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Abstract

Apolipoprotein E4 (APOE4) genotype is a risk factor for poor outcome after traumatic brain injury 

(TBI), particularly in young patients, but the underlying mechanisms are not known. By analogy to 

effects of APOE4 on the risk of Alzheimer disease (AD), the APOE genotype may influence β-

amyloid (Aβ) and tau deposition after TBI. To test this hypothesis, we crossed 3xTG-AD 

transgenic mice carrying 3 human familial AD mutations (PS1M146V, tauP301L, and APPSWE) to 

human ApoE2-, ApoE3-, and ApoE4-targeted replacement mice. Six- to 8-month-old 3xTG-ApoE 

mice were assayed by quantitative immunohistochemistry for amyloid precursor protein (APP), 

Aβ1–40 (Aβ40), Aβ1–42 (Aβ42), total human tau, and phosphoserine 199 (pS199) tau at 24 hours 

after moderate controlled cortical impact. There were increased numbers of APP-immunoreactive 

axonal varicosities in 3xTG-ApoE4 mice versus the other genotypes. This finding was repeated in 
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a separate cohort of ApoE4-targeted replacement mice without human transgenes compared with 

ApoE3 and ApoE2 mice. There were no differences between genotypes in the extent of intra-

axonal Aβ40 and Aβ42; none of the mice had extracellular Aβ deposition. Regardless of injury 

status, 3xTG-ApoE4 mice had more total human tau accumulation in both somatodendritic and 

intra-axonal compartments than other genotypes. These results suggest that the APOE4 genotype 

may have a primary effect on the severity of axonal injury in acute TBI.
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INTRODUCTION

Clinical studies have revealed an increased risk of poor outcome after traumatic brain injury 

(TBI) in patients with one or more apolipoprotein E4 (APOE4) alleles (1–6). The largest of 

these studies demonstrated that the effect of APOE genotype was significant only in younger 

patients (4). Apolipoprotein E is a major lipid carrier in the brain (7), and there have been 

multiple mechanisms proposed to account for the effect in TBI and other brain injuries (8). 

One hypothesis is that APOE genotype affects secondary neurodegenerative processes after 

TBI. This hypothesis is based on the ideas that 1) APOE4 is a major genetic risk factor for 

Alzheimer disease (AD) (9, 10); 2) TBI is a major environmental risk factor for AD (11, 12); 

and 3) ApoE has been shown to interact with two key AD proteins, β-amyloid (Aβ) and tau 

(13). Supporting this hypothesis, human mutant amyloid precursor protein (APP) transgenic 

mice with the APOE4 allele show greater accumulation of Aβ chronically after TBI (14). 

However, the APOE genotype can affect acute outcomes after TBI (3, 15–17), and Aβ and 

tau pathologies can accumulate rapidly after TBI (18–22). Although ApoE isoform–specific 

differences have been studied in mouse models of TBI, few studies have addressed 

interactions between ApoE genotype on acute Aβ deposition after injury (23–25). 

Furthermore, to our knowledge, the interaction between the APOE genotype and tau 

pathology has not been investigated.

We recently showed that 3xTG-AD mice carrying 3 human familial AD mutations 

(PS1M146V, tauP301L, and APPSWE) develop both acute Aβ and tau pathology after injury 

(26, 27). We hypothesized that, in the presence of the APOE4 allele, both acute Aβ and tau 

pathology after injury would be exacerbated. To test this, we crossed 3xTG-AD transgenic 

mice to mice that have the human APOE2, APOE3, and APOE4 alleles knocked-in (28, 29). 

