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Abstract

Chronic traumatic encephalopathy (CTE) is a neurodegenerative disorder that is
associated with repetitive head impacts. Neuropathologically, it is defined by the
presence of perivascular hyperphosphorylated tau aggregates in cortical tissue
(McKee et al., 2016, Acta Neuropathologica, 131, 75-86). Although many pathologi-
cal and assumed clinical correlates of CTE have been well characterized, its effects
on cortical dendritic arbors are still unknown. Here, we quantified dendrites and
dendritic spines of supragranular pyramidal neurons in tissue from human frontal
and occipital lobes, in 11 cases with (M,ge =79 £ 7 years) and 5 cases without
(Mage = 76 * 11 years) CTE. Tissue was stained with a modified rapid Golgi tech-
nique. Dendritic systems of 20 neurons per region in each brain (N = 640 neurons)
were quantified using computer-assisted morphometry. One key finding was that
CTE neurons exhibited increased variability and distributional changes across six of
the eight dendritic system measures, presumably due to ongoing degeneration and
compensatory reorganization of dendritic systems. However, despite heightened
variation among CTE neurons, CTE cases exhibited lower mean values than Control
cases in seven of the eight dendritic system measures. These dendritic alterations
may represent a new pathological marker of CTE, and further examination of den-
dritic changes could contribute to both mechanistic and functional understandings

of the disease.
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1 | INTRODUCTION

Chronic traumatic encephalopathy (CTE) is a neurodegenerative disor-
der typically associated with exposure to repetitive head impacts
(RHIs) (Corsellis, Bruton, & Freeman-Browne, 1973; Martland, 1928;
McKee et al., 2013; Omalu et al., 2005; Stern et al, 2011). RHIs,
which include both concussive and subconcussive blows, affect den-
dritic and white matter integrity (Castejon & Arismendi, 2003;
Coughlin et al., 2017; Mayinger et al., 2018). CTE, which may appear
decades after RHI exposure, is characterized by the abnormal aggre-
gation of hyperphosphorylated tau (a microtubule-associated protein;
p-tau) in neurons and astrocytes (Bieniek et al., 2015; Ling et al.,
2017; McKee et al., 2009; Mez et al., 2017), especially around small
vessels in the depths of cortical sulci (McKee et al., 2016). It shares
pathological protein aggregations and some clinical symptoms with
Alzheimer's disease (Arena et al., 2020; Schmidt, Zhukareva, Newell,
Lee, & Trojanowski, 2001; Stein et al., 2015; Stern et al., 2013;
Woerman et al., 2016), which also impacts cortical dendritic systems
(Hof & Morrison, 1990; Mavroudis et al., 2011; A. B. Scheibel &
Tomiyasu, 1978). Although many neuroanatomical correlates of CTE
are well characterized (e.g., p-tau pathology, gross gray matter loss,
TDP-43 inclusions; Saing et al., 2012), the relationship between CTE
and cortical dendrites remains unknown. Here, we provide a prelimi-
nary exploration of dendritic changes in CTE by quantifying the den-
dritic systems of supragranular (Layers Il and Ill) pyramidal neurons in
the frontal and occipital poles of human tissue.

Examination of pyramidal neuron dendrites may provide insight
into neurodegenerative mechanisms in CTE. Current theories impli-
cate prion-like spreading of p-tau following initial local hyper-
phosphorylation and misfolding, but the precise neurobiological
pathways are unclear (Armstrong, McKee, Alvarez, & Cairns, 2017,
Goedert, Clavaguera, & Tolnay, 2010). Although frontal and occipital
lobes are both vulnerable in acute RHI (Bendlin et al., 2008; Ghajari,
Hellyer, & Sharp, 2017; Lipton et al., 2013), the frontal lobe appears
to be more affected in CTE (McKee et al., 2013; McKee, Daneshvar,
Alvarez, & Stein, 2014). In CTE, the frontal lobe exhibits reduced mac-
roscopic gray matter volume (McKee et al., 2013) and extensive p-tau
aggregates, especially in supragranular cortical layers (Armstrong,
McKee, Stein, Alvarez, & Cairns, 2019; Gavett, Stern, & McKee, 2011;
McKee et al., 2016). The occipital lobe, in contrast, is spared of p-tau
pathology (McKee et al., 2016). In healthy tissue, tau is enriched in
pyramidal neuron axons. However, it migrates to dendrites under neu-
rodegenerative conditions (Bancher et al., 1987; Ittner & Ittner, 2018),
which impairs dendritic/spine function (Hoover et al., 2010; Merino-
Serrais et al, 2013). Thus, examining dendritic arbors in regions
with different vulnerabilities in CTE could provide further insight into

p-tau-mediated disease processes.

Dendritic changes in CTE could also have functional implications.
Supragranular pyramidal cells are key players in the networks that
support cognitive processes (Gerfen, Paletzki, & Heintz, 2013; Harris &
Shepherd, 2015; Meyer, 1987). Input to these neurons is mostly syn-
thesized by their dendrites and spines, which exhibit considerable
experience-dependent plasticity (Fu & Zuo, 2011; Gray, 1959). Thus,
the physical properties of dendritic systems are intimately tied to
their functions (Goriounova et al., 2018). Pyramidal neuron dendritic
arbors in the frontal pole, a higher-order, integrative supramodal
association region (Benson, 1993; Elston, 2000; Elston, Benavides-
Piccione, Elston, Manger, & Defelipe, 2011; Miller & Cohen, 2001),
are more extensive and have greater spine density than those in the
occipital pole, a unimodal association region responsible for visual
processing (Hegdé & Van Essen, 2000; Jacobs et al., 2001; Jacobs,
Driscoll, & Schall, 1997; Willmore, Prenger, & Gallant, 2010). Dendritic
degeneration has previously been linked to cognitive decline in
Alzheimer's disease (Akram et al., 2008; DeKosky & Scheff, 1990;
Mi et al., 2017; Terry et al., 1991), strengthening the case for quanti-
fying dendritic systems in CTE tissue.

