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Abstract

Increased oxidative stress has been associated with several neurodegenerative diseases

such as Alzheimer's disease, but also with neurological diseases sharing pathophysiologi-

cal pathways like epilepsy. Lipofuscin is a nondegradable end-product of oxidative

stress; its cerebral presence reflects the cumulative amount of oxidative stress the brain

has endured. In this study, we have observed prominent autofluorescent particles in the

pial arterial wall and in neocortical parenchyma of young, drug-resistant epilepsy

patients (18–28 years old) who underwent resective brain surgery (n = 6), as well as in

older control patients (n = 3). With fluorescence spectroscopic imaging, brightfield

microscopy, histochemistry and fluorescence lifetime imaging, these autofluorescent

particles were identified as the age pigment lipofuscin. An evaluation of these lipofuscin

particles using Imaris© software allowed robust quantification, while the 3D properties

allowed visualization of the complex configuration. We elaborate on the usefulness of

lipofuscin as a marker of cumulative oxidative stress in the brain. Furthermore, we spec-

ulate on the observed differences in particle size and density that we found between

young patients and older controls, which could imply a role for lipofuscin in the patho-

physiology of epilepsy and possibly other neurological diseases.

K E YWORD S
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1 | INTRODUCTION

Lipofuscin is a nondegradable substance composed of lipids, pro-

teins, carbohydrates and metals (Brunk & Terman, 2002; Al Terman &

Brunk, 1998; Alexei Terman & Brunk, 2004). It is mainly found in

lysosomes or within the cytosol. Formation of lipofuscin has been

related to several cellular mechanisms, all associated with aging

(Moreno-García, Kun, Calero, Medina, & Calero, 2018). These mech-

anisms include ineffective cellular proteostasis, altered lipid metabo-

lism, and dysfunctional endolysosomal and mitochondrial pathways

(Moreno-García et al., 2018). These mechanisms are all inter-

connected, and an increase in oxidative stress seems to play a major

role in this interplay. Oxidative stress is a condition characterized by

high metabolic activity with excessive generation of reactive oxygen
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species that cannot be counterbalanced by the antioxidant defense

system. It induces structural cell damage and facilitates aldehyde-

mediated cross-linking of macro-molecules while they are being

degraded in lysosomes, forming lipofuscin (Czerska, Mikołajewska,

Zieli�nski, Gromadzi�nska, & Wąsowicz, 2015; Lushchak, 2014;

Sies, 1997; Al Terman & Brunk, 1998). Due to its nondegradable

nature, lipofuscin accumulates with time. The total amount of

lipofuscin is indicative of the total amount of oxidative stress

endured by the tissue over time (Brunk & Terman, 2002; Strehler,

Mark, Mildvan, & Gee, 1959). It is therefore increasingly present

with increasing age; hence, lipofuscin is often referred to as age

pigment.

Pathological aging, for instance in neurodegenerative diseases

such as Alzheimer's disease, is associated with increased oxidative

stress compared to “physiological aging” (Islam, 2017; Lin & Beal,

2006; Pearson-Smith & Patel, 2017; Uttarra, Singh, Zamboni, &

Mahajan, 2009). As such, neurodegenerative diseases have been

associated with abnormal cerebral lipofuscin accumulation (Moreno-

García et al., 2018). Importantly, recent insights in lipofuscin forma-

tion suggest that lipofuscin is likely to promote further oxidation. It is

therefore considered as active mediator in formation of oxidative

stress and could play a causal role in neurodegenerative processes,

instead of solely being an inert by-product of oxidative stress

(Brunk & Terman, 2002). Important features of neurodegeneration

are often associated with vascular pathophysiology, including micro-

vascular dysfunction, increased blood–brain barrier permeability,

angiogenesis, and dysfunctional neurovascular coupling (Brown &

Thore, 2011; Heinemann, Kaufer, & Friedman, 2012; Iadecola, 2004;

Marchi & Lerner-Natoli, 2013; Parfenova et al., 2005; Rigau

et al., 2007; E. A. van Vliet, Aronica, & Gorter, 2015). These vascular

pathophysiological pathways have also been described in epilepsy

(Heinemann et al., 2012; Marchi et al., 2009; Parfenova et al., 2005;

Rigau et al., 2007; E. A. van Vliet et al., 2015). Indeed, increased levels

of oxidative stress in brain tissue from epilepsy patients have been

reported, suggesting a common vascular pathophysiological pathway

related to oxidative stress in epilepsy (Aguiar et al., 2012; Chang &

Yu, 2010; Puttachary, Sharma, Stark, & Thippeswamy, 2015; Rumià

et al., 2013).