The results of stereologic analysis suggest that APOE genotype may not affect acute Aβ or 

tau pathology after injury. Instead, APOE genotype seems to result in increased numbers of 

injured axons as evident by APP-positive white matter varicosities. Considering this 

surprising finding, we confirmed that the APOE4 genotype worsens posttraumatic axonal 

injury in non–3xTG-AD mice expressing human APOE alleles. Altogether, this indicates a 

primary role for ApoE in acute posttraumatic axonal injury that seems to be unrelated to its 

interactions with Aβ or tau.
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MATERIALS AND METHODS

Animals

Female 3xTG-AD mice were initially acquired from Frank LaFerla (University of 

California, Irvine, CA) and were bred to male ApoE-targeted replacement mice (ApoE-TR) 

of all 3 isoforms (Fig. 1). Heterozygotes from 2 separate crosses were mated to avoid sibling 

matings. The resulting litters were screened for quadruple homozygotes by polymerase 

chain reaction using previously published methods (28, 29). Because the tau and APP alleles 

cosegregate in the 3xTG-AD line whereas the PS1 and ApoE alleles segregate 

independently, one of 64 mice born were expected to be homozygous for all 4 transgenes 

(Fig. 1). We produced at least 4 of these quadruple homozygotes for each genotype to 

establish the 3xTG-ApoE2, -ApoE3, and -ApoE4 lines. Nonsibling quadruple homozygotes 

were then mated to yield the experimental mice used for the current study. All mice were 

housed on a 12-hour light–dark cycle with food and water ad libitum in accordance with the 

Animal Studies Committee at Washington University in St Louis, Mo.

Controlled Cortical Impact

Two- to 3-month-oldmale and female ApoE-TR mice (28) and 6- to 8-month-old male and 

female 3xTG-ApoE mice were used in the following experiments: 17 3xTG-ApoE2, 13 

3xTG-ApoE3, 11 3xTG-ApoE4, 5 ApoE2, 5 ApoE3, and 5 ApoE4 mice were randomly 

assigned to either injury or sham groups, and a 2-mm controlled cortical impact (CCI) was 

performed, as previously described (30). Briefly, mice were anesthetized with isoflurane and 

placed in a stereotaxic frame. A rectal probe and heat pad were used to maintain constant 

body temperature. A midline incision was made to expose the skull, and a 5-mm circular 

burr was used to perform craniotomy over the left somatosensory cortex. A 3-mm steel 

impactor tip was then aligned to +1.5 mm (A/P) relative to lambda and −1.2 mm (M/L) 

relative to midline. An electromagnetic device delivered an impact to the brain to a depth of 

2 mm (5 m per second, 100 milliseconds dwell time). The contusion was irrigated with 

saline, and a plastic skullcap was affixed with suture glue to cover the craniotomy. Sham 

mice underwent the same surgical procedure but did not receive an impact. Mice were 

allowed to recover on a heat pad before being returned to their cage.

Immunohistochemistry

At 24 hours after CCI, mice were deeply anesthetized with isoflurane and perfused with 

0.3% heparin in PBS. Brains were dissected and fixed in 4% paraformaldehyde for 24 hours 

and then equilibrated in 30% sucrose PBS. All sections were sliced 50 μm thick on a 

freezing microtome. Every sixth section (300 μm) was then immunostained using antibodies 

to APP (0.25 μg/mL; Zymed, Invitrogen), Aβ1–40 ([Aβ40] 0.5 μg/mL; Invitrogen), Aβ1–42 

([Aβ42] 0.5 μg/mL; Invitrogen), total human tau (1 μg/mL; Thermo Scientific), or pS199 tau 

(1:1000; Invitrogen). Three minutes of 70% formic acid retrieval was used to unmask 

epitopes for Aβ40 and Aβ42 and 10 minutes of formic acid for pS199 tau. All other staining 

methods were followed as published (26).
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Stereology

Stereology was performed blinded to genotype using a Nikon Eclipse 80i microscope with a 

motorized stage. Both the optical fractionator and space ball probes in Stereo Investigator 

version 8.2 were used for analysis. Regions of interest were drawn under a 4× objective as 

previously described for fimbria, pericontusional corpus callosum and external capsule, and 

hippocampal CA1, beginning with the most anterior section containing both blades of the 

dentate gyrus and including the following 3 to 4 sections per mouse (26, 31). All counts 

were performed using a 60× lens. For APP and tau, a grid size of 200 × 200 μm and 

counting frame of 40 × 40 μm were used. For Aβ40 and Aβ42, a 200 × 200–μm grid and 80 

