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Unique spectral signatures of the nucleic acid
dye acridine orange can distinguish cell death by
apoptosis and necroptosis
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Cellular injury and death are ubiquitous features of disease, yet tools to detect them are limited and insensitive to subtle
pathological changes. Acridine orange (AO), a nucleic acid dye with unique spectral properties, enables real-time
measurement of RNA and DNA as proxies for cell viability during exposure to various noxious stimuli. This tool illumi-
nates spectral signatures unique fo various modes of cell death, such as cells undergoing apoptosis versus necrosis/
necroptosis. This new approach also shows that cellular RNA decreases during necrotic, necroptotic, and apoptotic cell
death caused by demyelinating, ischemic, and traumatic injuries, implying its involvement in a wide spectrum of tissue
pathologies. Furthermore, cells with pathologically low levels of cytoplasmic RNA are detected earlier and in higher
numbers than with standard markers including TdT-mediated dUTP biotin nick-end labeling and cleaved caspase 3 im-
munofluorescence. Our technique highlights AO-labeled cytoplasmic RNA as an important early marker of cellular in-

jury and a sensitive indicator of various modes of cell death in a range of experimental models.

Introduction

Cell injury and death are a fundamental aspect of disease, yet
techniques to visualize these processes in fixed tissue are lim-
ited; techniques are available to visualize apoptotic cells, but
few techniques permit the visualization of cellular injury and
nonapoptotic forms of death. Because of the diverse modes of
cell death, and because sublethal injury may not irreversibly
lead to death, examining apoptosis alone provides an incomplete
picture of pathology (Abend, 2003). Furthermore, although
there are more options to detect viability in vitro, measuring cell
death in fixed tissue must rely on stable ultrastructure or chemi-
cal changes that are unaffected by fixation (Taatjes et al., 2008;
Vanden Berghe et al., 2013). DNA fragmentation is a feature of
apoptosis and can be measured by antibodies directed against
single-stranded DNA (Frankfurt and Krishan, 2001) or TUN
EL (Gavrieli et al., 1992). Another means to determine apop-
tosis is by the presence of caspase cleavage products (Gown
and Willingham, 2002); however, caspase-independent forms
of cell death exist and can be an important feature of disease,
such as with oligodendrocyte injury in early multiple sclero-
sis lesions (Barnett and Prineas, 2004; Henderson et al., 2009).
Perhaps the most instructive means to detect cell death is with
electron microscopy, as it allows direct visualization of the ul-
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trastructure of apoptotic and necrotic cells (Wyllie et al., 1980).
However, electron microscopy is time-consuming and challeng-
ing for quantitative assessments. The requirement for new tools
will only increase with the discovery of a programmed necrosis
dependent on receptor-interacting protein kinase 3 (RIPK3), re-
ferred to as necroptosis (Degterev et al., 2005; Linkermann and
Green, 2014). Already, necroptosis is involved in a wide range
of conditions ranging from ischemic brain injury (Degterev et
al., 2005) to multiple sclerosis (Ofengeim et al., 2015).

New strategies to better visualize cell death in fixed tissue
would be very valuable and would ideally provide new chemi-
cal information reflecting the injury process. Although it is well
described that DNA is degraded during cell death, it is less rec-
ognized that there is also attendant RNA loss (Cidlowski, 1982;
King et al., 2000; Del Prete et al., 2002). With this in mind, we
used spectral microscopy to measure fluorescence patterns of the
nucleic acid—sensitive dye acridine orange (AO), in vitro and in
vivo. By analyzing the fluorescence emission spectra of AO, we
provide a ratiometric measure of nuclear and cytoplasmic RNA,
yielding a continuous metric that is very sensitive to pathology.
We also find that distinct AO fluorescence can distinguish be-
tween apoptotic insults and necrotic/necroptotic mechanisms of
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cell death. We show that RNA loss in fact precedes commonly
used markers of death, making RNA measurement using spec-
tral confocal microscopy of AO a new and highly informative
characteristic to monitor various forms of cellular injury.

RNA is an essential molecule of all living organisms that could
theoretically provide reliable information on cellular injury. To
determine how RNA changes during cellular injury, we used
the fluorescent nucleic acid dye AO (Tomita, 1967; Traganos
et al., 1977; Lober, 1981; Kapuscinski et al., 1982). To define
the unique spectral properties of AO, we first measured its
spectral characteristics in aqueous solution (Fig. 1, a and b).
At a relatively low concentration and without exogenous
nucleotides, AO had a single green emission peak (~530 nm)
that was unaltered by the addition of proteins (0.1% albumin).
In contrast, DNA induced an ~10-nm blue shift of the longer-
wavelength components. In the presence of AO, RNA is known
to form insoluble complexes above a certain dye:RNA ratio
(Kapuscinski et al., 1982). Similarly, we found that when RNA
was present in the 50-uM AO solution it formed precipitates that
exhibited a second, unique, red-shifted spectral peak centered at
~635 nm (Fig. 1, a and b). AO alone at higher concentrations
(200 and 500 uM) displayed spontaneous red emission at ~650
nm (Fig. 1, c and d). At these higher AO concentrations, both
nucleic acids stimulated an increase in red emissions (Fig. 1, ¢
and d). Therefore, RNA can best be distinguished from DNA at
lower dye concentrations (50 uM) by a red peak at ~635 nm.

To ensure that the red emission reflected RNA in intact
cells, a human oligodendrocyte cell line (MO3.13 cells) was
fixed and stained with AO. Consistent with RNA-rich cyto-
plasm and nuclear bodies, when stained with AO, these cells
exhibited diffuse red staining throughout the cytoplasm and
a distinctly green nucleus containing red punctate structures
(Fig. 1 e). Although both cytoplasm and nuclei contained red
AO signal, the cytoplasmic red signal was much more prevalent
relative to the nucleus (Fig. 1 f). To confirm that the red spectral
peak in AO-stained MO3.13 cells was RNA-related, cells were
treated briefly with a detergent to permeabilize membranes
and then exposed to RNase or PBS. Consistent with sensitiv-
ity for RNA, RNase largely eliminated the red AO emission in
the nucleus and cytoplasm alike, although the effect was more
prominent in the cytoplasm. We measured red emissions in the
nucleus because the boundaries of nuclei were easy to identify.
Nuclear red AO signal significantly decreased over time com-
pared with PBS controls (Fig. 1, g-i). Collectively, our results
show that the spectral properties of AO reliably identify cellular
and nuclear RNA in vitro.

There are other benefits of AO that make it useful exper-
imentally. Because AO has a long Stokes shift, distinct red and
green emission patterns can be captured using excitation filters,
making the imaging of red and green AO emission possible
using traditional fluorescent microscopy (Fig. 1 j). Given the
strong DNA-dependent green component of AO fluorescence,
an added benefit is the ability of this probe to clearly label nu-
clei, allowing easy cell identification; Fig. 1 (k and 1) shows the
identical staining pattern of green AO emission and the tradi-
tional nuclear dye DAPL.

To characterize RNA changes according to established
methods during various modes of cell death, we used a live/

dead assay in primary cultures of oligodendrocytes. These cells
are damaged in many neurological disorders, and oligodendro-
cyte death is an early feature of a subset of multiple sclerosis
lesions (Barnett and Prineas, 2004; Henderson et al., 2009).
We developed murine oligodendrocyte cultures with ~80%
purity that had >75% survival after 5 d in vitro, demonstrat-
ing their long-term stability in culture (Fig. S1). We next ex-
posed oligodendrocytes to four toxins that promote cell death
by different mechanisms: H,O, induces caspase-3—indepen-
dent cell death, producing a mixture of apoptosis and necrosis
(Richter-Landsberg and Vollgraf, 1998; Fragoso et al., 2004);
lysolecithin (lysophosphatidylcholine [LPC]) is a detergent
that permeabilizes cell membranes, thus mimicking necrosis;
staurosporine is a broad-spectrum protein kinase inhibitor that
robustly induces oligodendrocyte apoptosis (Richter-Landsberg
and Vollgraf, 1998; Scurlock and Dawson, 1999); and rotenone
blocks the electron transport chain and hence oxidative phos-
phorylation by the mitochondria, resulting in enhanced reac-
tive oxygen species—induced cell death (Barrientos and Moraes,
1999; Li et al., 2003).