Microscopically, lipofuscin can quite easily be visualized and

distinguished from other lipopigments, based on its specific auto-

fluorescent properties (Collins, Arborgh, Brunk, & Schellens, 1980;

Jung, Höhn, & Grune, 2010; Tohma, Hepworth, Shavlakadze,

Grounds, & Arthur, 2011). Subsequent quantification is, however, chal-

lenging, because of the particles' irregular appearance and density.

In this study, we describe the analysis of autofluorescent particles

encountered within the wall of pial arteries and within neocortical

parenchyma, isolated from brain tissue obtained during resective

brain surgery in epilepsy patients and nonepileptic/nonneurologically

affected controls. These particles were identified as lipofuscin, and

subsequently quantified using a novel developed method that allowed

quantification in three dimensions. This study thus serves as a proof

of concept of a novel 3D quantification method for lipofuscin, making

use of a combined advanced microscopy technique. With this study

we aim to contribute to further exploration of lipofuscin formation in

relation to neurological diseases, in particular chronic epilepsy. Doing

so, more insight in protein aggregation can be obtained, as this seems

to be of importance in various neurodegenerative diseases and possi-

bly also other neurological diseases like epilepsy.

2 | MATERIALS AND METHODS

2.1 | Materials

Brain tissue samples of six patients suffering from drug-resistant epi-

lepsy were included (E1-E6, further referred to as patients). These sam-

ples were considered representative of a neurological disease featured

by oxidative stress (Pauletti et al., 2019; Pearson-Smith & Patel, 2017).

Samples were obtained during resective brain surgery, a treatment

option for a selected group of drug-resistant epilepsy patients.

Resected brain tissue was partly used for routine histopathological eval-

uation. Remaining tissue, that otherwise would have been discarded,

was included for this study. Although no medical ethical approval was

lawfully required, a preoperatively signed informed consent was

obtained in all cases. Experimental protocols of human tissue-handling

were in accordance with Good Clinical Practice guidelines.

Neocortical tissue obtained during resection of a high grade gli-

oma in one patient (C1), as well as postmortem neocortical tissue

obtained during autopsy in two patients (C2 and C3) were included as

control samples. In the postmortem controls there was no history of

neurological disorder. Demographic characteristics of patients and

controls are summarized in Table 1.

Neocortical samples were subsequently processed using various

imaging techniques, including histochemistry, fluorescence microscopy

with brightfield microscopy (combined with Nuance software), two-

photon laser scanning microscopy (TPLSM) and fluorescence lifetime

imaging. Additionally, TPLSM was used to assess isolated pial arteries

in a subset of patients, to evaluate lipofuscin quantity and distribution

in a 3D structure. All techniques are elaborated on in this section.

2.2 | Tissue processing

Intraoperatively collected brain tissue samples of all patients (E1–E6)

consisted of anterior temporal lobe neocortex. One part of the neocor-

tex was immediately stored in HEPES-buffered physiologic salt solu-

tion (HEPES-PSS). HEPES-PSS was continuously maintained at a

temperature of 37�C and contained in mM: KCl 4.7, NaCl 144, CaCl2

2.5, KH2PO4 1.2, MgSO4 1.2, HEPES 14.9, and glucose 5.5, pH 7.4.

Subsequently, pial arteries of E1–E4 were isolated by microdissection,

after which experiments were performed within 2–3 hr after resection.

Another part of the tissue was fixated in 4% paraformaldehyde

for 48 hr, and subsequently embedded in paraffin and sectioned at a

thickness of 8 μm. In one patient (E1), an additional part of the col-

lected tissue was stored as fresh-frozen tissue at minus 80�C directly

following resection and sectioned at a thickness of 12 μm.
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Postmortem material was obtained within 72 hr after death and

fixated in 4% paraformaldehyde for 48 hr, subsequently embedded in

paraffin and sectioned at 8 μm thickness.

2.3 | Fluorescence spectroscopic imaging

Unstained paraffin sections of neocortical samples of four patients

(E1, E2, E5, E6) and two controls (C1, C2) were used for auto-

fluorescence spectrum analysis. A Leica DM4000 B LED microscope

(Leica Microsystems GmbH, Wetzlar, Germany) was used with HC

PLAN APO ×20/0.70 and HC PLAN APO ×40/0.75 water objectives,

and an HXC PLAN APO ×100/1.40–0.70 oil immersion objective.

Images were recorded using a Nuance Multispectral Imaging System

(PerkinElmer, Hopkinton, MA) with version 3.0.2 software.

