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Abstract

Brain oligodendrocytes have been shown to be particularly affected by hypoxia and mitochondrial insufficiency. To
model their effects on human brain development, we exposed developing human iPSC derived cerebral organoids
to rotenone, a mitochondrial oxidative phosphorylation (OXPHOS) inhibitor. A short-term, 3-day, rotenone exposure
depleted proliferating (Ki67*) organoid neural progenitor cells (NPC) while increasing distances between the residual
NPC. Rotenone treatment also depleted the population of O4* oligodendrocytes and a similar trend was observed
with the double stained Ki67*/04* oligodendrocyte progenitor cells (OPC). When allowed an additional 10-days post-
rotenone recovery time, the organoids showed spontaneous partial restoration of the O4* population. This regeneration
was significantly enhanced by treatment with phenylbutyrate (PB) known to stimulate acetyl-CoA and energy production
from glucose by increasing activity of the mitochondrial Pyruvate Dehydrogenase. Specifically, PB stimulated the OPC
numbers and increased the 04" oligodendrocyte population depleted by 3-day Rotenone but it did not affect the Ki67*
NPC population. A longer, 6-day rotenone exposure lead to an extensive loss of NPC, OPC and 04" oligodendrocytes.
Neither the spontaneous nor PB-induced recoveries of NPC, OPC and 04* oligodendrocytes were noted. In summary,
following a transient oxidative insult, the oligodendrocyte population is capable of significant spontaneous regeneration
and PB may be used to enhance the recovery. The cerebral organoids provide an effective model for studying human brain
developmental oligodendrogenesis, its disruption by oxidative stress and for development of new corrective therapies.

Keywords

Hypoxia, Oxidative phosphorylation, Rotenone, Oligdendrogenesis, Cerebral organoids, Phenylvutyrate

Introduction lar zone (VZ) and subsequently to subventricular zone. The ra-
dial fiber provides scaffold on which progenitor cells migrate
basally outward [4,5]. aRGs have the capability of generating
neurons, astrocytes, and oligodendrocytes or intermediate
transient amplifying populations, progenitor cells which will
later differentiate [4,6-9]. A new population of the radial glia,
basal (b) RG migrate basally to the second germinal layer the
SVZ where they undergo mostly symmetric neurogenic divi-
sions, producing the vast majority of neurons in all layers of

tablish an expansive network of processes. In the third phase, ~ the cerebral cortex [4,5,10,11]. During the middle, neurogen-
axonal contact leads to ensheathment and generation of IS embryonic stage, intermediate progenitors migrate on the
compact myelin around target axons, and in the last phase long radial fibers from the VZ or SVZ through a cell-poor inter-

mature oligodendrocytes provide long-term trophic and met- mediate zone (IZ) to their final destination within the outer
abolic support of the encased axon [2]. cortical plate (CP). The subsequent waves of neurons position

themselves in an inside-out manner with the deepest cortical

o X ) VR layers representing earlier-born neurons while more super-
give rise to the primary stem- cells (NSC), the apical radial glia  fij5 jayers are composed of later-born neurons [5]. Later in

(aRG) [4]_' As the b.rain deve.lops, aRGs will become conﬁr\ed the third stage the intermediate progenitors can become as-
to the primary cortical germinal layer, known as the ventricu- trocytes or OPCs [12].

The efficiency and speed of neuronal signal transmission
in CNS these signals is largely reliant upon myelin. Within the
CNS, myelin is formed by oligodendrocytes [1-3]. The OPC are
generated from multipotent NSC lining the CNS ventricles.
The life of Oligodendrocytes has four distinct phases. The first
is the birth, migration, and proliferation of oligodendrocyte
progenitor cells (OPC), followed by morphological differenti-
ation in the second phase in which the oligodendrocytes es-

During development, the Neuro-Epithelial Cells (NECs)
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Oligodendrocytes develop through waves of OPC produc-
tion and migration initially from the medial ganglionic emi-
nence and under the transcriptional control of gene Nkx2.1
[13-15]. These OPCs populate the entire embryonic telen-
cephalon including the cerebral cortex [16]. As development
progresses, a second wave of OPCs emanating from the later-
al and caudal ganglionic eminences under the transcription-
al control of gene Gsh2, migrate dorsally to the cortex and
disperse throughout the forebrain [16,17]. In mouse brain,
the third and final wave occurs after birth, embryonic day 21/
postnatal day 0, which gives rise to the majority of adult oligo-
dendrocytes and is under the control of transcription factor
Emx1. These OPCs project radially from the dorsal and outer
SVZ, directly next to the developing corpus callosum where
they spread out in order to populate most of the future brain
[16].

While most of the scientific understanding of oligoden-
drogenesis come from rodent studies, analysis of human
fetal brain tissue has revealed that the first OPCs emerge
in the developing brain at 10 weeks gestation, followed by
an expansion of the population before mid-gestation (15-20
weeks) [18-20]. Similar to the rodent brain, OPCs in the hu-
man forebrain are derived from the lateral-medial ganglionic
eminence and the SVZ, where they migrate towards the cor-
tical plate [21,22].

Further evidence of OPC heterogeneity in the human
brain comes from Leong, et al. [23] who demonstrated the
presence of different OPC subtypes based on marker expres-
sion (A2B5, 04, and MOG) in both fetal (Trimesters 1 and 2)
and adult brain tissue using fluorescence activated cell sort-
ing [23]. Expression of miRNA in fetal OPC is higher than in
adult brain OPC, suggesting that the human brain also con-
tains different subpopulations of OPCs, originating from dif-
ferent brain areas [24].

