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Abstract

Ubiquinol cytochrome ¢ reductase core protein I (UQCRC1) is a component of the complex III in the respiratory chain. Its
biological functions are unknown. Here, we showed that knockout of UQCRCI1 led to embryonic lethality. Disrupting one
UQCRCT allele in mice (heterozygous mice) of both sexes did not affect their growth but reduced UQCRC1 mRNA and
protein in the brain. These mice had decreased complex III formation, complex III activity and ATP content in the brain at
baseline. They developed worsened neurological outcome after brain ischemia/hypoxia or focal brain ischemia compared
with wild-type mice. The ischemic cerebral cortex of the heterozygous mice had decreased mitochondrial membrane potential
and ATP content as well as increased free radicals. Also, the heterozygous mice performed poorly in the Barnes maze and
novel object recognition tests. Finally, UQCRC1 was expressed abundantly in neurons and astrocytes. These results suggest
a critical role of UQCRCI in embryo survival. UQCRC1 may also be important by forming the complex III to maintain
normal brain ischemic tolerance, learning and memory.

Keywords Brain ischemia - Complex III - Learning and memory - Ubiquinol cytochrome ¢ reductase core protein I

Abbreviations
UQCRC1  Ubiquinol cytochrome ¢ reductase core pro-
tein [
UQCRC2  Ubiquinol cytochrome ¢ reductase core pro-
tein 2
MAP-2 Microtubule associated protein 2
> ZhiyiZuo GFAP Glial fibrillary acidic protein
zz3c@virginia.edu . . ..
. Iba-1 Ionized calcium-binding adaptor molecule 1
:eréramng%?? i ed TMEMI119 Transmembrane protein 119
g gimaecu MCAO Middle cerebral arterial occlusion
Jg};évir inia.ed GAPDH Glyceraldehyde 3-phosphate dehydrogenase
! ginia.ect TTC 2,3,5-Triphenyltetrazolium chloride
Wenhao Xu ROS Reactive oxygen species
wx8n@virginia.edu
Hong Li
1h78553@126.com Introduction
! Department of Anesthesiology, University of Virginia Health
System, 1 Hospital Drive, PO Box 800710, Charlottesville, Human ubiquinol cytochrome ¢ reductase core protein
VA 22508-0710, USA 1 (UQCRC1) is a nuclear DNA encoded protein consist-
?  Department of Neuroscience and Neurological Surgery, ing of 480 amino acids and is a subunit of the complex
University of Virginia, Charlottesville, VA, USA III (also known as complex bc,) in the respiratory chain
Genetically Engineered Murine Model Core, School [1-3]. Human complex III consists of 11 subunits encoded
of Medicine, University of Virginia, Charlottesville, VA, by nuclear and mitochondrial DNA [4, 5]. Only three of
. UsA . o _ . these subunits (cytochrome b, cytochrome ¢, and Rieske
Department of Anesthesiology, Xingiao Hospital, Third iron-sulfur protein) contain redox prosthetic groups that may

Military Medical University, Chongqing 400037, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-019-03007-6&domain=pdf

1382

W. Shan et al.

be directly involved in electron transport [4]. The functions
of other subunits in the complex III are not clear. Two large
proteins, UQCRC1 and ubiquinol cytochrome c¢ reductase
core protein 2 (UQCRC?2), are found to be critical for the
assembly of reductase and, thus, the integrity of the com-
plex III in yeast [S]. However, the biological functions of
UQCRCI1 in mammalian cells are unknown.

It has been shown that UQCRCI is increased in a mouse
model of Rett syndrome [6]. UQCRCI overexpression
increases complex III activity in cell cultures [6]. The
expression of UQCRCI1 is decreased after ischemia/rep-
erfusion in rat heart [7]. Its expression is increased in the
heart by a protective agent [8]. These results indicate the
association of UQCRCI expression change with patho-
logical processes but are insufficient to imply its biological
functions. We have shown in recent studies that UQCRC1
overexpression reduces oxygen—glucose deprivation-induced
injury of rat embryonic ventricular myocytes and that silenc-
ing UQCRCI has the opposite effects [9, 10]. These results
indicate a protective effect of UQCRC1 on cardiomyocyte
cultures.

Ischemic brain injury is the underlying pathophysiology
for stroke, a common cause of mortality and morbidity in
human [11]. Impairment of the respiratory chain occurs dur-
ing ischemia [12], which interrupts energy supply to induce
cell injury [13]. The respiratory chain including UQCRC1
is in the mitochondria. It has been shown that mitochondria
play a vital role in brain ischemia pathology via various
mechanisms, such as reactive oxygen species (ROS) gen-
eration and scavenging [11, 14], electron transporting [15],
mitochondrial dynamic changes [16—18] and involvement in
inflammation [19-21]. Mitochondria are the major source of
ROS and are also a target of ROS [22, 23]. Accumulating
evidence shows that excessive ROS cause functional and

Fig. 1 Generation of the het-
erozygous UQCRCI*~ mice.

a Construction of the mutant
UQCRCI. b Representative
images of the PCR products
from embryos. C Results of
genotypes of embryos and mice.
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A exons 2

B +/+

493 bp
223bp

structural impairment of brain tissues and play a critical role
in the pathogenesis of cerebral ischemia [11]. If UQCRC1
is a necessary component in the mitochondrial respiratory
chain, it is conceivable that UQCRCI1 may play a role in
determining brain ischemic tolerance. However, the role of
UQCRCI in brain ischemic injury has not been reported.
This study was designed to determine the biological func-
tions of UQCRC1. We hypothesized that UQCRC1 was an
important component of complex III in mammalian cells and
that disruption of its basic cellular function might impair
cell survival/organ function, such as learning, memory and
brain ischemic tolerance. Here, we showed that knockout
of UQCRCI1 in mice led to embryonic lethality. Mice with
disruption of one Ugcrcl allele (heterozygous mice) had
decreased UQCRCI in the brain. These mice had decreased
brain ischemic tolerance and poor learning and memory.