Nuance microscopy registers the spectrum of light emitted

by a specimen when excited in a narrow wavelength range. We

applied excitation wavelengths between 420 and 460 nm, while emis-

sion was evaluated through a long pass filter, passing all fluorescence

above 420 nm. The spectrum, obtained in ascending steps of 20 nm,

was determined from several autofluorescent particles located in both

the pial artery vascular wall and the neocortical tissue sections. Sub-

sequently, multispectral analysis was performed by “unmixing” the

generated spectral curves of the various fluorescent materials,

thereby differentiating the spectrum of the particles of interest from

the spectrum of other (background) structures. To assess potential

influence of formaldehyde and/or paraffin on the spectrum, the analy-

sis was repeated on fresh-frozen tissue in one patient (E1).

2.4 | Brightfield microscopy and histochemistry

Periodic acid Schiff's (PAS) staining was performed on neocortical

slides adjacent to the slides used for fluorescence microscopy of

patients (E2, E5, E6) and controls (C1, C2). Schiff's reagent detects

polysaccharides, an important component of lipofuscin. Neocortical

slides were first deparaffinized and treated with periodic acid 0.5%

solution for 5 min, then rinsed with distilled water. Subsequently, slides

were put in Schiff's reagent for 15 min and washed in tap water for

5 min. Hereafter, slides were mounted and analyzed with Brightfield

microscopy (BX51TF, Olympus) at 20 and 40 times magnification.

2.5 | Fluorescence lifetime imaging

Additional autofluorescent characteristics of the particles were

obtained by performing lifetime analysis using fluorescence lifetime

imaging measurement. First, autofluorescence spectrum measurement

was repeated to verify the analysis of similar autofluorescent particles,

using a Leica TCS SP5 two-photon laser scanning microscope

(Microsystems GmbH, Wetzlar, Germany) with the settings described

below.

TABLE 1 Demographic characteristics

Epilepsy patients Control group

E1 E2 E3 E4 E5 E6 C1 C2 C3

Sex M F M F M M M F M

Age (years) 23 19 18 28 28 19 61 53 39

Epilepsy duration

(years)

17 11 17 12 14 6 n/a n/a n/a

Tissue origina ATL +

AH

ATL +

AH

Hemisphe-

rotomy

ATL +

AH

ATL +

AH

ATL +

AH

Debulking high

grade glioma

Autopsy Autopsy

Cause of death n/a n/a n/a n/a n/a n/a n/a Unknown,

not neuro-

logical

Cardiac

arrest

TPLSMb analysis

in pial artery +

quantification

× × × × ×

Fluorescence

spectroscopic

imaging

× × × × × ×

Autofluores-cence

lifetime analysis

×

Histochemistry × × × × ×

Note: Demographic details of the included patients and controls are presented. Most of the patient tissue has been derived during surgery (ATL + AH) for

temporal lobe epilepsy. Cause of death is also included for the postmortem tissue (C2–C3). In the lower rows of the table, we have indicated the experi-

ments in which the tissue was included.
aATL + AH = anterior temporal lobectomy and amygdalohippocampectomy.
bTPLSM = two-photon laser scanning microscopy.

HAKVOORT ET AL. 607



Fluorescence lifetime imaging was then performed with a Becker

and Hickl time correlated single photon counting module (SPC

830, Becker & Hickl, Berlin, Germany). Three de-scanned color-coded

PMT detectors were used for detection, namely 400–420 nm (blue),

429–513 nm (green), and 518–646 nm (red).

Obtained lifetime images were analyzed using a bi-exponential

decay curve. Mean lifetime was calculated using the following for-

mula: τmean = (α1•τ12 + α2•τ22) / (α1•τ1 + α2•τ2) [26].

2.6 | Two-photon laser scanning microscopy

Isolated pial arteries (E1-E4) with an average length of 2–3 mm were

mounted between two glass micropipettes (100–125 μm) of an arteri-

ography organ chamber (Living Systems Instrumentation, Burlington,

VT). After flushing residual luminal blood out, the arterial vascular wall

was visualized with TPLSM, using a Leica TCS SP5 (Leica Micro-

systems GmbH, Wetzlar, Germany). A Ti:Sapphire Chameleon Ultra II

(Coherent) mode locked at 820 nm was used as the excitation source.

A Leica HCX APO L ×20/1.00 objective was used for excitation and

epi-collection. Three color-coded channels were used for detection,

namely 399–499 nm (blue, for detection of adventitial collagen using

second harmonic generation microscopy), 509–552 nm (green, for

detection of lipofuscin and intraluminal fluorescein isothiocynate

[FITC-]dextran), and 568–650 nm (red, for detection of lipofuscin).