Although we consider the current investigation to be exploratory
and partially descriptive in nature, previous research suggests several
possible outcomes. Given that head injury and tauopathy are associ-
ated with both degenerative dendritic changes and compensatory
dendritic arborization (Blennow, Hardy, & Zetterberg, 2012; Keyvani &
Schallert, 2002; A. B. Scheibel & Tomiyasu, 1978), it is expected that
neuronal measures in CTE cases will exhibit more dendritic variability
and distributional changes compared to Control brains. Such complex
degenerative and regenerative responses to damage pose analytical
challenges in quantitative dendritic analyses that will need to be
addressed. Despite potential variability in CTE tissue, the primary
hypothesis is that dendritic systems will ultimately be more com-
promised in the CTE group than in the Control group. We also have
several secondary predictions. First, as noted in prior research on nor-
mative tissue (Jacobs et al., 1997, 2001), the frontal lobe will exhibit
more extensive dendritic arborization than the occipital lobe. Given its
extensive p-tau burden (McKee et al., 2016), however, we expect
frontal lobe CTE dendrites to be more compromised than occipital
lobe CTE dendrites. Second, distal (fourth order and higher) basilar
dendritic segments, which tend to be more sensitive to epigenetic
influences and the delayed effects of trauma (Carughi, Carpenter, &
Diamond, 1989; Jacobs, Batal, et al., 1993; A. B. Scheibel et al., 1985),
will be more compromised than proximal branches (first to third
order). Third, due to specializations in integrative properties (Globus &
Scheibel, 1967; Holthoff, Tsay, & Yuste, 2002; Larkum, Zhu, &
Sakmann, 1999; Park et al, 2019), there may be differences in
the amount of deterioration between apical and basilar dendrites in
CTE brains.
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2 | MATERIALS AND METHODS

21 | Subjects

For the CTE group, tissue from 11 male cases with a history of sports-
related RHI (M,ge =79 £ 7 years; see Table 1) was obtained from the
Veterans Affairs-Boston University-Concussion Legacy Foundation Brain
Bank at the BU Alzheimer's Disease and CTE Center (Boston, MA). A
CTE diagnosis was confirmed using established National Institute of
Neurological Disease and Stroke/National Institute of Biomedical Imag-
ing and Bioengineering neuropathological criteria (McKee et al., 2016).
Each case was assigned a CTE Stage based on previously proposed
guidelines (McKee et al., 2013): one case was Stage | (minimal, focal p-
tau pathology), five cases were Stage lll (substantial p-tau pathology),
and five cases were Stage IV (severe, widespread p-tau pathology). Addi-
tionally, neuropathologists, blinded to the participant's RHI exposure and
clinical history, recorded semi-quantitative measures of p-tau immunore-
active neurofibrillary tangle (NFT) burden (by AT8 immunostaining)
on a 0-3 scale (in increasing severity) for regions near those sampled
for Golgi staining (i.e., dorsolateral prefrontal cortex and calcarine cortex)
(Mez et al., 2020, see Table 1). For the Control group, tissue from
five neurologically normal cases with no reported RHI exposure
(Mage =76 % 11 years; four males, one female) was obtained from the
Miami Brain Endowment Bank (Miami, FL) and the University of
California-Davis Brain Bank (Davis, CA). Autolysis time (AT) averaged
31 + 12 hr for the CTE group, and 18 * 6 hr for the Control group. CTE
brains were immersion fixed in 10% neutral buffered formalin for an
average of 5 + 3 months of fixation time (FT) prior to staining compared
to 16 + 8 months for Control brains. Relevant historical information
for all cases was obtained from autopsy reports, medical records, and
family interviews (McKee et al., 2013). The protocol was approved
by the Colorado College Institutional Review Board (#011311-1).

2.2 | Tissue selection and preparation

Tissue blocks (1-2 cm in length) were removed from left or right fron-
tal and occipital poles (as in Jacobs et al., 1997). In the prefrontal
lobe, the tissue block was located approximately 1.5 cm lateral to the
midline and 4 cm superior to the orbitomedial surface, a region gener-
ally corresponding to Brodmann's area (BA) 10 (Brodmann, 1909;
Figure 1). In the occipital lobe, the tissue block was located approxi-
mately 1.5 cm superior to the inferior surface of the occipital lobe
and 2 cm from the midline, a region generally corresponding to
BA18. There was no reason to expect significant interhemispheric
(Jacobs, Schall, & Scheibel, 1993) or between-sex (Jacobs et al., 1997,
2001) dendritic differences. The blocks were trimmed to 3-5 mm
in anteroposterior thickness, processed using a modified rapid Golgi
technique (M. E. Scheibel & Scheibel, 1978) and serially sectioned
at 120 pm with a vibratome (Leica VT1000S, Leica Microsystems,
Wetzlar, Germany) such that the preparation was vertical to the pial
surface and perpendicular to the long axis of the gyrus. Tissue blocks

were coded to avoid experimenter bias.
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2.3 | Neuron selection criteria and data collection
A total of 40 supragranular pyramidal neurons were traced in each
brain (20 from each lobe). Selection criteria, detailed elsewhere
(Jacobs et al., 1997, 2001; Jacobs, Schall, et al., 1993), required neu-
rons to be well impregnated and relatively isolated, have a soma
centrally located within the 120 pm section, and have a relatively
complete dendritic arbor with an apical dendrite that was perpendicu-
lar to the pial surface.

