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Abstract A variety of tissue biomolecules and intracel-
lular structures are known to be autofluorescent. However,
autofluorescent signals in brain tissues often confound
analysis of the fluorescent markers used for immunohisto-
chemistry. While investigating tissue and cellular patholo-
gies induced by 3-nitropropionic acid, a mitochondrial
toxin selective for striatal neurons, we encountered many
autofluorescent signals confined to the lesion core. These
structures were excited by blue (wavelength = 488 nm)
and yellow-orange (555 nm), but not by red (639 nm) or
violet (405 nm) lasers, indicating that this autofluorescence
overlaps with the emission spectra of commonly used fluo-
rophores. Almost all of the autofluorescence was localized
in activated microglia/macrophages, while reactive astro-
cytes emitted no detectable autofluorescence. Amoeboid
brain macrophages filled with autofluorescent granules
revealed very weak expression of the microglial marker,
ionized calcium-binding adaptor molecule 1 (Ibal), while
activated microglia with evident processes and intense Ibal
immunoreactivity contained scant autofluorescent granules.
In addition, immunolabeling with two lysosomal markers,
ED1/CD68 and lysosomal-associated membrane protein 1,
showed a pattern complementary with autofluorescent sig-
nals in activated microglia/macrophages, implying that the
autofluorescent structures reside within cytoplasm free of
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intact lysosomes. A correlative light- and electron-micro-
scopic approach finally revealed the ultrastructural identity
of the fluorescent granules, most of which matched to clus-
ters of lipofuscin-like inclusions with varying morphology.
Thus, autofluorescence in the damaged brain may reflect
the presence of lipofuscin-laden brain macrophages, which
should be taken into account when verifying any fluores-
cent signals that are likely to be correlated with activated
microglia/macrophages after brain insults.
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Introduction

It is well known that stimulation with the appropriate wave-
lengths of light can cause biological tissues to exhibit a
fluorescence emission, autofluorescence, in the absence of
exogenous fluorophores (Aubin 1979; Croce et al. 1999;
Monici 2005), and that these nonspecific signals can
interfere with the fluorescence signal of interest to pro-
duce false-positive results. Tissue autofluorescence can be
caused by formaldehyde fixation and by biomolecules such
as lipofuscin, flavin, porphyrin, nicotinic coenzymes, col-
lagen, elastin, and the neurotransmitter serotonin (Aubin
1979; Banerjee et al. 1999; Crespi et al. 2004; Viegas et al.
2007; Ottis et al. 2012). We focus here on lipofuscin, a
complex mixture of oxidized protein and lipid degradation
residues that accumulates progressively over time in the
lysosomes of post mitotic cells such as cardiomyocytes and
neurons (Terman and Brunk 1998; Boellaard et al. 2004;
Gray and Woulfe 2005; Jung et al. 2007). The amount and
spatial distribution of these endogenous fluorophores may
be affected by pathological or experimental conditions,
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resulting in changes in autofluorescence emission. Several
studies have shown that autofluorescence increased in dam-
aged brain tissue (Brooke et al. 1996; Chung et al. 1997,
Liu et al. 2002; Spanswick et al. 2009) and is associated
with aging (Brizzee et al. 1974; Amenta et al. 1988).

While examining the pathological features of rats treated
with 3-nitropropionic acid (3-NP), a natural mitochondrial
toxin that selectively impairs medium-spiny striatal neurons
(Hamilton and Gould 1987), we encountered strong auto-
fluorescence in the lesion core region abutting the astroglial
scar over the 2-week, post-injury time period. This auto-
fluorescence emission appeared to develop concomitantly
with neurodegeneration, and had a spectrum overlapping
with the emissions of commonly used fluorescent dyes.
Since this nonspecific fluorescence could blur the distinc-
tion between specific and nonspecific fluorescence signals,
and thus interfere with the interpretation of fluorescence
labeling, we saw a strong need to define exactly the char-
acteristics of the autofluorescence occurring within sites
of intense neural damage after brain insults. We offer a
solution to the interference problem based on our spectral
experiments, as well as offering ultrastructural elucidation
capable of informing other solutions should the spectral
solution be unsuitable in some context.