Thereafter, TPLSM image stacks were included for quantitative

analysis of the autofluorescent particles. Quantification was performed

with Imaris© image-processing software (Imaris, RRID:SCR_007370,

version 8.3, Bitplane AG, Zürich) providing a 3D reconstruction of the

stacks. Using this technique, sampling errors due to possible heteroge-

nous distribution of autofluorescent particles are avoided, in contrast to

quantification of autofluorescent particles on tissue sections. Further-

more, the 3D representations allow spatial visualization of particle distri-

bution and density, as well as assessment of particle volume and shape.

Fluorescent particles were defined by their threshold, which

was determined based on intensity in relation to background signal

and local contrast. Optimal threshold levels were set separately

for each stack, following inter-observer agreement of two indepen-

dent observers [LO and DK]. Validation of the segmentation was per-

formed by superimposing the reconstructed autofluorescent particles

on the original confocal z-stack. Subsequently, the red channel was

selected to calculate the number of particles, particle density, and

diameter distribution. Finally, volume reconstruction was performed

on the 3D image of the stack in the red channel to determine mean

particle volume and particle volume density.

3 | RESULTS

3.1 | Fluorescence spectroscopic imaging

Autofluorescent particles on neocortical slides of patients and con-

trols were found throughout neocortical parenchyma, as well as near

or within parenchymal vessels (Figure 1a,b). These autofluorescent

particles appeared to be clustered predominately around parenchymal

vessels, especially within the adventitia of the parenchymal arterioles.

However, at a ×100 magnification this finding was not conclusive

(Figure 1b).

Independent of their localization and in all samples, specific parti-

cles show a broad and sloping emission spectrum between 460 and

720 nm on excitation, with a maximum at 580 to 600 nm (Figure 2).

Autofluorescence spectra were similar in patients and controls. The

spectrum measured on the paraffin slides did not differ from that in

fresh-frozen slides (not shown).

At ×100 magnification, we zoomed in on a single blood vessel,

while using the spectra of Figure 2 for unmixing. This confirmed that

all particles indeed had a similar autofluorescence spectrum. Moreover,

particles were more clearly distinguished from the (autofluorescent)

blood vessel background using the unmixing procedure (Figure 3).

3.2 | Brightfield microscopy and histochemistry

The autofluorescent particles in the native slide could be matched

with PAS-positive particles in the adjacent slide, appearing as pro-

nounced pink-red colored particles (Figure 4).

3.3 | Fluorescence lifetime imaging

In the next step, fluorescence lifetime of an autofluorescent particle

surrounding a parenchymal vessel was analyzed in one patient (E1).

First, spectrum analysis was repeated with two-photon laser scanning

microscopy to verify that particles with similar spectral properties

were analyzed. Indeed, identical spectra were found (data not shown).

The autofluorescence intensity profile on pulsed excitation showed a

biexponential decay. A fast component (τ1) at 0.527 ± 0.026 ns and a

slow component (τ2) at 2.60 ± 0.10 ns were noted with a relative

amplitude of 87 ± 4.4% (α1) and 13 ± 0.65% (α2), respectively. Based

on these values, a mean lifetime of 1.41 ± 0.070 ns was calculated.

Lifetime analysis of a particle observed throughout the neocorti-

cal tissue of the same patient showed similar results. A mean lifetime

of 1.53 ± 0.076 ns was calculated for those particles, based on τ1 at

0.530 ± 0.027 ns and τ2 at 2.97 ± 0.15 ns, with a relative amplitude

of 89 ± .5% (α1) and 11 ± 0.55% (α2), respectively.

3.4 | Quantification of autofluorescent particles
in pial arteries

We then focused on determining the localization and quantification of

the autofluorescent particles in 3D within the vessel wall. For this pur-

pose, we applied 3D two-photon laser scanning and second harmonic

generation microcopy. Excised pial arteries, either from controls or

patients, were mounted and pressurized on a vessel chamber and sub-

sequently imaged. An abundant number of autofluorescent particles
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F IGURE 2 The emission spectra of the autofluorescent particles within the neocortical tissue slides of a patient (a) and a control (b) are
illustrated. Emission wavelengths are found on the X-axis whereas the Y-axis represents fluorescence intensity of wavelength. A broad emission
spectrum with a maximum intensity around 580 to 600 nm can be noted. A similar emission spectrum was found in representative particles of
patient and control tissue. Emission spectra obtained using nuance microscopy at an excitation wavelength of 420–460 nm, using a long pass
filter, passing emission wavelengths from 420 nm [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 3 Autofluorescent yellowish particles within the wall of a parenchymal vessel, derived using nuance microscopy at ×100
magnification (a). Unmixed image (b). The lumen seems to contain a substance, probably a blood clot. Next, the endothelial cell layer is aligned by
a brighter (pseudo-color) blueish layer, representing the internal elastic membrane. More outward in the vascular wall, the particles are noted.
Hence, particles are most prominently located in the adventitia. As in Figure 4, particles are also found within the neocortical tissue, sometimes
not surrounding a vascular lumen [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 1 Autofluorescent particles in a neocortical sample of an epilepsy patient can be seen as yellowish bright dots. The blue-green
autofluorescence of elastin in larger blood vessels is clearly visible. The particles are found throughout the neocortical; tissue (a), but seem
strongly accumulating around and within parenchymal vessels (b). The vessels in image b seem to contain a small clot in their lumen. These images
are derived using Nuance microscopy at a ×20 magnification [Color figure can be viewed at wileyonlinelibrary.com]
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was noted within isolated pial arteries of both groups (Figure 5). Image

