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Abstract
Succinate dehydrogenase (SDH) is a key mitochondrial enzyme involved in the 
tricarboxylic acid cycle, where it facilitates the oxidation of succinate to fumarate, 
and is coupled to the reduction of ubiquinone in the electron transport chain as 
Complex II. Previously, we developed a confocal-based quantitative histochemi-
cal technique to determine the maximum velocity of the SDH reaction (SDHmax) 
in single cells and observed that SDHmax corresponds with mitochondrial volume 
density. In addition, mitochondrial volume and motility varied within different 
compartments of human airway smooth muscle (hASM) cells. Therefore, we hy-
pothesize that the SDH activity varies relative to the intracellular mitochondrial 
volume within hASM cells. Using 3D confocal imaging of labeled mitochondria 
and a concentric shell method for analysis, we quantified mitochondrial vol-
ume density, mitochondrial complexity index, and SDHmax relative to the dis-
tance from the nuclear membrane. The mitochondria within individual hASM 
cells were more filamentous in the immediate perinuclear region and were more 
fragmented in the distal parts of the cell. Within each shell, SDHmax also corre-
sponded to mitochondrial volume density, where both peaked in the perinuclear 
region and decreased in more distal parts of the cell. Additionally, when normal-
ized to mitochondrial volume, SDHmax was lower in the perinuclear region when 
compared to the distal parts of the cell. In summary, our results demonstrate that 
SDHmax measures differences in SDH activity within different cellular compart-
ments. Importantly, our data indicate that mitochondria within individual cells 
are morphologically heterogeneous, and their distribution varies substantially 
within different cellular compartments, with distinct functional properties.
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1   |   INTRODUCTION

Succinate dehydrogenase (SDH) is an enzyme present in 
the inner mitochondrial membrane (IMM) that plays a 
critical role in cellular respiration. SDH is a key enzyme of 
the tricarboxylic acid (TCA) cycle and Complex II of the 
electron transport chain (ETC).1 In the TCA cycle, SDH 
catalyzes the oxidation of succinate to fumarate and feeds 
electrons to the ETC, thereby linking the TCA cycle and 
the ETC. In the ETC, SDH accepts electrons from succi-
nate and transfers them to FAD, thereby reducing it to 
FADH2. The electrons are then transferred to ubiquinone 
(coenzyme Q), which subsequently contributes to the gen-
eration of the proton gradient and the synthesis of ATP by 
ATP synthase (Figure 1A).2–4

The maximum velocity of the SDH reaction (SDHmax) 
can be measured in situ using a quantitative histochemical 
technique (Figure 1B).5-8 The use of this technique was val-
idated in skeletal muscle fibers and more recently in single 
human airway smooth muscle (hASM) cells.9-13 Previously, 
we found that SDHmax corresponds with mitochondrial 
volume density within a cell.12 However, when SDHmax 
is normalized for mitochondrial volume, SDH activity ap-
pears to vary depending on mitochondrial morphometry, 

where SDHmax is lower in cells in which mitochondria are 
more fragmented. Provided ETC complexes are embedded 
within the IMM, changes in mitochondrial inner mem-
brane topology can influence mitochondrial bioenergetic 
processes.14,15 Since SDH is localized on the IMM, the de-
crease in SDHmax is consistent with more fragmented mito-
chondria having lower IMM surface area.

Previously in hASM cells, we observed that mitochon-
dria are primarily distributed immediately around the nu-
cleus, with most mitochondrial volume localized in the 
perinuclear region (within 10–20 μm of the nuclear mem-
brane).16 In addition, there are differences in mitochon-
drial morphology and motility between the perinuclear 
and distal compartments of hASM cells.16-18 Perinuclear 
mitochondria in hASM cells are visibly more filamentous 
and more mobile than mitochondria in more distal re-
gions.18 In general, cells with more motile mitochondria 
display increased mitochondrial oxygen consumption rate.