The purpose of the present study is to define the spectral
and structural details of the autofluorescent signals induced
by 3-NP injection. Given the limitations of light micros-
copy for precise localization of autofluorescence to specific
organelles and subcellular structures, we applied a method
that allows the researcher to correlate the light microscopic
signals with the respective subcellular structures as visu-
alized by electron microscopy. This correlative approach
offers an informative and efficient way to identify specific
targets for further examination at the ultrastructural level.
The present investigation provides the first direct identifi-
cation of autofluorescent granules within the striatal 3-NP
lesion core as clusters of lipofuscin-like granules within
brain macrophages.

Materials and methods
Animal preparation

All experimental procedures were conducted in accordance
with the Laboratory Animal Welfare Act, the Guide for the
Care and Use of Laboratory Animals, and Guidelines and
Policies for Rodent Survival Surgery, and were approved
by the Institutional Animal Care and Use Committee at
the College of Medicine, The Catholic University of Korea
(Approval Number: CUMC-2016-0014-02). All efforts
were made to minimize animal suffering and to reduce the
number of animals used.
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Adult, male Sprague—Dawley rats (250-300 g, aged
9-11 weeks) were used in this study. Animals were housed
in groups of three per cage in a controlled environment at a
constant temperature (22 £ 5 °C) and humidity (50 + 10%)
with food (gamma ray-sterilized diet) and water (autoclaved
tap water) available ad libitum. They were maintained on
a 12-h light/dark cycle. 3-NP (Sigma-Aldrich, St. Louis,
MO, USA) was dissolved in buffered saline (pH = 7.0),
and administered intraperitoneally (i.p.) at a dose of 15 mg/
kg once daily for 3 days. All 3-NP-injected rats were evalu-
ated daily for the presence of behavioral deficit, and only
rats exhibiting neurological deficit symptoms, including
hind limb impairment or kyphotic posture, recumbency,
and impaired postural adjustments, were included in the
experimental group (Hamilton and Gould 1987).

Animals were killed at 3, 7, 14, and 28 days after the
final injection of 3-NP (n = 3 rats for each time point). The
control group (n = 3) received intraperitoneal injections
of the same volume of normal saline for three consecutive
days and were killed 3 days after the final injection. The
animals were perfused transcardially with 4% paraform-
aldehyde in 0.1 M phosphate buffer (PB; pH = 7.4) after
being anesthetized with 10% chloral hydrate (4 mL/kg i.p.).
The brain tissues were equilibrated with 30% sucrose in
0.1 M PB and fully frozen.

Immunohistochemistry and Sudan Black B staining

To visualize autofluorescent materials in the 3-NP—injected
rat brain, coronal cryostat sections 25 pm thick were
labeled with 4/,6-diamidino-2’-phenylindole (DAPI, Roche
Mannheim, Germany; 1:2000) for 10 min. Sections were
then coverslipped with Fluoroshield (ImmunoBioScience,
Mukilteo, WA, USA). A separate series of serial cryostat
sections was incubated overnight at 4 °C with one of the
following antibodies: mouse monoclonal antibody to glial
fibrillary acidic protein (GFAP; 1:1500; Millipore, Temec-
ula, CA, USA), ED1 (CD68; 1:100; Bio-Rad, Hercules,
CA, USA), rabbit polyclonal antibodies to ionized cal-
cium-binding adaptor molecule 1 (Ibal; 1:500; Wako Pure
Chemical Industries, Ltd., Osaka, Japan), or lysosomal-
associated membrane protein 1 (LAMP1; 1:200; Abcam,
Cambridge, UK). Antibody staining was visualized with
Alexa Fluor 647-tagged goat anti-rabbit antibodies or with
goat anti-mouse antibodies (1:300; Molecular Probes, Inc.,
Eugene, OR, USA). The specificity of immunoreactivity
was confirmed by the absence of immunohistochemical
staining in sections from which the primary or secondary
antibody had been omitted. Control sections were prepared
as described above. Counterstaining of cell nuclei was car-
ried out in DAPI solution for 10 min. Slides were viewed
with a confocal microscope (LSM 700; Carl Zeiss Co. Ltd.,
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Oberkochen, Germany) equipped with four lasers (Diode
405, Argon 488, HeNe 555, and HeNe 639).

