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TDP43 pathology in chronic traumatic 
encephalopathy retinas
Ragini Phansalkar1, Vanessa S. Goodwill2, Jeffrey J. Nirschl3, Chiara De Lillo4, Jihee Choi5, Elizabeth Spurlock6, 
David G. Coughlin7, Donald Pizzo2, Christina J. Sigurdson2, Annie Hiniker2, Victor E. Alvarez6,8, 
Ann C. Mckee6,8 and Jonathan H. Lin3,9*    

Abstract 

Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease associated with repetitive head trauma. 
Brain pathology in CTE is characterized by neuronal loss, gliosis, and a distinctive pattern of neuronal accumulation 
of hyper-phosphorylated tau (p-tau) and phospho-TDP43 (p-TDP43). Visual anomalies have been reported by patients 
with CTE, but the ocular pathology underlying these symptoms is unknown. We evaluated retinal pathology in post-
mortem eyes collected from 8 contact sport athletes with brain autopsy-confirmed stage IV CTE and compared 
their findings to retinas from 8 control patients without CTE and with no known history of head injury. Pupil-optic 
nerve cross sections were prepared and stained with hematoxylin and eosin (H&E), p-tau, p-TDP43, and total TDP43 
by immunohistochemistry. No significant retinal degeneration was observed in CTE eyes compared to control 
eyes by H&E. Strong cytoplasmic p-TDP43 and total TDP43 staining was found in 6/8 CTE eyes in a subset of inner 
nuclear layer interneurons (INL) of the retina, while only 1/8 control eyes showed similar p-TDP43 pathology. The 
morphology and location of these inner nuclear layer interneurons were most compatible with retinal horizontal 
cells, although other retinal cell types present in INL could not be ruled out. No p-tau pathology was observed in CTE 
or control retinas. These findings identify novel retinal TDP43 pathology in CTE retinas and support further investiga-
tion into the role of p-TDP43 in producing visual deficits in patients with CTE.

Keywords  Chronic traumatic encephalopathy (CTE), Retina, Inner nuclear layer, Tau, TDP43, Eye pathology

Introduction
Chronic traumatic encephalopathy is a progressive neu-
rodegenerative disorder associated with repetitive head 
trauma that has been found in the brains of athletes who 
compete in contact sports, such as football, wrestling, ice 
hockey, and soccer [22, 23, 25, 29]. CTE has also been 
identified in individuals exposed to military-related trau-
matic brain injury (TBI), interpersonal violence, poorly 
controlled epilepsy, and other sources of repetitive head 
impacts (RHI) [7, 11, 18, 27].

Common presenting symptoms of CTE include behav-
ioral disturbances, depression, and short-term memory 
loss, with dementia common in severe cases [28, 30]. 
The disease progresses to cause more severe cogni-
tive impairment, behavioral changes, suicidality, and in 
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some cases motor deficits. Visuospatial anomalies have 
been reported as a common symptom in CTE [28], but 
the specific visual abnormalities have not been well-
described. Additionally, a variety of visual changes have 
also been reported post-TBI, including photophobia, 
double-vision, and abnormalities in saccades, conver-
gence, and accommodation [33, 36]. However, the ana-
tomical basis and ocular pathology that cause visual 
symptoms in TBI and CTE are unknown.

CTE is defined by its distinctive p-tau pathology con-
sisting of a perivascular accumulation of hyper-phospho-
rylated tau (p-tau) in neurons as neurofibrillary tangles 
and neurites at the depths of the cortical sulci [1, 4, 16, 
24, 25, 28]. As disease severity progresses, p-tau accu-
mulation is observed throughout the cortex, medial tem-
poral lobes, and diencephalon [28]. The severity of CTE 
has been classified into four stages with stage I and II 
considered mild and stages III and IV considered severe 
[28]. Stage IV is the most severe CTE stage and typi-
cally shows widespread p-tau pathology throughout the 
brain, including the spinal cord, basis pontis, and den-
tate nucleus of the cerebellum, in addition to marked 
neuronal loss and gliosis in the cortex and medial tem-
poral lobe structures. In addition to a distinctive p-tau 
pathology, many cases of CTE also show progressive 
accumulation of phosphorylated Transactive Response 
DNA-binding protein 43 (p-TDP43) in the white matter 
and cortex [28, 32]. Immunopositivity for p-TDP43 in 
CTE takes the form of neurites, as well as intraneuronal 
and intraglial inclusions [8, 28]. The first NINDS-NIBIBS 
consensus panel found TDP43 pathology to be distinc-
tive in CTE and considered it a supportive feature of CTE 
diagnosis [24].