stacks of one patient (E1) were excluded due to poor image quality

because of overexposure of excitation light.

A representative spherical 3D-reconstruction of particles in the

vessel wall is shown in Figure 6. These reconstructions allowed locali-

zation of these particles within the pial artery, using Imaris© software.

Here, the autofluorescent particles appeared to be surrounding

the external elastic membrane and therefore appeared to be mainly

located within the adventitia, and to a lesser extent in the tunica

media. No particles were detected in the intima and lumen, as visual-

ized by the clear delineation of dextran-FITC in the lumen. Results

comparing patients and control with respect to mean particle diame-

ter, volume and density are given in Table 2 and Figures 6 and 7.

4 | DISCUSSION

In this study, we have identified and described autofluorescent prop-

erties of lipofuscin particles within human cerebral tissue of epilepsy

patients and controls. We have observed these particles within the

brain parenchyma and within the cerebral vascular wall. This is the

first report on cerebral lipofuscin accumulation within the cerebral

vascular wall. Additionally, we have performed a robust and repeat-

able quantitative analysis of lipofuscin particles in 3D images.

4.1 | Autofluorescent properties of lipofuscin

In order to classify the autofluorescent particles as lipofuscin, we per-

formed a number of consecutive experiments, beginning with

F IGURE 4 Autofluorescent (yellowish) particles (white ellipse) surrounding the lumen (white asterisk) of a parenchymal vessel can be noted
when analyzed by Nuance microscopy at ×40 magnification (a). The 8 μm adjacent slide was stained using periodic acid Schiff's (b). Here, the
autofluorescent particles are depicted as red-colored, PAS-positive, particles (white ellipse) surrounding the lumen (white asterisk) of the same
parenchymal vessel [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 5 Autofluorescent particles appear as yellowish bright
dots surrounding a pial artery, visualized with TPLSM (excitation
wavelength: 820 nm). The green bands reflect autofluorescence of
elastin within the internal elastic lamina. The blue wave-form strips on
the upper and lower part of the vessels, that is, within the adventitia,
reflect collagen as a result of second harmonic generation [Color
figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 A representative spherical 3D-reconstruction of
autofluorescent particles within a pial artery, in which lipofuscin
particles are visualized as red-orange ellipses. The bright green glow is
the result of fluorescence by intraluminal dextran-FITC (70kD) and
autofluorescence of elastin within the inner elastic lamina (see also
Figure 5). The light blue glow represent the wavy structures of
adventitial collagen (see also Figure 5). Reconstruction based on Z-
stack using TPLSM (excitation wavelength 820 nm) [Color figure can
be viewed at wileyonlinelibrary.com]

610 HAKVOORT ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


conventional light microscopy to examine PAS-stained sections. This

revealed PAS-positive particles throughout the samples, but mainly

within the vessel wall, and matching with the autofluorescent parti-

cles on adjacent section slides. PAS staining is not lipofuscin-specific,

since it also stains glycogen and other polysaccharide containing sub-

stances. However, the match with the specific autofluorescent signal

(see below) confirms that the particles indeed represent lipofuscin.

Therefore, we performed no additional stainings for lipofuscin. In

future studies, other non-lipofuscinspecific staining methods—like

Sudan III-staining, Schmorl method I or silver impregnation combined

with performic acid oxidation—could be considered for lipofuscin

detection as well (Braak, Braak, Ohm, & Bohl, 1988; Marani,

Usunoff, & Feirabend, 2009).