Neurons were reconstructed along x-, y-, and z-coordinates under
a planachromat x60 (N.A. 1.4) oil objective, interfaced with an Olym-
pus BH-1 microscope. The microscope was equipped with a Ludl XY
motorized stage (Ludl Electronics, Hawthorne, NY), and a Heidenhain
z-axis encoder (Schaumburg, IL). Data were collected using a Neu-
rolucida camera system (v2018.2.2, MBF Bioscience, Williston, VT;
RRID:SCR_001775), which projected images onto a 3,840 x 2,160
resolution Asus PA329Q 32-in. 4 K monitor using a MicroFire Digital
CCD 2-Megapixel camera (Optronics, Goleta, CA) mounted on a trin-
ocular head (Model 1-L0229, Olympus, Center Valley, PA).

The soma was traced at its widest point within the two-
dimensional plane to provide an estimate of cross-sectional area.
Then, basilar and apical dendritic processes were traced, accounting
for visible spines and dendritic diameter. Broken dendritic tips and
ambiguous terminations were marked as incomplete. Thus, of the
28,708 terminal segments quantified, 12% were complete (CTE,
BA10: 15%; CTE, BA18: 13%; Control, BA10: 12%; Control, BA18:
9%), leaving 88% (CTE, BA10: 85%; CTE, BA18: 87%; Control, BA10:
88%; Control, BA10: 91%) as incomplete. Although this number of
incomplete segments was relatively high (see Jacobs et al., 2001), we
were very conservative in our marking of complete endings. More-
over, the percentages were similar across both CTE and Control
groups, and across cortical areas. Dendrites were not traced into adja-
cent tissue sections. Neurons with sectioned segments were not
excluded, as this would have biased the sample towards smaller neu-
rons (Uylings, Ruiz-Marcos, & Pelt, 1986). Additionally, because soma
depth is positively correlated with soma size and dendritic branching
(Jacobs et al., 2001; Matsubara, Chase, & Thejomayen, 1996), a run-
ning average of soma depth from the pial surface was maintained.
Final averages (Control, BA10: 888 + 256 um; Control, BA18: 860 +
201 pm; CTE, BA10: 870+ 179 um; CTE, BA18: 851 + 187 pm)
suggested relative consistency of neuronal depth across cortical areas
and case cohorts. Although adjacent tissue sections were not available
for Nissl stains, based on the laminar depths in a study that quantified
dendritic systems in these same regions in an older cohort of healthy
controls (n = 16, M,ge = 71 + 13 years; Jacobs et al., 1997), approxi-
mately 97% of neurons traced in CTE tissue were located in layer lIl,
compared to 97.5% of neurons in Control tissue.

Neurons were traced by six investigators (A. W.,R. U,,H. S., C. D.,
M. E. G, N. B. S. S.). Intrarater reliability was assessed by having each
investigator trace the same soma and dendritic segment 10 times. The
average coefficients of variation for soma size (3.1%), total dendritic
length (TDL, 1.4%), and dendritic spine number (DSN, 4.0%) indicated
little variation in the tracings. An additional split-plot design (o = .05)
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FIGURE 1 Schematic of (a) lateral view of the left hemisphere,

(b) the frontal pole, and (c) the occipital pole, demonstrating the relative
position of tissue blocks used in the present sample (respectively
corresponding to Brodmann areas 10 and 18). d = dorsal, | = lateral

indicated no significant differences between the first five and last
five tracings for any of the investigators. Interrater reliability was
established by comparing tracings completed by each investigator to
those completed by the primary investigator (B. J.). Average interclass
correlations for soma size (1.00), TDL (0.99), and DSN (0.99) indicated
no significant differences in these measures among investigators. All
tracings were also reexamined under the microscope by the primary
investigator to ensure accuracy.

2.4 | Quantitative dendritic and spine measures

Measures from reconstructed dendritic systems were quantified using
a centrifugal nomenclature (Bok, 1959; Uylings et al., 1986): dendritic
branches arising from the soma are first-order segments until they
bifurcate into second-order segments, which branch into third-order
segments, and so on. For basilar dendrites, the first three orders of
segments were classified as proximal branches; fourth- order and
above were classified as distal. Six previously established measures
(Butti et al., 2015; Jacobs et al., 1997, 2011; Nguyen et al., 2020)
were used to characterize each neuron's dendritic systems: dendritic
volume (Vol, pm3: the total volume of all dendrites), TDL (um: the
summed length of all dendritic segments), mean segment length
(MSL, pm: the average length of each dendritic segment), dendritic
segment count (DSC, the number of dendritic segments), DSN (the

THE JOURNAL OF COMPARATIVE NEUROLOGY

total number of spines on each neuron), and dendritic spine density
(DSD, the average number of spines per pm of dendritic length). In
addition, dendritic diameter (Dia, pm: the average thickness of individ-
ual dendritic processes) was measured. All descriptive measures are

presented as mean + SEM unless noted otherwise.

2.5 | Statistical analysis

To evaluate the stated hypotheses beyond the descriptive level, differ-
ences in dendritic measures—in terms of the mean, median, variance,
skew, and kurtosis values—were evaluated between the CTE and Con-
trol groups. Although such hypotheses are typically evaluated using
parametric tests for means (e.g., t tests or analysis of variances),
there were three concerns about the appropriateness of such analytic
approaches. First, past research (Jacobs et al., 2014, 2015, 2018; John-
son et al., 2016; Nguyen et al., 2020) indicated that some dendritic mea-
sures would not be normally distributed (with leptokurtoses being the
most common issue), violating the normality assumptions of most such
tests. Second, the data were repeated measurements (in the statistical
sense) of the same neuronal branch, with each dendrite in turn nested
within neuron, area, hemisphere, and brain. The repeated measures and
nested nature of the data violate the assumption of independence in
parametric tests and could introduce spurious correlations (Jacobs
et al., 2014). Third, there was concern about the potential confounding
effects of FT, AT, and soma depth. FT is seldom considered in quantita-
tive Golgi studies (Buell, 1982; Butti et al., 2015), but AT is known to
have a negative effect on dendritic systems (de Ruiter, 1983; Williams,
Ferrante, & Caviness, 1978). Soma depth, although relatively controlled
in the selection of neurons, could still affect dendritic measures. We
thus needed a model that could address these specific confounds.