× 80–μm counting frame were used. For pS199 tau, a 200 × 200–μm grid and a 50 × 50–μm 

counting frame were used. For the space ball hemispherical probe, a radius of 17 μm was 

used. In all cases, a guard depth of 5 μm and a probe height of 17 μm were used. These 

parameters ensured that the Gunderson coefficient of error was less than 0.15 in all cases.

Statistics

Scatter plots were constructed and Shapiro-Wilk tests performed to assess for evidence of 

non-normally distributed data. All data were normally distributed, except for APP stereology 

in ApoE4 mice (p < 0.05). In this case, a Kruskal-Wallis one-way analysis of variance 

(ANOVA) was performed, followed by Mann-Whitney U tests. All other data were analyzed 

by 2-way ANOVAs (injury and genotype), with Bonferroni corrections for multiple 

comparisons. Significance was determined as p < 0.05 for 2-way ANOVA and p < 0.01 for 

all post hoc comparisons. Planned comparisons included injured versus sham mice for each 

genotype and comparisons of injured 3xTG-ApoE4 mice with injured 3xTG-ApoE2 and -

ApoE3 mice. This resulted in a total of 5 planned comparisons for each analysis.

RESULTS

APOE Genotype Alters the Extent of Axonal Injury

Amyloid precursor protein is a marker of fast axonal transport failure that accumulates in 

injured axons at the location of disrupted microtubules (32–34). For these experiments, APP 

was used to assay axonal injury (Figs. 2A, D, E, J, K, P, Q, V; 3A–C). In contrast to CCI-

injured mice at 24 hours, 3xTG-ApoE sham-operated mice did not have axons containing 

APP. At 24 hours after injury, APP-positive axons were visible in corpus callosum, external 

capsule, and ipsilateral fimbria (Fig. 2A). Stereologic quantification of APP-positive axons 

in fimbria revealed main effects of genotype (p = 0.001), injury (p < 0.000001), and a 

genotype × injury interaction (Fig. 2V; p = 0.0006). Planned post hoc comparisons indicated 

that injured 3xTG-ApoE4 mice have significantly greater numbers of APP-positive axonal 

varicosities in ipsilateral fimbria compared with those of injured 3xTG-ApoE2 (p = 0.00016) 

and injured 3xTG-ApoE3 mice (p = 0.00002).

Considering this unexpected result, this experiment was repeated using ApoE-TR mice. 

Stereologic quantification of APP-positive axons (Fig. 3A–C) in pericontusional corpus 

callosum and external capsule revealed an effect of genotype (p = 0.005), where ApoE4 

mice have more APP-positive axons than ApoE3 mice (p = 0.008), but not ApoE2 mice (p = 
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0.056). Thus, we confirmed the finding that ApoE4-expressing mice have greater APP-

positive axonal injury in 2 separate mouse models.

Injury Results in Increased Intra-Axonal Aβ in All Genotypes

Because APP is cleaved by secretases to produce Aβ in injured axons (20, 26), adjacent sets 

of serial sections were stained for Aβ40 (Fig. 2B, F, G, L, M, R, S, W) and Aβ42 (Fig. 2C, 

H, I, N, O, T, U, X). Similar to APP, Aβ40 and Aβ42 were seen in injured mice but not in 

shams. Analysis of Aβ40 revealed a main effect of injury (Fig. 2W; p < 0.000001) but no 

effect of genotype (p = 0.26) or genotype × injury interaction (p = .094). There seemed to be 

a trend toward increased Aβ40 in 3xTg-ApoE4 mice, but this did not reach statistical 

significance. Similarly, analysis of Aβ42 also revealed a main effect of injury (Fig. 2X; p = 

0.000001) but no effect of genotype (p = 0.4192) or genotype × injury interaction (p = 

0.5639).