Then, we further characterized the autofluorescent properties

of the particles. Fluorescence spectral analysis revealed a broad emis-

sion spectrum with a maximum between 580 and 600 nm. These

results are comparable to spectral properties of lipofuscin described in

literature (Berezin & Achilefu, 2011; Marmorstein, Marmorstein,

Sakaguchi, & Hollyfield, 2002; Mochizuki, Park, Mori, & Kawashima,

1995; Schweitzer et al., 2007; Seehafer & Pearce, 2006; Sparrow &

Boulton, 2005). Since lipofuscin encompasses a wide variety of

lipopigments, the autofluorescence spectrum is broad and depends on

the ratio of varying fluorescent lipopigmental constituents (Katz &

Robison, 2002; Mochizuki et al., 1995). Consequently, spectral varia-

tions between different tissues, and possibly between different spe-

cies, have been described, in addition to variations due to distinct

detection methods (Mochizuki et al., 1995; Seehafer & Pearce, 2006;

Yin & Brunk, 1991). Nevertheless, autofluorescence analysis has been

regarded as a reliable method to assess the presence of lipofuscin,

both qualitatively and quantitatively (Mochizuki et al., 1995).

A similar broad autofluorescence spectrum is also found in

advanced glycation end-products (Chorvatova & Chorvat, 2015;

Ramanujam, 2000). To distinguish these from lipofuscin, fluorescence

lifetime analysis was performed. We have observed a fluorescence life-

time of 1.41 ± 0.070 ns to 1.53 ± 0.076 ns and compared this with

two other available studies on lipofuscin lifetime analysis, both carried

out in retinal tissue (Berezin & Achilefu, 2011; Schweitzer et al., 2007).

The first study characterizes lipofuscin with a fast component (τ1) at

0.390 ± 0.020 ns, a slow component (τ2) at 2.24 ± 0.11 ns, and a mean

lifetime of 1.98 ± 0.10 ns based on associated relative amplitudes α1
of 48 ± 2.4% and α2 at 52 ± 2.6% (Schweitzer et al., 2007). In the same

study, advanced glycation end products exhibit a bi-exponential decay

with a fast component (τ1) at 0.865 ± 0.43 ns and a slow component

(τ2) at 4.17 ± 0.20 ns, with a relative amplitude of 62 (α1) ± 3.1% and

28 (α2) ± 2.2%, respectively, resulting in a mean lifetime (τmean) of

3.13 ± 0.18 ns (Schweitzer et al., 2007). In the other study, a mean

lifetime of 1.34 ± 0.067 ns for lipofuscin is reported, without descrip-

tion of the calculation method used (Berezin & Achilefu, 2011). The

mean fluorescence lifetime we found is comparable to the other two

reported values on lipofuscin lifetime. Hence, we conclude that the

autofluorescent particles detected are indeed lipofuscin.

4.2 | Quantification of lipofuscin

Previously published papers on lipofuscin accumulation were mostly

qualitative and semi-quantitative using fluorescence microscopy or

confocal laser scanning microscopy. These studies indeed demon-

strated an age-related lipofuscin increase (Benavides, Monserrat,

Fariña, & Porta, 2002; Brizzee, Ordy, & Kaack, 1974; Jung et al., 2010;

Nakae & Stoward, 2016; Tohma et al., 2011). Quantification methods

relied on 2D counting using fluorescence microscopy or confocal laser

scanning microscopy on histological slides. Such 2D methods are

semi-quantitative, because they are prone to subjective assessment,

and limited regarding precision and sensitivity, by factors such as mag-

nification, tissue thickness, and tissue level. To improve quantification,

threshold based analysis has been proposed and statistical analysis

was added for a more objective estimation (Tohma et al., 2011). How-

ever, accurate quantification requires a 3D approach, because it over-

comes 2D-related impeding factors including tissue thickness (Douma

et al., 2010).

We therefore subsequently performed a 3D quantitative analysis

of the particles within the pial arterial wall in three patients and one

control, using Imaris© software. For this analysis, we have used the

TPLSM Z-stack image files.

This way, particle diameter, particle volume, and total vessel wall

volume were determined, and particle and volume density were calcu-

lated (Table 2 and Figure 7). Regarding mean particle diameter and

volume, we found that mean diameter of a particle is not proportion-

ally related to its mean volume. This suggests that lipofuscin particles

are not spherical, but have a complex 3D configuration. Additional

volume reconstruction indeed confirmed this complex shape.

TABLE 2 Quantification analysis of
autofluorescent particles within pial
arteries

E2 E3 E4 C1

Total vessel wall volume included (μm3) • 10E6 94,39 2,13 0,64 8,70

Mean diameter per particle (μm) 4.81 3.11 2.78 4.79

Mean volume per particle (μm3) 163 44 30 145

Density of particles in the vascular wall

(number of particles/total stack volume) • 10E6

85 199 642 135

Volume density of particles in the vascular wall (%)

(volume particles [μm3]/total stack volume [μm3]) • 100%

1.38 0.88 1.93 1.97

Note: Quantification analysis of autofluorescent particles within pial arteries for three epilepsy patients

(E1, E2, E3) and one control (C1).
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The volume estimations in a 3D reconstruction approach as

described here, thus offer an advantage over quantification methods

on histological slides as described previously (Douma et al., 2010).