To define baseline cell viability in vitro after treatment
with toxins, we exposed cells to the cell-permeant live-cell indi-
cator calcein AM. Upon entering a living cell, cellular esterases
cleave the AM group, trapping the fluorescent calcein within the
cell, thus giving a measurement of cellular metabolic activity
and integrity of the cell membrane. We also used a second viabil-
ity indicator, propidium iodide (PI), which is a nuclear dye that
can enter cells only upon membrane disruption present during
primary or secondary necrosis. Using PI and calcein AM to as-
sess dead cells in oligodendrocyte cultures, we found substantial
cell death after 3-h exposure to 200 uM LPC and 6-h exposure
to 1 mM H,0, or 50 nM staurosporine (Fig. 2, a—f). Rotenone
induced cell injury at a slower rate (Fig. 2, g and h). Importantly,
with all toxins, the vast majority of cells were dead after 24 h.

To ascertain how diverse cell death mechanisms differen-
tially induce changes in AO—and hence RNA— fluorescence,
we next correlated AO emission spectra with the established
time course of death with these four toxins. Recognizing that
the red, RNA-dependent peak might be a more sensitive read-
out of cellular injury, we used the ratio of the red to the green
peak intensity from the nucleus as a ratiometric measure that is
largely independent of absolute signal intensity, which is notori-
ously difficult to control in fluorescence microscopy. Similar to
MO3.13 cells, healthy oligodendrocytes fixed and stained with
AO had red cytoplasmic and mixed red/green nuclear staining
patterns (Fig. 2 i). After exposure to toxins for 24 h, red cyto-
plasmic staining was greatly diminished, and nuclei had less red
signal within them as well (Fig. 2, j—m). After 6 h of exposure to
H,0,, staurosporine, and rotenone and 3 h of exposure to LPC,
we found a significantly reduced nuclear red peak (Fig. 2, n—q).
For each of these toxins, the reduced nuclear red peak occurred
at the same time as the increase in cell death as measured by con-
ventional markers (Fig. 2, a-h). Similarly, cells that displayed
morphological characteristics of cell death under control condi-
tions also had a reduced AO nuclear red signal (Fig. S2). These
findings were also generalizable to MO3.13 cells, in which de-
creased red staining from cytoplasm and nucleus coincided with
enhanced cell death as reported by established markers (Fig.
S3); AO changes preceded PI entry, suggesting that AO may
be a more sensitive marker of cellular injury (Fig. S3). Thus, in
cultured oligodendrocytes and MO3.13 cells, the change in AO
staining was a reliable indicator of cell death/injury.
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Figure 1. At low concentrations, the red emission of AO is specific to RNA. (a and b) 50-uM AO solutions with isolated DNA, RNA, or BSA indicate dis-
tinct AO spectral peaks for the nucleic acids but not protein; the red peak at ~650 nm was specific for RNA. (c and d) Higher concentrations reduced the
specificity of the red peak and even induced a red peak in the absence of added nucleic acids. (e and f) Fixed MO3 cells stained with AO have distinct
spectral characteristics in the nucleus and cytoplasm. (g-i) Cytoplasmic and nuclear red AO emission is RNase sensitive. Fixed MO3.3 cells stained with
AO were Triton permeabilized and treated with RNase, which significantly decreased the red emission over time. (j) Example image was taken using both
spectral and multichannel settings. (k and I) Multichannel image capturing green and red emission from AO-labeled cells demonstrates green AO emission
colabeling with DAPI. Bars, 50 ym. Data are shown as mean + SEM. Each data point represents six wells. Data were analyzed with two-way ANOVA
using Sidak’s multiple comparison to compare control with RNase-treated groups at each time point.
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Figure 2. Oligodendrocyte death induced by four different insults resulted in decreased RNA content as reported by reduced red AO emission. (a-h)
Live/dead results from oligodendrocytes pulsed with H,O, (a and b), LPC (c and d), staurosporine (Stauro; e and f}, or rotenone (Rote; g and h). (i-m)
Representative spectral confocal images from all four injury conditions. 24 h after toxin exposure, AO-stained oligodendrocytes lost red signal from nucleus
and cytoplasm. (n—q) Bar graphs summarizing nuclear AO emission (as ratios of red vs. green peak intensities) after 3-, 6-, and 24-h toxin exposure. In all
cases, the decreased red emission paralleled diminished viability measured by standard techniques. Bars: 50 pm; (inset) 10 pm. Data are shown as mean
+ SEM. Each data point represents a minimum of two biological replicates, each with a minimum of three wells. Data were analyzed with two-way ANO
VA using Sidak’s multiple comparison test against control values (*, significant difference compared with control at given time point).

During injury, reduction of red AO signal was also closely
matched by cellular membrane retraction (Fig. S4). Red AO
emission in healthy cells is found throughout the cytoplasm
compared with a cellular membrane stain; during injury, cell
membranes retracted, as did cytoplasmic red AO labeling. Only
in severely compromised cells injured by H,O, did cell mem-
branes occupy a larger area than red AO signal. Reduced red AO
emission therefore also reflects a retracted cellular membrane.

Nuclear RNA is not homogeneously distributed within the
nucleus but instead is differentially organized into nuclear bod-
ies (Mao et al., 2011; Dundr, 2012). Given our findings that nu-
clear RNA reduction reflects oligodendrocyte cell injury/death,
we developed a novel analytical tool to reliably quantify spectral
changes in an unbiased manner. Fluorescence images acquired
with spectral detectors are divided into 3 x 3—pixel “kernels” to
provide averaging of the inherently noisy single-pixel spectra. To
numerically quantify AO spectral shifts, two reference spectra
were generated from low- and high-RNA regions of a control
sample stained with AO (Fig. 3 a). A continuous index ranging

from O to 1 was calculated for each kernel, reflecting how closely
its spectral shape approximated either of the two limiting brack-
eting spectra: an index of O represents a healthy AO spectrum
that was RNA enriched (i.e., contains substantial red emission),
whereas an index of 1 reflects a pathological AO spectrum that
was low in RNA, as in injured cells. A cumulative histogram of
kernel indexes readily identified whether a sample was enriched
in lower-index (healthy) versus higher-index (sick) kernels. To
determine how oligodendrocyte toxicity impacted its nuclear AO
spectral properties, we measured AO index changes 3, 6, and 24 h
after toxic exposure to H,O, staurosporine, rotenone, and LPC.
In all conditions, there was a consistent shift toward high, patho-
logical indexes, indicative of lower RNA levels and a greater de-
gree of injury (Fig. 3, b—j). Calculating index changes provides
a sensitive and quantitative tool to measure the continuum of AO
spectral changes; we found that in cultured oligodendrocytes, a
shift toward higher indexes coincided with cell injury/death.

In addition to capturing the heterogeneity of changes
within nuclei, the sensitivity of the index-based analysis can
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Figure 3. Quantitation of spectral micrographs based on spectral shifts of AO fluorescence. (a) An index was calculated at each location of an image
reflecting its spectral shape; low- versus high-RNA signatures were assigned a continuous value between O and 1 (see Materials and methods). (b—j) As
oligodendrocytes died, there was a shift in AO spectra within nuclei toward lower RNA values/higher indexes, presented as cumulative normalized
frequency histograms (b-i); more right-shifted distributions indicate more cellular injury. Toxic exposure to H,O, (b and ¢, LPC (d and e), staurosporine
(Stauro; f and g), or rotenone (Rote; h and i) induced a consistent shift to higher indexes, indicating injury measured in a quantitative manner (j). (k) To
increase sensitivity, analyses were then repeated using a subrange of indexes favoring less-injured kernels, because these disappeared most quickly with
applied insult (gold box). (I-o) The index of these kernels as a proportion of the total number of nuclear kernels was calculated; lower values indicate more
injury. These parameters were used as a sensitive surrogate marker for cell injury and death. Each data point represents a minimum of two independent
experiments, each with a minimum of three wells each. Data are shown as mean + SEM. Data were analyzed with two-way ANOVA using Sidak’s multiple

comparison test against control values (*, significant difference compared with control at given time point).

be further enhanced by considering subsets of kernel distribu-
tions (Fig. 3 k). Rather than calculating aggregate means from
all kernels as in Fig. 3 j, statistics were instead calculated on
kernels within an index range that pertained to less damaged
cellular nuclei (lower index values); index values were calcu-
lated as the proportion of kernels within a given range com-
pared with the total number of nuclear kernels. Toxin exposure
decreased the proportional index of kernels within the selected
RNA-rich index range, indicating that there were fewer kernels
with a healthy RNA-rich status (Fig. 3, 1-o0). For example, oli-

godendrocytes treated with H,0O, had a reduced proportional
index at 3 h, indicating a significant cellular injury that was
not evident by conventional methods in which the percent-
age of living or dead cells was measured (Fig. 2, a and b, vs.
Fig. 3 1). Thus, subtle changes within a given index range de-
tected early alterations that were not detected by calcein AM or
PI staining, emphasizing the usefulness of the graded changes
reported by our method.