To confirm the autofluorescent cell contents as lipo-
fuscin-like, a 0.1% solution of Sudan Black B (Sigma-
Aldrich) in 70% ethanol was prepared. Coronal cryostat
sections were immersed in 0.1% Sudan Black B solution
for 5 min at room temperature. The sections were washed
three times with distilled water, and nuclei were counter-
stained with 0.1% Nuclear Fast Red (Vector, Burlingame,
CA, USA). Tissue sections were visualized using a micro-
scope and photographed using a digital camera (Jenoptik,
Germany). To visualize autofluorescence, serial sections
were labeled with DAPI and viewed with a confocal micro-
scope as described above. All images were converted to
TIFF format. Contrast levels and image sizes were adjusted
using Adobe Photoshop v.10.0.

Quantification and statistics

Intensity profiles of specific areas were obtained using
Zen 2010 (Carl Zeiss Co. Ltd.). Scatterplot and correlation
analysis was performed with Excel 2013 (Microsoft, Belle-
vue, WA, USA).

To quantify the time-dependent changes in ED1/CD68-
positive cells containing autofluorescence in striatum
subjected to 3-NP, confocal microscopic images of ED1/
CD68-immunolabeled tissue sections from experimental
rats at 3, 7, 14, and 28 days post-injection (n = 3 per time
point) were obtained from the invariable region between
levels 0.24 mm and 1.56 mm dorsal (Paxinos and Watson
1998). Five areas of 160 x 160 pm per field were selected
in the lesion core of each section and captured at 400x
magnification under constant viewing conditions. ED1/
CD68-positive cells with or without autofluorescence were
counted, but only when their nuclei could be seen clearly.
The data are presented as the mean £+ SEM, and the dif-
ferences in cell counts between different time points were
assessed with two-tailed, unpaired Student’s ¢ tests using
Excel 2013 (Microsoft, Bellevue, WA, USA) and GraphPad
Prism, Version 5 (GraphPad Software Inc., San Diego, CA,
USA). Differences with P values of less than 0.05 were
considered statistically significant.

Ultrastructural analysis and correlative light
and electron microscopy

The electron microscopic (EM) study used rats at 28 days
of survival after the last injection of 3-NP (n = 3). Serial
vibratome sections 50 pwm thick were prepared. For con-
ventional EM, sections were post-fixed with 2.5% glu-
taraldehyde and 1% osmium tetroxide in 0.1 M PB for
30 min. Other serial sections were used for pre-embedding,
immunoperoxidase EM. Sections were incubated with

a rabbit polyclonal antibody to Ibal (1:500) overnight
at 4 °C. Primary antibody binding was visualized using
peroxidase-labeled goat anti-rabbit IgG (1:100; Jackson
ImmunoResearch, West Grove, PA, USA), and 0.05%
3,3/-diaminobenzidine tetrahydrochloride (DAB), with
0.01% H,0, as the substrate. After post-fixation with 2.5%
glutaraldehyde and 1% osmium tetroxide in 0.1 M PB for
30 min, the tissues were dehydrated in graded alcohols and
embedded in Epon 812 resin. The areas of interest were
then excised and glued onto resin blocks. After cutting into
ultrathin sections of 70-90 nm thickness and staining with
1% uranyl acetate, they were placed on copper grids and
observed in a transmission electron microscope (TEM,;
JEM 1010, JEOL, Tokyo, Japan).

For correlative EM, vibratome sections 100 pm thick
were cryoprotected with 2.3 M sucrose in 0.1 M PB and
frozen in liquid nitrogen. Semithin cryosections 2 pm thick
were then cut at —100 °C with a glass knife in a Leica EM
UCT7 ultramicrotome equipped with the FC7 cryochamber
(Leica, Wetzlar, Germany). The sections were incubated at
4 °C overnight with a rabbit polyclonal antibody to Ibal
(1:500), followed by Alexa Fluor 647-tagged goat anti-
rabbit antibody (1:300). The sections were then labeled
with DAPI for 10 min. Coverslipped sections were exam-
ined with a confocal microscope and photographed at vari-
ous magnifications with a differential interference contrast
(DIC) setting to find specific areas for later examination by
EM. After the coverslips had been floated off the sections,
the tissues were prepared further for EM, as described
above. To localize the autofluorescence signals observed by
light microscopy, distinctive morphological profiles of cell
nuclei or vascular profiles within areas of interest, previ-
ously visualized with DIC microscopy, were matched with
their counterparts in the ultrathin sections.