No previous studies have examined ocular pathology 
or p-tau and TDP43 deposition in the eyes of individuals 
with CTE. In contrast, abnormal protein accumulations 
have been identified in the retina in other neurodegen-
erative disorders, such as prion protein in Creutzfeldt-
Jakob disease [12, 13, 35], and amyloid beta and p-tau 
deposits in some cases of Alzheimer’s disease [9, 17] (but 
not in other retrospective studies [14, 37]). Here, we eval-
uate the histopathology of post-mortem eyes collected 
from 8 patients with autopsy-confirmed stage IV CTE, as 
well as 8 autopsy controls, for evidence of neurodegen-
eration, p-tau, and p-TDP43 accumulation.

Materials and methods
Ethical approval and subject selection
This study was approved by independent institutional 
review boards at Boston University, UC San Diego (IRB 
#131208), and Stanford University (IRB #54760). In 
each case, written informed consent was obtained from 
subjects and the next of kin with authorization for a 

diagnostic autopsy with donation of brain tissue and 
globes. The 8 CTE enucleation specimens came from 
patients with clinical histories of repetitive sports-related 
head impacts and stage IV CTE brain neuropathology 
upon autopsy (Table 1). The 8 control enucleation spec-
imens came from individuals with no known history of 
TBI or exposure to RHI, and no evidence of CTE neuro-
pathology at autopsy (Table  2). In the CTE cases, CTE 
stage was determined to be stage IV using the McKee cri-
teria [1], and “High” CTE using NINDS consensus crite-
ria [4, 24].

Histology and immunohistochemistry
All autopsy globes were fixed in 10% neutral buffered 
formalin and pupil-optic nerve cross sections were pre-
pared. Serial pupil-optic nerve cross sections were cut in 
the horizontal plane (medial to lateral) where the supe-
rior oblique muscle could be identified. 10 µm paraffin-
embedded sections were stained with hematoxylin and 
eosin, anti-p-tau (AT8, Thermo Fisher; 1:1000), anti-
TDP43 (Proteintech, 10782-2-AP; 1:6000), and anti-
p-TDP43 (phospho Ser409 pAb, Cosmo Bio; 1:1000) 
antibodies. For quantification of the thickness of the 
retinal ganglion cell layer, inner nuclear layer, and outer 
nuclear layer, we adapted the “retinal spider-gram” mor-
phometric method used to quantify retinal degeneration 
in animal models [5, 10, 19, 20, 31]. The number of nuclei 
spanning the thickness of each lamina was counted man-
ually at 1 mm and 2 mm distances from the optic nerve 
toward the ora serrata in both medial and lateral direc-
tions. Then, the means of retinal lamina nuclei at each 
distance in both directions were determined for each ret-
ina from the CTE and control cases. Student’s t-test was 
performed to determine if there were statistically signifi-
cant differences in the means of retinal lamina thickness 
between the CTE and control eyes.

Brain tissue sections from subjects with Alzheimer’s 
disease, FTLD-TDP43 or normal brain autopsies were 
used as positive and negative immunohistochemistry 
controls for anti-p-tau, anti-TDP43, and anti-phospho-
rylated TDP43 antibodies as appropriate. In brief, for 
manual IHC using the anti-TDP43 antibody, slides were 
deparaffinized in xylene and rehydrated in graded etha-
nols. Slides then were placed in a 30% H2O2 in methanol 
solution for 30 min, washed in 0.1 M tris(hydroxymethyl)
aminomethane (TRIS) at pH 7.6, blocked with 2% fetal 
bovine serum (FBS) in 0.1 M TRIS, and then slides were 
incubated in primary antibody at 4 °C overnight. The sec-
ond day, after washing with 1% TRIS solution and block-
ing with 2% FBS, slides were incubated in biotinylated 
horse anti-rabbit IgG secondary antibody at 1:1000 con-
centration (Vector laboratories, Burlingame California) 
for one hour at room temperature, then for an additional 
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one hour in avidin/biotin-based peroxidase (Vector labo-
ratories, Burlingame California). The chromogen used 
was Discovery purple (Ventana Indianapolis, IN) and 
slides were subsequently dehydrated, cleared in xylene, 
and cover slipped. Slides were stained for AT8 and 
p-TDP43 on a Ventana Discovery Ultra (Ventana Medical 