APOE Genotype Alters Somatodendritic and Intra-Axonal Tau in 3xTG-AD Mice

The microtubule-stabilizing protein tau also accumulates in the hippocampal CA1 and in the 

fimbria after injury in 3xTG-AD mice (26). To image accumulation of tau in 3xTG-ApoE 

mice, an antibody that recognizes total human tau was used to label a fourth set of serial 

sections (Fig. 4A, B, D–G, J–M, P–S). Similar to 3xTg-AD mice, tau was observed in the 

somatodendritic compartment of hippocampal CA1 neurons. The length of these tau-positive 

neurites was measured using stereologic methods. This revealed a main effect of genotype 

(Fig. 4V; p = 0.006) but no effect of injury (p = 0.52) or genotype × injury (p = 0.96). 3xTG-

ApoE4 sham and injured mice had significantly more accumulated tau than 3xTG-ApoE3 

mice (p = 0.009), but the difference with 3xTG-ApoE2 mice was not statistically significant 

after correction for multiple comparisons (p = 0.013).

Total human tau was also assessed in the fimbria (Fig. 4B, F, G, L, M, R, S, W). Stereologic 

analysis again revealed a main effect of genotype (Fig. 4W; p = 0.000003) but no effect of 

injury (p = 0.94) or genotype × injury (p = 0.31). Notably, both injured and sham 3xTG-

ApoE4 mice had greater tau accumulation in axons than either 3xTG-ApoE2 (p = 0.0002) or 

3xTG-ApoE3 mice (p = 0.000005).

To test whether APOE genotype affects phosphorylation of tau, a fifth set of adjacent 

sections was also stained for phospho-serine199 (pS199) tau (Fig. 4C, H, I, N, O, T, U). 

Similar to total human tau, pS199 tau was observed in the hippocampal CA1 and fimbria at 

24 hours after injury (Fig. 4C). Main effects of genotype (Fig. 4X; p = 0.0069) and injury (p 

= 0.0092) were observed, but there was no genotype × injury interaction effect (p = 0.3097). 

Only the difference between injured and sham levels of pS199 tau in 3xTG-ApoE3 mice 

reached statistical significance. No difference was seen between injured and sham 3xTG-

ApoE2 and 3xTG-ApoE4 mice or between injured 3xTG-ApoE4 mice and the other 

genotypes.

DISCUSSION

To summarize, at 24 hours after moderate CCI, 3xTG-AD mice with the APOE4 allele have 

greater APP accumulation within axons than mice with the APOE2 or APOE3 alleles. 
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Apolipoprotein E4–targeted replacement mice without other human transgenes were also 

found to have greater APP accumulation versus ApoE3-targeted replacement mice. These 

observations suggest that modulation of the severity of axonal injury may be a primary 

contributor to the APOE genotype effect on outcomes after TBI. However, contrary to our 

hypothesis regarding neurodegenerative pathology after TBI, APOE genotype had no effect 

on the intra-axonal accumulation of Aβ40 or Aβ42; there was a similar increase in Aβ in all 

3 genotypes. Also surprisingly, there was no interaction between injury and APOE genotype 

on tau pathology; indeed, more total human tau was found in the somatodendritic and axonal 

compartments of 3xTG-ApoE4 mice regardless of injury status.

Altogether, the 3xTG-ApoE mouse TBI model has similarities with and differences from the 

3xTG-AD TBI model previously reported (26, 27). Both recapitulate key aspects of acute 

human TBI pathology, displaying axonal varicosities containing APP, Aβ, and tau (21). 

Mice expressing only ApoE or PDAPP-ApoE mice have also been studied in the setting of 

TBI (14, 25, 35), but neither of these models produced these 3 types of pathologic 

alterations. Notably, in 3xTG-AD mice, both Aβ and tau pathologies increased acutely after 

TBI, but in 3xTg-ApoE mice, only Aβ, but not tau, was affected by acute TBI. The absence 

of a TBI-related exacerbation of tau pathology may be caused by a protective effect of all 3 

human ApoE isoforms compared with endogenous mouse ApoE, as has been reported for 

Aβ pathology in another AD mouse model (36).