Results

Using DAPI-labeled sections, we first examined auto-
fluorescent emissions from the striatal lesion during the
experimental period following 3-NP injection. Auto-
fluorescence was absent or negligible in the striatum of
saline-treated control rats (Fig. 1a), but became evident in
rats at 3 days (Fig. 1b) and 7 days (Fig. 1c) post-lesion.
On day 14 post-lesion (Fig. 1d, e), reproducible, promi-
nent autofluorescence could be detected in 3-NP-induced
striatal lesions, this being more prominent at 28 days
(Fig. 1f=k). As shown in Fig. 1h-l, autofluorescence was
prominent with both the blue laser (excitation/emission
wavelengths, 488 nm/523 nm) and the yellow-green laser
(555 nm/573 nm). However, no detectable autofluores-
cence was observed using violet (405 nm/460 nm) or red
lasers (639 nm/660 nm). The autofluorescence appeared
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«Fig. 1 Temporal pattern and excitation spectral response of auto-
fluorescent granules found in the lesion core of the 3-NP—treated rat
brain. Representative striatal sections of saline-treated control (a),
and experimental rats at 3 (b) and 7 (c) days post-lesion. No sig-
nificant fluorescent signals can be observed with excitation by the
yellow-green (555 nm) or blue laser (488 nm) in any section of con-
trol striatum, while weak but evident autofluorescence is detected by
3 days post-lesion. Cell nuclei are visualized with DAPI. Accumula-
tions of prominent autofluorescent signals detected with yellow-green
(d, f) and blue laser (e, g) in the striatal lesion core of 3-NP—treated
rats at 14 days (d, e) and 28 days (f, g) post-lesion. Note that clus-
ters of autofluorescent granules tend to increase in number and inten-
sity by 28 days compared with 14 days. Excitation by violet laser
(405 nm) is used to detect nuclear staining with DAPI. Higher-magni-
fication views of autofluorescent granules excited with yellow-green
(h), blue (i), red (j; 639 nm), and all three lasers (k) in striatal sec-
tions of 3-NP-treated rat at 28 days post-lesion. Note that intensely
autofluorescent granules are clearly detected within cellular profiles
with the yellow-green and blue lasers, while rarely being detected
with the violet or red lasers. 1 Histogram of intensity profiles along
the indicated area (red arrow in k) showing that autofluorescence
profiles from the blue (green dotted line) and yellow-green (red solid
line) lasers exhibit an overlapping pattern and are highly intense,
while autofluorescence is rarely detectable using the red laser (dark
gray broken line). Scale bars 50 um for a—¢, 100 pm for d—g, 10 pm
for h-k

as tiny granules or punctate particles localized within cel-
lular profiles, especially within cytoplasm but not in the
DAPI-labeled nuclei (Fig. 1h, i). Moreover, both the inten-
sity and the amount of the autofluorescence differed across
cells, ranging from some cells being completely filled with
intensely autofluorescent granules, to others containing
only a few detectable autofluorescent granules.

To clarify the cellular identity of the autofluorescence-
laden cells seen in the lesioned striatum, we applied fluo-
rescence immunohistochemistry using two glia-specific
markers: GFAP for astrocytes and Ibal for microglia.
Because very low autofluorescence was detected under
the long-wavelength laser (over 650 nm after excitation
at 633 nm), as shown in Fig. 1j, 1, we used Alexa Fluor
647-labeled secondary antibody to minimize confounding
autofluorescence signals in discerning immunolabeled sig-
nals. GFAP-immunolabeled sections revealed that round
cells containing autofluorescent granules were localized
within the striatal lesion abutting the astroglial scar tissue
and that these autofluorescent cells were devoid of GFAP
immunoreactivity (Fig. 2a, ¢). By contrast, immunolabe-
ling with Ibal, a marker for resting microglia and activated
microglia/macrophages (Ito et al. 1998), revealed that these
autofluorescent cells were indeed activated microglia/mac-
rophages (Fig. 2b, d). Under higher magnification (Fig. 2e—
h), we could identify two main morphologically distinct
types of microglia/macrophages in the lesion: brain mac-
rophages having round, amoeboid cytoplasm with rare pro-
jecting processes, and activated microglia with ovoid cell
bodies and short, thick processes. Intracellular localization