To this end, several preliminary analyses were performed. First,
skew and kurtosis values were calculated. Because many of the attri-
butes used to assess dendritic characteristics are transformations of
common elements, only relationships between the relatively structur-
ally unrelated attributes of DSN, Vol, TDL, soma size, and CTEStage
(graded from O for Control, 15 for Stage |, 35 for Stage I, and 40 for
Stage IV) were included. Correlational relationships were examined
in three ways: (a) a factor analysis with one factor extracted using
squared multiple correlation coefficients as communalities under the
hypothesis that, if repeated measures or nesting caused association
between the attributes, a single largest factor would emerge with an
eigenvalue greater than two variables variance (i.e., greater than 2.0);
(b) a Cronbach's alpha was calculated, where traditionally a value
greater than .8 or .9 would indicate a set of items that reliably measure
a common component, and a value less than a conservative .5 was
taken as an indication of little induced correlation; and (c) a structural
equation model or causal model (EQS Version 6.3) with an estimation
method (arbitrary generalized least squares or AGLS) appropriate for
attributes with significant skew and kurtosis was fit to the data to eval-
uate its structure. Model fit was evaluated using a model chi-square
and the Yaun-Bentler AGLS F statistic, both with a null hypothesis that
the model satisfactorily reproduced the original input data to the
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extent that conclusions could be made. Error paths for the regression
equations were fixed at 1.0 unless the errors were correlated. A model
that fits the data without a latent variable, and with no indication of a
need to include a factor based on the regression paths, was considered
indication of sufficient independence among the attributes to use t or
F tests. Potential confounding effects were examined using the model.
Confounds were placed between the independent neuronal measures
and the outcome measure CTEStage. The presence of significant paths
from the dendritic measures through the confounds to the target
would be an indication that FT, AT, and/or soma depth had to be
modeled. In this case, a multivariate adaptive regression splines
(MARSplines, Statistica, release 13.3; StatSoft, Austin, TX; Friedman,
1991) analysis was used with the confounds in the model, making their
contribution explicit and evaluable. MARSplines is a quantitative, non-
parametric methodology (Hastie, Tibshirani, & Friedman, 2009) robust
to violations of normality, nonhomogeneity of variability, and indepen-
dence (Butti et al., 2015; Jacobs et al., 2014, 2015; Johnson et al.,
2016; Nguyen et al., 2020). It was limited to a maximum of 30 basis
functions, up to sixth-order interactions to accommodate the three
confounds and the dendritic measures, a threshold of 0.0005, pruning
was allowed, and penalty was set at 2. The null hypothesis was the
same as in a comparable t or F test and was evaluated using a y? from
a correct and incorrect classification table. In the MARSplines analysis,
predictor importance is the number of times each attribute is used in
the resulting equations. The more times an attribute appears in the
results, the more important it is in differentiating the variable under
investigation.

Initially, disaggregated data were examined (N = 53,782 dendritic
branches), with kurtoses ranging from near O to 212. Subsequent ana-
lyses were performed on aggregated-by-cell data (N = 640 neurons),
which reduced kurtosis to a maximum of nearly six. Evaluation of the
factor analytic results showed an eigenvalue of 2.30, indicating 46%
common variance among the measures. A causal model without factors
was successfully fit to the data (X2[9,640] = 1219, p <.20; F
[9,640] = 1.34, p < .21), and failed to reject the null hypothesis that the
model adequately reproduced the input data. In the model, there were
51 significant regression and correlation paths between only 9 attributes,
indicating considerable complexity in relationships among the predictors,
confounds, and CTE group status, which could not have been
ascertained with simpler or more traditional statistical approaches.
Cronbach's alpha was .21, indicating a lack of an underlying reliable con-
struct, although this analysis also included the three confounds, which
might have reduced the value. The mixed results of a single factor
accounting for 46% of the variance indicating some underlying com-
monality, a model fit with no factors, and <0.5 Cronbach's alpha necessi-

tated the use of MARSplines for subsequent analyses.

3 | RESULTS

3.1 | Overview

Despite the typical interindividual variability that characterizes human
tissue, results suggested potential differences between Control and

CTE neurons. The Golgi preparations were of relatively high quality
for nonperfused tissue (Figure 2), displaying few autolytic changes
(Williams et al., 1978) and allowing the tracing of both apical and basi-
lar dendrites. On the whole, dendritic variability was considerably
greater in CTE brains than in Control brains. Additionally, descriptive
findings indicated that mean dendritic and spine measures tended to
be higher in BA10 than in BA18 in Control cases and that differences
in neuronal measures between Control and CTE groups were greater
for BA10 than BA18 (Figures 3 and 4). These trends held across both
apical and basilar systems (Figure 5) and, consistent with these obser-
vations, quantitative tau pathology scores were higher in the prefron-
tal lobe (mean = 2 + 1) than in the occipital lobe (mean = 0.36 + 0.67)
for every CTE case (Table 1). Distal basilar segments also seemed to
be more vulnerable in CTE cases than proximal basilar segments
(Figure 6). Although these descriptive trends are presented in detail
below, they must be interpreted with caution and tempered by the

statistical results that follow.

3.2 | Descriptive results for dendritic and spine
measures

Examination of the five dendritic measures (Vol, TDL, DSC, MSL, and
Dia) suggested between-group mean differences, with those differ-
ences being more pronounced in BA10 than in BA18. Compared to
Control group neurons, dendritic Vol (Figure 4a) and Dia (Figure 4g)
were lower in CTE group neurons in both BA10 (Vol by 26%; Dia by
30%) and BA18 (Vol by 12%; Dia by 28%). Although BA10 TDL
(Figure 4b) and DSC (Figure 4d) measures were lower in the CTE
group (TDL by 14%; DSC by 13%), these measures showed little
(i.e., <5%) differences in BA18 between Control and CTE cases,
suggesting that CTE-associated decreases in dendritic extent were
more consistent in BA10 than in BA18. Between-group differences
in MSL (Figure 4c) were negligible (i.e., <5% difference) for both
regions.