By using the in situ assay of SDHmax and a non-
disruptive labeling of mitochondria, the goal of the pres-
ent study was to explore the relationship between SDHmax 
and the distribution and morphometry of mitochondria 
in the perinuclear and distal compartments of hASM 
cells. We hypothesize that SDHmax and mitochondrial 

K E Y W O R D S
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F I G U R E  1   Overview of the SDH assay. (A) An overview of the quantitative histochemical technique to measure the maximum velocity 
of the succinate dehydrogenase reaction (SDHmax). The schematic representation depicts the transfer of electrons (e−) from the oxidation 
of succinate to fumarate in the TCA cycle into the ETC concluding at the terminal electron acceptor, complex IV. The SDH reaction is 
performed in the presence of azide to inhibit cytochrome oxidase (Complex IV) and an exogenous electron carrier, mPMS. As the terminal 
electron acceptor, mPMS promotes the progressive reduction of NBT to its diformazan (NBTdfz) which is used as the reaction indicator. 
The accumulation of NBTdfz within individual hASM cells is measured as the change in OD at 570 nm. (B) Schematic representation 
demonstrating the electron transport leading to the reduction of NBT, in the SDH assay. With succinate as substrate, the transfer of electrons 
from FADH2 to NBT is proposed along the classical pathway starting at complex II (Created with BioRe​nder.​com). hASM, human airway 
smooth muscle; NBT, nitroblue tetrazolium; OD, optical density; SDH, succinate dehydrogenase; TCA, tricarboxylic acid; ETC, electron 
transport chain.

http://biorender.com
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volume density are higher in the perinuclear compared 
to the distal compartments of hASM cells. We also hy-
pothesize that SDHmax is higher in the perinuclear com-
partment reflecting the more filamentous morphometry 
of mitochondria in the perinuclear compartment.

2   |   MATERIALS AND METHODS

2.1  |  Anonymous patient selection

The study was reviewed by Mayo Clinic's Institutional 
Review Board (IRB #16-009655) and considered to be of 
minimal risk and therefore exempt from further review for 
the following reasons. All potential patients were consented 
before surgery in a non-threatening environment. Written 
informed consent was obtained from patients during pre-
surgical evaluation (in the Pulmonary, Oncology, or Thoracic 
Surgery Clinics). Patient history was provided at the time of 
tissue acquisition for the recording of sex, demographics, 
pulmonary disease status, pulmonary function testing, im-
aging, co-morbidities, and medications, but no patient iden-
tifiers were stored. Accordingly, samples were numbered, 
but patient identifiers were never stored or attached to the 
samples, preventing retrospective patient identification from 
samples alone. From a larger set of patient donors (ranging 
in age from 30 to 80 years), a total of six (3 female and 3 male) 
patients were selected for this study after the exclusion of pa-
tients with chronic lung disease, asthma, any other respira-
tory diseases, and any recent history of smoking (Table 1). 
During surgery, bronchiolar tissue samples containing third 
to sixth-generation bronchi were obtained and evaluated by 
clinical pathology. From all bronchiolar tissue samples, only 
normal regions of the tissue were included.

2.2  |  Dissociation of cells from 
bronchiolar tissue

From the bronchiolar tissue, the smooth muscle layer 
was dissected, and cells were dissociated by enzymatic 

digestion using papain and collagenase with ovomucoid/
albumin separation as per the manufacturer's instructions 
(Worthington Biochemical, Lakewood, NJ) and as previ-
ously described.17,19,20 Cells were maintained at 37°C (5% 
CO2—95% air, pH 7.4) in phenol red-free DMEM/F-12 me-
dium (Invitrogen, Carlsbad, CA) supplemented with 10% 
fetal bovine serum (FBS) and 100 U/mL of penicillin/strepto-
mycin. To ensure the use of cells within their optimal pheno-
typic and metabolic characteristics, cells were only cultured 
for 1–3 passages. Before experiments, the cells were serum-
deprived for 48 h by replacing the growth medium with 
DMEM/F-12 medium lacking serum. The dissociated bron-
chiolar cells were phenotyped prior to experimental use.