of autofluorescent granules and Ibal immunoreactivity in
activated microglia/macrophages revealed a complemen-
tary pattern: brain macrophages filled with autofluorescent
granules revealed very weak Ibal immunoreactivity, while
activated microglia revealed intense Ibal immunoreactivity
but scant autofluorescent granules (Fig. 2h). This finding
was further supported by quantitative analysis of the mean
intensity profiles of the Ibal signal and the autofluores-
cence signal within activated microglia/macrophages. As
shown in Fig. 2i-k, the scatterplots of the Ibal and autoflu-
orescence signals were negatively correlated within these
cells [correlation coefficient (r) = —0.77, R> = 0.5933,
P < 0.001]. In other words, the Ibal signal was relatively
weak in intensely fluorescent cytoplasm filled with gran-
ules, but was strong in cytoplasm mostly devoid of such
granules.

To define further the intracellular localization of autoflu-
orescent granules within activated microglia/macrophages,
the serial set of striatal sections was immunolabeled with
ED1/CD68, a marker for the lysosomal membranes of
macrophages (Damoiseaux et al. 1994), or with LAMPI,
a late endosomal/lysosomal marker. Autofluorescent gran-
ules and lysosomal markers were co-localized within brain
macrophages, but they generally appeared to be localized
in a complementary pattern (Fig. 3a—h). Autofluorescent
granules occupied large area of the soma of amoeboid brain
macrophages, where immunoreactivity for ED1/CD68 and
LAMP1 was very weak. On the other hand, the two lyso-
somal makers were intense in areas where autofluorescent
granules were not prominent.

To examine further whether autofluorescent brain mac-
rophages increase within striatal lesions over time after
3-NP injection, the number of ED1/CD68-positive cells
and the number of autofluorescence-emitting cells among
ED1/CD68-positive cells was quantified. The total num-
ber of EDI1/CD68-positive cells, whether autofluores-
cent or not, increased progressively from day 3 through
day 28 post-lesion (Fig. 3i, j). Autofluorescence-emitting
brain macrophages accounted for 32.0 & 5.4% of all mac-
rophages at day 3, but 92.0 + 2.1% at day 28.

Light microscopic imaging alone was not sufficient
to clarify the identity of the autofluorescent granules. To
characterize these signals further, we combined conven-
tional EM with pre-embedding immuno-electron micros-
copy. Conventional EM demonstrated that amoeboid mac-
rophages were abundant in the lesion core of the injured
striatum at day 28, and that their cytoplasm was filled with
the classical features of polymorphous lipofuscin-like
granules: lipid-rich lipofuscin droplets, multi-lamellated
inclusion bodies, and electron-dense fibrillary structures
(Miyagishi et al. 1967; Boellaard et al. 2004; Markelic
et al. 2013) (Fig. 4a, b). In addition, Ibal-positive brain
macrophages revealed abundant lipofuscin-like granules
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Fig. 2 Localization of autofluorescence relative to cell types in the
3-NP-injected striatum. Immunoreactivity for GFAP or Ibal showing
that almost all autofluorescent signals co-localize with Ibal-positive
microglia (b, d), and not with GFAP-positive astrocytes (a, c¢) at
14 days (a, b), and 28 days (c, d) post-lesion. Higher-magnification
views of the lesion core (boxed area in d) showing that the autofluo-
rescent granules (AF) are localized within the cytoplasm of activated
microglia/macrophages, with two complementary localization pat-
terns seen for autofluorescent granules and Ibal immunoreactivity.
Round, amoeboid macrophages filled with autofluorescent granules
show very weak Ibal immunoreactivity (arrowheads), while activated
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microglia with intense Ibal immunoreactivity show scanty autofluo-
rescent granules (arrows). Complimentary patterns of autofluores-
cence and Ibal immunoreactivity are also shown in orthogonal view
(h). i Higher-magnification view of the boxed area in g. j Histograms
of intensity profiles of Ibal-positive signal and autofluorescence
along the indicated area (blue arrow) in i. Note that Ibal-positive sig-
nal and autofluorescence show largely complementary patterns within
activated microglia/macrophages. k Scatterplot of Ibal versus auto-
fluorescence along the area indicated in i. The x- and y-axis represent
the intensity of autofluorescence and of Ibal-positive signal, respec-
tively. Scale bars 50 pm for a—d, 10 pm for e—i
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Fig. 3 Localization of autofluorescence relative to lysosomes in the
3-NP—injected striatum. a—h Immunoreactivities of lysosomal mark-
ers LAMPI1 and ED1/CD68 at 28 days post-lesion showing that auto-
fluorescent granules (AF) and two lysosomal markers co-localize
within brain macrophages, where they are generally localized in a
complimentary pattern. Quantitative analysis of the number of ED1/