These trends generally held when basilar and apical dendritic
measures were considered separately. For example, both apical and
basilar Vol (Figure 5a) and Dia (Figure 5g) measures were lower
(i.e., > 5% lower) in CTE cases than in Control cases in both cortical
areas. Mirroring the above results, both apical and basilar TDL
(Figure 5b) and DSC (Figure 5d) exhibited relatively greater between-
group differences in BA10 than in BA18, and the between-group
differences for MSL were not notable (i.e., <5%) in either region for
either apical or basilar trees (Figure 5c). Across measures, there did
not appear to be a consistent difference in vulnerability to CTE-
associated decreases between apical and basilar arbors: Basilar Vol
decreased relatively more in CTE tissue than did apical Vol in both
BA10 and BA18, while apical TDL and DSC decreased more than basi-
lar TDL and DSC in CTE tissue in BA10, and, in BA18, basilar TDL and
DSC were actually higher in CTE tissue than in Control tissue.

In BA10, however, distal and proximal basilar dendrites appeared
to be differentially affected in CTE cases. For dendritic Vol (Figure 6a),
TDL (Figure 6b), and DSC (Figure 6d), CTE-associated decreases were
7-20% greater in distal than in proximal measures. BA10 Dia and
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FIGURE 2 The quality of the Golgi stain is illustrated in the photomicrographs of supragranular pyramidal neurons sampled from the frontal
and occipital poles of the Control group (a,c) and chronic traumatic encephalopathy (CTE) group (b, d); basilar dendritic spines from a Control
brain are also shown (e). For (a-d), scale bar = 100 pm. For (e), scale bar = 10 um

MSL exhibited little difference between proximal and distal basilar
measures (i.e., less than 5% difference in CTE-associated changes
between proximal and distal branches), and findings in BA18 varied
across measures. Thus, overall, the dendritic measures suggest a
decrease in basilar and apical dendritic extent in frontal lobe neurons
in CTE, and that distal basilar branches are most affected.

The two dendritic spine measures (DSN, DSD) also supported
greater frontal lobe vulnerability in CTE. In BA10, DSN (Figure 4e) and
DSD (Figure 4f) were lower in CTE than Control cases (DSN by 28%;
DSD by 18%). In BA18, by contrast, these measures were higher

(DSN by 16%; DSD by 13%) in CTE cases. Similar trends were
observed for both measures when apical and basilar dendrites were
considered separately (Figure 5e,(f). Spine measures also implied
increased vulnerability in distal basilar branches compared to proximal
branches in BA10. Distal dendrites exhibited 32% lower DSN in the
CTE group than in the Control group (Figure ée), but, for proximal
dendrites, DSN was only 11% lower. Distal DSD was 17% lower in
CTE than in the Control group (Figure 6f), but was only 10% lower in
proximal dendrites. Again, BA18 findings were not consistent
between the two measures.
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FIGURE 3 Representative Neurolucida tracings of pyramidal neurons in the frontal (BA10) and occipital (BA18) poles from the Control and
chronic traumatic encephalopathy (CTE) groups. Relative depth from the pial surface is indicated. Note the greater variability in dendritic extent
for the CTE tracings compared to the Control tracings. Scale bars = 100 um
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FIGURE 4 Bar graphs showing differences in dendritic measures between groups (Control, chronic traumatic encephalopathy [CTE]): (a) total
dendritic volume (Vol in pm®); (b) total dendritic length (TDL, in pm); (c) mean segment length (MSL; in pm); (d) dendritic segment count (DSC);

(e) dendritic spine number (DSN); (f) dendritic spine density (DSD; number of spines/um of dendritic length); (g) dendritic diameter (Dia, in um);
and (h) soma size (in pmz). In the Control group, with the exception of MSL, all dependent dendritic and spine measures appeared to be higher in
the frontal lobe than the occipital lobe. Regional differences in the CTE group were variable across measures. Between the two groups, Vol and
Dia measures were lower in the CTE group than in the Control group for both regions, but TDL, DSC, DSN, and DSD were lower in the CTE
group in the frontal lobe only. Only small differences in soma size between groups and regions were noted. Error bars represent SEM

3.3 | Statistical analysis results MARSplines identified a dendritic tree as Control or CTE with 96.2%

accuracy. The null hypothesis of no difference between measures
The primary hypothesis that dendritic systems would be more com- for CTE versus Control was rejected [,1/2(1,1,280) = 1,062.06,
promised in CTE compared to Controls was confirmed. Application of p < 0.0001]. Measured based on number of occurrences in the
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Bar graphs showing differences in dendritic measures between groups (Control, chronic traumatic encephalopathy [CTE]) and

between dendritic trees (apical, basilar): (a) total dendritic volume (Vol in pm®); (b) total dendritic length (TDL, in pm); (c) mean segment length
(MSL; in pm); (d) dendritic segment count (DSC); (e) dendritic spine number (DSN); (f) dendritic spine density (DSD; number of spines/pm of
dendritic length); and (g) dendritic diameter (Dia, in pm). Within-groups, basilar dendritic branches appeared to exhibit lower Vol and DSD, but
higher TDL, DSC, and DSN, than apical branches. Between-group differences generally reflected the patterns observed when both branch types
were considered together. Error bars represent SEM

MARSplines equations, and in order of importance, the predictors
were FT (17), DSD (13), Dia (6), MSL (5), soma depth (4),
soma size (4), TDL (2), AT (1), with Vol, DSC, and DSN having
zero occurrences. The CTE group had many more extreme values