Given the RNase sensitivity of AO’s red signal as well as
previous data supporting its ability to identify cell viability, we

Spectral shifts of acridine orange with CNS injury

1187

202 Iudy GZ uo 3senb Aq 4pd 820209102 A2l/L 71865 L/E€9L L//91Z/3pd-8jo1e/qol/Bi0 sseidn.-qalj/:dpy wouy pepeojumoq



1168

]

Contrl

o Staurosporine

g h 8 j * Contol
= Control = Control Staurosporine (50nM)
Staurosporine (50nM) . Hzoz (1mM) -+ Hy0;, (1ml .
- 0o -~ —F —=8

1001 —%—= =

o
S

Density (% Control)
o

‘)\’thoqy

o o
Q -
Time (h) Time (h)

Red AO Emission (% Control)
° 8
Red AO Emission (% Control)
g g
Red AO emission/Nuclear

Time (h)

5] -~k = |

[=]
£ = Control £ = Control 2 400

; £ £

g 1. Staurosporine (50nM) g . & H0,( 1mM = e Control
2 i = S 300{ °H,0, ° .
S10{m & % —m g ® Stauro -
= = = L]
E | g g 200 . -8 .
g ° g £ 100 °_.3 s e
: : 8" | fo—si :
[SREY) — : 8 o < of . . . r=0.802
g 2 4 & & 24 <« 0B 1 2 2 0 20 40 60 80 100
& Time (h) x Time (h) Red AO emission ( x 103 pixels)

_ = Control c p %
= & Control ° o H,0,(1mM) = Control —_—
£ 130 Staurosporine (SonM) £ 16° 2al = 140 Staurosporine (50nM) S| e == ==
c 4] [ 5
3 120 * Q40 g 1 * g
2 = *
2 110 & 120 © 100{ A w5 = = g 6 = Control
8 8 < L £  H,0, (1mM)
° 33 100 o g g
o 100 ; —w—=—N—= = =
2 ® z g 5
37 % &% - "0z 1 3 4 & 2 2 4 6 8 24 G281 2 465 M

Time (h) Time (h) Time (h) Time (h)
° 28s rRNA Peak
g Staurosporine (50nM) 21 24 h post treatment  28s 1l ea 0 - So(r;tro: " ~2 6h post treatment 28s rRNA Peak
g 105 = Control R — g 11 ® HO(1mM) e | mcontol
= % 2 Staurosporine (50nM) ; é ® H,0, (1mM)
Z 100 . m = B > z 10 <
" 2 4 E

z —= z 185 rRNA Peak > : o s
2 9 = S =
2 ® 1 2 8 S
£ g c =

g \ £ g
g # } L — g7 @ /\
3 N e s = o—— - E—

4000
6000

1 2 4
Time (h)

Time (h)

Figure 4. Red AO emission mirrors RNA levels, both of which decline during cell death. (a-f) Representative spectral confocal images taken from cells
under control conditions (a and d) compared with cells treated for 8 (b) and 24 (c) h with staurosporine and for 2 (e) and 6 (f) h with H,O,. (g-i) In MO3
cells, red AO emission and red AO emission per nuclear region both decreased after staurosporine (g and i) and H,O, (h and i) treatments. (j and k) RNA
collected from parallel cultures under identical conditions mirror the drop in red AO signal after staurosporine (j) and H,O, (k) treatment. (I) The concentra-
tion of RNA is strongly correlated with red AO emission. (m—p) After staurosporine (m and o) and H,O, (n and p) treatment, there was an increase in cell
membrane permeability (m and n) measured by exiracellular release of LDH and a decrease in cellular energy measured with intracellular ATP levels (o
and p). (g-1) Cell death ultimately lowers RNA integrity (RIN score) after staurosporine (q and r) and H,O, (s and 1) exposure, outlined with representative
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wished to confirm that changes in AO reflected genuine RNA
differences. MO3.13 cells were pulsed with either 1 mM H,0,
or 50 nM staurosporine under otherwise identical conditions;
these toxins were chosen to reflect different modalities of cell
death (Fig. 4). At several time points after toxin exposure, cells
were fixed and stained with AO and compared with parallel
cultures in which RNA was extracted. Importantly, RNA con-
centration was strongly correlated with red AO emission (72 =
0.64). Irrespective of the mode of cell death (Fig. 4, g and h), the
toxin-induced decrease in red AO signal was mirrored strongly
by reductions in RNA concentration, consistent with the RNA
sensitivity of AO (Fig. 4 I). Moreover, decreases in both AO and
RNA preceded cell membrane permeability (Fig. 4, m and n).
These data indicate that AO’s spectral properties are a reliable
proxy for RNA changes and provide a more sensitive assess-
ment of cellular injury/death than traditional methods.

We hypothesized that the loss of RNA reflected metabolic
decline; however, this proved not necessarily true: cellular ATP
was not significantly reduced until 24 h after staurosporine
treatment, whereas RNA differences were reduced by approx-
imately half by 8 h (Fig. 4 o). With staurosporine treatment,
RNA integrity—indicated by its RNA integrity number (RIN)
score (Imbeaud et al., 2005)—remained high during periods
of RNA loss (Fig. 4, q and r). In contrast, H,O, treatment re-
duced cellular ATP levels 15 min after treatment; thus under
these conditions, it could be in part responsible for the drop in
RNA observed 2 h later (Fig. 4 p). Consistent with metabolic
dysfunction driving RNA loss with H,O, treatment, there was
a drop in RNA integrity at 2 h that mirrored the overall loss of
RNA (Fig. 4, s and t). Collectively, the apoptotic cell death ini-
tiated by staurosporine resulted in RNA loss without any mea-
sured drop in RNA quality or cellular energy levels, consistent
with data suggesting active RNA degradation during apoptosis
(Mondino and Jenkins, 1995; Del Prete et al., 2002; Bushell et
al., 2004; Padmanabhan et al., 2012). The increase in necrotic
cell death caused by H,O, treatment resulted in an early meta-
bolic decline, followed 2 h later by a drop in RNA integrity and
RNA concentration, suggesting that metabolic decline might
drive RNA loss during necrosis.

We next wanted to determine whether AO spectral pat-
terns might be useful in distinguishing different cell death
mechanisms, namely apoptosis, necrosis, and necroptosis. Be-
cause MO3.13 cells do not undergo necroptosis (unpublished
data), we used two different fibroblast lines (mouse embryonic
fibroblasts [MEF] and NIH 3T3 cells) that are known to un-
dergo such injury (Moujalled et al., 2013; Sosna et al., 2013;
Seo et al., 2016). To induce apoptosis, MEF and NIH 3T3 cells
were treated with staurosporine (Fig. 5, e and m). Staurospo-
rine-induced cell death was present 24 h after treatment and
was mitigated by the pan-caspase inhibitor ZVAD-FMK, but not
by necrostatin, an inhibitor of RIPKI1 that targets necroptotic
cell death. Thus, staurosporine induced fibroblast cells to un-
dergo apoptosis and not necroptosis. Moreover, staurosporine
increased caspase activity in these cells (Fig. 5, f and n). To
induce necrosis, MEF and NIH 3T3 cells were treated with high

concentrations of H,O, (1 mM); this treatment was attenuated
by neither caspase inhibition nor necrostatin exposure, suggest-
ing that at these levels H,O, induced a RIPK1-independent ne-
crosis (Fig. 5, g and o).

Necroptosis is a RIPK3-dependent programmed necrosis
that is classically induced with TNF and a pan-caspase inhibitor
(Vercammen et al., 1998; Linkermann and Green, 2014). Here,
fibroblast cells were treated with TNF along with a pan-caspase
inhibitor (Fig. 5, h and p), which induced cell death in both
fibroblast cell lines, but 3T3 cells were much more responsive
(~91% mortality at 24 h) compared with MEFs (~38% mor-
tality). In both fibroblast cell lines, cell death was prevented by
necrostatin for 6 h, indicating that TNF and caspase inhibition
induced necroptosis in these fibroblast lines.

To determine whether fibroblast cells undergoing differ-
ent cell death mechanisms exhibit unique AO spectral patterns,
cells were pulsed with staurosporine to induce apoptosis, H,O,
to induce necrosis, and TNF with caspase inhibition to induce
necroptosis (Fig. 6). After 6 and 24 h, cells were fixed and
stained with AO. Healthy cells in control conditions had a flat-
tened morphology observable by cytoplasmic red AO emission;
these cells had a clearly demarcated nucleus with enriched red
signal lining the entirety of the nucleus (Fig. 6, i-k). After 6 h of
staurosporine exposure, fibroblasts no longer possessed a flat-
tened morphology but instead had thin processes with cellular
fragmentation. As red AO signal diminished, cells lost remain-
ing processes, no longer contained a clear nuclear demarcation,
and had a shrunken nucleus. Late stages of apoptosis could be
distinguished by the nearly complete absence of red AO signal
and the fragmentation and condensation of nuclei that were eas-
ily distinguished by their irregular outline.