In addition, quantification on tissue sections was previously hindered

by heterogeneous distribution of fluorescent granules, demanding

analysis of images of subsequent histological slices. This can give sig-

nificantly deviating results (Douma et al., 2010) and it increases work-

load significantly (Douma et al., 2010; Fonseca, Sheehy, Blackman,

Shelton, & Prior, 2005; Nakano & Gotoh, 1992; Tohma et al., 2011).

Automated quantification with Imaris© complements TPLSM in

analyzing multiple images, thereby increasing the precision of estima-

tions. The software additionally provides spatial information, enables

measurement of structures and offers more accurate localization than

2D methods. The spatial visualization rendering is an advantage of

Imaris© over (semi)automated software packages that stepped in on

the need for more precise quantification methods.

It should be noted that images of patient E2 included six Z-stack

files, whereas all other image files included one Z-stack file. As a con-

sequence, total vessel wall volume of E2 is much larger. To avoid sam-

pling bias, we took the mean of all z-stacks for E2, instead of selecting

one z-stack for comparison. Nonetheless, it is possible that by includ-

ing multiple z-stacks, an overlap of vessel surface could have been

considered in the calculation. This could result in an overestimation of

the amount of particles present.

4.3 | Age and disease-related formation
of lipofuscin

A gradual accumulation of lipofuscin within neuronal tissue during

aging has previously been described in neuroscientific literature

(Benavides et al., 2002). This is the first report that also demonstrates

lipofuscin accumulation within the cerebral vascular wall. Our sample

size is too small to look for group differences. Furthermore, the two

groups are not age-matched which makes it impossible to attribute

potential changes to either age or disease. However, we did a number

of remarkable observations that we want to highlight here.

Lipofuscin particle density was 1.5 to 4.8 times higher in two

young (18 and 28 years old) patients compared to the control (61 years

old), suggesting a disease-related increase in lipofuscin formation.

Lipofuscin particle size varied amongst patients: two patients

(E3 and E4) had small particles compared to control, while one patient

(E2) had similarly sized particles. One could hypothesize that smaller

particles are related to brief periods of oxidative stress (e.g., during

seizures), whereas larger particles are the results of sustained oxida-

tive stress (e.g., during normal aging). This might result in the larger

number of smaller sized particles in patients. However, oxidative

stress resulting in structural cell damage is in itself an intricate process

(Czerska et al., 2015; Lushchak, 2014; Sies, 1997).

Lipofuscin formation within the cerebral vascular wall may be a

“physiological” finding since we found lipofuscin particles in control

tissue as well. Even though we cannot draw conclusions based on the

small groups analyzed in our study, there may be a relation between

shape, size, and density of lipofuscin and the epileptic seizures, that

are associated with extreme and rapidly changing hemodynamic con-

ditions, and structural and functional vascular abnormalities (Helakari

et al., 2019; Patel, Zhao, Ma, & Schwartz, 2013).

F IGURE 7 Diameters distribution of the autofluorescent particles
within the pial artery wall of three patients (a, b, c) and one control (d).

For each diameter, we have calculated the total number of particles
within the image stack obtained with TPLSM. Since the image stack of
E2 (a) was evidently larger than the other image stacks, a 10-fold
larger number of particles per vessel was noted in this patient. Most
particles were found to have a diameter between 2 and 6 μm. The red
vertical line shows the mean diameter [Color figure can be viewed at
wileyonlinelibrary.com]
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4.4 | Clinical significance of this study

The pathophysiology of several neurological diseases like Alzheimer's

disease, Parkinson's disease, and epilepsy has been related to oxida-

tive stress (Islam, 2017; Pearson-Smith & Patel, 2017). These diseases

seem to share a pathophysiological pathway, including microvascular

dysfunction, increased blood–brain barrier permeability, angiogenesis,

and dysfunctional neurovascular coupling (Brown & Thore, 2011;

Erd}o, Denes, & de Lange, 2016; Heinemann et al., 2012; Iadecola,

2004; Marchi & Lerner-Natoli, 2013; Parfenova et al., 2005; Rigau

et al., 2007; E. van Vliet, Aronica, & Gorter, 2014). Hence, these dis-

eases may be characterized by lipofuscin accumulation within the

brain and the brain's vascular structures. Better understanding of the

pathophysiology of these neurological diseases may thus come from

better understanding the process of lipofuscin accumulation.