Results
Critical role of UQCRC1 in embryo survival

The ES cell from 129/0laHsd sub-strain contained the
inserted Neo cassette that substituted the gene sequence
between exon 3 and exon 4. It was predicted to result in 104
base-pair loss of the coding sequence and early truncated
UQCRCI protein (Fig. 1). With the use of the designed
primers, the following products were anticipated: one band
of 493 base-pairs for the PCR product of the homozygous
UQCRCI_/_ mice, one band of 223 base-pairs for wild-
type UQCRCI*"* mice, and two bands of 223 and 493
base-pairs for heterozygous UQCRCI*'~ mice (Fig. 1).
A total of 121 25-day-old mice born from heterozygous
parents were genotyped. Homozygous UQCRC1~'~ mice
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were not found (Fig. 1), suggesting that the homozygous
UQCRC1™~ mutant mice (mice with UQCRCI knockout)
were not viable.

To determine the role of UQCRCI in regulating mouse
survival, the embryos at E15.5, E9.5 and E7.5 stages
were isolated from 6th or 7th generation of heterozy-
gous mothers for genotyping. There were no homozygous
UQCRCI™'~ embryos among 28 embryos at E15.5. One
and two homozygous UQCRCI ™'~ embryos were found
at E9.5 (39 total) and E7.5 (23 total), respectively. All the
homozygous embryos appeared abnormal and hypogenetic
under microscope. Six homozygous UQCRCI~'~ blasto-
cysts at E3.5 were identified among 46 samples; two of
these homozygous UQCRCI™'~ blastocysts had obviously
abnormal morphology. There were 8 undetermined blasto-
cysts, probably due to an insufficient amount of DNA. These
results indicate that knockout of the gene UQCRCI causes
early embryo death and that the disruption of UQCRC1
expression results in embryonic hypogenesis.

Expression of UQCRC1 and UQCRC2 in the brain

In the cerebral cortex, a significant amount of UQCRC1 was
expressed in the cells expressing microtubule-associated
protein 2 (MAP-2), suggesting that UQCRCI is expressed
in neurons. The immunostaining of UQCRCI1 was also
co-localized with glial fibrillary acidic protein (GFAP),
a marker for astrocytes [24], indicating that UQCRCI is
expressed in astrocytes. However, UQCRCI staining was
not co-localized with ionized calcium-binding adaptor mol-
ecule 1 (Iba-1) or transmembrane protein 119 (TMEM119)
(Fig. 2), two markers for microglia [25, 26], suggesting
that UQCRCI1 is not detected in microglia. To determine
the co-localization of UQCUC protein with various cell-
type markers, microscopic fields with strong staining of one
marker were selected for photographing. These fields may
not contain many cells of other types, which makes it appear
that UQCRC protein is located mostly in the focused type
of cells in the microscopic field. Interestingly, UQCRCI
staining was circular surrounding the nuclei in neurons
but was diffuse in astrocytes. The pattern of the staining of
UQCRC2, the only other core protein in the complex III, was
similar to that of UQCRC1 (Fig. 2). These results suggest
that UQCRC1 and UQCRC2 are expressed in neurons and
astrocytes but may not be expressed in a detectable amount
in microglia. Of note, some cells expressed UQCRC1 but
did not appear to express UQCRC2. All cells that expressed
UQCRC2 also had UQCRCT1 (Fig. 3). These results suggest
that some cells may express only UQCRCI.

The heterozygous UQCRCI*'~ mice had reduced
UQCRC1 mRNA and protein in their brain (paramet-
ric results are presented as mean + SD in this paper).
Although the mRNA of UQCRC2 was increased in the
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Fig.2 Double immunofluorescent staining of a cell-type specific
protein and UQCRCI1 (a) or UQCRC2 (b) in mouse cerebral cortex.
Scale bar 200 um
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Fig.3 Double

immunofluorescent
UQCRC?2. a Rabbit polyclonal anti-UQCRCI1 antibody and mouse
monoclonal anti-UQCRC?2 antibody were used. b Mouse monoclonal
anti-UQCRCI1 antibody and rabbit monoclonal anti-UQCRC2 anti-
body were used. Scale bar 200 um

staining of UQCRCI and
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cerebral cortex, a compensatory increase in the expres-
sion of UQCRC?2 protein was not present in the brain
(Fig. 4).

Physiological characteristics of heterozygous
UQCRCT*"~ mice

The heterozygous UQCRCI*'~ mice appeared normal and
reproduced normally. Their body weights were similar
to those of wild-type mice at ~3 months of age no mat-
ter whether they were male (26.7 +2.7 g of wild-type
mice vs. 25.5+2.6 g of the heterozygous mice, n =20,
P=0.175) or female (19.3 +2.5 g of wild-type mice
vs. 20.3 + 1.8 g of the heterozygous mice, n=20-27,
P=0.170). Their body weight that increased with age was
similar to that of wild-type [F(1, 27)=0.432, P=0.517].
However, sex was a significant factor to affect the body
weight increase with age [F(1, 27]=20.564, P <0.001].
Similarly, male mice had a slower respiratory rate than
female mice [F(1, 1)=10.959, P=0.003] but there was
no difference between wild-type mice and heterozygous
UQCRCI*~ mice [F(1, 1)=0.0085, P=0.927]. There
was no difference in the heart rate and mean arterial blood
pressure between these two types of mice and between
male and female mice (Fig. 5).