In contrast to apoptosis, necrosis and necroptosis had
several unique morphological attributes that were very similar
to one another (Fig. 6, 1-p). During early stages of necropto-
sis and necrosis, there was an overall loss of red AO structure
caused by cellular shrinkage, but there were no signs of cel-
lular fragmentation. These early signs of necrosis/necroptosis
included nuclear shrinkage and a loss of nuclear demarcation.
At the final stages of necrosis/necroptosis, the nuclei were small
and spherical and often had an increase in intensity or a smooth
ungranulated appearance. Such nuclei had little cytoplasmic
red AO signal. Thus the lack of cytoplasmic and nuclear frag-
mentation—both observed with apoptosis—along with the
persisting smooth round nucleus lacking cytoplasmic red AO
emission was sufficient to distinguish necrosis/necroptosis from
apoptosis. Because green AO emission reflects DNA changes
and red AO emission is sensitive to RNA, we found that dif-
ferent mechanisms of cell death can be distinguished based on
changes in the morphological distribution of these two different
classifications of nucleotides.

AO thus provides a spectral signature that represents
changes to RNA and illuminates very early cell injury and cell
death in vitro with great sensitivity. However, cells in culture
lack the 3D organization found in tissue. To determine the util-
ity of this probe with fixed tissue, spinal cord sections were

electropherograms demonstrating RNA quality at 24 h after treatment (r and ). Data points represent two to three independent experiments, each with a
minimum of three wells. Bars, 50 pm. Data are shown as mean + SEM. Data were analyzed with two-way ANOVA using Sidak’s multiple comparison test
(g, h, j=q, and s) or Dunnett’s multiple comparison test against control values (i) (*, significant difference compared with control at given time point). Each
data point in the correlation analysis represents a mean value from an experimental time point. Correlations were significant (P < 0.0001), and r? was

determined using Pearson’s correlation (|).
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Figure 5. Apoptotic, necrotic, and necropiotic cell death can be induced in MEF and 3T3 NIH cells using staurosporine, H,0,, and TNF/zVAD-FMK, respec-
tively. (a-d and i-l) Representative images of MEF cells (a—d) or 3T3 cells (i-l) stained with calcein AM (green), PI (red), and NucBlue (blue) that were either
untreated (a and i) or treated with staurosporine (b and j), H,O, (c and k), or TNF/zVAD-FMK (d and ). (e-h and m—-p) Bar graphs represent treatment
of MEF cells (e~h) or 3T3 NIH cells (m—p) with staurosporine (e and m), H,O, (g and o), or TNF/zVAD-FMK (h and p) to induce cell death. Apoptosis,
defined as caspase-responsive cell death inhibited with a pan-caspase inhibitor zZVAD-FMK, occurred only with staurosporine. Consistent with apoptosis
induction, caspase 3/7 activities were increased after staurosporine treatment in MEF cells (f) and 3T3 NIH cells (n) as detected using a fluorescent
probe. Necroptosis, defined by sensitivity to the RIPKT inhibitor necrostatin, occurred only with TNF/zVAD-FMK-induced cell death. H,O4-induced necrosis
was defined by its insensitivity to caspase inhibition and necrostatin. Bars, 50 pm. Data are shown as mean + SEM. Data were analyzed with two-way
ANOVA using Tukey's multiple comparison test (e-h and m—p). *, Difference from control value unless designated otherwise.

stained with 50 pM AO and spectral images were acquired.
Healthy cells contained predominantly green nuclei and a red
cytoplasmic ring; this high red emission was localized within
the cytoplasm, consistent with RNA localization (Fig. 7, a and
b). As with cultured cells, tissue treated with RNase exhibited

a decrease in the nuclear red spectrum compared with PBS-
treated sections (Fig. 7, c—e). Further confirmation that DNA
can be measured with green AO signal and RNA with red AO
signal comes from the specific colabeling of green AO emis-
sion with the specific DNA dye DAPI and colabeling of red AO
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Figure 6. Apoptosis and necrosis/necroptosis induced distinct morphological features when stained with AO. (a-h) Representative images of 3T3
NIH cells untreated (a and e) or treated with staurosporine (b and f), TNF/zVAD-FMK (c and g), or H,O, (d and h) for 6 (a-d) or 24 (e-h) h. {j, k,
and m-p) Morphology can be segmented in AO cells based on nuclear (green AO emission; j, m, and n) and RNA (red AO emissions; k, n, and p)
changes. (i—k) Healthy cells had large, well-demarcated granulated nuclei. Staurosporine-induced apoptosis was characterized initially by nuclear
shrinkage and cellular fragmentation. Cells later lost their nuclear demarcation, and ultimately lost red AO emission (cellular RNA), exhibiting a

fragmented nucleus. (-

p) During necrosis (m and n) or necroptosis (o and p), cells initially had a shrunken nucleus with absent nuclear demarca-

tion. These cells ultimately lacked cellular RNA and possessed a smooth, shrunken, and bright nucleus. Bars: (a-h) 50 pm; (i and I) 10 pym. Data

are shown as mean = SEM.
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Figure 7. RNA content and cellular injury can be visualized in fixed tissue stained with AO. (a and b) AO-stained Thy1-YFP mouse optic nerve showing
green axons containing distinct nuclear green and red emission spectra. (c—e) Red emission is RNase sensitive. (f~h) Green AO emissions colabeled with
the nuclear probe DAPI. (i-l) In the mouse spinal cord, red AO emission colabeled with gapdh RNA in neurons (i and j) and glia (k and I). (m=r) In mouse
optic nerves, RNA/red AO emission decreased with chemical ischemia. Optic nerves were incubated with a normally cellimpermeant nuclear dye, NR
Dead. Loss of nuclear and cytoplasmic AO red emission (m, o, and q) coincided with an increase in NR Dead* cells (n, p, and r) compared with untreated
control optic nerves (arrows indicate NR Dead*/AQlow perinuclear red ce|s, whereas arrowheads show those that are NR Dead-/AQlew perinuclear red jndicating
that lack of red AO signal identifies both injured and dead cells). (s) Chemical ischemia induced a significant increase in NR Dead* cells. () Chemical
ischemia resulted in a decrease in the proportional index of high-RNA (low index) kernels within the nucleus. (u) Comparing within NR Dead* and NR
Dead- cells, the decrease in the nuclear high-RNA proportional index did not always differ between NR Dead* and NR Dead- cells. (v) There was an
increase in the number of AQlew perinuclear red cel|s at 2 and 4 h after chemical ischemia compared with control optic nerves. (w) Quantitative assessment of
high RNA indexes demonstrates a decreased perinuclear proportional index for NR Dead* cells compared with NR Dead- cells, irrespective of whether it
was from aCSF+reated control nerves or 2 or 4 h of ischemia. (x) The proportion of AQlew perinuclear red cg|s that were NR Dead* increased over the course
of chemical ischemia. Collectively, both nuclear and perinuclear loss of red AO emission occurs after ischemia, but the decrease in perinuclear red AO
signal is more sensitive to cell membrane permeability. Bars: (a, f~h, and m-r) 50 pm; (c and d) 20 pm; (i-I and a [inset]) 10 pm. Data are shown as mean
+ SEM. n = 8, 6, and 6 for control, 2-h, and 4-h chemical ischemia, respectively (n is a single optic nerve). Data were analyzed with two-way ANOVA
using Sidak’s multiple comparison test.

signal with RNA FISH directed toward GAPDH (Fig. 7, f-1).
Collectively, common tissue-processing techniques adequately
preserve cellular RNA, which can be measured along with DNA
changes based on the AO spectrum.