Brain oligodendrocytes have been shown to be particu-
larly affected by hypoxia and mitochondrial insufficiency (im-
paired mitochondrial oxidative phosphorylation, OXPHOS)
[25,26]. Studies have shown high oligodendrocytes suscepti-
bility to mitochondrial inhibitors. Cuprizone a copper chelator
which interferes with complex IV of the mitochondria [27-29].
Cuprizone induced oligodendrocytes death followed by com-
plete demyelination in a mouse brain [28]. When cuprizone
treatment was stopped at 5 weeks, remyelination occurred
within 2 weeks. However, if cuprizone was maintained for up
to 16 weeks, OPCS and newly formed oligodendrocytes were
destroyed [29,30].

Rotenone, like cuprizone, is known to interfere with mi-
tochondrial oxidative phosphorylation and the production of
energy. Rotenone is an inhibitor of mitochondrial NADH de-
hydrogenase (complex ), one of the five enzymes of the inner
mitochondrial membrane involved in oxidative phosphoryla-
tion [31,32]. This inhibition prevents the transfer of electrons
from the iron-sulfur center in complex | to ubiquinone which
interferes with ability of NADH to create ATP, thus lowering
the intracellular ATP levels. Since complex | is unable to pass
off its electrons to coenzyme Q,, there is a back-up of elec-
trons in the mitochondrial matrix. Cellular oxygen is reduced

to its radical, which creates Reactive Oxygen Species (ROS)
[32,33]. Rotenone is highly hydrophobic, able to easily diffuse
and pass through both the blood brain barrier and plasma
membrane [34]. Additional studies have shown rotenone’s
ability to significantly increased levels of NO [35] microglia
and increase expression of both caspase-1 and mature IL-1B
[36].

Because of the structural, cellular and functional differ-
ences between the mouse and the human cortices, the need
for studying the human brain has become more and more
compelling. In 2013, the Lancaster group published a paper
presenting a novel approach towards studying human neu-
rodevelopmental processes through in vitro culture of ce-
rebral organoids derived from embryonic stem cells (ESC)
or induced pluripotent stem cells (iPSCs). The organoids, or
“mini brains,” provided new, outside the uterus insights into
early human brain development and disease etiology [37,38].
These cerebral organoids mimic and closely model human
brain development by generating the cerebral cortex, ventral
telencephalon, choroid plexus, and retinal identities, among
other brain regions [39]. The production of organoids in vitro
can be used for studies of cell migration, differentiation, basic
early neurodevelopment, as well as disease development and
progression. The cerebral organoids allowed for the first time
to relate the broad Integrative Nuclear FGFR1 Signaling (NFS)-
linked transcriptional dysregulations found in schizophrenia
iPSC neural progenitor cells (NPC) [40] to the development
of human brain malformations in schizophrenia and prenatal
mother immune attack (MIA) [38,41]. Our laboratory recent-
ly showed formation of oligodendrocytes and myelination of
cortical neurons in human and their disruptions by genetic
factors (schizophrenia) and environmental factor, cytokine
TNFa [41].

In the present study we used rotenone to model hypox-
ia induced inhibition of mitochondrial oxidative phosphory-
lation, OXPHOS. To model their effects on human brain de-
velopment, we exposed developing human iPSC derived ce-
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rebral organoids to rotenone. We found that after transient
oxidative insult, the depleted oligodendrocyte population
is capable of significant spontaneous regeneration and that
Phenylvutyrate which stimulates acetyl-CoA and energy pro-
duction from glucose enhance the recovery.

Materials and Methods

Cells and organoid cultures

sults [38,40]. In all lines the effects of rotenone were similar
and thus appeared to be gender- and donors’ age-indepen-
dent (Table 1).

Cells were cultured and cerebral organoids were generat-
ed based on our modified protocol [38,41].

Table 1: Induced pluripotent stem cells utilized in these studies.

Induced pluripotent stem cells (iPSCs) (described in the  CellLinelD  Gender Age Description
previous studies: 38, 40), Table 1 were) derived from healthy, BJ #1 Male Newborn Control
(control) subjects. These iPSC lines were used in our previous 3440 Male 20 Control
studies producing similar RNAseq and cerebral organoids re-

3651 Female 25 Control
A
Treatment Begins Day 17 Day 20 Harvest
Day 14 Day 27

Treatment Begins
Day 14

Day 17

- = Normal media, no drug

- = Rotenone treatment
)

|
hd

Day 20

- = Normal media, no drug
=) = Rotenone treatment

‘ = PB treatment

= PB treatment

Day 26 Harvest
Day 27

Figure 1: Timeline of cerebral organoid development, rotenone (0.5 uM) exposure and PB treatment (1 uM). A) In group #1, organoids
were exposed to rotenone for 3-days, and were harvested at day 20 or 27. Three organoids were treated with PB (days 17-20) and
harvested at day 27; B) In group #2, organoids were exposed to rotenone for 6-days rotenone exposure experiment, organoids were
harvested at day 20 or 27. Three organoids were treated with PB and harvested at day 27.
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Rotenone exposures

Exposure started at day 14 of cerebral organoids devel-
opment, during active phase of cortical development [38].
Randomly selected organoids were incubated in medium
containing rotenone (R8875, Sigma-Aldrich) at a concentra-
tion of 0.5 uM. At least 3 organoids from each of the 3 differ-
ent cell lines were included per control and treatment para-
digm. There were two different rotenone treatment groups.
Group #1 exposed to rotenone for 3-days (day 14-17), three
organoids were harvested at day 17 along with their control
counterparts cultured in rotenone free media. In addition, 3
rotenone exposed organoids were allowed a 10-day recovery
in rotenone free media and were harvested at day 27 along
with the control counterparts. Group #2 of organoids were
exposed to rotenone for 6-days (days 14-20). Three of these
organoids were harvested at day 20 and 3 after an additional
7-days (day 27) culture in rotenone free media, along with
their control counterparts (Figure 1). Chronic rotenone ex-
posure was found to disrupt mitochondrial networks and to
increase the ratio of mitochondria fusion to fission in cultured
neurons [42]. In Supplemental Figure S1 we show disruption
of the mitochondrial networks in cerebral organoids exposed
to rotenone for 3-days.