2.3  |  Immunocytochemical labeling and 
phenotyping dissociated hASM cells

The hASM phenotype of isolated cells was confirmed by 
immunocytochemical analysis of α-smooth muscle actin 
(α-SMA) expression as previously described.12,18,21-24 
Briefly, dissociated cells were plated at a density of 
~10,000 cells/well in a Nunc™ Lab-Tek™ II Chamber 
8-well multichamber slide (Thermo Fisher Scientific, 
Rockford, IL), incubated till cell adherence was achieved 
and serum-deprived. Cells were fixed with 4% paraformal-
dehyde in 1X phosphate-buffered saline (PBS) for 10 min 
at room temperature and washed with 1X PBS. To pre-
vent non-specific antibody binding, cells were incubated 
for 1 h at room temperature in a blocking buffer contain-
ing 10% normal donkey serum (Sigma-Aldrich, St. Louis, 
MO), 0.2% triton X-100 and 1X PBS. Cells were then 
incubated overnight at 4°C with anti-α-SMA antibody 
(1:500 dilution, rabbit polyclonal; Abcam Cat# ab5694, 
RRID:AB_2223021; Boston, MA) in a diluent solution 
(2.5% normal donkey serum, 0.25% sodium azide, 0.2% 
triton X-100, 1X PBS). Following this, the cells were in-
cubated for 1 h at room temperature in donkey anti-rabbit 
biotin-conjugated secondary antibody (1:400, diluted in an-
tibody diluent; Jackson ImmunoResearch Labs Cat# 711-
067-003, RRID:AB_2340595; West Grove, PA), followed 
by Streptavidin Alexa Fluor 568 (1:200 in PBS; Thermo 
Fisher Scientific Cat# S-11226, RRID:AB_2315774; 
Carlsbad, CA) for 30 min at room temperature. The cells 
were mounted using Fluoro-Gel II mounting medium 
with 4′,6-Diamidino-2-Phenylindole, Dihydrochloride 
(DAPI; Electron Microscopy Sciences, Hatfield, PA). 
Dissociated cells were imaged to distinguish α-SMA ex-
pressing hASM cells using a Nikon ECLIPSE Ti inverted 
microscope system (RRID:SCR_021242) with a ×60/1.4 
NA oil-immersion objective and the percentage of hASM 
cells was determined as a fraction of the total dissociated 
cells (determined from DAPI labeled nuclei; Figure 2).

T A B L E  1   hASM patient demographic profile.

Patient Sex
Age 
(years)

Respiratory 
disease Smoking status

1 F 41 None Past-Smoker

2 M 80 None Non-Smoker

3 F 80 None Non-Smoker

4 M 56 None Non-Smoker

5 F 78 None Past-Smoker

6 M 78 None Non-Smoker

https://scicrunch.org/resolver/RRID:AB_2223021
https://scicrunch.org/resolver/RRID:AB_2340595
https://scicrunch.org/resolver/RRID:AB_2315774
https://scicrunch.org/resolver/RRID:SCR_021242
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2.4  |  Quantitative histochemical 
measurement of SDH reaction

For the quantitative histochemical procedure, im-
ages were acquired using a Nikon A1R Confocal Laser 
Scanning Microscope (RRID:SCR_020317) with a 
×60/1.4 NA oil-immersion objective at 12-bit resolu-
tion into a 1024 × 1024-pixel array using the transmit-
ted light channel. An interference filter with a peak 
emission wavelength of 570 nm was placed in the path 
of light to limit the spectral range of the light source to 
the maximum absorption wavelength of nitroblue tetra-
zolium diformazan (NBTdfz). The measured gray level 

(GL) of the microscope was calibrated to known optical 
density (OD) units using a photographic density step-
wedge tablet (0.04–2.20 OD units in increments of 0.15 
OD; Stouffer Industries, Mishawaka, IN), as previously 
described.12 The dynamic range of the microscope was 
adjusted to take advantage of the full range of OD while 
avoiding saturation of the images at both ends of the OD 
range, as described previously.12