To define the relationship between RNA loss and cellular
injury in a model that induces widespread damage and necrosis,
we isolated optic nerves and induced chemical ischemia ex vivo
with the oxidative phosphorylation blocker, sodium azide, and
the glycolytic inhibitor, iodoacetate. Tissue was incubated with
NucRed Dead 647 (NR Dead), a PI-like agent used to determine

whether cell membranes have been compromised by necrosis.
Chemical ischemia in mouse optic nerves induced a significant
loss of red AO signal in both the nucleus and cytoplasm (Fig. 7,
m-r), which was associated with a progressive increase in the
density of NR Dead—positive cells over time (Fig. 7 s). How-
ever, the decrease in nuclear red AO emission was altered in a
similar manner irrespective of whether the cellular membrane
was compromised after chemical ischemia, suggesting that it
was sensitive to ischemic damage but not as responsive to cell
membrane permeability (Fig. 7, t and u). By comparison, cy-
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toplasmic loss of red AO emission (i.e., AQw perinuclear red cel]g)
increased at 2 and 4 h after chemical ischemia (Fig. 7 v), and
analysis of cytoplasmic red AO emission demonstrated that
there was less perinuclear red AO signal in NR Dead* cells
even at the earliest ischemic time point (Fig. 7, w and x). This
indicates that loss of cellular red AO emission—and hence
RNA—decreased within cells as their cellular membrane be-
came permeable. Indeed, almost all NR Dead* cells (97%)
lacked perinuclear red AO emission. The loss of cytoplasmic
red AO signal preceded cell membrane permeability (Fig. 7 x),
indicating that this feature is an early marker of cell injury/
death. Interestingly, the morphological features of AQ!ow perinuclear
red cells was similar to necrosis/necroptosis in culture (Fig. 6),
with a bright smooth nucleus having little to no perinuclear red
AO emissions. Thus, this might represent a more general fea-
ture of necrosis useful for distinguishing cells undergoing this
mechanism of cell death. Collectively, the loss of perinuclear
RNA, readily detected by the AO spectral method, was an early
pathological indication of injury in cells that preceded mem-
brane permeability under ischemic conditions.

We next examined RNA changes in an in vivo model of
white matter injury that is known to induce apoptosis. Dietary
consumption of the copper chelator cuprizone (CPZ) induces re-
producible oligodendrocyte apoptosis and demyelination of the
corpus callosum, a major white matter tract in the brain. Oligo-
dendrocyte apoptosis peaks 2—4 wk after the start of CPZ con-
sumption, with demyelination maximal at 4 wk (Ludwin, 1978;
Mason et al., 2000a,b; Matsushima and Morell, 2001). To deter-
mine whether the AO method could reliably represent CPZ-in-
duced cellular injury, brain sections were collected from mice
after 2 wk of CPZ diet and stained with AO. Although at this time
point there was no overt demyelination of the corpus callosum
(Fig. 8, a—c), there were numerous cells devoid of perinuclear red
AO emission indicative of cellular injury/death, which was not
seen in controls fed standard diet (Fig. 8, d and e, and Fig. 9, a—).
Quantitative analysis demonstrated that in CPZ-fed mice, there
was a significant decrease in perinuclear red AO signal (Fig. 8,
f~h). Those AQ'ew perinuclearred cel]g colabeled with the oligodendro-
cyte specific marker, myelin-associated glycoprotein (MAG), and
the oligodendrocyte lineage marker, olig2 (Fig. S5), consistent
with studies of oligodendrocyte death in this model. AQ!ow perinuclear
red cells also colabeled with the classic apoptosis markers TUNEL
and cleaved caspase 3 (CC3; Fig. 8, i-m, and Fig. 9, d-h). How-
ever, unlike NR Dead* cells observed after chemical ischemia,
the apoptotic cells could be classified into two categories: (a)
strong nuclear red AO emission or (b) fragmented nuclear green
emission (Fig. 9, d-h). Therefore, apoptotic cells and NR Dead*
cells possess distinct AO spectral properties. Indeed, the vast
majority of AQlew perinuclearred cellg from CPZ-fed mice (Fig. 8 m,
black bars) failed to colabel with apoptotic markers (Fig. 8, i—m).
Instead, these cells possessed the round bright nucleus observed
in necrotic/necroptotic cells, suggesting they might be either
highly injured or, based on morphological observations in culture
and ex vivo, undergoing necrosis/necroptosis. The observation
of necroptosis in this model is consistent with the work of oth-
ers (Ofengeim et al., 2015). Collectively, AO spectral changes in
fixed tissue provided a reliable signature for injured cells, with
morphological staining features that are distinct between ne-
crotic/necroptotic and apoptotic mechanisms of cell death.

Pathological changes of AO spectra were not restricted to
chemical ischemia and CPZ injury. Injection of LPC into white
matter is a well-described model to induce myelin loss that is as-

sociated with prominent depletion of oligodendrocytes and their
progenitors within 48 h (Hall, 1972; Hinks and Franklin, 1999;
Fancy et al., 2004). LPC injection into ventral columns of mouse
spinal cord induced a profound loss of cytoplasmic RNA from
cells within the lesion site, peaking 4 and 24 h after injection,
together with a significant decrease in nuclear AO red emission
at 4 and 8 h (Fig. 10, a—i). This recovery by 24 h could reflect a
rapid influx of immune cells known to occur quickly after such
injury (Ousman and David, 2000, 2001), but also might represent
cellular recovery. Collectively, these data suggest that LPC tox-
icity is associated with decreased nuclear and cytoplasmic RNA.
Pathological changes of AO spectra were also informative
after trauma. Spinal cord injury (SCI) results in early necrosis at
the lesion epicenter and widespread oligodendrocyte apoptosis
in the ensuing weeks (Crowe et al., 1997; Plemel et al., 2014).
In agreement, we also found many nuclei lacking cytoplasmic
red AO emission, suggesting cellular injury. Early after injury,
necrotic cells are present in the lesion site (Liu et al., 1997). 3 d
after SCI, cells lacking cytoplasmic red AO signal were found
within and adjacent to the lesion site (Fig. 10, j and k). By 3 wk
after SCI, oligodendrocyte apoptosis was still ongoing, often at
large distances from the lesion epicenter (Crowe et al., 1997).
We found that by 28 d after injury, within the spared tissue adja-
cent to the lesion site, there were still cells lacking cytoplasmic
red AO emission with round and bright nuclei (Fig. 10, 1 and
m). This suggests ongoing cellular injury and perhaps necrosis
28 d after SCI. Collectively, our spectral AO method reliably
reported a loss of cellular RNA and cellular injury in a broad
array of central nervous system white matter pathologies. The
morphological attributes of AO that are suggestive of necrosis/
necroptosis also provide evidence that these mechanisms of cell
death are much more common than previously appreciated.

The fluorescence spectrum of AO is a powerful tool to measure
changes in cells undergoing injury. One advantage of AO staining
over many other techniques is that AO is useful in fixed tissues
and cells, and thus is compatible with conventional pathological
samples, for which there are few tools available. At the concen-
trations used here, AO exhibits a spectrum that contains a distinct
red emission peak after interacting with RNA. We found that this
red AO signal strongly correlates with RNA and is therefore a
useful proxy for measuring RNA signatures after various insults.
These analyses yielded spectral and morphological properties
that are indicative of injury. Based on chemical ischemia in the
optic nerve and corroborating cell culture studies, the early signs
of necrosis/necroptosis include a decrease in the relative amount
of nuclear red emission of AO and a shrinkage of general cellu-
lar structures, reflecting a loss of cellular RNA. As cells proceed
to die, they further lose cytoplasmic RNA; this feature preceded
membrane permeability changes or necrosis, further underscor-
ing the sensitivity of the AO method to very early cell injury.
Necrotic/necroptotic cells are characterized as those completely
lacking cellular RNA but having a round, bright nucleus. In con-
trast, apoptotic cells also lose cytoplasmic RNA, but in vivo these
cells had unique AO emissions: the nucleus contained either red
or fragmented green emission. These features were never ob-
served in necrotic cells. Thus, changes in AO spectrum differed
with respect to necrosis/necroptosis versus apoptosis, underscor-
ing the ability of this probe to reliably distinguish modes of injury.
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Figure 8. In tissue sections from CPZ-fed mice, AO spectral properties identify more subtle pathology than standard techniques. (a—c) CPZ feeding induced
prominent demyelination of the corpus callosum (blue LFB), but only after 4 wk (c). Box in b specifies representative region imaged with spectral confocal mi-
croscopy, except with orthogonal orientation (d, e, and i-l). After 2 wk of dietary CPZ, despite preservation of myelin, there is prominent loss of perinuclear
red AO emission in callosal cells from CPZ mice compared with controls, suggesting a decrease in cellular RNA (d and e; image is oriented along medial
to lateral axis). (f-h) After 2 wk of CPZ, there is a significant loss of perinuclear red AO emission as seen in cumulative normalized frequency histograms.
(f and g) The perinuclear or background kernels are presented as a cumulative normalized frequency histogram. (h) The kernels enclosed by gold boxes
(those with lower indexes than all but 1% of background) were quantified and are presented as the proportional index (mean index of those kernels as a
proportion of all kernels measured). (i-m) Cells colabeled with classic apoptosis markers, TUNEL, or CC3 comprise a small minority of the AQlow perinuclear
red cells. AO therefore identified early injury undetected by conventional techniques. Arrowheads indicate AQlow perinuclear red cglls that are TUNEL-, whereas
arrows indicate TUNEL* cells. Bars: (d, e, and i-l) 50 pm; (inset) 10 pm; (a—c) 100 pm. Data are shown as mean + SEM. n = 4 for control mice and n = 5
for CPZfed mice. Data were analyzed with Student's  test.