Fig.4 Decreased UQCRC1
expression in the heterozygous

Role of UQCRC1 in brain ischemic tolerance,
learning and memory

To determine whether the reduced UQCRC1 expression
in the heterozygous UQCRCI*~ mice had any functional
consequence, we subjected these mice to brain ischemia/
hypoxia. Six mice in 30 wild-type mice and 7 mice in 18
heterozygous UQCRCI*'~ mice died before the end of
the observation period (3 days) after this brain ischemia/
hypoxia. There was no difference in the mortality between
these two types of mice (P=0.19). The heterozygous
UQCRCI*~ mice had a larger infarct brain volume and
poorer neurological deficit scores than the wild-type mice
(Fig. 6a—c). Only mice that survived to the end of the obser-
vation period contributed data to the infarct volume analy-
sis but the neurological deficit scores from all mice were
included in analysis. Neurological deficit scores were evalu-
ated just before the animals were killed for brain infarction
assessment for those animals that survived throughout the
observation period. The scores were 7 for those animals
that died within the observation period. The heterozygous
UQCRCI*'~ mice also had worsened neurological outcome
after they were subjected to the middle cerebral arterial
occlusion (MCAO) (Fig. 6d—f), a commonly used focal
brain ischemia model [27]. No animal died before the end
of observation period (24 h) after MCAO. The heterozy-
gous UQCRCI*'~ mice after a Sham surgery did not have
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brain infarction or neurological deficits (Fig. 6d—f). Mice
in the Sham surgery group had an identical surgical proce-
dure to that of MCAO group but without receiving a suture
to achieve MCAOQ. Two ischemia models, brain ischemia/
hypoxia and MCAO models, were used to complement each
other. These results suggest that the heterozygous mice have
a decreased brain ischemic tolerance.

The mice that were not exposed to anesthesia, brain
ischemia and hypoxia were subjected to Barnes maze to
test their spatial learning and memory. The time for mice to
identify the target box was decreased with increased train-
ing sessions. This time on day 4 for both wild-type and het-
erozygous UQCRCI*'~ mice was shorter than the time on
day 1. Also, the heterozygous nature is a significant factor to
influence the performance of these mice during the training
sessions of Barnes maze test [F(1, 17)=5.766, P=0.028]. In
addition, the heterozygous UQCRCI*'~ mice took a longer
time than wild-type mice to identify the target box at 1 day
and 8 days after the training sessions (Fig. 7a, b). These
results suggest that the heterozygous UQCRCI*~ mice have
poorer spatial learning and memory than wild-type mice.
The heterozygous UQCRCI™~ mice also performed poorly
in novel object recognition test compared with wild-type
mice (Fig. 7¢), providing additional evidence that these het-
erozygous mice have poor learning and memory.

The amount of time spent in the corner, center and
border areas was not different between the heterozygous
UQCRCI*~ mice and wild-type mice. They traveled the
same distances in the open field test (Fig. 7d, e). These

results suggest that the heterozygous UQCRCI*~ mice
and wild-type mice have similar exploratory behavior.
These two types of mice also have a similar anxiety level.

Biochemical changes induced by UQCRC1
down-regulation

To determine possible mechanisms for the decreased brain
ischemic tolerance and impaired learning and memory,
biochemical analysis was performed. First, there was
a decreased amount of complex III in the brain of the
UQCRCI*'~ mice as shown in the native page (Fig. 8a,
b). Consistent with this finding, the complex III activity at
baseline in the heterozygous UQCRCI*'~ mice was lower
than that of wild-type mice. The mitochondrial membrane
potential (MMP) and cellular ATP content in the heterozy-
gous UQCRCI*~ mice were also lower than those in wild-
type mice (Fig. 8c—e). The activity of the complex III,
MMP and ATP content in the ischemic brain tissues was
reduced and the free radical levels in the ischemic brain
tissues were increased compared with the corresponding
non-ischemic brain tissues of the wild-type mice or the
heterozygous UQCRC I+~ mice (Fig. 8c—f). These results
suggest that the heterozygous UQCRCI "'~ mice have a
disturbed energy supply and MMP at baseline and that
brain ischemia further disturbs these basic biochemical
processes and increases oxidative stress.
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Brain ischemia/hypoxia model

MCAO model

. cmmm——"_

Fig.6 Decreased brain ischemic tolerance of the heterozygous
UQCRCI™~ mice. a Representative images of TTC-stained brain
slices of mice after brain ischemia/hypoxia. b Quantitative results
of infarct volume of mice after brain ischemia/hypoxia. Results are
mean+SD (n=12-18). ¢ Neurological deficit scores of mice after
brain ischemia/hypoxia. Results are in box plot (n=18-30). d Rep-
resentative images of TTC-stained brain slices of mice after MCAO
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Fig.7 Impaired performance of the heterozygous UQCRCI*'~ mice
without brain ischemia and hypoxia in Barnes maze and novel object
recognition test. a Results of the training sessions of Barnes maze. b
Results of the memory phase of Barnes maze. Results are mean +SD
(n=8-11). "P<0.05 compare with the corresponding data on day 1.