(Table 2) even though the medians were homologous. Although the

MARSplines results correctly indicated this difference, a simple

t or F test would not have. Furthermore, the FT confound was the

most entered component in the MARSplines equation, which indi-

cated that an analysis without the confounds would have been

inappropriate.
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FIGURE 6 Bar graphs showing differences in dendritic measures between groups (Control, chronic traumatic encephalopathy [CTE]) and
between basilar dendritic segments (proximal, distal): (a) total dendritic volume (Vol; in pm®); (b) total dendritic length (TDL, in pm); (c) mean
segment length (MSL; in pm); (d) dendritic segment count (DSC); (e) dendritic spine number (DSN); (f) dendritic spine density (DSD; number of
spines/um of dendritic length); and (g) dendritic diameter (Dia, in um). Within-groups, with the exception of DSC and Vol, proximal segment
measures were lower than distal segment measures in both regions. In the frontal lobe, between-group differences in Vol, TDL, DSC, DSN, and
DSD were relatively greater in distal segments than in proximal segments. Discrepancies in proximal and distal measures between groups in the
occipital lobe were not consistent across measures. Error bars represent SEM

Hypothesis #2, that dendritic systems in the frontal lobe would a dendritic tree as frontal or occipital with 74.2% accuracy. The
be more compromised than those in the occipital lobe in the CTE null hypothesis of no difference between measures using frontal

group, was not confirmed. Review of MARSplines results indicated versus occipital region as the dependent variable was rejected
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[¥%(1,1,280) = 301.16, p < 0.000]. Predictor importance was soma
depth (7), Dia (6), soma size (6), DSD (5), DSN (4), MSL (3), Vol (2),
TDL (2), DSC (2), FT (1), with CTE and AT not entering the equations.
That CTE did not predict occipital versus frontal indicated that den-
dritic measures differed but not necessarily due to disease-related fac-
tors. A subsequent test using just the confounds and CTE to predict
BA was only 54.7% accurate, which indicated that CTE as measured
here may have had little differential impact on frontal versus occipital
areas.

Hypothesis #3, that distal basilar dendritic segments would be
more compromised in the CTE group than in the Control group, was
not confirmed. Review of MARSplines results using distal versus
proximal as the dependent variable identified dendrite origin with
93.9% accuracy. The null hypothesis of no difference between mea-
sures for proximal versus distal segments was rejected [,1/2(1,1,272) =
979.12, P < 0.0001]. Predictor importance was Vol (11), Dia (8), MSL
(7), FT (5), TDL (4), DSN (2), soma size (2), with DSC, DSD, soma
depth, AT, and CTE not entering the equations. Although proximal
versus distal was well predicted, CTE did not contribute. A subse-
quent test using just the confounds and CTE to predict proximal ver-
sus distal was only 50.3% accurate, which indicates that CTE had
little differential effect on proximal versus distal dendritic systems.

Finally, Hypothesis #4 evaluated differences in apical versus
basilar dendrites by using that attribute as the dependent measure
to explore differences in response to CTE. Analysis of MARSplines
output indicated a segment as apical or basilar with 77.5% accuracy.
The null hypothesis of no difference between apical and basilar seg-
ments was rejected [,1/2(1,1,280) = 388.30, p < 0.0001]. Predictor
importance was Vol (6), DSC (4), DSD (4), soma size (3), FT (3), TDL
(2), Dia (2), MSL (1), and soma depth (1), with DSN, AT, and CTE
unrepresented. That is, CTE did not contribute to the differences
between these dendritic arbors.

To more closely examine the confluent effects of degeneration and
compensatory reorganization, distributional changes (as characterized
by range, minimum, maximum, SD, skew, and kurtosis) were examined
for the eight dendritic measures using Binomial Z tests under a null
hypothesis of no difference between CTE and Control groups (Table 2).
In general, most of the eight dendritic/spine measures had more
extreme values for CTE than for Control (i.e., in 52 of 64 comparisons).
In 12 of the 64 comparisons, Control results were more extreme than
CTE results, with 5 of those associated with Dia and Vol measures. All
values for MSL, DSC, DSD, and soma size were significantly more
extreme in the CTE group [Z = 2.04, p < 0.016]. The distribution values
for other dendritic measures were not significantly different between
Control and CTE. This view of the data strongly suggests that CTE
modified the distributions, despite having less of an impact on mean

and median values.

4 | DISCUSSION

The present results documented CTE-associated changes in

supragranular pyramidal cell dendritic complexity. As predicted in our

THE JOURNAL OF COMPARATIVE NEUROLOGY

primary hypothesis, there were overall decreases in the mean values
of dendritic measures. However, these patterns were not consistent
across all CTE neurons. CTE neurons exhibited increased variability
and distributional changes in dendritic/spine measures, presumably
reflecting both disease-related damage and ongoing compensatory
restructuring of dendritic systems. Descriptive analyses indicated a
general CTE-related diminution of seven (Vol, TDL, DSC, DSN, DSD,
Dia, and soma size) of the eight dependent measures examined, with
decreases appearing to be greater in the frontal lobe than in the occip-
ital lobe. A MARSplines analysis that controlled potential confounds
and incorporated all of the dependent measures supported these
observations and was able to correctly identify a dendritic tree as
Control or CTE, despite the noted variability in CTE measures. Our
secondary hypotheses attempted to refine the resolution of the study
by examining dendritic differences between frontal versus occipital
cortices, proximal versus distal basilar dendritic segments, and apical
versus basilar dendritic extent. Although the descriptive measures
were generally consistent with our predictions, the inferential statisti-
cal analyses failed to reject the null hypothesis of no difference in

these secondary hypotheses.