One possible explanation for these results is that the axons of 3xTG-ApoE4 mice are more 

susceptible to injury. This may represent a loss of function of ApoE4 in the setting of TBI, 

similar to that seen in ApoE-deficient mice (37–39). Alternatively, it may represent a toxic 

gain of function of ApoE4. Others have proposed that ApoE4 may undergo a cleavage step 

to produce a toxic fragment that induces mitochondrial dysfunction and neuronal death (40). 

Studies comparing axonal injury in hemizygous ApoE4+/− mice similar to those conducted 

by Bien-Ly et al (41) may help differentiate between a loss or gain of function. Interestingly, 

our group recently showed that wild-type mice treated with COG1410, an ApoE-mimetic, 

after CCI have fewer APP-positive axons in pericontusional white matter 3 to 7 days after 

injury compared with saline-treated mice (42). Because COG1410 is a modified peptide 

sequence from human ApoE, this could indicate that ApoE4 lacks an axon-protective effect 

found in the other 2 isoforms.

Another possible interpretation of these results is that ApoE specifically affects the 

production, processing, or trafficking of APP. For example, ApoE4 has been shown to be 

more efficient at recycling APP from the cell surface back into the endocytic pathway (43). 

Additional markers of axonal injury including neurofilament immunohistochemistry, silver 

staining, electron microscopy, electrophysiology, and diffusion tensor imaging will be of 

interest to determine whether there is a global effect of APOE genotype on axonal injury or 

whether the effects are limited to the processing underlying abnormal APP accumulation. 

Thus, interpretation of the main finding from this study, that ApoE4 mice displayed more 

APP accumulations after injury than the other genotypes, is limited by our current 

understanding of the role of ApoE in axon biology.
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It is also notable that both sham and injured 3xTG-ApoE4 mice have more total human tau 

staining but not pS199 tau than mice expressing either ApoE2 or ApoE3. Further 

characterization of phospho-tau epitopes may contribute to a clearer picture of tau pathology 

in this model. Increased total human tau in 3xTG-ApoE4 is not unexpected given several 

previous lines of research. First, ApoE4 fragments have been shown to induce tau 

accumulation (44, 45). Impaired ApoE4 binding to ApoE receptors in mice may cause 

dysregulation of tau kinases such as GSK3β and greater accumulation of the protein at 

baseline (46). Other researchers have reported that ApoE is produced in neurons after injury, 

and neuronal production of ApoE4 contributes to tau hyperphosphorylation and microtubule 

instability (47–49). We have not addressed the question of neuronal ApoE production after 

TBI. Also, ApoE2 and ApoE3 have been shown in vitro to bind tau and prevent 

hyperphosphorylation, whereas ApoE4 lacks this ability (50). Because the current study did 

not address the production of ApoE in neurons after TBI, it is unknown whether neuronal 

ApoE production is the mechanism of tau accumulation occurring in this model. It is 

unlikely to be a major contributor, however, because no significant difference was detected 

between sham and injured 3xTG-ApoE4 tau or pS199 tau levels; sham mice are not 

expected to have neuronal ApoE expression.

Additional studies will be required to understand these phenomena. First, functional tests 

such as Morris Water Maze will help in understanding the implications of increased APP 

accumulation within the fimbria. Second, biochemical studies will be necessary to determine 

the effects of APOE genotype on specific assembly forms of Aβ and tau after TBI. Third, a 

full characterization of the time course for both Aβ and tau pathology may reveal chronic 

effects of APOE genotype on Aβ and tau deposition that were not apparent in this initial 

acute injury analysis. Last, overexpression of the APP and tau transgenes may mask some of 

the effects of ApoE genotype on neurodegenerative pathologies. Using mice expressing both 

human APP and tau under endogenous promoters may be an alternative to the 3xTG-AD 

model for future studies (51, 52).