few cells undergoing apoptosis possessed smooth and bright

One surprising observation from this study was a high propor- green nuclei, suggesting that this feature is not a prominent in-
tion of cells with a bright green nucleus lacking red AO signal, termediate stage during apoptosis. These AQow perinuclearred cel]g
or AQlow perinuclear red ¢e]]g  in several conditions of white matter were commonly located in the ischemic optic nerve, a treat-
injury. Fibroblast cells in culture that have these features are ment known to induce necrosis/necroptosis (Fern, 1998), again

those treated with either necrotic or necroptotic stimuli. Indeed, suggesting that AQ!ow perinuclearred cellg gre a reliable indicator of
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necrosis/necroptosis. Because these AQloW perinuclear red cellg are
observed before cell membrane permeability, they might also
be prenecrotic/necroptotic. However, based on data from our
studies in culture and ex vivo, the presence of AQ'°W perinuclear red
cells precedes cell membrane permeability by only a few hours
to a day. Therefore, AQ'ow perinuclearred ce]lg are likely cells with
severe metabolic dysfunction that have lost cytoplasmic RNA
and are in the process of undergoing necrosis/necroptosis.

These AQ'ow perinuclearred cellg are present in abundance after
2 wk of CPZ consumption, a time point that was chosen because
it lacks overt myelin pathology. Animals on the CPZ diet con-
tain apoptotic cells in the corpus callosum for 2—4 wk, with the
peak of apoptosis occurring 3 wk after CPZ treatment (Matsu-
shima and Morell, 2001). The amount of AQ!¥ perinuclearred ce]]g jn
our study exceeded apoptotic cells by almost 10-fold at a time
when apoptosis is reported to begin, suggesting that necrosis/
necroptosis precedes and/or exceeds apoptosis in the post-CPZ
period. Therefore, although apoptosis is the mode of cell death
most commonly cited in this model, our data suggest that ne-
crosis/necroptosis predominates. The causes of initial cell death
in the CPZ model are unknown, but CPZ is thought to impair
oligodendrocyte mitochondrial function and induce oxidative
stress, which ultimately culminate in oligodendrocyte demise
(Matsushima and Morell, 2001; Kipp et al., 2009; Liu et al.,
2010). Our data here, collected based on AO emissions, would
predict that oxidative stress in the CPZ model—much like H,0,
in cultured cells—drives necrotic cell death.

Another important model of white matter injury is accom-
plished by injecting the neurotoxic agent LPC into the brain
or spinal cord. Previously, there has been scant data describing
how cells are injured by LPC, but in our study we observed

2 wk post Cuprizone

Figure 9. CPZ caused injury reflected by
increased density of cells lacking red AO
emission. (a—c) Control mouse corpus callo-
sum (a) had prominent red AO emission |i.e.,
RNA-rich) around the vast majority of nuclei,
whereas CPZfed mice (b) contained ~35x
more nuclei lacking this cytoplasmic red AO
emission (arrows), as quantified in c. (d-g)
AO sections were imaged and then stained
with classic apoptosis markers such as TUN
< EL or anti-CC3 before reimaging. Micrographs
were acquired from the corpus callosum after
AO staining (d and f) or TUNEL staining (e
and g; red). (h) Nuclei that expressed apop-
totic markers TUNEL or CC3 could be catego-
rized as either having a high red AO spectrum
within the nucleus (“red cells”; d) or lacking
apparent red AO emission (“green cells”; f).
The green cells were often fragmented, sug-
gesting that they are cells from a later stage
of apoptosis. Collectively, early and late
apoptotic cells have a distinct AO signature.
As nuclei undergo apoptosis, they first appear
as red cells and later progress into green cells
when stained with AO. Bars: (a and b) 50 pm;
(d-g) 10 pm; (insets a and b) 5 pm. Data are
shown as mean = SEM. (c) n = 4 and 6 for
control and CPZ, respectively. (h) n = 3. (c)
Data analyzed with unpaired f fest.

[ Green Cells
I Red cells

lesion sites containing predominantly AQ'ow perinuclear red cellg
indicative of necrosis/necroptosis. Previously, it was not pos-
sible to visualize these necrotic cells after LPC injection be-
cause current proapoptotic tools do not capture this form of cell
death. However, using AO staining, it was possible to readily
measure cellular injury induced by LPC toxicity. We find using
AO staining that the peak in cell death after LPC injections is
rapid, 4-8 h after injection.

Cell death after SCI is known to occur in the weeks after
trauma (Crowe et al., 1997; Liu et al., 1997; Abe et al., 1999),
but previously this was determined using proapoptotic mark-
ers such as TUNEL staining, nuclear fragmentation (Crowe
et al., 1997; Liu et al., 1997; Emery et al., 1998; Abe et al.,
1999), and DNA laddering on gel electrophoresis (Casha et
al., 2001). Necrosis after SCI was thought to be confined to
the acute periods after injury (Liu et al., 1997; Grossman et
al., 2001). Here, we extend these findings using AO stain-
ing and find the presence of AQlew perinuclearred cellg even 28 d
after SCI. Because this pattern represents cells undergoing
necrosis/necroptosis, our technique now allows us to extend
our understanding of the time course and type of cellular in-
jury after spinal cord trauma, indicating that necrosis/necro-
ptosis is not restricted to the acute phase but also occurs in
the weeks after injury.

Distinguishing between apoptosis and
necrosis/necroptosis

In vitro, all mechanisms of cell death induced a loss of RNA,
but the morphological appearances of this RNA loss were dif-
ferent: based on red AO signal, apoptotic cells had a fragmen-
tation of cellular structures, whereas necrotic/necroptotic cells

Spectral shifts of acridine orange with CNS injury * Plemel et al.
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had early loss of nuclear demarcation followed very quickly by
a near-complete loss of red AO signal. Ultimately, both apop-
totic and necrotic/necroptotic cells lost red AO signal. The most
defining distinction between apoptosis and necrotic/necro-
ptotic cells was that apoptotic cells lost red AO signal but at
the same time had nuclear fragmentation. In contrast, necrotic/

Figure 10. Loss of cellular red AO emission (i.e., RNA) after
LPC-induced demyelination or traumatic SCI. (a) LPC was in-
jected into the ventral spinal cord white matter (arrow). (b
and c) Lesions had lower nuclear and cytoplasmic RNA {i.e.,
less red emission). (d—g) Representative AO-stained sections
taken at 4 (d), 8 (e), and 24 (f) h postinjection compared with
saline-injected control (g). Nuclei within the lesion epicenter
lacked cytoplasmic red AO emission; this was extensive as
early as 4 h after LPC injection (d), but there were also cells
lacking cytoplasmic RNA at 24 h after LPC (f; arrows). (h)
Analysis displayed using a cumulative normalized frequency
histogram of nuclear kernels demonstrates a rightward shift
toward higher indexes indicative of lower RNA values and
greater cellular injury. (i) At 4 and 8 h affer LPC injection,
there was a significant decrease in mean index. At 3 d after
SCI, we found within and adjacent to the lesion site the pres-
ence of cells lacking cytoplasmic red AO emission (i.e., re-
duced RNA; arrows) using spectral confocal microscopy |
and k); this phenotype is indicative of cellular injury or necro-
sis. (I and m) By 28 d after injury, there are still cells lacking
cytoplasmic red AO emission (i.e., reduced RNA; arrows) pri-
marily within the spared tissue adjacent to the lesion site (m).
Collectively, AO spectral phenotyping can measure cellular
injury after SCI- and LPC-mediated demyelination. Bars: (a)
200 pm; (¢, d, |, and m) 50 pm; (d-g) 10 pm. Data are shown
as mean = SEM. n = 8, 4, 3, and 4 for control, 4, 8, and
24 h after LPC, respectively.

>

Time Post Injection (hr)

necroptotic cells had a smooth and often bright nucleus while
still lacking red AO signal.

In tissue, the distinctions between apoptosis and necrosis/
necroptosis using AO staining were similar. Here, early apop-
tosis was characterized by a red AO signal within the nucleus,
which was followed by nuclear fragmentation. The character-
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ization of cells with a permeabilized membrane (i.e., necrotic
cells) in tissue appeared identical to that of in vitro necrotic/
necroptotic cells: they lacked red AO signal but displayed a
smooth and often bright nucleus.