41 | Methodological limitations

The methodological limitations typical of quantitative Golgi studies
have been reviewed extensively (Braak & Braak, 1985; Jacobs
et al., 1997, 2001; Jacobs, Schall, et al., 1993). Nevertheless, several
issues specific to the present study remain. First, because tracing neu-
rons within 120-pm-thick sections results in underestimations of den-
dritic measures, particularly for larger neurons, between-group
differences (i.e., Control vs. CTE) in dendritic values were likely atten-
uated here (Jacobs et al., 1997, 2001). Second, the small number of
cases, typical of quantitative Golgi studies (Anderson et al., 2009;
Jacobs et al., 1997, 2001; Jacobs, Schall, et al., 1993; Jacobs &
Scheibel, 1993), precluded specific examination of different CTE
stages, although these stages were used in the causal model to under-
stand the relationships among attributes. Finally, AT and FT were sub-
stantial confounds in the present study because AT was much longer
in the CTE group, and FT was much longer in the Control group. Pro-
longed postmortem processes, which are often unavoidable in human
studies, have deleterious effects on Golgi staining, particularly for
spine measures (Butti et al, 2015; de Ruiter, 1983). This issue is

addressed in more detail below.

4.2 | Overall dendritic changes in CTE

CTE tissue exhibited far greater between-neuron variability in den-
dritic measures (across Vol, Dia, TDL, MSL, DSC, and DSD) than Con-
trol tissue, suggesting CTE may be linked to a complex set of dendritic
and spine changes (see ranges in Table 2). In this regard, CTE may not
be a solely degenerative phenomenon, but may be accompanied

by compensatory reorganization of cortical dendritic arbors. Such a
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process would account for both the upper and lower outlying values
within the distributions of dendritic measures in CTE cases. It is also
consistent with the dynamic responsiveness of dendritic arbors
throughout the lifespan, whereby dendritic/spine growth and pruning
accompany experience, sensory input, and physical environmental
changes (Cheetham, Barnes, Albieri, Knott, & Finnerty, 2014; Dia-
mond, Rosenzweig, Bennett, Lindner, & Lyon, 1972; Tavosanis, 2012;
Trachtenberg et al., 2002). Additionally, dendritic outgrowth occurs
following damage in acute head injury (Keyvani & Schallert, 2002) and
in deafferentation following corpus callosotomy (Jacobs et al., 2003).
Such growth appears to represent a compensatory process that
accompanies integrative disruption. Finally, dendritic proliferation,
in addition to atrophy, is present in Alzheimer's disease (McKee,
Kowall, & Kosik, 1989; A. B. Scheibel & Tomiyasu, 1978). Thus, com-
pensatory dendritic reorganization in CTE is functionally plausible,
compatible with known degenerative disease mechanisms, and consis-
tent with the present findings.

Despite the observed variation, summed descriptive measures
(i.e., Vol, TDL, DSN) and inferential analyses revealed an overall den-
dritic/spine decline in the CTE brains. Thus, the cumulative effect of
dendritic changes was that of degeneration and loss. This putative loss
fits with previously characterized neuropathological hallmarks of CTE.
Dendritic arbors are compromised by p-tau aggregation (Hoover
et al, 2010; Lee, Kim, Li, & Hall, 2012; Merino-Serrais et al., 2013;
Regalado-Reyes, Benavides-Piccione, Fernaud-Espinosa, DeFelipe, &
Ledn-Espinosa, 2020), which is present in the superficial cortical
layers in CTE (McKee et al., 2016), and are also affected by white mat-
ter disruption (Morquette et al., 2015), which has been described in
CTE cases (Holleran et al., 2017). Dendritic changes could also under-
lie the macroscopic gray matter deficits previously noted in CTE
brains (McKee et al., 2013; McKee et al., 2014), perhaps in concert
with overt cellular loss. As with the compensatory processes
described above, decreased dendritic extent is not unique to CTE—it
is present in both normal aging (Jacobs et al., 1997) and in Alzheimer's
disease (Uylings & de Brabander, 2002). However, the dendritic alter-
ations observed in CTE brains relative to age-matched Controls sug-
gest that, even if these mechanisms occur in the course of typical
aging, they may be accelerated in CTE. Together, our findings support
a model of dendritic change in CTE that is characterized by extensive
loss alongside extreme intercellular variability. We posit that these
dendritic proliferative changes represent an additional pathological
characteristic of CTE.

4.3 | Examination of secondary hypotheses

Although our descriptive results generally supported our secondary
hypotheses, inferential statistical results did not. The MARSplines ana-
lyses recorded no differences in CTE-associated changes between basi-
lar and apical dendrites, nor between distal and proximal segments of
basilar dendrites. In line with previous findings in healthy individuals
(Jacobs et al., 1997, 2001), we found that frontal lobe neurons had more

extensive dendritic arbors than occipital lobe neurons in the Control

cohort. Compared to the occipital lobe, the frontal lobe carries a rela-
tively greater pathological burden in CTE (in both in our present study
and in past findings: Holleran et al., 2017; Mckee & Daneshvar, 2015;
McKee et al., 2013, McKee et al., 2016). The greater presence of tau
pathology in the prefrontal lobe than in the occipital lobe in our CTE
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FIGURE 7 Bar graphs of basilar dendritic measures in the 1997
Comparison group and the current Control and chronic traumatic
encephalopathy (CTE) groups. (a) total dendritic length (TDL, in pm);
(b) mean segment length (MSL; in pm); and (c) dendritic segment
count (DSC). For all dependent measures, 1997 Comparison cohort
values were larger than both current Control and CTE group values
across both cortical regions. For the 1997 Comparison group, as in
the Control group in the present study, dendritic extent was
consistently and descriptively greater in the frontal lobe than in the
occipital lobe. Error bars represent SEM
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subjects (Table 1; Alosco et al., 2020) is consistent with our descriptive
findings, which suggested greater CTE-associated decreases in
dendritic measures in the frontal lobe. Nevertheless, inferential analyses
could not reliably differentiate between the two regions based on
somatodendritic measures. This may be due to the extensive AT and FT
for both cohorts in the present sample, which could have influenced
analysis of between-group changes. To contextualize our present results
and shed light on the potential confounds of FT and AT, we are fortu-
nate to have data from a previous study (Jacobs et al., 1997), which
examined basilar dendritic systems of supragranular pyramidal cells in
BA10 and BA18 in neurologically normal subjects.