Systems, Tucson, AZ, USA). For p-TDP43 the optimal 
antigen retrieval was using CC1 (Tris-EDTA; pH 8.6) at 
95  °C for 40  min whereas for AT8 no antigen retrieval 
was needed. Endogenous peroxidase was quenched 
by treatment with dilute H2O2 for 12 min at 37  °C. The 
p-TDP43 (1:1000) or AT8 (1:100) primary antibodies 

Table 1  Clinical features of pathology-confirmed CTE cases

CTE, chronic traumatic encephalopathy; NFL, National Football League; No., number; LOC, loss of consciousness

No. Age Sex Primary 
pathologic 
diagnosis

Cause of death Athletic history Position played No. of 
concussions

p-TDP43 
presence

p-TDP43 positive 
regions

1 86 M CTE Stage IV Not available Semi-profes-
sional football

Not available Not available Unknown Unknown

2 80 M CTE Stage IV Respiratory 
failure

NFL Running back 1 (0 LOC) Yes Spinal cord, Amyg-
dala, Hippocam-
pus, Entorhinal 
cortex/Inferior 
temporal cortex, 
Neocortex

3 93 M CTE Stage IV Dementia related Amateur boxing Not applicable Unknown Yes Spinal cord, Amyg-
dala, Hippocam-
pus, neocortex

4 82 M CTE Stage IV Respiratory 
failure

NFL Defensive back, 
safety, special 
teams

 ~ 100 (unknown 
LOC)

Yes Amygdala, 
hHppocampus, 
Entorhinal cortex/
Inferior temporal 
cortex

5 77 M CTE Stage IV Cardiac condi-
tion

Australian Rugby Flanker, break-
away

“1000 s” (0 LOC) Yes Spinal cord, 
Amygdala, Hip-
pocampus

6 70 M CTE Stage IV Dementia related “Professional 
football”

Defensive back, 
safety

10 (1 LOC) Yes Spinal cord, Amyg-
dala, neocortex

7 62 M CTE Stage IV Cardiac condi-
tion

NFL Defensive back, 
safety

25 (1 LOC) Yes Amygdala, Hip-
pocampus

8 70 M CTE Stage IV Cardiac condi-
tion

NFL, recreational 
rugby

Offensive line-
man

10 (1 LOC) Yes Amygdala, 
Hippocampus, 
Entorhinal cortex/
Inferior temporal 
cortex

Table 2  Clinical features of control cases

No., number; NSA, no significant abnormalities

No Age Sex Neuropathologic diagnosis Cause of death p-TDP43 presence in brain Eye path findings

1 81 M Basilar artery atherosclerosis Acute myocardial infarction Unknown Scleral buckle; intraocular lens

2 61 M Metabolic encephalopathy Septic shock Unknown Numerous drusen

3 68 M NSA Acute bronchopneumonia Unknown NSA

4 72 F Alzheimer’s disease changes (mild 
to moderate)

Metastatic adenocarcinoma Unknown Scattered drusen

5 70 M Alzheimer’s disease changes (mild), meta-
bolic encephalopathy

Bronchopneumonia Negative in hippocampus Scattered drusen

6 76 M Terminal acute ischemic changes, amy-
loid angiopathy, intracortical microinfarct

Lymphocytic myocarditis Negative in hippocampus Scattered drusen

7 68 F NSA Ischemic cardiomyopathy Negative in hippocampus NSA

8 61 M Cerebrovascular disease Cardiac condition Unknown NSA
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were incubated on the sections for 32 min at 37  °C fol-
lowed by treatment with goat anti-rabbit (p-TDP43) or 
goat anti-mouse (AT8) HRP-polymer secondary (Omni-
Map; Ventana Medical systems) at 37 °C for 12 min. Anti-
body presence was visualized using a purple detection kit 
(Ventana Medical systems) as a chromogen for 20  min 
followed by hematoxylin counterstain. Slides were rinsed 
in Dawn detergent (to remove the liquid cover slip oil) in 
water, dehydrated through alcohol and xylene and cover 
slipped.