in their cytoplasm. Electron-dense grains visualized
by DAB staining were localized in the periphery of the
cytoplasm of these cells where lipofuscin-like inclusions
were absent (Fig. 4c, d). Since Sudan Black B is used to
identify lipofuscin pigments (Robles 1978; Papka et al.
1981), we performed Sudan Black B staining to prove the
existence of lipofuscin in amoeboid autofluorescent mac-
rophages, using the method of serial sections. The distri-
bution pattern, shape, and size of round cells filled with
Sudan Black B-positive granules were remarkably similar
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CD68-positive cells (i) and autofluorescence-emitting, ED1/CD68-
positive cells (j) in the striatal lesion core of 3-NP-treated rats at
3, 7, 14, and 28 days post-treatment. The data are expressed as the
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns not signifi-
cant. Scale bars 10 um for a-h

to those of autofluorescent macrophages in the lesion core
of the injured striatum (Fig. 4e-h).

Conventional and pre-embedding immuno-EM meth-
ods only indicate an indirect link between ultrastructurally
characterized lipofuscin-like granules and autofluorescent
signals observed with confocal microscopy. Therefore, we
incorporated a correlative light and electron microscopic
method to localize precisely these light microscopic signals
to specific organelles and subcellular structures in brain
macrophages at the level of electron microscopy. Semithin
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Fig. 4 Characterization of autofluorescent macrophages in the
lesioned striatum at 28 days after 3-NP injection using electron
microscopy and Sudan Black B staining. a, b Conventional electron
microscopic images of phagocytic macrophages. Note that brain
macrophages contain polymorphous lipofuscin-like granules, includ-
ing lipid-rich lipofuscin droplets, multi-lamellated inclusion bodies,
and electron-dense fibrillary structures. ¢, d Pre-embedding electron
microscopic images immunostained with the microglial marker Ibal.
Numerous lipofuscin-like granules are present in the cytoplasm of
brain macrophages that are devoid of Ibal immunoreactivity. Note
that Ibal immunostaining (arrows) only marks the plasma mem-

sections labeled with Ibal were first observed by confocal
microscopy, and the same sections were subsequently pro-
cessed further for examination with electron microscopy. In

@ Springer

branes of macrophages. e, f Sudan Black B (SBB) staining of the
injured striatum. Granules stained with Sudan Black B completely
fill the cytoplasm of cells resembling brain macrophages. g, h Con-
secutive tissue sections are viewed under yellow-green and blue laser,
showing brain macrophages filled with autofluorescent granules.
Note that Sudan Black B-stained cells match well with autofluores-
cent macrophages based on their shape and localization in the lesion
core. Higher-magnification views of the boxed areas in a, c, e, and g,
respectively. Scale bars 1 pm for a and ¢, 0.5 pm for b, 0.2 pm for d,
200 um for e and g, and 50 um for f and h; *features used to match
adjacent serial sections

the striatum of saline-treated control rats, autofluorescence
was absent in resting microglia, which had characteristic
oval nuclei with dense, clumped heterochromatin and scant
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Fig. 5 Absence of autofluores-
cent signals in resting micro-
glia in saline-treated striatum.
Confocal microscopic image of
semithin section immunolabeled
with Ibal (a) and correspond-
ing transmission electron
microscopic image (c) of the
same field within the striatum.