Loss of cellular RNA is an early and general feature of cellular
injury. There are two possible reasons. First, RNA degradation
might be triggered in an active manner as a component of cell
injury/death (Cidlowski, 1982; King et al., 2000; Del Prete et
al., 2002). We found that after staurosporine treatment, cells
maintained high energy levels and did not contain signs of RNA
integrity loss until cellular membranes became permeable.
These data are all consistent with an active, concerted degra-
dation of RNA (Mondino and Jenkins, 1995; Del Prete et al.,
2002; Bushell et al., 2004; Padmanabhan et al., 2012). Second,
cellular RNA levels might reflect cellular metabolism. RNases
are ubiquitous in all cells of the central nervous system (Zhang
et al., 2014), and RNA decay is an ongoing process of cellular
function (Schoenberg and Maquat, 2012). As RNA production
requires energy (Wagner, 2005) and there is constant RNA
decay within the cell, overall RNA levels might thus be a proxy
for cellular metabolism. We found that cells treated with H,O,,
which induces necrosis at the levels used, lost cellular energy
before RNA degradation. Thus, necrotic cell death might result
in RNA loss caused by an overall failure in cellular metabo-
lism. This RNA loss in combination with poor DNA fragmenta-
tion—a characteristic necrosis marker (Krysko et al., 2008)—is
one possible explanation as to why necrotic/necroptotic cells
lose cellular RNA but maintain an unfragmented nucleus.

Reliable and sensitive methods that inform on cellular injury
preceding death are lacking for fixed cells and tissue sections.
AO spectroscopy, as outlined here, provides a new, sensitive,
quantitative, and unbiased method to image cellular RNA,
which in turn reflects early cellular injury not readily observed
using traditional cell injury markers. Such a tool is highly de-
sirable, as more subtle damage may contribute to brain dys-
function in various diseases. This strategy also captures cell
death through different mechanisms, such as apoptosis ver-
sus necrosis versus necroptosis, and might serve to uncover
new forms of cell damage.

Animals

Nine C57/B16 (CPZ experiments) and 33 Thyl-YFP (chemical isch-
emia and LPC experiments) mice were used in this study. All animal
experiments were conducted in accordance with procedures reviewed
and approved by animal subcommittees at the University of Calgary.

Spectral confocal microscopy

All spectral images were captured using a custom modified microscope
(AR or Clsi; Nikon) equipped with a spectral detector allowing a one-
shot acquisition of a given spectral range with a multi-anode photo-
multiplier tube capable of capturing 32 spectral bins. Spectral images
were typically acquired with 10-nm resolution covering the range of
430 to 750 nm. The Clsi was equipped with a 10x Air lens (NA 0.45,
Plan Apo; Nikon), and images were acquired using EZ-C1 software
(Nikon). The A1R was equipped with a 25x lens (NA 1.1, Apo LWD;

Nikon) with water or PBS as an imaging medium, and images were
acquired using NIS Elements (Nikon). Images were imported into Im-
ageTrak (written by P.K. Stys; see Image analysis); emission spectra
were determined within a given region of interest using ImageTrak.

Spectral properties of DNA, RNA, and BSA

AO of various concentrations was mixed with DNA (250 ng/ul; isolated
with DNeasy; QIAGEN) and RNA (140 ng/ul; isolated with RNeasy;
QIAGEN) isolated from cell cultures and 1 mg/ml BSA. Solutions were
imaged by drawing solutions into capillary tubes, which could then be
imaged with a water dipping lens. Images were all collected using 457-
nm excitation with the Nikon A1 spectral confocal microscope.

Cell culture

M03.3 cells. Human glial (oligodendrocytic) hybrid cell line MO3.13
(#CLU301; Cedarlane) were expanded in high-glucose DMEM
(Thermo Fisher Scientific) supplemented with 1 mM sodium pyru-
vate, 2 mM L-glutamine or 1x GlutaMAX, 50 U/ml penicillin, 50 pg/
ml streptomycin, and 10% FBS (Thermo Fisher Scientific) on 100-mm
tissue culture plates (Corning). For experiments, MO3.13 cells were
plated at 5,000 cells per well in 96-well tissue culture plates (Corning)
with high-glucose DMEM containing 1 mM sodium pyruvate, 2 mM
L-glutamine or 1x GlutaMAX, 50 U/ml penicillin, 50 ug/ml strepto-
mycin (Thermo Fisher Scientific), and 100 nM PMA (EMD Millipore).
MO3.13 cells were plated 48—72 h before toxicity experimentation. To
measure RNA, ATP, and LDH release in comparison to red AO emis-
sion, 1.0 x 10° MO3.13 cells were plated on six-well tissue culture
plates. RNA was isolated by lysing cells in TRIzol (Thermo Fisher
Scientific), adding chloroform, and, after 11,500 rpm centrifugation,
collecting the aqueous phase. Ethanol (70%) was added to this aque-
ous phase, and the resulting solution was added to RNeasy isolation
columns (QIAGEN). From this point, RNA was isolated following the
manufacturer’s instructions. RNA integrity was measured by the Uni-
versity of Calgary Genomics and University Core DNA Services using
Agilent TapeStation 2200. ATP was measured from cell lysates using
the CellTiter-Glo Luminescent Cell Viability Assay, and LDH release
was measured using the CytoTox-ONE Homogenous Membrane Integ-
rity Assay (Promega). For LDH, ATP, and RNA measurements, data are
presented as the percentage of the mean control for each experimental
time point and experimental group.

Oligodendrocyte cultures. Mice (CD-1) cortices of P1/2 pups
were isolated, diced, and digested in a solution containing papain
(1.54 pg/ml; Worthington), L-cysteine (360 pg/ml; Sigma-Aldrich),
and DNasel (703 pg/ml; Roche) for 25 min at 37°C as outlined pre-
viously (O’Meara et al., 2011). Dissociated cells were plated at high
density on T75 tissue culture flasks coated with poly-L-lysine (PLL;
Sigma-Aldrich) for 7-10 d in high-glucose DMEM supplemented
with 1 mM sodium pyruvate, 2 mM L-glutamine or 1x GlutaMAX, 50
U/ml penicillin, 50 pg/ml streptomycin, and 10% FBS. Confluent T75
flasks were shaken overnight 18-20 h at 220 rpm, and the supernatant
was incubated for 30 min on a tissue culture plate to remove adher-
ent cells. Nonadherent cells were plated at 5,000 cells per well in
PLL-coated 96-well tissue culture plates in oligodendrocyte growth
medium composed of high-glucose DMEM supplemented with 1 mM
sodium pyruvate, 1x GlutaMAX, 50 U/ml penicillin, 50 pg/ml strep-
tomycin, 1x B27 supplement (Thermo Fisher Scientific), 50 pg/ml
holo-transferrin, 100 pg/ml albumin from bovine serum, 5 ng/ml so-
dium selenite, 16 pg/ml putrescine, 60 ng/ml progesterone, 400 ng/ml
3,3’,5-thiiodo-L-thryonine, 5 pg/ml bovine insulin, 5 pg/ml N-acetyl
cysteine, 10 ng/ml p-biotin (Sigma-Aldrich), and 1x Trace Elements
B (Corning). After 24 h in vitro, cells were treated with toxins for a
defined period of time.

Spectral shifts of acridine orange with CNS injury
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Ex vivo chemical ischemia of mouse optic nerves

Optic nerves were carefully dissected from Thy1-YFP mice (6-8 wk
old) and placed on ice in artificial cerebrospinal fluid (aCSF) buffer
solution containing 126 mM NaCl, 3 mM KCl, 2 mM CaCl,, 1.25 mM
NaH,PO,, 26 mM NaHCO;, 2 mM MgSO,, 2 uM copper sulfate, and
10 mM b-glucose, bubbled with 95% O,/5% CO, to maintain pH 7.4 as
previously described (Micu et al., 2007). Optic nerves were incubated
with NR Dead (Thermo Fisher Scientific) as per the vendor’s instruc-
tions. To induce chemical ischemia, nerves were incubated with 2 mM
sodium azide and 1 mM iodoacetate. At specified time points, nerves
were washed 3x in aCSF and fixed with 4% PFA overnight. Nerves
were cryoprotected in 30% sucrose, cryosectioned, stained with 50 uM
AO, and imaged using a Nikon A1 spectral confocal microscope. Im-
ages were captured and quantified by a blinded observer.