Phenylbutyrate treatments

At the end of the rotenone treatment 3 organoids of
group 1 were treated for three days (days 17- 20) with 1.0 uM
sodium Phenylbutyrate (PB) (SML0309, Sigma-Aldrich) and
harvested at day 27. Three organoids exposed to rotenone at

Figure 2A: Example of control iPSC cerebral organoid immunos-
tained for Ki67 (red) and counterstained with DAPI (blue). Note
Ki67* proliferating cells inside the rosettes. An individual rosette
with overlying cortical region is shown in the inset (2x). Such ar-
eas were selected as ROIs for analyses as shown on remaining
figures.

days 14-20 in group #2, were treated with PB for 6-days, days
20 -26, maintained in drug-free control media for 1 day and
then harvested at day 27 (Figure 1).

Immuncytochemistry

Organoids from control and treatment were harvested
at multiple time points, day 17, 20, or 27 (Figure 1). Organ-
oids were fixed with 4% paraformaldehyde diluted in 1x PBS
(Polysciences, Inc.) for 25 min at room temperature on a
shaker followed by 3 washes in 1 x PBS for 10 minutes each.
Organoids were cryoprotected in a gradient of sucrose solu-
tions (Sigma Aldrich) 7.5%, 15% and 30% for cyroprotection
at temperature 4 °C and transferred to 7.5% gelatin diluted
in 10% sucrose. Subsequently, organoids were incubated at
37 °C for 20 minutes to assure for penetration of gelatin to
superficial layers of organoids and protect against further
separation from gelatin embedding medium. Once organoids
in gelatin blocks the organoids were frozen in liquid nitro-
gen and stored in -80 °C freezer. Frozen organoids were sec-
tioned on Cryostat into 30 uM sections and dry-mounted on
an adhesive microscopic glasses (Matsunami, MAS-GP). Each
organoid produced approximately 10 slides each with 4- 5 in-
dividual sections.

Sections were stained in batches consisting all represen-
tative sections from each experimental group and control,
as described in Benson, et al. [41]. The following primary
antibodies were used: Anti-Ki67 polyclonal (rabbit) antibody
(Cat #: ab15580, abcam) proliferation marker, and mouse
monoclonal anti-O4 antibody IgM at dilution 1:330 (Cat #:
M015002.9, Neuromics), oligodendrocyte Marker. The fol-
lowing secondary antibodies were used: Alexa Fluor® 568
goat anti-rabbit IgG (H+L) polyclonal Antibody at a dilution of
1:1000 (Cat. # A11011, Life Technologies - Molecular Probes)
and Alexa Fluor® Goat pAb to Mouse IgM (Cat # ab150121,

Figure 2B: Representative images of double stained organoid
exposed to rotenone for 3-days followed by 3-day treatment with
PB and harvested at day 27 (see Figure 1A). The right side image
represents immunostaining for Ki67 (red), 04 (green), and DAPI
counterstain (blue). The size of circular ROIs used in cell counting
is shown. Zoomed in images on the left show cytoplasmic 04*
stain (top, green), typical nuclear Ki67* stain (middle, red) and
merged nuclear Ki67* and cytoplasmic O4* stains (bottom image).
The size of circular ROIs used in cell counting is shown.
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abcam). Figure 2 shows example section double immunos-
tained for Ki67* (red) and O4* (green) and with the nuclei
stained with DAPI (blue).

Microscopy, image and statistical analyses

Zeiss Axio Imager Upright Fluorescence microscope was
used, equipped with Zen Blue 2.3 software. Images were tak-
en at 5 x to create a super image and at 20 x magnification
in order to capture each individual rosette in the organoid
structure.

All images were opened in Zen Blue and the red Ki67 chan-
nel was isolated. Each ROl included, the center of the rosette,
ventricular zone (VZ), intermediate zone (1Z), and the cortical
zone (CZ) region. ROI delineated with a white circle of an area
54,609.718 um?. Allimages were analyzed for Ki67* cells using
a MATLAB script written by Siddhartha Dhiman in Stachowi-
ak, et al. [38]. The MATLAB program runs two simultaneously
processes together. Through strict cellular dimensions the
program identifies each Ki67* cell and the shortest distance
between each of the cells, called minimum spanning tree
(MST) analysis. MST shows the least distance between cells in
a ROI reflecting cell separation.

04+ cells were counted manually from the same images
that were used for Ki67 analysis. In order to quantify cells that

were double stained for Ki67 and 04, the original 04 image
was pulled up next to the KI67 image showing the individual
Ki67* cells identified by MATLAB script. All statistical analy-
ses were performed using IBM SPSS software provided by the
University at Buffalo. Figures show a representative images
with the white circles including the center of the rosette out
to the cortical region.

Statistical analyses

The effects of individual Rotenone treatment were ana-
lyzed using 1-way Analysis of Variance (ANOVA). Rotenone
plus PB were analyzed using 2-way ANOVA. Significant ANO-
VA scores were followed by post-hoc comparisons between
multiple samples using Least Significant Difference (LSD) test.
Mean + Standard errors were employed for all graphical rep-
resentations. Analysis was performed on images from 3 dif-
ferent organoids from each of the 3 different cell lines men-
tioned in Table 1. This provided an N = 9 for each condition
analyzed.