Discussion

UQCRCI1 is a core protein of the respiratory chain
complex III [1-3, 5]. We attempted to get homozy-
gous UQCRCI~'~ offspring by crossing the heterozy-
gous UQCRCI"~ F1 mice. Unfortunately, although a
large number of postnatal mice had been collected, no

*P <0.05 compared with wild-type mice. ¢ Novel object recognition.
Results are mean+ SD (n=9-14). *P <0.05 compared with wild-type
mice. d Total travel distance in open field. e Performance in open
field. Results are mean+SD (n=13-16)

homozygous UQCRCI~'~ mice were found. Only one
homozygous UQCRC1~'~ embryo was detected among 39
embryos at E9.5 and no homozygous UQCRCI~'~ embryo
was observed at E15.5, implying that the UQCRC1 plays
an essential role during embryo development and for
embryo survival and that disruption of this gene causes
early embryonic lethality.
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tion of complex III. b Quantification of complex III in native pages.
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The incidence of mitochondria disorders in human is
1:10,000 live births. Deficiencies in complex I and IV are
the two most common causes of mitochondria disorders.
The deficiency of other components of the respiratory chain
is comparatively scarce. Combined complex I and complex
III deficiency was found in a patient due to the mutation of
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mice. ¢ Complex III activity. d Mitochondrial membrane potential.
e ATP content. f Free radicals. Results are mean+SD (n=6 for c,
11 for d, 12 for e and 6 for f). *P <0.05 compared with the corre-
sponding non-ischemic tissues of the wild-type mice. *P <0.05 com-
pared with the corresponding non-ischemic tissues of the heterozy-
gous UQCRCI*'~ mice. 5P <0.05 compared with the corresponding
ischemic tissues of wild-type mice

NADH:ubiquinone oxidoreductase subunit S4 gene of com-
plex L. This patient died at the age of 3 months [28]. Another
patient that has deficiency of complex I and complex III
suffers from benign congenital myopathy [28, 29]. Muta-
tions of the complex III cause respiratory enzyme dysfunc-
tion in human [30]. Among complex III deficiency-caused
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diseases, the mitochondrial encoded cyfochrome b mutation
is the commonest form. Several mutations of cytochrome
b have been found, which lead to diseases, such as Leber
hereditary optic neuropathy [31], progressive exercise mus-
cle intolerance [32-34], histiocytoid cardiomyopathy [35]
and ischemic cardiomyopathy [36]. Of note, mutations of the
UQCRCI gene in human have not been reported.

In our study, the heterozygous UQCRCI*~ mice have
reduced UQCRC1 mRNA and protein expression, sug-
gesting a partially dominant mutation in our heterozygous
mice. These mice had a decreased brain ischemic tolerance
as shown in two different brain ischemia models. In addi-
tion, these mice had impaired spatial and vision-dependent
learning and memory. These results suggest a critical role
of UQCRCI in maintaining brain functions.

UQCRCI is a mitochondrial protein [1-3]. It combines
with other 10 proteins to form the complex III, which cat-
alyzes the reduction of cytochrome c [4, 5]. This process
pumps four protons from the mitochondrial matrix to the
intermembrane space to maintain MMP [37]. UQCRC1
is not an electron transport protein but may act as a core
protein to facilitate the interaction between cytochrome ¢
(complex IV component) and cytochrome c¢; (Complex III
component) [4].

As the electron is passing through the five complexes
of the electron transport chain, proton is moved from the
matrix of the mitochondria to the space between the inner
and outer membranes of the mitochondria. This process pro-
duces energy that is often stored as ATP [37-39]. Block of
normal electron transport can decrease energy production
and MMP. In addition, leaked electron can react with oxygen
to produce ROS [40, 41]. These pathophysiological changes
may harm cells, especially when detrimental insults, such as
ischemia, are present [11, 40, 41].

Very little is known about the biological function of
UQCRCI. It is not known whether UQCRCI1 is necessary
for maintaining complex III activity. If it is necessary, the
decrease of UQCRCI1 expression may lead to a decreased
complex III activity, which can result in disrupted MMP,
reduced ATP production and increased ROS. These patho-
physiological changes may make tissues or organs very
vulnerable to injury [11]. Consistent with this possibility,
the heterozygous UQCRCI™~ mice had decreased MMP
and ATP content and increased ROS compared to the wild-
type mice in the ischemic brain tissues, which may explain
the decreased brain ischemic tolerance of the heterozy-
gous UQCRCI*~ mice. Interestingly, the heterozygous
UQCRCI*~ mice had decreased complex III formation,
complex III activity, MMP and ATP content in their brain at
baseline, which may be a mechanism for the impaired learn-
ing and memory in these mice because ATP supply impair-
ment and oxidative stress can impair learning and memory
[42]. In addition, the heterozygous UQCRCI™~ mice had

decreased UQCRC1 expression and complex III formation
and activity. These findings, along with the finding that
UQCRCI1 knockout is lethal, indicate that UQCRCI is an
important component of complex II1.

Of note, cell-type distribution of UQCRC1 and UQCRC2
has not been determined. Our results showed that UQCRC1
and UQCRC2 were expressed in neurons and astrocytes.
However, neither UQCRC1 nor UQCRC?2 appeared to be
co-localized with the staining of Iba-1 or TMEM119, two
microglial markers [25, 26], suggesting that microglia may
not express a detectable amount of UQCRC1 and UQCRC2.
These findings are consistent with that in a previous study
in which a mitochondrial protein was not found in microglia
[43]. Interestingly, some cells that expressed UQCRC1 did
not appear to express UQCRC2, suggesting that UQCRC1
has a wider expression pattern than UQCRC2. Together,
these findings suggest that not all respiratory chain compo-
nents are expressed in all cells. Further studies are required
to test this provocative suggestion. Nevertheless, the wider
expression pattern of UQCRC1 may explain why UQCRC2
cannot compensate the functions of UQCRCI.