b Overlay image of confocal
microscopic data onto the corre-
sponding electron microscopic
image. Note that Ibal-labeled
microglia show characteristic
oval and heterochromatic nuclei
and scant cytoplasm. M, resting
microglia. Scale bars 5 pm for
a—c

cytoplasm (Fig. 5). However, the confocal microscopy and
TEM data from lesioned striatum at day 14 post-lesion
revealed that these autofluorescence-emitting brain mac-
rophages contained numerous deposits of lipofuscin-like
inclusions, but had few conspicuous cytoplasmic orga-
nelles (Fig. 6a—c). The lipofuscin-like granules were iden-
tified by their polymorphous electron-dense contents as
shown at higher magnification (Fig. 6d—f), which showed
granular, fibrillar, or lamellated patterns closely resem-
bling the pattern shown in conventional or pre-embedding
immuno-electron findings (Fig. 4a—d). In contrast, the cyto-
plasm corresponding to Ibal-positive signal in activated
microglia/macrophages contained cytoplasmic organelles,
including mitochondria and Golgi complex, but no lipofus-
cin-like inclusions (Fig. 6d, e).

Discussion

In this study, we demonstrated accumulation of autofluo-
rescent cells within sites of intense neuronal damage from
14 days post-3-NP injection onward. Confocal micro-
scopic findings from sections immunolabeled with Ibal
revealed these autofluorescent cells to be activated micro-
glia/macrophages. Autofluorescent granules were increased
in number and intensity in amoeboid-like brain mac-
rophages compared with those of stellate microglia with

evident processes. Interestingly, autofluorescent granules
and the calcium-binding protein Ibal had non-overlapping,
even complementary, distributions within activated micro-
glia/macrophages. Two lysosomal markers, ED1/CD68 and
LAMPI, also exhibited labeling patterns complementary
with autofluorescent granules within the cytoplasm of these
cells. Thus, these data indicate that autofluorescent gran-
ules usually accumulated within the lysosome-free cyto-
plasm of activated microglia/macrophages. In addition, our
data show a regional correlation of autofluorescent mac-
rophages with cells stained with Sudan Black B, a well-
known method of visualizing lipofuscin in tissues or cells
(Robles 1978; Papka et al. 1981). By means of a correlative
approach using light and electron microscopy (an excellent
tool for the detailed ultrastructural study of specific tar-
gets), we confirmed that these light-microscopic, autofluo-
rescent granules corresponded to clusters of lipofuscin-like
granules with various morphologies.

Lipofuscin is regarded as undigested intracellular
waste originating from a variety of intracellular structures,
and accumulates in the lysosomes of post mitotic cells
(Miyagishi et al. 1967; Brunk and Terman 2002; Boellaard
et al. 2004). It is well known that lipofuscin contains sev-
eral fluorophores that can be visualized by fluorescence
microscopy (Terman and Brunk 1998; Gray and Woulfe
2005). Several reports mention autofluorescent micro-
glial cells containing lipofuscin granules. Notably, retinal
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Fig. 6 Ultrastructural localization of autofluorescent granules in the
3-NP-injected striatum using correlative light and electron micros-
copy. Within the striatal lesion 14 days after 3-NP injection, we show
a confocal microscopic image of a semithin section immunolabeled
with Ibal (a) and the corresponding transmission electron micro-
scopic image (c¢) of the same field. Immunolabeled Ibal appears
white and autofluorescent signals appear red. b Overlay image of
confocal microscopic data onto the corresponding electron micro-
scopic image. d—f Higher-magnification views of the boxed areas
in a and c. Note that autofluorescent brain macrophages contain

perivascular microglia, subretinal microglia, and retinal
macrophages have all shown lipofuscin-like autofluores-
cence (Xu et al. 2008; Mendes-Jorge et al. 2009; Lei et al.
2012), and microglia in the main olfactory bulb have shown
autofluorescence due to the presence of lipofuscin granules.
In addition, Molcanyi et al. (2013) reported that activated
microglia/macrophages could be a significant source of
nonspecific fluorescence after traumatic brain injury. Thus,
our data reinforce the idea that activated microglia/mac-
rophages can exhibit autofluorescence and we provide new
evidence identifying their autofluorescent granules as accu-
mulated lipofuscin-like granules.

