mass 
spectroscopy and RNA seq) responses. While tau has been linked to 
neurodegeneration and neurotoxicity, there is only a rudimentary 
understanding of the upstream biochemical mediators of tau in the 
context of rTBI and CTE. Several studies have expressed wild-type and 
mutant human tau proteins in Drosophila melanogaster to model AD, 
although, hTau transgene expression in Drosophila is not an ideal 
functional model, in part because of poor binding to Drosophila 
microtubules. This, as well as differences in phosphorylation sites and 
uncertainty about whether hTau protein models endogenous NFT 
formation, limits the applicability of this model. Drosophila tau (dTau) 
contains five putative microtubule-binding repeats and lacks the 
N-terminal repeats seen in human tau, despite sharing 66% homology 
with hTau protein (134, 135). At least six CTE-associated 
phosphorylation sites are observed in human tau, and four of those, 
Thr231, Ser202, Thr205, Ser199 are conserved in dTau, as Thr151, Ser106, Thr123, 
Ser103, respectively. While many studies express hTau in Drosophila to 
model tauopathic diseases, some have shown that dTau can confer the 
same neurotoxic and neurodegenerative effects as hTau (135). Thus, by 
investigating dTau in Drosophila, its endogenous properties can 
be readily understood and may represent an informative window into 

TBI-induced tauopathy (CTE-like) pathogenesis. Overexpression of 
dTau in Drosophila leads to neurotoxicity and eventual 
neurodegeneration similar to that observed with overexpression of hTau 
in Drosophila (135), though these overexpression models have not been 
studied in terms of the upstream and downstream mediators of 
tau-associated neurotoxicity. Neither dTau nor exogenous expression of 
hTau has been examined with respect to their roles in CTE in Drosophila, 
perhaps due to the lack of sulci and perivascular regions in Drosophila 
that are associated with human CTE pathogenesis. Instead, 
characterizing and exploring the vulnerable regions in the Drosophila 
brain in the context of repetitive TBI may help to establish a model of 
chronic traumatic encephalopathy, and evaluating endogenous dTau 
will provide valuable insights on the progression of tauopathy 
dysfunction after injury.

The current Drosophila models of head-specific TBI study acute 
changes (136, 137), while current models of rTBI are not head-specific. 
Traditional methods of TBI in flies utilize high-impact devices (138) or 
Omni-Bead Ruptor homogenizing platforms (139) that may be used for 
high-throughput injuries. The high-impact devices utilize a spring 
attached to a fly vial that, when stretched and released, generates an 
impact against a tabletop while the Omni-Bead Ruptor freely shakes a 
small screw cap tube in which the flies are placed. While these methods 
generate high-throughput injuries, the uncontrolled, full-body injury 
potentially results in confounding effects on climbing and walking 
assays, two paradigms commonly used to assess behavioral sequelae 
after TBI (136). To overcome this limitation, Sun and Chen developed 
a head-specific model that uses carbon dioxide to propel an impactor 
against the head (137). They explored walking distance and lifespan as 
potential markers of injury resulting from repeated head impacts in 
Drosophila (137). Despite this advancement, the use of a manual 
FlyBuddy switch system introduces variability in the timing of the 
impacts and the duration in which carbon dioxide propels the impactor. 
In addition, the underlying neurobiological changes that occur after 
multiple injuries have not been explored. The Bonini lab developed a fly 
impactor model using a piezoelectric striker to compress the fly head 
against a metal fly collar that fixes the head in place and demonstrated 
acute injury markers that progressed with increasing severity, 
establishing a more realistic single TBI model in Drosophila (136, 140).

6 Discussion and conclusion

In this review, we  discuss the use of non-vertebrate animal 
models and vertebrate aquatic animals to explore the mechanisms 
driving tauopathies and other changes post-TBI. We highlight that 
these model organisms offer several advantages to research and will 
allow for cost-effective, rapid, discovery-based approaches and 
potential high-throughput screens for therapeutics, in addition to 
reviewing differences in behavioral and physiological response to 
acute and repeated brain injuries. It is important to note that while 
acute and repeated injuries differ in effects on glucose metabolism 
and even in temporal patterns of tau expression, several studies have 
shown that acute injuries may result in non-transient tau expression 
(141, 142). In rodents, exposure to a blast injury at 10.8 psi once per 
day for 3 days resulted in an accumulation of pathological tau 
aggregates in the brain (35). CTE pathology is also observed in some 
American football players with multiple concussive and 
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subconcussive blows to the head (143). However, CTE pathology was 
also found in military personnel who underwent a single IED blast 
injury (143), and a single moderate to severe brain injury resulted in 
tauopathic lesions in the brain (85). These studies suggest that the 
total mechanical force accumulated by the brain over time may 
represent one factor influencing the development of CTE, 
independent of the number of brain injuries. Severity of the injury, 
an indirect measure of the mechanical force sustained from a TBI, 
may also play a role in the development of CTE, with evidence of 
neuroinflammation in the brain 17 years after the initial injury (50). 
Several studies demonstrate that chronic neuroinflammation 
following an acute injury may serve as a contributing factor to 
neurodegeneration. Given the important role of neuroinflammation 
in TBI previously discussed and the recent studies that have revealed 
the powerful effects of microglial depletion strategies on modulating 
neuroinflammation after TBI, it will be critical to fully characterize 
the acute and chronic neuroinflammatory responses in a model 
organism that allows for rapid longitudinal and genetic studies (144–
148). The emerging key role of age-related microglial phenotypes, 
recently described by (145), in this regard, and their link to 
neurodegeneration could represent a perfect opportunity for 
exploration in TBI models in Drosophila, given the relative ease and 
efficiency to study long-term effects and outcomes.
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