Altogether, these results demonstrate that it is feasible to produce mouse models for 

studying interactions between APOE genotype and important aspects of human acute 

neurodegenerative pathology after TBI. Considering the finding that APOE4 genotype 

contributes to increased axonal injury, this research has important implications for targeted 

therapeutics to benefit susceptible APOE4-carrying populations after TBI. Future research 

will seek to use this model for pharmacogenetic studies and to further understand how 

APOE genotype modifies axonal injury in both moderate TBI and less severe repetitive 

closed-skull injury models (53).
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FIGURE 1. 
Generation of 3xTG-ApoE mice. For each of the 3 human ApoE alleles, 2 independent lines 

of 3xTg-ApoE heterozygotes were initially produced from 3xTg-AD and ApoE-targeted 

replacement homozygotes (ApoE-TR: ApoEX+/+ represents ApoE2, ApoE3, or ApoE4 

homozygote mice). Nonsibling heterozygotes were mated, and one of 64 mice was expected 

to be homozygous at all 4 alleles. Quadruple homozygotes were selected by polymerase 

chain reaction and used as the initial founders of each 3xTG-ApoE line.
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FIGURE 2. 
Amyloid precursor protein (APP) and Aβ immunohistochemistry in 3xTG-ApoE mice. (A–

C) Representative coronal slice images of APP (A), Aβ1–40 (Aβ40) (B), and Aβ1–42 (Aβ) 

(C) staining from an injured 3xTG-ApoE2 mouse. (D–I) Higher magnification images of 

fimbria (box) from injured (D, F, H) and sham (E, G, I) 3xTG-ApoE2 stained for APP (D, 
E), Aβ40 (F, G), and Aβ42 (H, I). (J–O) 3xTG-ApoE3 injured (J, L, N) and sham (K, M, 
O) stained for APP (J, K), Aβ40 (L, M), and Aβ42 (N, O). (P–U) 3xTG-ApoE4 injured (P, 
R, T) and sham (Q, S, U) stained for APP (P, Q), Aβ40 (R, S), and Aβ42 (T, U). 
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Stereologic quantification of axonal varicosities containing APP (V), Aβ40 (W), or Aβ42 

(X). Error bars represent SE. ** p < 0.01, *** p < 0.001.
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FIGURE 3. 
Amyloid precursor protein immunohistochemistry in ApoE-TR mice. (A, B) Representative 

images from pericontusional corpus callosum and external capsule of ApoE3 (A) and ApoE4 

(B) mice immunostained for APP. (C) Stereologic quantification of axonal varicosities 

containing APP. Error bars represent SE. **p < 0.01. APP, amyloid precursor protein; CC, 

corpus callosum; EC, external capsule.
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FIGURE 4. 
Tau immunohistochemistry. (A–C) Representative coronal slice images of total human tau 

(A, B) and pS199 tau (C) staining from a 3xTG-ApoE2 mouse. (D–I) Higher magnification 

images of boxed region from injured (D, F, H) and sham (E, G, I) 3xTG-ApoE2 stained for 

total tau in CA1 (D, E), or total tau in fimbria (F, G), and pS199 tau (H, I) in fimbria. (J–O) 
3xTG-ApoE3 injured (J, L, N) and sham (K, M, O) stained for total tau in CA1 (J, K) or in 

fimbria (L, M) and pS199 tau in fimbria (N, O). (P–U) 3xTG-ApoE4 injured (P, R, T) and 

sham (Q, S, U) stained for total tau in CA1 (P, Q) or in fimbria (R, S) and pS199 tau in 
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fimbria (T, U). (V–X) Stereologic quantification of the length of neurites containing tau in 

the CA1 (V) and axonal varicosities in fimbria containing either tau (W) or pS199 tau (X). 
Error bars represent SE. *p = 0.013, ** p < 0.01, *** p < 0.001. ns, not significant.
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