Results
Demographics and background information
Autopsy enucleation specimens were obtained from 8 
individuals with CTE as well as 8 controls (see “Materials 
and methods” section). The subjects with CTE differed 
from the controls in that all 8 CTE subjects were male 
(2 controls were female), and the mean age of the CTE 
subjects was 77.5 compared to 69.6 for the controls. The 
neuropathologic features of the CTE cases and controls 
are listed in Tables  1 and 2, respectively. Two control 
subjects showed mild to moderate Alzheimer’s disease 
neuropathologic changes (Table  2) [21]. There was lim-
ited ophthalmic history available including no informa-
tion about ante-mortem visual symptoms for any of the 
subjects. However, CTE and control eyes showed no 
histopathologic features of geographic atrophy (e.g., loss 
of RPE and retinal degeneration), retinal neovasculariza-
tion, or glaucoma (e.g., optic disc cupping, retinal gan-
glion cell loss).

CTE retinas show no overt retinal degeneration
Pupil-optic nerve cross-sections of CTE eyes and con-
trol eyes were stained with H&E and evaluated for ocu-
lar pathology. All CTE eyes demonstrated intact retinal 
architecture and cellularity with no overt cell loss in cel-
lular retinal layers (retinal pigment epithelium, outer 
nuclear layer, inner nuclear layer, and retinal ganglion cell 
layer) and no overt atrophy of non-cellular retinal layers 
(outer plexiform layer, inner plexiform layer, and retinal 
nerve fiber layer). Quantification of the thickness of indi-
vidual retinal nuclear layers also revealed no statistically 
significant differences between CTE and control retinas 
(Fig. 1A–C).

Many CTE retinas display abnormal phospho‑TDP‑43 
aggregates in a subset of inner nuclear layer cells
Seven of 8 control retinas were negative for p-TDP43 
staining (Fig.  2C–D). Control case #1’s retina displayed 
scattered punctate neuronal cytoplasmic p-TDP43 stain-
ing localized to the inner nuclear layer (INL) (Fig. 3). This 
control subject (control case #1) had no known history 
of any neurodegenerative condition and no significant 

neuropathological abnormalities. In contrast, 6/8 CTE 
retinas (all CTE cases except 4 and 7) displayed scattered 
punctate neuronal cytoplasmic p-TDP43 inclusions local-
ized to the INL (Fig. 2E–H). The anatomic location and 
morphology of pTDP-43 positive cells in the INL most 
resembled horizontal cells, a subtype of INL interneuron 
whose cell bodies are located in the outermost aspect of 
the INL neighboring the outer plexiform layer (OPL), and 
whose neuritic processes extend in the same orientation 
(“horizontal”) as the INL retinal lamina. The density of 
neuronal cytoplasmic inclusions was similar between the 
6 CTE retinas and the single control retina. 

Total TDP43 staining also showed abnormal cytoplas-
mic inclusions in INL cells in the same 6/8 CTE retinas 
(Fig. 4A, B) and 1/8 control retinas, compatible with the 
abnormal p-TDP43 staining pattern seen in INL cells. 
Taken together, these results support that TDP43 pathol-
ogy is common in CTE retinas and arises less frequently 
in non-CTE retinas (as in our control case #1). Interest-
ingly, retinal TDP43 pathology in CTE is not ubiquitous 
in the retina but selectively targets cells of the INL, whose 
outward positions in the INL and neuritic morphologies 
are favored to represent horizontal cells.

CTE retinas show no AT8 tau pathology
P-tau, an abnormal protein known to form aggregates 
in CTE and other neurodegenerative conditions [15], is 
a defining feature of CTE pathology in the brain [4, 24]. 
We observed no staining for p-tau using the monoclonal 
antibody AT8 in CTE or control retinas in any cellular 
or non-cellular retinal layers in serial pupil-optic nerve 
cross sections where we saw p-TDP43 retinal pathology 
(Fig. 5A–D).