Results

Effects of rotenone treatments

Ki67* cells count & distances between cells: Cerebral

Control

Figure 3A: Representative images of proliferating Ki67* (red) identified and counted as positive by the MATLAB program. Organoid
incubated with rotenone for 3-days (days 14-17) are compared to organoids in control medium. Organoids were harvested at day 17
or 27. Each green dot represents a Ki67* cell counted by MATLAB program. Three days of Rotenone exposure reduced Ki67* cell count
(right image) compared to control counterpart (left image). At day 27, following 10-days of rotenone free incubation the Ki67* cells,

remained depleted when compared to control.

3 Days 0.5 uM Rotenone
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organoids develop distinct structures: Ventricular zone, in-
termediate zone, cortical zone, and marginal zone reminis-
cent of the human brain structures developing in the 1% and
early 2™ trimesters. As previously shown [38,41], most of the
Ki67* cells were located in rosettes in the ventricular zone,
where the proliferating stem/progenitor cells reside. Few
of the Ki67* cells migrated to the intermediate and cortical
zones. These Ki67+ cells represent NPC [38,39,41]. The NPC
are known to differentiate to neuronal, astrocytic and oligo-
dendrocytic lines [43].

Independent of the rotenone exposure duration (3- or
6- days), rotenone induced an overall statistically significant
reduction in the number of Ki67* cells, relative to the control
non-treated organoids (p < 0.001). When broken up by treat-
ment periods, this statistical significance was maintained.

The results of 3-days Rotenone exposure are shown on
Figure 3. Figure 3A shows representative images of Ki67
stained sections with outlined circular ROI. Images taken
from the output folder from the MATLAB program show that
at the end of 3-days (days 14-17) of Rotenone exposure, the
organoids had reduced number of Ki67* cells compared to
control (Figure 3A). When Rotenone treatment was followed
by drug free 10-day recovery period, at day 27 the number of
Ki67* cells remained markedly depleted (Figure 3A).

Figure 3B shows the results of the computer-based cell
identification and automated counting.

There was a statistically significant decrease (p < 0.001)
in the density of Ki67* cells per ROI following 3-days of Rote-
none exposure from 43.12 + 4.81 in control to 22.82 + 2.75.
The organoids cultured in control drug-free conditions contin-

ued to grow from days 17 to 27, where the average number
of their Ki67* cells per ROl increased to 55.83 + 6.35, a trend
that was not statistically significant. When the rotenone ex-
posure was followed by a 10-day rotenone-free recovery pe-
riod the average number of Ki67* cells increased significantly
(p < 0.05) to 36.33 + 2.61, though it was still significantly re-
duced compared to organoids raised in rotenone-free control
condition (p < 0.001).

To assess distances between proliferating (Ki67*) cells,
we performed MST analyses as described in Stachowiak, et
al. [38]. Figure 3C shows the MST analysis performed by the
MATLAB program on the images from Figure 3A. Figure 3D
shows results of MST measurements in all ROl analyzed. In
the control conditions, cells were grouped close to each oth-
er and following 3-days of Rotenone treatment the average
MST distance between cells increased significantly compared
to control (p < 0.01) at 17 days.

However, at day 27, following an additional 10-days with-
out rotenone, the average distance between cells was no
longer significantly different in rotenone exposed organoids
from the control levels (p = 0.239) suggesting that these dif-
ferences may not be due to the cells loss, but potentially re-
flect changes in cell migration.

The results of 6-day rotenone exposure during days 14-20
are shown on Figure 4. At the end of Rotenone exposure (day
20), the organoid had fewer Ki67* cells (Figure 4A and Figure
4B) compared to control. This amounted to two-fold reduc-
tion (from 55.83 + 5.53 in control to 21.34 + 3.01 in 6-days
of rotenone (Figure 4B) which was a statistically significant
(p < 0.001). The rotenone induced depletion of the Ki67* cell

1W Anova p<0.001
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Figure 3B: Average number of Ki67* neural progenitor cells (NPC) per ROI decreased following 3-days Rotenone exposure (days 14-17). At
Day 17, there was a statically significant decrease in the number of Ki67* cells after 3 days of Rotenone (39 ROIs quantified) compared to
control counterpart (43 ROIs quantified). At day 27, after an additional a 10-day recovery period, Ki67* cell count remained significantly
diminished compared to control (33 vs. 38 ROIs). Difference between rotenone exposed cells at day 17 and 27 was statistically significant
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Figure 3C: MST analysis of images from Figure 3A.

1W Anova p<0.001

Average Ki67 Distance
160
140
120
100
80
60
40
20

Eucliean Distance

Day 17 Day 27
m Control m 3 Days Rotenone

Figure 3D: 3-days of rotenone exposure increased transiently distances between Ki67* cells. The average MST distances between cells
at the end of rotenone exposure (day 17) were significantly increased compared to non-exposed controls. At day 27, following 10 days
post-rotenone recovery the average MST distance was not significantly different from control.
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Day 20

Day 27

Figure 4A: Representative images of proliferating Ki67* (red) cells identified and counted as positive by the MATLAB program. Organoid

incubated with rotenone for 6-days (days 14-20) are compared to organoids in control medium. Organoids were harvested at day 20
or 27.