We did not see any difference between the wild-type and
heterozygous UQCRCI*~ mice in the travel distance in
the open field test. This result suggests that the difference
observed in the Barnes maze and novel object recognition
tests may not be caused by decreased motor functions in
the heterozygous UQCRCI*~ mice. Also, the exploratory
and anxious behaviors of the heterozygous mice are similar
to those of wild-type mice, suggesting that these heterozy-
gous mice do not have a generalized behavioral impairment.
Interestingly, being heterozygous in the UQCRCI gene did
not affect the general physiological characteristics including
growth curve, respiratory rate, heart rate and mean arterial
blood pressure, suggesting ineffectiveness of mild impair-
ment of the complex III on these basic life parameters.

In conclusion, our results suggest that UQCRCI is criti-
cal for the development and survival of embryos. UQCRCI
is also important for the proper function of the complex III,
which may affect the brain ischemic tolerance and normal
learning and memory.

Materials and methods

The animal protocol was approved by the institutional Ani-
mal Care and Use Committee of the University of Virginia
(Charlottesville, VA). All animal experiments were carried
out in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH
publications number 80-23) revised in 2011.

Eighteen pregnant female mice were used to isolate
embryos to generate data presented in Fig. 1c. About 475
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mice were used to generate the data presented in the other
figures.

Generation of Ugcrc1 knockout/knockdown mice

The F1 heterozygous Ugcrcl mice with partial gene
sequence replaced by Lac-Neo cassette in one of the Ugcrcl
alleles were generated using 129/0laHsd targeted ES cells
obtained from Deltagen. The targeted ES cells harboring
a LacO-SA-IRES-lacZ-wtNEO/Kan cassette insert that
spanned part of exon 3, exon 4 and the intervening intronic
sequence were used to generate chimeras by blastocyst
injection. The chimeras were then crossed with wild-type
CS57BL/6N to get heterozygous F1 offspring. F2 offspring
mice were produced by intercrossing F1 heterozygous males
and females. The F2 heterozygous mice were intercrossed
again to get the F3 offspring as we described before [44].
All these mice were genotyped by PCR. The wild-type and
heterozygous mice generated from this cross-breeding were
used in the experiments described in the following sections.

Isolation and in vitro culture of mouse embryos

As we described before [44], female heterozygous mice at
4 weeks old received intraperitoneal injection of pregnant
mare serum gonadotropin (National Hormone and Pep-
tide Program, Torrance, CA, USA) followed 48 h later by
an injection of human chorionic gonadotropin (National
Hormone and peptide program, Torrance, CA, USA).
The female mice were then mated with sexually mature
male heterozygous mice. Fertilized eggs were collected in
EmbryoMax® flushing and holding medium (FHM; Merck
Millipore, Billerica, MA, USA), treated with hyaluronidase
(Sigma, St. Louis, MO, USA) and rinsed with FHM. The
embryos were then cultured in EmbryoMax® potassium-
supplemented simplex optimized medium (MerckMillipore)
overlaid with mineral oil in a humidified air containing 5%
CO, at 37 °C. Embryos were lyzed at various times in a lysis
buffer consisting of 50 mM NaOH at 95 °C for 5 min. The
solution was cooled to room temperature and then neutral-
ized with 50 mM Tris—HCI (pH 8.0). The lysate was then
used for PCR.

Genotyping of the Uqcrc1 knockout/knockdown
mice

The genomic DNA from post-implantation embryos and
mouse tails was extracted using the DNeasy blood and tis-
sue kit (QIAGEN, USA). The primers of F1 (5'-GGGATG
TGGAGCCAGAATCAACAAC-3’) and R1 (5'-CCAGAG
CTACCCAACAGCCTATCTT-3') were designed to iden-
tify the gene sequence of Ugcrcl that should be substituted
by the Neo cassette in the heterozygous and homozygous
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mice. The primers of F2 (5'-AGGATCTCCTGTCATCTC
ACCTTGCTCCTG-3") and R2 (5'-AAGAACTCGTCA
AGAAGGCGATAGAAGGCG-3’") were used to verify the
inserted Neo cassette (Fig. 1). The PCR program was set as
94 °C for 5 min, 94 °C for 30 s, 58 °C for 30 s, and 72 °C
for 35 s per cycle for 35 cycles and then 72 °C for 10 min.

Physiological measurement

The body weights of male and female mice were recorded
once every week for 8 weeks with the first measurement at
an age of 1 week.

Heart rate and blood pressure were measured at an age
of about 8 weeks with a non-invasive CODA monitor (Kent
Scientific Corporation, Connecticut, USA) as we did before
[45]. Briefly, the mouse was kept in a mouse restrainer and
wrapped with warming pad for 5 min. Heart rate and blood
pressure were then measured via a tail cuff by a CODA mon-
itor. Mean value from a total of five measurements of each
mouse was used for statistical analysis. Respiratory rate was
counted three times manually and their mean value was used
for statistical analysis.

Total RNA extraction and real-time PCR

Cortex and hippocampus were harvested from wild-type
(UgcreI*'™) and heterozygous (Ugcrel™™) mice under deep
anesthesia and after cardiac perfusion with normal saline.
RNeasy mini kit (catalog number: 74104, QIAGEN) was
used for RNA isolation. Reverse transcription PCR was con-
ducted by 5 X All-In-One RT MasterMix (catalog number:
G486, Applied Biological Materials Inc., Richmond, Can-
ada) for cDNA synthesis. A total of 125 ng cDNA was used
for real-time PCR procedure by the CFX Connect system
(Bio-Rad). Primers were as follows: Uqcrcl, F3 (5'-CAG
TGTCTCCCGAGTGTATG-3’") and R3 (5'-GGTCACGTT
GTCTGGGTTAG-3"); Uqcre2, F4 (5'-CCAAATACCGTG
GAGGTG-3") and R4 (5'-ACACTCTGGCTCAGGAGG
-3"). The house keeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as internal reference
[F5 (5'-AATGTGTCCGTCGTGGATCT-3') and RS (5'-
GGTCCTCAGTGTAGCCCAAG-3")]. The relative amount
of mRNA was determined using the comparative threshold
cycle method.