The quantitative histochemical procedure for measur-
ing SDHmax was performed in hASM cells, which has been 
previously described in detail.5-8,12,25-35 The hASM cells 
were plated in 8-well Ibidi μ-slide plates (Ibidi GmbH, 
Gewerbehof Gräfelfing, Germany) at a density of ~15,000 
cells/well and incubated to allow for cell adherence, fol-
lowed by serum deprivation. Briefly, hASM cells were 
exposed to solutions containing either 80 mM succinate 
(substrate) or no succinate (without substrate). Both solu-
tions also contained: 1.5 mM nitroblue tetrazolium (NBT; 
reaction indicator), 5 mM ethylenediaminetetraacetic 
acid (EDTA), 1 mM 1-methoxy-5-methylphenazinium 
methyl sulfate (mPMS; exogenous electron carrier), and 
0.75 mM sodium azide (Complex IV inhibitor) in 0.1 M 
phosphate buffer (pH: 7.6). In previous studies, we deter-
mined that the SDH enzymatic reaction is not substrate 
limited at succinate concentrations of 80 mM.6,7,9,11-13 In 
a separate series of experiments, the dependency of the 
SDH reaction on succinate concentration was reassessed, 
and a concentration of 80 mM was found to produce 
SDHmax in hASM cells.

In the quantitative histochemical procedure, the pro-
gressive precipitation and accumulation of NBTdfz due 
to the reduction of NBT was quantified as change in 
OD from images acquired every 15 s over an 8-min pe-
riod (Figure  3A). Previously, we explored the impact of 
changing path length by changing optical slice thickness 
and confirmed that path length was controlled by optical 
slice thickness.12 Therefore, Z-stacks were acquired every 
15 s with optical slice thickness set at 0.5 μm and sampling 
depth was restricted to 5 μm in the Z-axis (2.5 μm above 
and below the nuclear centroid) and analyzed using NIS-
Elements software (version 5.20.02; RRID:SCR_014329; 
Nikon Instruments Inc., Melville, NY). hASM cells were 
delineated as the region of interest (ROI), and the nu-
cleus was excluded from the ROI. As the SDH reaction 
proceeded, the change in OD within the selected 3D ROI 
was measured every 15 s across the 8-min period. The lin-
earity of the SDH reaction across the 8-min period was 
confirmed by the change in OD within a delineated hASM 
cell (Figure 3B; R2 = 0.99). From this, the SDHmax was then 
determined using the Beer–Lambert equation (below):

(1)SDHmax =
d
[

NBTdfz
]

dt
=

dOD

dt

kl

F I G U R E  2   Confirmation of hASM phenotype. (A) 
Representative maximum intensity Z projection image of 
dissociated cells show the phenotype of dissociated hASM cells 
based on their immunoreactivity to α-SMA expression and larger 
size (scale bar = 50 μm). (B) Column bar graph represents the 
percentage of hASM cells present in dissociated cells determined 
by the fraction of α-SMA expressing cells to total number of cells 
(determined from DAPI) from six patient samples (n = 120 hASM 
cells per patient). Note that ≥90% of total dissociated cells were 
immunoreactive to α-SMA. hASM, human airway smooth muscle; 
SMA, smooth muscle actin.

https://scicrunch.org/resolver/RRID:SCR_020317
https://scicrunch.org/resolver/RRID:SCR_014329
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where OD is measured based on the calibrated gray level 
of NBTdfz accumulation, k is the molar extinction coeffi-
cient for NBTdfz (26,478 M−1 cm−1), and l is the path length 
for light absorbance (0.5 μm optical slice thickness). The 
SDHmax within individual hASM cells was expressed as 
millimoles of fumarate per liter of cell per min.

The temperature at which the SDH assay can be per-
formed optimally was assessed prior to any experiments. 
SDHmax was measured in hASM cells at room temperature 
(25°C) and physiological temperature (37°C), and the tem-
perature dependency of SDHmax was determined as Q10. 
SDHmax measured at 37°C was significantly increased com-
pared to 25°C and had a Q10 of 2.97. Inhibition of Complex 
IV by sodium azide is known to significantly increase the 
production of reactive oxygen species (ROS) which can 
cause non-specific reduction of NBT.36 To circumvent 
ROS-mediated reduction of NBT, SDHmax was measured in 
hASM cells treated with TEMPOL (4-hydroxy-2,2,6,6-tetra
methylpiperidine-1-oxyl), a ROS scavenger. While SDHmax 
remained unchanged at 25°C with and without TEMPOL, 
at 37°C SDHmax in TEMPOL-treated hASM cells signifi-
cantly decreased compared to SDHmax in untreated control 
cells. Therefore, all SDHmax measurements in the present 
study were performed at room temperature.