An interesting finding of the present study is that brain
macrophages containing only a few intact lysosomes or

@ Springer

numerous deposits of lipofuscin-like inclusions, but have few con-
spicuous cytoplasmic organelles. Lipofuscin-like inclusions appear
as polymorphous, electron-dense material with granular, fibrillar, or
lamellated morphology. Also note that the cytoplasm corresponding
to Ibal-positive signal in activated microglia/macrophages contains
cytoplasmic organelles, including mitochondria and Golgi complex,
but no lipofuscin-like inclusions (asterisks in a, d, and e). Cell nuclei
appear blue after DAPI staining. N nucleus. Scale bars 5 pm for a—c,
1 um for d—f

cytoplasmic organelles were overloaded with phagocy-
tosed waste materials, i.e., lipofuscin-like granules. Thus,
it is likely that those brain macrophages having relatively
more lipofuscin-like granules were less capable of digest-
ing further phagocytic materials, thereby exaggerating the
accumulation of intensely autofluorescent granules within
them. This suggestion was additionally supported by the
observation of a negative correlation between Ibal sig-
nals and autofluorescence within activated microglia/mac-
rophages in 3-NP-induced striatal lesions (see Fig. 2k).
Ibal is involved in the Rho family of small GTPases/Rac/
calcium signaling pathway and is required for cell mobil-
ity and phagocytosis (Ohsawa et al. 2000; Sasaki et al.
2001; Kanazawa et al. 2002). Therefore, observation of
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microglia/macrophages with increased autofluorescence
and low expression of Ibal might imply a reduction in their
phagocytic activity. In addition, our data revealed that auto-
fluorescent brain macrophages tended to increase in num-
ber and intensity within striatal lesions over time after 3-NP
injection. This observation was confirmed by a quantitative
study showing a time-dependent accumulation of autofluo-
rescence-emitting brain macrophages after 3-NP injection.
Considered together, our data indicate that the occurrence
of autofluorescent brain macrophages correlates with the
progression of neurodegeneration after brain insults, sug-
gesting that the intensity of autofluorescence in these cells
can reflect their activated functional status induced by brain
insults, which involves phagocytic activity.

A number of techniques have been suggested to reduce
or eliminate autofluorescence due to lipofuscin, such
as quenching dyes, photo bleaching, and treatment of
brain sections with sodium borohydride/cupric sulfate/
ammonium-acetate buffer (Schnell et al. 1999; Oliveira
et al. 2010; Spitzer et al. 2011; Davis et al. 2014; Sun and
Chakrabartty 2016). Nevertheless, it is difficult to choose a
suitable technique because the effectiveness of such tech-
niques depends on the type of cells or tissue, fixation, pro-
cessing, and wavelength of excitation light. Instead, we
recommend greater circumspection in selecting appropriate
fluorophore-labeled secondary antibodies when perform-
ing double- or triple-labeling immunohistochemistry with
injured brain tissues. Our data revealed that the fluores-
cence of lipofuscin-like granules within activated micro-
glia/macrophages has an excitation wavelength ranging
from 488 to 555 nm and an emission wavelength ranging
from 523 to 573 nm, which overlap with the excitation and
emission spectra of commonly used fluorophores such as
fluorescein isothiocyanate (FITC), cyanine 2 (Cy2), cya-
nine 3 (Cy3), and tetramethyl rhodamine isothiocyanate
(TRITC). Thus, the autofluorescence of lipofuscin-like
granules could interfere with the detection of these exog-
enous fluorophores in the same detection region. By con-
trast, the autofluorescence arising from lipofuscin-like
granules decreased dramatically in the long wavelength
region (639 nm), so that it did not overlap with the exci-
tation or emission spectra of Alexa Fluor 647-conjugated
antibodies in the lesioned striatum. Thus, we suggest that
Alexa Fluor 647-conjugated antibodies or other fluoro-
phore-labeled antibodies with similar optical profiles, such
as Cy5, might be the proper choice when choosing fluo-
rophores for the immunofluorescence of target proteins
within activated microglia/macrophages after brain insults.

In summary, the present study demonstrates that auto-
fluorescence tends to increase within the striatal lesion
over time after 3-NP injection, which is attributable to an
accumulation of lipofuscin-like inclusions within activated
microglia/macrophages. Thus, our data indicate that special

care should be taken when verifying unknown fluorescent
signals likely to be especially correlated with microglia/
macrophages activated by brain insults.
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