Native-PAGE

Samples prepared from freshly isolated mitochondria
of wild-type (UgcrcI™*) and heterozygous (Ugcrel™'™)
mice were applied to native PAGE to evaluate the quan-
tity of complex III according to a method described before
[46]. Gel was scanned by a Bio-Rad GS 800 densitometer
and quantified by Image J. The band corresponding to the
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complex III was confirmed by Western blotting with an anti-
UQCRC?2 antibody.

Western blotting

The expression level of UQCRC1 and UQCRC?2 in wild-
type (Ugcrel™*) and heterozygous (Ugcrel*~) mice was
assessed by Western blotting. Cortex and hippocampus of
wild-type and heterozygous mice without any interventions
were harvested and homogenized in RIPA buffer (Thermo
Fisher Scientific, Waltham, MA) containing a protease inhib-
itor cocktail (Sigma, St. Louis, MO). Twenty microgram
protein was loaded per lane and separated by 12% gels (Bio-
Rad Laboratories, Hercules, CA, USA). After transferred to
a polyvinylidine difluoride membrane (catalogue number:
162-0177, Bio-Rad), the membrane was blocked for 1 h in
blocking buffer (Pierce Protein-free T20, catalogue num-
ber: PI207535, Thermo Fisher Scientific) and then incubated
with a primary antibody overnight at 4 °C. The primary
antibodies were rabbit polyclonal anti-UQCRC1 antibody
(1:1000 dilution, catalogue number: ab96333, Abcam, Cam-
bridge, United Kingdom), rabbit monoclonal anti-UQCRC2
antibody (1:1000 dilution, catalogue number: ab203832,
Abcam) and rabbit polyclonal anti-GAPDH (1:5000 dilution,
catalogue number: G9545, Sigma). Secondary antibodies
were goat anti-rabbit antibody and goat anti-mouse antibody
conjugated with horse radish peroxidease (1:5000 dilution,
Santa Cruz Biotechnology, Dallas, TX). Protein bands were
quantified by Genetools version 4.01. The relative protein
expression of UQCRC1 and UQCRC?2 was normalized to
the level of GAPDH in the same sample.

Immunofluorescent staining

Immunofluorescent staining of UQCRC1 and UQCRC?2 in
the brain was conducted as described before [47]. Wild-type
male and female mice were perfused with normal saline.
Brain slices at Bregma —2 to —5 mm were fixed in 4%
paraformaldehyde for 2 days at 4 °C and then embedded in
paraffin. Five-micrometer thick coronal sections were cut
and mounted on slides. Antigen retrieval was performed in
sodium citrate buffer (10 mM sodium citrate, 0.1% Tween
20, pH 6.0) for 20 min. Primary antibodies used were mouse
monoclonal anti-UQCRC1 (1:100 dilution, catalogue num-
ber: ab110252, Abcam), rabbit polyclonal anti-UQCRC1
(1:100 dilution, catalogue number: ab96333, Abcam), mouse
monoclonal anti-UQCRC?2 (1:500 dilution, catalogue num-
ber: ab14745, Abcam), rabbit monoclonal anti-UQCRC2
(1:200 dilution, catalogue number: ab203832, Abcam),
mouse monoclonal anti-MAP2 (1:200 dilution, catalogue
number: ab7756, Abcam), goat polyclonal anti-GFAP (1:200
dilution, catalogue number: ab53554, Abcam), rabbit mono-
clonal anti-TMEM119 (1:100 dilution, catalogue number:

ab209064, Abcam), and rabbit polyclonal anti-Iba-1 (1:200
dilution, catalogue number: 019-19741, Wako Chemicals
USA, Richmond, VA). Secondary antibodies were donkey
anti-rabbit IgG conjugated with Alexa Fluor 488/594 (1:200
dilution, catalogue number: A-21206/A-21207, Invitrogen,
Eugene, ON); donkey anti-goat IgG conjugated with Alexa
Fluor 488 (1:200 dilution, catalogue number: A-11055,
Invitrogen) and donkey anti-mouse IgG conjugated with
Alexa Fluor 488/594 (1:200 dilution, catalogue number:
A21202/A-21203, Invitrogen). They were applied for 1 h at
room temperature in the dark. Sections were counterstained
with Hoechst 33342 (1:1000 dilution, catalogue number:
62249, Thermo Scientific, Pittsburgh, PA) for 5 min, then
rinsed and mounted with Vectashield mounting medium
(catalogue number: H-1000, Vector Laboratories, Burl-
ingame, CA, USA). Images were acquired with a fluorescent
microscope (Olympus DP70, Olympus Corporation, Tokyo,
Japan).