1W Anova p<0.001

Average Ki67 Cells

* %k
* %ok
70
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Figure 4B: 6-days of rotenone exposure reduced the average number of Ki67* NPC. At the end of rotenone treatment (days 14-20)
the average number of Ki67* cells/ROI was reduced (44 ROIs quantified) compared to nontreated control (38 ROIs quantified). When
provided with a 10-day recovery period, at day 27, Ki67* cell count in rotenone-exposed organoids (42 ROIs) remained significantly
reduced compared to control (38 ROIs) similarly as at day 20.

density remained significant at day 27, following 7-day rote-  Thus, the extended rotenone exposure prevented further de-
none free recovery at p < 0.001 compared to control but was  velopment of proliferating NPC.
similar as at day 20, without 7-day post rotenone recovery.
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Figure 4C: 6-days of rotenone exposure increased distances between Ki67* cells. Graphs in panel A and B represent examples of MST
analysis (c). At the end of 6-day rotenone exposure (day 20) the average MST distance between Ki67* stem cells/progenitor cells was
significantly increased. At day 27, after an additional 7-day rotenone-free period, the distances between cells did not recover and
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Figure 5A: Representative images from organoid showing on the left 04* cells (green) plus DAPI (blue) and on the right single DAPI
channel (blue) in control condition and following 3-days (days 14-17) of rotenone exposure. The green plus blue channels (left) and the
blue channel (right) and the red channel (used in Figure 3A) are from the same images. Left - the O4* cells were hand counted by turning
on the O4* (green) and DAPI (blue) channel. Each small circle indicates 04" cell counted. The ROI from organoid exposed to rotenone
show no 04" cells at day 20. After an additional 10-day recovery, the ROl of rotenone exposed organoid shows no 04* cell.

Figure 4C show that the MST distances between Ki67*
cells were significantly increased after 6 days of rotenone (p <
0.001) and remained significantly increased following 7-days
of rotenone-free recovery (p < 0.001) (Figure 4C).

Oligodendrocyte population: To determine how the
rotenone may affect oligodendrocytic cells, organoid sec-
tions were stained with antibodies against the O4 protein
expressed by mature oligodendrocytes and by proliferating
immature Oligodendrocyte Precursor Cells (OPC). The same

images and ROIs used in the Ki67* count were analyzed. As
with Ki67* count, Rotenone caused an overall statistically
significant reduction in the number of 04* cells compared
to control organoids that were not exposed to rotenone (p <
0.001). When broken up by treatment periods, this reduction
remained statistically significant.

The effects of 3-day rotenone are shown on Figure 5.
Figure 5A shows representative images of the organoid
sections that were double stained for Ki67 and O4. The im-
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Figure 5B: Average ROI 04" cell population was reduced following 3-day (days 14-17) rotenone exposure. At Day 17, numbers of the
04" cells were reduced by 60% compared to control organoids and increased significantly after an additional 10 days without rotenone.
At day 27 the average number of 04* cells remained significantly reduced compared to control organoids that were not exposed to

rotenone.

Control

6 Days 0.5 uM Rotenone

Day 27
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Day 27

Figure 6A: Representative images from organoids on the left showing O4* cells (green) plus DAPI (blue) and on the right showing single
DAPI channel (blue) in control condition and following 6 days Rotenone treatment. The green plus blue channels (left) and the blue
channel (right) and the red channel (used in Figure 4A) are from the same images. Left - these O4* cells were hand counted by turning
on the O4* (green) and DAPI (blue) channel. Each small circle indicates 04 cell counted. The ROIs in rotenone treated organoids show

no 04* cells.

ages are the same as in Figure 3A with the KI67 red channel
turned off and show cells with the cytoplasmic O4 stain.
There were 2-4 04" cells (marked by yellow circles) in the
ROIs examined of control organoids. As the control organ-
oids continued to grow and develop, number of 04+ cells
visibly increased (Figure 5A) and the average numbers per
ROl in control organoids increased over two-fold from 2.35
+0.36 at day 17 to 5.34 + 1.0 at day 27 (Figure 5B). In con-
trast, in organoids exposed to rotenone for 3-days there
were single or no 04* oligodendrocytes in ROls at the end
of rotenone exposure (day 20) (Figures 5A). The average

number of O4* per ROl was reduced to 0.95 + 0.27, a sta-
tistically significant decrease of 60% (p < 0.05) (Figure 5B).

After an additional 10-days in medium without rotenone,
there was increase in the number of 04" cells counted (Figure
5B) up to 2.90 + 0.50 per ROI; which was statistically signifi-
cant compared to day 17 (p < 0.001, Figure 5B), but remained
significantly lower than in control organoids at day 27 (p <
0.001).

The effects of 6-day rotenone exposure are shown on Fig-
ure 6. The exemplary images on Figure 6A show no O4* in the

Freedman et al. Transl Neurosci Res Rev 2020, 3(1):62-80

Open Access | Page 71 |



Citation: Freedman D, Stachowiak EK, Stachowiak MK (2020) Loss of Oligodendrocytes by Oxidative Phosphorylation Inhibitor Rotenone and
its Reversal by Phenylbutyrate (PB) in Human Brain Developmental Organoid Model. Trans| Neurosci Res Rev 3(1):62-80

1W Anova p<0.001

5
6 | * ¥k
|
5
= 4
2
Q 3
2
: -
0
Day 20
m Control

Average 04 Cells

&k %

Day 27

H 6 Days Rotenone

Figure 6B: 04" cell population was significantly reduced by > 70% following 6-days of Rotenone exposure without (day 20) or with 7-day
post-rotenone recovery period (day 27). There was a statistically significant decrease in O4* cells (after 6-days of treatment) by 62% at
day 20 and 81% at day 27. In control organoids the O4* numbers increased significantly between days 20 and 27 (p < 0.05). In contrast,
in rotenone exposed organoids the 04* cell numbers remained the same at day 20 and 27.

ROIs following 6-days of Rotenone, at day 20 or 27. In both
groups, nearly 50% of the images quantified did not have a
single O4* cell counted. In Figure 6B, after 6-days Rotenone
treatment (days 14-20) at day 20, the average number of 04*
cells per ROI, 1.23 + 0.30, was significantly lower than in con-
trol, 3.53 £ 0.60 (p < 0.001). The average number of 04* cells
in control organoids at day 20 and at day 27 were not sig-
nificantly different (compare Figure 6B and Figure 5B). When
6-day rotenone treatment was followed by 7-day drug free
recovery period, the average number of 04* cells remained
reduced compared to control organoids (p < 0.001) but was
not significantly different from the organoids harvested at the
end of 6 days of rotenone exposure at day 20 (Figure 6B).