Discussion
CTE is a progressive neurodegenerative disorder, char-
acterized by p-tau and p-TDP43 deposition in wide-
spread regions of the central nervous system. This study 
is the first investigation of retinal pathology in CTE. In 
6/8 cases of severe CTE, we found TDP43 pathology in 
the retina, consisting of scattered punctate cytoplasmic 
inclusions of p-TDP43 limited to INL cells. By contrast, 
similar p-TDP43 pathology was found in only 1/8 control 
retinas. In all positive cases, p-TDP43 retinal pathology 
was restricted to the INL retinal lamina in cells whose 
location and morphology were compatible with retinal 
horizontal cells but could also include other retinal cell 
types present in INL, including bipolar interneurons, 
Müller glia, and retinal vascular cells. Additional stud-
ies are important next steps to define cellular specificity, 
pathomechanism, and significance of p-TDP43 expres-
sion in the retina. By contrast, there was no AT8 p-tau 
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pathology or overt evidence of neurodegeneration in the 
pupil-optic nerve cross sections from CTE retinas.

Given the role of horizontal cells in contrast enhance-
ment and modulation of photoreceptor output, it is 
possible that p-TDP43 retinal pathology contributes to 
visual symptoms in individuals with CTE. Indeed, a pre-
vious case series documented a history of visuospatial 
symptoms in CTE patients including 7/13 patients with 
stage IV CTE and 18/45 patients with any stage of CTE 
[28]. However, the exact nature of visual symptoms and 

components of vision affected in CTE are not well-char-
acterized. Horizontal interneurons are a regulatory cell 
type that provide feedback to photoreceptors [3, 34]. If 
p-TDP43 accumulation within horizontal interneurons 
causes cellular dysfunction, as it does in other neurons 
[8], this may affect modulation of visual stimuli leading to 
symptoms such as photosensitivity [29]. CTE pathology 
within other areas of the optic pathway could similarly 
lead to visuospatial anomalies. For instance, Armstrong 
et  al. demonstrated that there is consistent involvement 

Fig. 1  H&E. A, B Retinal thickness was comparable between control eyes (A) and CTE eyes (B); scale bar = 40 μm. C Quantification of retinal 
thickness in number of nuclei by layer, 1 mm (GCL1, INL1, ONL1) or 2 mm (GCL2, INL2, ONL2) from the optic nerve toward both equators per retina, 
in CTE (n = 6–7) and control eyes (n = 7). Error bars show mean ± standard errors. Student’s t-test comparisons of means between CTE and controls 
are shown, and p < 0.05 was considered statistically significant. RNFL, retinal nerve fiber layer, GCL, ganglion cell layer, IPL, inner plexiform layer, INL, 
inner nuclear layer, OPL, outer plexiform layer, ONL, outer nuclear layer

Fig. 2  p-TDP43 immunohistochemistry. A Negative control—section of hippocampal dentate from a normal autopsy brain shows no p-TDP43 
staining; scale bar = 80 μm. B Positive control—section of hippocampal dentate from patient with FTLD-TDP shows neuronal staining. C, D 
Representative control retinas show no p-TDP43 staining; scale bar = 60 μm. E–H Sections of retina from representative CTE cases show staining 
for p-TDP43 in outermost subset of cells (red arrow) in the inner nuclear layer. H Shows enlarged blow-up of area in square in (G); scale bar = 40 μm. 
All retina pictures are oriented with ONL at bottom

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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of the superior colliculi in CTE, as evidenced by p-tau 
immunoreactivity in 8 cases [2, 28]. However, except in 
the most severe cases of CTE, the primary visual cortex is 
typically spared [28].

One of our control retinas also showed focal accumu-
lation of p-TDP43 with the same pattern of punctate 
cytoplasmic staining in putative INL horizontal cells 
seen in the CTE cases. Evaluation of this 81-year-old 
patient’s brain at autopsy showed no significant abnor-
malities. This patient had no known history of repetitive 
head trauma, consistent with the lack of brain pathology 
on autopsy, although we cannot exclude the possibility 
that this patient experienced some type of head or ocu-
lar injury which would lead to the presence of p-TDP43 
in the retina. The presence and distribution of TDP43 
or p-TDP43 in normal or diseased human retina has 
not been thoroughly investigated. Interestingly, a recent 
abstract described TDP43 inclusions in the retinas of 5/6 
patients with FTLD (Dijkstra et  al., 2021 Alzheimer’s & 
Dementia conference), which together with our current 
study suggests that TDP43 retinal pathology may be 
encountered in more disease settings.