Brain hypoxia-ischemia model and middle cerebral
arterial occlusion model

Ten-week-old wild-type (Ugcrcl**) and heterozygous
(Uqcrc]”‘) C57BL/6N male and female mice were sub-
jected to brain ischemia/hypoxia. These mice had a left
common carotid arterial ligation [48—50]. To achieve this,
mice were anesthetized with 2.0% isoflurane that were deliv-
ered by an anesthetic vaporizer (Vaporizer Sale & Service,
Inc., Rockmart, GA) gassed with oxygen. The concentra-
tion of isoflurane was monitored by an anesthetic analyzer
(Datex-Engstrom Helsinki, Finland). A 1.5 cm incision at
the midline of neck was made. The left common carotid
artery was dissected carefully without damaging the vagus
nerve. The artery was cut after both sides were ligated with
a 6-0 silk. The wound was closed with a clip and the mouse
was placed in a warm container until recovery. A servo-con-
trolled warming blanket (TCAT-2LYV, Physitemp instruments
Inc., Clifton, NJ) was used to maintain the rectal temperature
at 37 °C. The mouse’s heart rate and pulse oxygen satura-
tion were monitored by a MouseOX Murine Plus Oximeter
System (Starr Life Sciences Corporation, Oakmont, PA).
All animals received a subcutaneous injection of 3 mg/kg
bupivacaine after surgery. The surgery lasted for 8§ min for
each mouse. Two hours after the carotid artery ligation and
cut, wild-type and heterozygous mice were put in a chamber
filled with humidified 8% oxygen in nitrogen for 60 min at
37 °C. This hypoxia chamber was placed in a cell culture
incubator whose temperature was set at 37 °C. The oxygen
concentration and temperature in the hypoxia chamber were
continuously monitored. This brain ischemia/hypoxia model
is adopted from a neonatal hypoxic—ischemic encephalopa-
thy model as we described before [48—50] and has been used
in adult mice [51].
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To induce focal brain ischemia, 10-week-old wild-type
(Ugcrel*'™) and heterozygous (Ugcrel*'~) C57BL/6N
male and female mice were subjected to left MCAO as
we described before [27]. Briefly, mice were anesthetized
with 2.0% isoflurane that was delivered by an anesthetic
vaporizer (Vaporizer Sale & Service, Inc., Rockmart, GA,
USA) gassed with oxygen. The concentration of isoflurane
was monitored by an anesthetic analyzer (Datex-Engstrom
Helsinki, Finland). The MCAO was achieved by inserting
a monofilament nylon suture (Beijing CiNontech Co. Ltd.,
Beijing, China) with a rounded end to the left internal carotid
artery via the left external carotid artery until slight resist-
ance was felt. The ipsilateral common carotid artery was
occluded temporarily during the placement of the suture.
Mice were re-anesthetized by isoflurane to remove the suture
90 min later. The wound was closed with a clip and the
mouse was placed in a warm container until recovery. Mice
in the Sham surgery group had an identical surgical pro-
cedure to that of MCAO group but without the insertion
of the suture. During surgery, a servo-controlled warming
blanket (TCAT-2LV, Physitemp instruments Inc., Clifton,
NIJ) was used to maintain the rectal temperature at 37 °C.
Their heart rate and pulse oxygen saturation were monitored
by a MouseOX Murine Plus Oximeter System (Starr Life
Sciences Corporation, Oakmont, PA). All animals received a
subcutaneous injection of 3 mg/kg bupivacaine after surgery
for pain control.

Evaluation of neurological deficit scores and infarct
volumes

Neurological deficit scores were evaluated based on an
eight-point scale [52]. This evaluation was performed just
before the animals were used for brain infarction assess-
ment. Mice were scored as follows: 0, no apparent deficits;
1, failure to extend right forepaw fully; 2, decreased grip
of the left forelimb; 3, spontaneous movement in all direc-
tions, contralateral circling only if pulled by the tail; 4, cir-
cling or walking to the left; 5, walking only if stimulated;
6, unresponsiveness to stimulation and with depressed level
of consciousness; and 7, dead. The score was evaluated by
a person who is blinded to the mouse types.

The assessment of infarct volumes at 72 h after brain
ischemia/hypoxia or 24 h after MCAO was performed after
the staining of brain slices with 2% 2,3,5-triphenyltetrazo-
lium chloride (TTC) (catalog number: T8877, Sigma, St.
Louis, MO) as we described before [53, 54]. Briefly, the
mouse was deeply anesthetized by isoflurane and perfused
with normal saline. The brain was harvested and sliced with
a microtome into 6 pieces at 2 mm thickness. Slices were
incubated in 2% TTC for 30 min at 37 °C. After fixation in
4% paraformaldehyde overnight, the slices were pictured and
analyzed by image J. The percentage of infarct volume in the
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contralateral hemisphere volume was calculated [55]. The
quantification was performed by a person who is blinded to
the mouse types. Animals in the MCAO group were elim-
inated from the study if there was no brain infarction as
assessed by TTC staining.

Barnes maze

Eight-week-old wild-type (Ugcrcl™*) and heterozygous
(UgcreI™™) mice without hypoxia and brain ischemia were
assessed by Barnes maze test as we did before [56]. The
mouse was placed in the center of a circle platform that has
20 equally spaced holes with one of them connected to a
dark chamber (target box) (SD Instruments, San Diego, CA,
USA). Aversive noise (85 dB) and bright light (200 W) shed
on the platform to encourage the mouse to find the target
box. All mice were trained for 4 consecutive days with 3 min
per trial, 4 trials per day. Their reference memory was tested
on day 5 (short-term retention) and day 12 (long-term reten-
tion). Each mouse had only one trial on each of these two
test days. No test was performed during the period from day
5 to day 12. The latency to find the target box during each
trial was recorded with ANY-Maze video tracking system
(Stoelting Co., IL).

Open-field and novel object recognition tests

As described before [57], 8-week-old mice were put in the
open-field box for 10 min. The time of mice spent in the
corner, border and center areas and the travel distance were
recorded by ANY-maze behavioral tracking software.