4.5 | Lipofuscin as a marker for oxidative stress

Since oxidative stress is a key process underlying the various mecha-

nisms and pathways leading to lipofuscin formation, the demonstra-

tion of lipofuscin could be a novel method to assess the history of

oxidative stress. However, it must be noted that alterations in various

cellular pathway are recognized to contribute to the formation of

lipofuscin. The finding of lipofuscin does not disclose the precise

underlying mechanism responsible for its own formation. Hence, it is

of importance to verify the relation with oxidative stress as we

suggest.

Currently, assessment and quantification of oxidative stress is chal-

lenging. The amount of oxidative stress can be estimated by evaluation

of reactive oxygen species. However, this method is difficult and

unreliable since reactive oxygen species are transient and highly unsta-

ble. Therefore, mainly indirect markers for oxidative stress are used,

which include lipid and protein oxidation such as 4-hydroxy-2-nonenal

(4-HNE), malondialdehyde (MDA), and isoprostanes (e.g., 8-iso-PGF2α).

Although these biomarkers have been analyzed thoroughly, interpreta-

tion is difficult due to a wide variation of detection methods (e.g., mass-

spectometry, spectrophotometry, or immunodetection-based), sampling

methods, and types of tissue/species assessed, leading to a broad

range of reference intervals (Tsikas, 2017; Waldbaum & Patel, 2010).

Moreover, assessment of some biomarkers is prone to many analytical

pitfalls. For example, MDA levels are easily disturbed by sampling

methods, sample storage, and artefactual formation (Tsikas, 2017). The

analysis of 4-HNE is also complicated due its strong reactivity, in partic-

ular with certain proteins, forming HNE adducts (Spickett, 2013;

Wakita, Honda, Shibata, Akagawa, & Uchida, 2011). Consequently,

detection methods of free 4-HNE or its adducts are lacking accuracy

and specificity, and—when reliable—analyses are time-consuming and

laborious (Spickett, 2013; Wakita et al., 2011). Chemical lipid peroxida-

tion leads to synthesis of 8-iso-PGF2α, which is often considered the

gold standard for lipid peroxidation analysis (Van 't Erve et al., 2015).

However, inflammation-induced enzymatic lipid peroxidation also

results in biosynthesis of 8-iso-PGF2α, making it difficult to differentiate

between ongoing inflammation or oxidative stress. Despite the limita-

tions of these biomarkers, their analysis in adjunct to lipofuscin assess-

ment could further substantiate the suggested relation between

lipofuscin and oxidative stress.

Lipofuscin is a stable marker due to its nondegradable nature.

This enables assessment in various tissue samples, not only in fresh-

frozen tissue, but also in paraffin-fixed postmortem tissue. Using 3D

TPLSM combined with dedicated image processing software, we have

shown here that reliable quantification is enabled and subsequent par-

ticle size and density characteristics can easily be assessed. As such,

lipofuscin could function as a marker of the total amount of oxidative

stress endured by the tissue, during aging and the course of neurologi-

cal diseases.

4.6 | Limitations of this study

The major limitations of this study include the small sample size and

the lack of age-matched controls. Since it is difficult to obtain healthy

brain tissue during resective brain surgery, we relied on postmortem

tissue of people that died of a non-neurological cause. The age of

these postmortem controls is therefore considerably higher than the

age of epilepsy patients undergoing resective brain surgery.

4.7 | Future perspectives

Further understanding of the cellular pathways involved in the forma-

tion of lipofuscin is an important topic, that might foster our under-

standing of the pathophysiology of neurological diseases in relation

to lipofuscin formation. In this regard, we believe that relating

lipofuscin formation to oxidative stress by comparing it to biomarkers

of oxidative stress is an interesting first aim. Future studies that assess

lipofuscin accumulation in epilepsy patients compared to controls, for

example, postmortem tissue of people that died of non-neurological

cause, can provide important insights into the pathophysiology of epi-

lepsy. The role of lipofuscin accumulation within the vascular wall,

in addition to lipofuscin-accumulation in post-mitotic cells such as

neurons, should be further studied. Additionally, it might be interest-

ing to look at lipofuscin accumulation in and around other, more

approachable vessels. A possible link between this and for example

pial arteries then might result in the possibility to translate this

method to patients in early stages of disease.

5 | CONCLUSIONS

Lipofuscin is present in the brain's pial arterial wall and neocortical

parenchyma in young epilepsy patients and aged controls. A robust

evaluation of the particles using Imaris© software allows robust quan-

tification of the particles, while the 3D properties allow visualization

of the complex configuration. Analysis of lipofuscin could be a new

method to detect and quantify oxidative stress. Further research on
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lipofuscin in relation to neurological diseases and oxidative stress, and

to normal aging is warranted.
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