We used a subset of 12 age-matched individuals from this study
(Mage =72 % 6 years, range: 63-81; 8 males: M,z =715 years;
4 females: Mage = 74 # 6 years), with much shorter AT (12 + 7 hours)
and FT (26 + 13 days), as a Comparison cohort. A small methodological
difference (e.g., use of a x40, rather than x60 objective) may have
made cross-study comparisons of dendritic spine measures problematic
(Anderson, Yamamoto, Kaplan, Hannan, & Jacobs, 2010), so here we
only compare three dendritic measures: TDL, MSL, and DSC (Figure 7).
The 1997 Comparison group exhibited much higher dendritic measures
than either the Control or CTE cohort in both BA10 and BA18
(Figure 7). TDL for BA10 in the 1997 Comparison group was 38%
higher than in the present Control group, and 47% higher than in the
CTE group. Similarly, in BA18, TDL in 1997 Comparison group was
48% greater than in the present Control group, and 43% greater than
in the CTE group. Comparable directional trends were seen for MSL
and DSC measures. The greater dendritic extent observed in the 1997
Comparison group likely reflects the relatively shorter AT and FT in
that sample (Butti et al., 2015) and implies that the observed differ-
ences between the present Control and CTE groups are probably
underestimations. This may account for the lack of differences found in
our secondary hypotheses and suggests that further study into regional

and cellular-level dendritic changes in CTE is warranted.

44 | Pathological and functional implications

The present study supplements current theories about pathological and
functional changes in CTE. In both CTE and Alzheimer's disease,
hyperphosphorylated tau is the strongest candidate as a mediator of
CTE-related dendritic alterations. Dendritic arbor changes could be
driven by p-tau aggregation in dendritic processes (Hoover et al., 2010;
Ittner & Ittner, 2018; Merino-Serrais et al., 2013) and/or be a postsyn-
aptic consequence of axonal damage (Holleran et al., 2017; Morquette
et al,, 2015). Other potential contributing mechanisms include disruption
in Ca2* homeostasis and immunoexcitotoxicity, both of which are pre-
sent in acute brain injury and neurodegenerative conditions (Blaylock &
Maroon, 2011; Mattson, 2003; Ong, Tanaka, Dawe, Ittner, & Farooqui,
2013; Weber, 2004). We note that Dia was the dendritic measure most
consistently diminished in our CTE cases (Table 2), and proper pyramidal
cell Ca®* regulation is closely tied to dendritic diameter (i.e., as it relates
to surface-to-volume ratio; Holthoff et al., 2002; Regehr & Tank, 1994;
Schiller, Helmchen, & Sakmann, 1995). We note further that soma size
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exhibited a seven times greater kurtosis value for CTE neurons com-
pared to Control neurons, which suggests a number of considerably
larger somata at the right-hand side of the distribution to form a positive
tail. This may indicate additional neuronal pathology insofar as cytoplas-
mic swelling has been documented in some neurodegenerative diseases
(Dickson et al., 2002; Dugger & Dickson, 2017). A design that directly
correlates pathological burden with dendritic changes in CTE (as has
been done with astrocytes; Hsu et al., 2018) could further distinguish
the roles of differing pathological processes.

Finally, the observed dendritic changes in CTE may have functional
consequences. The complexity of dendritic morphology reflects a neu-
ron's integrative and processing capacities, with cortical regions involved
in more complex functions supporting neurons with larger dendritic
arbors (Anderson et al., 2009; Elston, 2000; Jacobs et al., 1997, 2001).
Furthermore, dendritic extent has been linked to education attainment
(Jacobs, Schall, et al, 1993) and intellectual capacity (Goriounova
et al, 2018) in healthy individuals, and dendritic/spine alterations are
associated with the cognitive decline in Alzheimer's disease (Akram
et al,, 2008; DeKosky & Scheff, 1990; Mi et al., 2017). Although there
are currently no validated in vivo diagnostic criteria for CTE, several cog-
nitive symptoms have been reported in CTE cases (e.g., executive dys-
function, impulsivity, mood disturbances, dementia; Mez et al., 2017
Stern et al., 2013). Density of p-tau pathology, white matter abnormali-
ties, and arteriosclerosis independently correlate with incidence of
dementia in CTE cases (Alosco et al., 2019), but much about the neuro-
biological changes underlying cognitive symptoms remains unknown.
Given the critical role of dendritic integrity in cortical processing (Gerfen
et al., 2013; Harris & Shepherd, 2015; Meyer, 1987), dendritic decline
may be a plausible intermediary between neuropathological processes
and putative cognitive symptoms in CTE. Further work that considers
dendritic changes in CTE alongside clinical symptoms is required to fully
elucidate the connection.

5 | CONCLUSIONS

Here, we demonstrate that supragranular pyramidal neurons exhibit
potential dendritic alterations in CTE, including increased variability
and altered distributions in dendritic/spine measures, and overall
decreases in dendritic extent. These alterations are consistent with
pathological and functional changes in CTE. Further characterization of
pyramidal cell dendrites in CTE may extend our mechanistic and func-
tional understanding of this disease. We suggest that future quantita-
tive neuromorphological studies prospectively control for factors such
as AT and FT, and consider using sophisticated statistical methodology
(Hesterberg, 2015) to accommodate potential confounds. In addition,
future studies should look beyond measures of means and medians
and examine measures such as variance and kurtosis to provide a

greater distributional understanding dendritic changes.
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