One day after open field test, mice were subjected to
novel object recognition test. As described before [58], two
identical objects were placed in opposite sides of the box
on the training day. A mouse was placed in the center and
allowed to explore the box for 5 min. An animal was elimi-
nated from the experiment if the total exploration time on
two objects was less than 5 s. Twenty-four hours later, a
novel object and a familiar object were placed in the same
locations again as in the training phase. The mouse was put
in the middle of the box and allowed to explore for 5 min.
Animal behavior (e.g., the time and frequency of exploring
novel/familiar object) was recorded by ANY-maze behavio-
ral tracking software. The ratio of time spent with the novel
object to the total exploring time was calculated.

Assessment of reactive oxygen species

The wild-type (Ugcrel™*) and heterozygous (Ugcrel ™)
mice were randomly assigned to the control and MCAO
groups. The control group of mice was not subjected to anes-
thesia or surgical procedure. The OxiSelect™ In Vitro ROS/
RNS Assay Kit (catalog number: STA-347, Cell Biolabs
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Inc., San Diego, CA, USA) was chosen to detect ROS as
we did before [59]. Briefly, the left frontal cortex area 1
(Frl) at Bregma 1 to — 1 was harvested 24 h after MCAO or
from control mice. Tissue was homogenized on ice in cold
phosphate-buffered saline (10 mg/100 pL), and centrifuged
at 10,000g for 5 min at 4 °C. Fifty microliter supernatant
was mixed with 50 pL catalyst in a well of 96-well plates
and incubated at room temperature for 5 min. Subsequently,
2',7"-dichlorodihydrofluorescin diacetate solution (100 pL)
was added to each well and was reacted for 45 min in the
dark. Fluorescence at 486 nm excitation and 538 nm emis-
sion was read on a fluorescence plate reader (Gemini EM
Microplate Reader, Molecular Devices, Sunnyvale, CA,
USA). Measurements were performed in triplicate and then
averaged as the value for each mouse.

Measurement of mitochondrial transmembrane
potential

Fresh Frl at 24 h after MCAO was prepared into single cell
suspension in Neurobasal-A medium (20 mg/400 pL, catalog
number: A24775-01, Thermo Fisher Scientific) by passing
the tissues through a 70 um mesh in a way similar to what
we described before [60, 61]. Tetramethylrhodamine ethyl
ester (catalog number: K238-200, BioVision) was used to
detect the transmembrane potential changes per the manu-
facture’s instruction. Measurements were run in duplicate
and then averaged as the value for each mouse.

Mitochondrial isolation

Mitochondria of control animals and animals with MCAO
were isolated by the Mitochondria Isolation Kit for Tissue
and Cultured Cells (catalog number: K288-50, BioVision,
Milpitas, CA, USA) according to the instructions and similar
to the protocol we used before [62]. Briefly, the mouse was
deeply anesthetized 24 h after MCAO. Left cerebral cortex
at Bregma 1.5 to — 1 was collected and rinse in 1 mL cold
isolation buffer. Tissue was homogenized with Dunce Tis-
sue Homogenizer in isolation buffer (10 mg/100 pL) for 15
strokes. The homogenate was then transferred to a tube and
centrifuged at 600g for 10 min at 4 °C. Supernatant was
collected to a new tube and centrifuged at 7000g for 10 min
at 4 °C. The formed pellet was re-suspended in 100 pL stor-
age buffer. Protein concentration was measured by Bradford
method. Isolated mitochondria were immediately used for
mitochondrial complex III activity assay.

Assessing mitochondrial respiratory enzyme
complex Il activity

Mitochondrial Complex III Activity Assay Kit (catalog
number: K520-100, BioVision) was used to measure

the mitochondrial complex III activity according to the
manufacturer’s instruction. The absorbance of reduced
cytochrome ¢ was measured at 550 nm by an end point
model. A total of 10 pg mitochondria from each group
were used for this assay. Measurements were run in tripli-
cate. The mean value of the triplicates was used to repre-
sent the value of each mouse.

ATP assay

ATP content was measured by an ADP/ATP ratio Assay
Kit (catalog number: ab65313, Abcam) with some modifi-
cations. Briefly, freshly harvested cortex tissue at Bregma
—1 to — 2.5 was prepared into a single-cell suspension
with cold PBS (20 mg/400 pL). The sample was diluted at
a ratio of 1:10 with nuclear releasing buffer, incubated for
5 min at room temperature and then added to 100 pL. ATP
monitoring enzyme mix. The bioluminescent intensity of
the sample was read by a luminometer (GloMax 20/20,
Promega). Measurements were conducted in duplicate.
The mean value of the duplicates was used to represent
the value of each mouse.

Statistical analysis

Parametric data with normal distribution are presented as
mean =+ SD (n>5). The other types of data are in box plot in
the figures. One-way or two-way repeated measures analysis
of variance followed by Tukey test was used to analyze the
data from the training sessions of Barnes maze test within
the same group or between groups, respectively. Other data
were analyzed by f test, or rank sum test, one-way analysis
of variance followed by the Tukey test or two-way analysis
of variance followed by the Tukey test. Differences were
considered statistically significant at P < (.05 based on two-
tailed hypothesis testing. All statistical analyses were per-
formed with SigmaStat version 3.5 (Systat Software, Inc.,
Point Richmond, CA, USA). Sample size estimate was not
performed for each study parameter before the experiments
because there were no data to base on for performing the
estimate. In addition, it is difficult to select a primary out-
come for sample size estimate in a complex basic science
study. Thus, we aimed to have a sample size at least five for
biochemical analysis and eight for behavior study based on
our experience and sample size for these types of studies in
the literature [63, 64].

Significance statement Ubiquinol cytochrome ¢ reductase
core protein I is important by forming complex III to main-
tain normal brain ischemic tolerance and cognition and for
embryo survival.
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