Thus, as with Ki67* proliferating NPC, the 6-day rotenone
exposure prevented further development of NPC within the
time frame of our experiment, despite that in control organ-
oids the O4* numbers increased significantly between days 20
and 27 (p < 0.05).

OPC population: To identify the 04* cells which repre-
sented still proliferating immature OPCs, the images of organ-
oid sections double-stained with the Ki67 and O4 antibodies
were analyzed. In control organoids, the OPC represented
57% of all O4* cells at day 17, 47% at day 20 and 33% at day
27. 0On the other hand, the OPC represented only 2.5-3.3% of
all proliferating Ki67* cells.

Effects of 3-days of rotenone exposure on OPC are shown
on Figure 7. Following 3 days of rotenone exposure we ob-
served a decreasing trend in the numbers of double stained
04*/Ki67* OPC. At day 17, the number of OPC in rotenone ex-
posed organoids was approximately 53% lower than in con-
trol organoids, similar as the total number of 04+ cells (54%
loss). However, due to the small number of double stained

OPC cells, the change in OPC did not attain significant levels.
Following 10-day rotenone free incubation at day 27, the
number of OPC showed an increasing trend towards control
levels (Figure 7A). The observed changes did not reach the
statistical significance (p = 0.066).

The effects of 6-days of rotenone exposure on OPC are
shown on Figure 7B. We observed a decreasing trend in the
OPC numbers following 6-days of Rotenone. At day 20, the
number of double positive cells was approximately 50% low-
er when compared to control organoids and remained dimin-
ished at day 27 (Figure 7B). Thus, when provided with a 7-day
post-rotenone recovery period, the number of double posi-
tive cells remained diminished and showed no recovery.

Effect of phenylbutyrate on rotenone-induced
developmental changes in cerebral organoids

Counts of Ki67* cells and distances between cells are
shown on Figure 8A and Figure 8B, respectively. Three days of
PB treatment following 3-days of rotenone (36 ROIs) had no
additional effect on the number of Ki67* cells when compar-
ing to the rotenone exposure without the subsequent PB (Fig-
ure 8A). Similarly, following 6-days of rotenone, the 6-days
of the PB treatment (42 ROls) failed to increase the Ki67*
cell population (Figure 8A). Also, the increased distances be-
tween cells in rotenone exposed organoids were not affected
by the treatments with PB as illustrated in Figure 8A. Regard-
less of the PB treatment the distances between cells were not
significantly changed (p = 0.951, Figure 8B). Thus, treatment
with PB did not reverse the rotenone-induced depletion of
the proliferating cells and their migration.

Oligodendrocyte population: 2-way ANOVA showed an
overall statistically significant effect of PB (p < 0.05) on the
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Figure 7A: Population of double stained 04*/Ki67* OPC appeared decreased following 3-days rotenone exposure and showed a trend
for recovery at day 27. Differences between control and rotenone organoids at day 17 and rotenone exposed organoids at day 17 and
day 27 did not reach statistically significant levels (p = 0.066).
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Figure 7B: Following 6-days rotenone exposure the OPC population showed reducing trends. While not statistically significant at Day
20, the number of double positive cells decreases in half following 6-days of rotenone compared to control.

crease the numbers of 04" cells at day 27 to 4.19 + 0.6, which
no longer differed significantly from the nontreated control
organoids, 5.34 £ 1.0 (p = 0.112).

oligodendrocyte cell population depleted by rotenone (Figure
8C). Post-hoc LSD showed that 3-days’ administration with
PB increased the 04* population depleted by 3-days of Ro-

tenone, in a statistically significant manner (p < 0.05) (Figure
8C). Thus, in addition to the spontaneous partial recovery of
04* population during the post-rotenone 10 days incubation,
inclusion of PB (3 days) was able to further significantly in-

Figure 8C shows that 6-days of PB tended to increase the
04 population, though this increase approached but did not
reach statistical significance (p = 0.086).

Oligodendrocyte progenitor cells (Figure 8D): In order to
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Figure 8A: PB had no effect on Ki67* NPC population. All organoids were harvested at day 27. Number of ROIs analyzed per treatment
were as follows: 38 of 3-days rotenone and 38 of 3-days rotenone + 3-days PB, 27 of 6-days rotenone and 42 of six days rotenone plus
6-days of PB. Blue line refers to significantly larger amounts of Ki67* cells in control non-treated organoids. PB had no significant effect
on the numbers of Ki67* cells in rotenone-treated organoids.
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Figure 8B: Rotenone induced changes in distances between Ki67* NPC were not affected by PB treatment. Blue line refers to significantly
smaller distances between Ki67* cells in control non-treated organoids.
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Figure 8C: PB treatment had increasing effect on 04* oligodendrocyte population following 3- or 6-days of rotenone exposure. At Day
27, there was a statically significant decrease in 04" cells after both 3- and 6-day rotenone exposures compared to control organoids
(blue line). Following 3-days of PB, O4* cell counts increased significantly (p < 0.05) while following 6-days of PB there was an observable
increasing trend (p < 0.112).
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Figure 8D: PB had no significant effect on Ki67*/04* OPC population. At Day 27, there was no a statically significant difference crease in
Ki67*/04" cells after both 3- and 6-day rotenone exposures compared to control organoids (blue line).
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determine whether PB-induced regeneration of the 04+ oli-
godendrocytic population could be due to increased prolif-
eration of their proliferating precursor cells, we counted the
numbers of double-stained 04*/Ki67* OPC (Figure 8D). Nei-
ther the 3- nor 6- days’ supplementation with PB had a sig-
nificant effect on the OPC population in the rotenone treated
organoids.