In all assays, multiple hASM cells (identified by size 
and elongated shape) were visualized within a single 
microscopic field. Based on an a prior power analysis of 
variance in SDHmax measurements in untreated hASM 
cells, n = 5 individual hASM cells per group (treated or un-
treated) per bronchiolar sample (from six patients) were 
included for analysis.

2.5  |  Specificity of the histochemical 
reaction for SDH

The specificity of the SDH assay was assessed by 
malonate-mediated inhibition of SDHA or by siRNA-
mediated knockdown of SDHB in hASM cells. SDH 
consists of four subunits, subunits A through D. Here, 
subunit A (SDHA, a flavoprotein) and subunit B (SDHB, 
Fe-S protein) together form the catalytic core of the 
complex,1,37,38 whereas subunit C (SDHC) and subunit 
D (SDHD) anchor the complex to the IMM.1-4,37,38 To in-
hibit SDHA, hASM cells were treated with malonate, an 
inhibitor for SDH acting competitively on the carboxy-
late site (succinate binding site) of SDHA subunit.39-42 
The SDHmax was measured at room temperature in 
hASM cells that were either treated with 1 mM malonate 
for 24 h (Sigma-Aldrich, St. Louis, MO) or untreated 
(control).

2.6  |  siRNA-mediated knockdown of 
SDHB subunit

Three custom-designed dicer-substrate small interfer-
ing RNAs (DsiRNA; Integrated DNA Technologies Inc., 
Coralville, IA) targeting SDHB were used to achieve suc-
cessful knockdown of SDHB subunit. Prior to performing 
the knockdown, the transfection efficiency was first eval-
uated using a fluorescently tagged DsiRNA (TYE563). The 
hASM cells were plated in 8-well Ibidi μ-slide plates (Ibidi 
GmbH, Gewerbehof Gräfelfing, Germany) at a density of 

F I G U R E  3   SDH reaction is linear over time. (A) Representative images show the change in OD within delineated hASM cell during 
the SDH reaction at 0, 4, and 8 min. Individual hASM cells were delineated as the region of interest (ROI) for measuring the change in OD 
while the nucleus was excluded from the ROI (scale bar = 50 μm; N: Nucleus, C: Cytoplasm). To aid in visualizing the NBTdfz accumulation 
within hASM cells, the original gray-scale images were manually thresholded and the LUTs were inverted to be represented as a heat 
map using NIS-Elements software. (B) In hASM cells, the OD was measured every 15 s over an 8-min period, with and without succinate 
(substrate). The SDH reaction was linear (R2 = 0.99) across the 8-min period in the presence of succinate. The rate of SDH reaction in the 
presence of succinate was significantly higher compared to that without succinate (R2 = 0.95, p < 0.0001). Data represent results from one 
bronchial sample (patient), squares represent SDH reaction performed without succinate, and circles represent SDH reaction performed 
with succinate. Results were analyzed using a simple linear regression model. Statistical analyses were based on measurements from 
n = 10 cells per patient, from one bronchial sample (patients). NBT, nitroblue tetrazolium diformazan; OD, optical density; SDH, succinate 
dehydrogenase.
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~15,000 cells/well and incubated to allow for cell adher-
ence. For the transfection, 10 nM of TYE563 siRNA and 
10 nM scrambled siRNA (negative control, NC) were di-
luted in Opti-MEM media and gently mixed with lipo-
fectamine 2000 (2 μg/mL; Invitrogen, Carlsbad, CA) 
according to the manufacturer's instructions.43 Following 
incubation for 20 min at room temperature, the transfec-
tion mixture was added onto the cells and the cells were 
further incubated at 37°C for 24 h. Post-transfection, the 
hASM cells were mounted using Fluoro-Gel II mount-
ing medium with DAPI (Electron Microscopy Sciences, 
Hatfield, PA) and imaged using the same inverted micro-
scope system used for immunocytochemical analysis as 
described above (Figure S1A). Once the transfection effi-
ciency was confirmed, hASM cells with SDHB knockdown 
were generated. For this, 10 nM SDHB siRNA (R1, R2, and 
R3) and 10 nM scrambled siRNA (negative control, NC) 
were diluted in Opti-MEM media and gently mixed with 
lipofectamine 2000 (2 μg/mL; Invitrogen, Carlsbad, CA) 
according to the manufacturer's instructions.43 Following 
incubation for 20 min at room temperature, the transfec-
tion mixture was added onto the cells and the cells were 
further incubated at 37°C for 24 h. Post-transfection, the 
percentage knockdown was measured by qPCR and west-
ern blot analysis of the target gene and protein, respec-
tively (Figure S1B–G). The sequences of all siRNAs used 
are listed in Table 2.