LPC surgery

Focal demyelination was produced in the ventral spinal cord white mat-
ter by injection of the detergent lysolecithin (Keough et al., 2015). In
brief, mice (Thy1-YFP, 8-12 wk old) were anesthetized with a mixture
of ketamine and xylazine. The spinal cord was surgically exposed by re-
moving the connective tissue between T3 and T4 vertebrae. After remov-
ing the dura with a 32-gauge metal needle, the spinal cord was pierced
just lateral of the midline with a prepulled glass capillary attached to a
10-pl syringe at a depth of 1.3 mm. A 0.5-pl volume of 1% lysolecithin
containing NucBlue (Thermo Fisher Scientific) in PBS was deposited
over 2 min, and the capillary was kept in place for another 2 min to pre-
vent backflow. Control surgeries were performed identically, with an in-
jection of PBS alone. The capillary was then slowly withdrawn, and the
overlying musculature and skin were closed with sutures. Postoperative
buprenorphine was administered as an analgesic, and the mice were kept
in a heated recovery chamber until they became ambulatory and were
returned to their cages until the time of death. Mice were killed via tran-
scardial perfusion. Tissue was collected and fixed overnight with 4% PFA
before cryoprotecting in a high-sucrose solution, freezing, cryosection-
ing, staining with 50 uM AO, and imaging using an A1 spectral confocal
microscope. Images were captured and quantified by a blinded observer.

CPZ treatment

Male C57BL/6 mice were fed a 0.2% CPZ diet starting at 7-8 wk of
age. Standard mouse diet and CPZ powder (C9012; Sigma-Aldrich)
were blended together once a week. Mice continued on a CPZ-only
diet for 2 wk, at which point they were killed via transcardial perfusion.
After overnight fixation with 4% PFA, brains were cryoprotected in
a high-sucrose solution, cryosectioned, stained with 50 uM AO, and
imaged using a Nikon A1 spectral confocal microscope. Images were
captured and quantified by a blinded observer.

Contusion SCI

Spinal cord contusion is a clinically relevant experimental SCI model.
In brief, 10-wk-old female C57 mice were anaesthetized with a mix-
ture of 1.5% isoflurane and oxygen. Buprenorphine and enrofloxacin
(Baytril) were given before surgery. Under deep anesthesia and aseptic
conditions, a 1.5-cm midline incision was made on the back, and lam-
inectomy at T10 was performed to expose the underlying spinal cord.
The animal was then impacted with an Infinite Horizon 4000 spinal
cord impactor (Precision Systems and Instrumentations) with a force
value of 75 kdynes to induce moderate SCI. After the impact, muscles
and skin were sutured in layers, and animals were returned to their
cages. Buprenorphine and enrofloxacin were given daily for 3 d after
surgery. Urinary bladders were voided twice daily until the mice re-
covered voluntary bladder function. At the end of the survival period,
animals were given a lethal dose of sodium pentobarbital. Animals

were then perfused intracardially with normal saline followed by 4%
PFA in 0.1 M phosphate buffer, pH 7.4. A segment +2 mm from lesion
epicenter was harvested, postfixed with fresh fixative overnight, and
placed in 30% sucrose. Spinal cords were then frozen, cryosectioned,
and mounted on precoated slides.

Immunocytochemistry and cellular imaging

Cells in 96-well tissue culture plates were treated with various con-
centrations of H,0, (Sigma-Aldrich), LPC (Sigma-Aldrich), stauros-
porine (Sigma-Aldrich), and rotenone (Tocris) for defined periods of
time before they were fixed for 10-12 min in 4% PFA and washed 2x
in PBS. For staining, cells were incubated with 200 uM AO (Thermo
Fisher Scientific) for 10 min before 1x wash in PBS treated with RNa-
secure (Thermo Fisher Scientific). For immunocytochemistry, cells
were incubated with 10% normal goat serum for 20-40 min. To label
for immature and mature oligodendrocytes, coverslips were labeled
with mouse monoclonal anti-O4 (1:250, MAB1326; R&D Systems)
or rabbit polyclonal anti-GFAP (1:1,000, Z0334; Dako). Primary an-
tibodies were incubated overnight followed by 1-2 h using secondary
antibodies goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa
Fluor 546 (Thermo Fisher Scientific). Nuclei were stained with Nuc-
Blue (Thermo Fisher Scientific) or DAPI (Thermo Fisher Scientific).
To measure cell death, live cells were labeled with 5 uM calcein AM
(Invitrogen) and dead cells with 5 pg/ml PI (Sigma-Aldrich). Nuclei
were labeled with NucBlue. Caspase activity was measured by CellEv-
ents Caspase 3/7 green detection reagent (5 uM; Invitrogen). Quanti-
fication of immunocytochemistry, caspase activity, and live/dead cells
was conducted using the ImageXpress system (Molecular Devices).
Images were captured at physiological temperature and elevated CO,
(during live imaging sessions) throughout each well using systematic
sampling. AO-stained cells were excited using a 488-nm argon laser
and captured using spectral confocal microscopy. Spectral images were
captured using a custom-modified commercial system (Nikon Clsi).
Images were captured and quantified by a blinded observer.

Tissue AO staining and immunohistochemistry

Tissue was stained with 50 uM AO for 20 min, and the solution was
dabbed away before coating the slide with Fluoromount/Plus (Cedar-
lane) and covering it with a coverslip. Tissue images were collected using
a custom-modified commercial spectral confocal microscope using 476-
nm excitation (A1R; Nikon). RNA FISH was conducted using Stellaris
protocols against a mouse mRNA housekeeping gene, GAPDH (Stellaris
probe Quasar 670 Dye; LGC Biosearch Technologies). TUNEL labeling
was conducted as per the manufacturer’s instructions (Click-iT TUNEL
Alexa Fluor 647 imaging assay; Thermo Fisher Scientific). For immu-
nohistochemistry, TUNEL and RNA FISH sections were first stained
with AO and imaged before subsequent labeling. For immunohisto-
chemistry, tissue was incubated with 10% normal goat serum in a 0.3%
Triton-PBS solution for 30-60 min before being incubated overnight
with the following primary antibodies in a 0.3% Triton-PBS solution:
mouse monoclonal anti-MAG (1:500; EMD Millipore), polyclonal rab-
bit anti-olig2 (1:200; EMD Millipore), and rabbit polyclonal anti-CC3
(1:1,000; Cell Signaling Technology). Slides were washed in PBS and
incubated for 1-2 h with goat anti-rabbit or goat anti-mouse Alexa Fluor
647 antibodies (1:500; Jackson ImmunoResearch Laboratories, Inc.) in a
0.3% Triton-PBS solution. Certain sections were also stained with DAPI.
TUNEL, RNA FISH, and immunohistochemistry images were collected
using 640-nm excitation with a Nikon A1 spectral confocal microscope.

Image analysis
All confocal images were imported into ImageTrak for analysis. For
spectral analysis of AO images, nuclei were selected by either thresh-
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olding an equivalent DAPI image as with the CPZ analysis or using a
spectrally sensitive masking feature with the nuclear AO spectrum as a
reference. In this case, AO labels nuclei with a green spectrum, which
when masked consistently outlines the nucleus. Selected nuclei were
then automatically traced, and each traced nuclear spectrum was plotted.
To measure red AO emissions, a threshold was calculated by a blinded
observer based on the red spectrum. The number of pixels selected in
this threshold was calculated for each image, and the mean pixel density
was normalized to control images. To measure the peak ratio, each nu-
clear spectrum was determined by dividing amplitudes of the red peak
by the green peak. The green peak is defined as the intensity of emitted
light captured by the ~525-nm bin, and the red peak is defined as the
mean intensity of emitted light captured by the ~625- to 645-nm bins.
To shift the peak ratio values taken from cells and tissue lacking RNA
to zero, peak ratio values are corrected by the peak ratio value calculated
from RNase treated RNA-free samples. For index analysis, each 3 x 3—
pixel kernel of a spectral image was classified using a linear unmixing
algorithm to determine the position of its spectrum between two ex-
treme bracketing basis spectra, which was assigned a single scalar value
(index). Bracketing spectra were obtained by finding the most limiting
green and red spectra using AO images. Kernels were then charted on
cumulative normalized frequency histograms. Normalized cumulative
histograms provide a convenient single readout reflecting the index of
the mean (e.g., 50% cumulative normalized threshold) or the majority
(e.g., 90% cumulative normalized threshold) of image kernels.

Statistics

Statistical significance was determined using one- or two-way analysis
of variance (ANOVA) with post hoc testing or Student’s ¢ test as ap-
propriate, unless otherwise noted (Prism 6.0; GraphPad). Igor software
was used for presentation of waveform graphs (WaveMetrics). All data
are presented as mean = SEM.

Online supplemental material

Fig. S1 describes purity and health of oligodendrocyte cultures. Fig.
S2 compares nuclear red AO peak signature in cultured oligodendro-
cytes under pathological conditions. Fig. S3 describes the spectral AO
changes in MO3 cells subjected to staurosporine. Fig. S4 compares AO
staining to a cellular membrane stain. Fig. S5 examines colabeling of
MAG and olig2 of AO-stained control and CPZ tissue.
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