Discussion

In recent years, a growing body of clinical, epidemiolog-
ical and experimental studies testified to a crucial role of
gestational factors in brain development and functioning in
postnatal life, and affecting the vulnerability to later devel-
opment of neurodegenerative disorders such as Parkinson’s
and Alzheimer’s diseases [44,45]. Hypoxia to the fetal brain
is one of the most common complications resulting in im-
paired circulation and brain metabolism [45]. Rotenone has
been used to model hypoxia induced impairment in oxidative
phosphorylation and oxidative stress. Human iPSC-derived
neural stem cells subjected to daily rotenone exposures up-
regulated their transcription factor Nrf2 that regulates the
Antioxidant-Response-Element-driven cellular defense acti-
vated by oxidative stress [46]. The Nrf2 pathway activation
tends to increase with differentiation of NSCs into neurons
and glia. While rotenone induced progressive increase of Nrf2
signaling there was a reduction of neurite length and mature
MAP2- expressing accompanied by an induction of astrocyte
reactivity neurons, all of which hinders the formation of neu-
ronal networks [46]. In a separate study involving human
iPSC, Rotenone treatment reduced the length of forming neu-
rites as well as decreased cellular glutathione levels [47]. The
effect of rotenone on oligodendrocytes populations have not
been described.

In cultures of rat brain cells, oligodendrocytes were more
susceptible to NO mediated damage compared to astrocytes.
Amongst the brain cells oligodendrocytes have the highest
metabolic rates needed to produce and maintain the myelin
membranes which can represent up to 100 times the weight
of the cell [48,49]. Cell respiration of oligodendrocytes is
twice as high compared to neurons [50]. Oligodendrocytes
have low levels of the anti-oxidant glutathione [51] and are
exposed to excitotoxicity since their glutamate receptors are
highly permeable to calcium [52]. With the energy break-
down, the reversal of the excitatory amino acid transporters
leads to glutamate release, and glutamate-induced cytotox-
icity via calcium-triggered nitrous oxide (NO) and O, synthe-
sis, peroxynitrite production, leading to the oligodendrocytes
apoptosis [52]. White matter damage has also been associ-
ated with excitotoxicity-mediated death [53] and reactive
oxygen species (ROS). OPCs are particularly sensitive to ROS
as they have low antioxidant defenses and their maturation
is inhibited by ROS [54,55]. Oligodendrocyte’s sensitivity to
ROS may be further exacerbated by their high need for iron,
required for synthesis of the myelinating cholesterol [56] and
high expression of the iron export transporter Ferroportin 1
[57].

In our initial tests, a high concentration of rotenone-10
UM, cerebral organoids completely deteriorated and at 2 uM

concentration organoid developed but were noticeably small-
er, with few or no rosettes and without clear developmental
zones. At 0.2 uM, rotenone produced variable results, while
0.5 uM, rotenone produced consistently quantifiable cellu-
lar changes while preserving the general organoid structure
and zones. In the present study, 3- or 6- day exposure to 0.5
UM rotenone, lead to a marked loss of oligodendrocytes. This
illustrates a great utility of organoids as a model to quickly
assess treatment dosages, multiple drug treatment protocols
that can also be run in parallel, without the need of sacrificing
large numbers of animals.

Three days rotenone exposure depleted proliferating NPC.
While the organoid rosettes became smaller, the distances
between individual Ki67* cells increased. This could potential-
ly reflect an increased NPC migration, as hypoxia has been
shown to increase cell migration and induce metastasizing of
human cancers [58], but could also be a result of the cell loss.

The observed rotenone induced reduction in NPC prolif-
eration concurs with the finding that prenatal hypoxia affects
the cells in brain neurogenic zones and, in particular, the
levels of expression of the protein paired box 6 (Pax6). Pax6
plays an important role in neurogenesis, cell proliferation,
differentiation and survival during the development of the
central nervous system [45,59]. Pax6 expression is essential
for controlling the balance between the proliferation and dif-
ferentiation of neuronal progenitors in the cerebral cortex;
intense expression of Pax6 inevitably induces neuronal differ-
entiation in NPCs thus reducing proliferation [60].

Although, in fetuses subjected to prenatal hypoxia the lev-
els of Pax6 were increased in the SVZ and SGZ of the hippo-
campal dentate gyrus but they were significantly decreased in
the cerebral cortex [61]. This finding also correlates with the
reduced number of neuronal cells produced in rat cortex [62].

In our experiments, when rotenone was removed from
the media and the organoid allowed a 10- day post-rotenone
recovery, while the number of Ki67* cells remained reduced
we observed a statistically significant increase between days
17 and 27, reaching at day 27 number similar to found in the
control organoids at day 17. This partial recovery of the NPC
was accompanied by the reduction in inter-cell distances in-
dicating that the increased proliferation and reduced migra-
tion may be developmentally linked. In contrast, following
a longer 6-days’ mitochondrial inhibition, no recovery was
observed within the span of our experiment, suggesting that
the resulting changes in cell proliferation and migration in-
crease the risk of brain malformations with the repeated or
prolonged hypoxia, or other types of the mitochondrial dys-
functions. Similar observations, loss after 3-day rotenone
exposure, were made for O4* oligodendrocytes population
and OPC. While there was a statistically significant decrease
in 04+ cell population at both day 17 and 27 following rote-
none, there was a statistically significant increase during the
10-day recovery in normal media, demonstrating the early
developmental importance of oxidative phosphorylation for
the development and differentiation of oligodendrocytes. In
conclusion, the outcome demonstrated the importance of
the mitochondrial function, oxidative phosphorylation in the
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developing brain NPC proliferation and migration, and oligo-
dendrocytes development, and that the insults which impair
the mitochondrial metabolism disrupt these developmental
processes.