Intriguingly, protein accumulations within CTE reti-
nas were limited to p-TDP43, with no accumulations of 
p-tau identified, despite consistent p-TDP43 expression 
in INL. This suggests that although p-tau pathology is 
a defining feature of cerebral CTE, it is not a feature of 
retinal CTE. This is surprising, as the pathognomonic 
neuropathology findings of CTE include abnormal 
neuronal p-tau around small blood vessels at the base 
of cortical sulci [4, 24]. However, widespread TDP43 
accumulation is also seen throughout the brain in late-
stage CTE [26]. Why p-TDP43, but not p-tau, accu-
mulates within the retina in stage IV CTE is unclear. 

One potential explanation is a difference in temporal 
regulation of CTE-associated markers, including p-tau, 
between the brain and the retina. In addition, two of 
the CTE retinas (ages 62 and 82, CTE cases 4 and 7) 
did not have p-TDP43, despite these subjects having 
positive TDP43 brain pathology. Finally, why there is 
no significant retinal degeneration (thinning of retinal 
cell layers) compared to the widespread neurodegen-
eration found in stage IV CTE brain is also unclear. 
Important caveats are that we only examined retinal 
pathology and did not examine optic nerves, because 
optic nerves were not removed during the enucleation 
process of CTE cases. Further, we examined pupil-
optic nerve cross-sections collected at the horizontal 

Fig. 3  Positive p-TDP43 immunohistochemistry in control retina. 
p-TDP43 immunohistochemistry of the control retina (case #1) 
with p-TDP43 staining in outermost subset of cells in the INL. ONL 
is oriented at the bottom

Fig. 4  Total TDP43 immunohistochemistry. A Positive control—
amygdala from a patient diagnosed with Alzheimer’s Disease, 
showing cytoplasmic positive, nuclear negative total TDP43 staining; 
scale bar = 50 μm. B CTE retina showing cytoplasmic positive, nuclear 
negative total TDP-43 staining of a cell (arrow) in the outermost 
aspect of inner nuclear layer; scale bar = 25 μm. Retina images are 
oriented with ONL at bottom
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(medial–lateral) axis. Also, we cannot exclude that reti-
nas may express other phosphorylated tau species not 
recognized by the AT8 antibody used in our study.

In summary, this study is the first description of 
p-TDP43 pathology in CTE retinas and lays a founda-
tion for further research into retinal dysfunction in visual 
deficits encountered in CTE patients, as well as p-TDP43 
retinal pathology in other neurodegenerative conditions. 
However, there are several limitations of this study. First, 
there was a small cohort size for both the CTE and con-
trol groups, and further studies on larger cohorts will be 
needed to confirm our findings. Due to the retrospective 
nature of this study, we did not have complete clinical 
information regarding the patients’ visual status, limit-
ing clinical-pathological correlation. In addition, the CTE 
patients included in this study all had stage IV disease, so 
we are not able to determine whether p-TDP43 pathol-
ogy is a feature of severe CTE or of any stage of CTE. 
Finally, additional studies will be required to better char-
acterize the cell types involved in CTE p-TDP43 retinal 
pathology. In particular, retinal cell type-specific molecu-
lar profiling will complement morphology and anatomy 
to determine if p-TDP43 expression is restricted to all 

horizontal cells; targets subsets of horizontal cells (e.g., 
H1, H2, H3, etc. [6]); or affects additional cell types in the 
INL (e.g., bipolar cells, Müller glia, retinal vascular cells) 
or other retinal laminae.

Conclusions
In conclusion, p-TDP43 accumulation, but not p-tau, 
appears to be a common finding in late-stage (Stage IV) 
CTE retina. This retinal pathology may contribute to vis-
ual symptoms reported by CTE patients. Additional stud-
ies evaluating TDP43 within the retinas of CTE patients 
with lower stage disease (Stages I–III) are needed to 
elucidate the timing of this finding in relation to brain 
pathology. Furthermore, detailed visual examinations in 
patients with suspected CTE may be beneficial to bet-
ter characterize visuospatial abnormalities and correlate 
these symptoms with both retinal and brain pathology.
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