An important question concerns cellular mechanism be-
hind oligodendrocyte recovery. Given that the NPC did not
regenerate, spontaneously or after PB, the regeneration of
oligodendrocytes population could be due to increased pro-
liferation of OPC, a trend observed in the present study, or
increased differentiation of the OPC to O4 expressing, non-
proliferation oligodendrocytes. Consistent with the second
mechanism in rat model, the hypoxia-ischemia induced a sig-
nificant decrease in the number of OPCs, while the numbers
of mature oligodendrocytes were affected less suggesting
more efficient OPC maturation [63].

Oligodendrocyte loss due to hypoxic conditions may im-
pair myelination as it has been observed in many congeni-
tal and acquired diseases. One such disease Periventricular
leukomalacia (PVL), is a common lesion of the periventricu-
lar cerebral white matter that occurs during development,
results from a hypoxic-ischemic injury and is thought to be
related to the disturbance of myelin and oligodendrocyte cell
lineage [64]. It was found that the declining incidence of PVL
coincides with the onset of myelination in the periventricu-
lar white matter suggesting that the risk for PVL is related to
the presence of late oligodendrocytes progenitors which they
defined as 04* cells [64]. In this context, the regeneration of
the oligodendrocytic population following the transient mi-
tochondrial blockade might be beneficial in combating the
inflammation and increasing the chance for proper CNS my-
elination. Our findings may also be relevant to preterm birth
associated with disrupted oxygen supply which can affect the
cerebral microenvironment, cause the oxidative stress and
result in myelination failure in the developing white mat-
ter. The loss of oligodendrocytes induced by oxidative stress
could potentially underwrite these pathologies.

Presence of oligodendrocytes in cerebral organoids have
been previously shown [65] and in Benson, et al. [41]. The
present study confirmed the locations of O4* oligodendro-
cytes in the intermediate and cortical zones, and expanded
upon that by quantifying the oligodendrocytes population.
Locations of quantified oligodendrocytes falls in the line with
previously held understanding of oligodendrocytes in the hu-
man brain and animal models. Both immature and mature
oligodendrocytes are present in the intermediate and cortical
zones, where they provide myelinated axons from the organ-
oid cortical areas as shown in Benson, et al. [41]. Our inves-
tigation has demonstrated the early developmental impor-
tance of oxidative phosphorylation for the development and
maintenance of the oligodendrocyte population. Three days
of mitochondrial inhibition halted the oligodendrocytic devel-
opment in organoids but after this oxidative crisis the organ-
oids renewed regeneration of their oligodendrocytes. How-
ever, with the longer inhibition (6-days rotenone exposure),
the depressed numbers of 04+ oligodendrocytes, showed no
recovery during the post-treatment time. Whether the popu-
lation of mature oligodendrocytes may be restored and nor-
mal myelination may ensue will require a further longer-term

investigation.

Phenylbutyrate has been shown to improve neurological
status in mice after cerebral hypoxia-ischemia by alleviating
cerebral infarction and neuronal apoptosis [66,67]. In our re-
cent study, PB was shown to have beneficial effects on oligo-
dendrocytes in a mouse model of Pyruvate Dehydrogenase
Complex (PDC) deficiency which also inhibits mitochondrial
functions [68]. Similar to the PDC deficient mouse, PB given
following rotenone treatment significantly increased the oli-
godendrocyte population, appearing to induce the OPC dif-
ferentiation. Unlike with the PDC deficient mouse which had
a deficiency in the pyruvate dehydrogenase complex a specif-
ic target for PB action, rotenone inhibits the electron trans-
port chain. PB’s therapeutic effect mostly likely through the
increase of mitochondrial fuel (acetyl CoA) but also it could
be related to its function as a histone deacetylase (HDAC)
inhibitor. After permanent middle cerebral artery occlu-
sion induced hypoxia, HDAC inhibitors sodium butyrate and
trichostatin A were shown to induce neurogenesis in multiple
ischemic rat brain regions [69].

Fine temporal control of chromatin remodeling through
ATP-dependent chromatin remodelers and sequential his-
tone modifiers shapes a chromatin regulatory landscape
conducive to oligodendrocyte fate specification, lineage dif-
ferentiation, and maintenance of cell identity. In hypoxia or
direct oxidative phosphorylation blockade, ATP production is
reduced, thus affecting chromatin modifications [70]. HDAC-
mediated chromatin modification to impact OPC differentia-
tion and myelination and both processes could be rescued by
HDAC inhibitors. Further investigation is needed to identify
the epigenetic effects of the mitochondrial dysfunction in
human brain organoid model and their modification by PB.
Together, these findings provide a strong rational for the use
of PB (mitochondrial agonist and HDAC-inhibitor) to mitigate
white matter developmental deficits following hypoxia and
other types of the mitochondrial dysfunctions.

In summary our present study using human cerebral or-
ganoid model demonstrate detrimental effects of transiently
reduced mitochondrial function on the early development of
the human brain involving impaired proliferation and migra-
tion of NPC, oligodendrogenesis and oligodendrocyte pop-
ulation. This study shows an intrinsic ability of developing
brain to compensate at least partially for the transient met-
abolic insult which can be further enhanced by post-insult
treatment with the PB. Future studies will address whether
treatment with PB restores myelination and its effects on the
motor functions.
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Figure S1: Representative images showing mitochondrial membrane protein staining ( MAB 1273, green) and DAPI staining in control

condition (left) and following 3-days (days 14-17) of rotenone exposure (right). Note disruption of the mitochondrial networks after
rotenone.
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