2.7  |  RNA extraction, cDNA 
preparation, and qPCR

Total RNA was extracted from SDHB-knockdown and NC 
hASM cells using RNeasy extraction kit (Qiagen, Hilden, 
Germany) as per the manufacturer's instruction. In brief, 
hASM cells were lysed and subjected to ethanol-mediated 
extraction of RNA. Genomic DNA was removed by an 
on-column DNase treatment. Extracted RNA samples 
were quantified using a Thermo Scientific NanoDrop 
One/OneC Microvolume UV–Vis Spectrophotometer 
(RRID:SCR_023005; Thermo Fisher Scientific, Rockville, 
IL). A total of 500 ng of RNA was used for complementary 

DNA (cDNA) synthesis using the high-capacity cDNA re-
verse transcription kit (Invitrogen, Carlsbad, CA) follow-
ing the manufacturer's instructions. qPCR was performed 
using 500 ng of cDNA for the target gene of interest in 
triplicates using a Roche Light Cycler 480 Instrument 
(RRID:SCR_020502; Roche, Indianapolis, IN), and the 
mRNA expression of target genes were analyzed using 
the 2−ΔΔCT method.44 40S ribosomal protein S16 (RPS16) 
was used as the housekeeping gene. No-template negative 
controls and dissociation curves were run for all reactions 
to exclude cross-contamination. The primer sequences 
used for the target genes are listed in Table 3.

2.8  |  Protein extraction and western blot

Protein samples were extracted from isolated hASM cells 
using 1X cell lysis buffer (Cell Signaling Technology, 
Danvers, MA) supplemented with protease (cOmplete, 
Protease inhibitor cocktail; Roche, Basel, Switzerland) 
and phosphatase inhibitors (PhosSTOP; Roche, Basel, 
Switzerland). The concentration of the extracted protein 
was measured by DC (detergent compatible) protein assay 
(Bio-Rad, Hercules, CA) following the manufacturer's 
instructions. For each western blot, 40 μg of total protein 
from each sample was denatured at 95°C for 5 min in 1X 
laemmli sample buffer with 5% β-mercaptoethanol and 
loaded into 4%–20% Criterion™ TGX Stain-Free™ protein 
gel (Bio-Rad, Hercules, CA). Once separated, the total pro-
tein loaded into each lane was visualized using the Bio-
Rad ChemiDoc MP imaging system (RRID:SCR_019037; 
Hercules, CA). The separated protein bands were then 
transferred to a polyvinylidene difluoride (PVDF) mem-
brane (0.2 μm; Bio-Rad, Hercules, CA) using the Bio-Rad 
Trans Blot Turbo system (RRID:SCR_023156; Hercules, 
CA). Following transfer, the membranes were blocked 
using EveryBlot blocking buffer (Bio-Rad, Hercules, CA) 
for 1 h at room temperature, followed by overnight incuba-
tion at 4°C in anti-SDHB antibody (1:1000 dilution, mouse 
monoclonal; Thermo Fisher Scientific Cat# 459230, 
RRID:AB_2532233; Rockford, IL) to recognize and bind 
to the protein of interest. The membranes were incubated 
with anti-mouse horseradish peroxidase (HRP) conjugated 

T A B L E  2   DsiRNA sequence.

DsiRNA Duplex sequence

SDHB.R1 5′-GAUUGACACCAACCUCAAUAAGGTC-3′

3′-UCCUAACUGUGGUUGGAGUUAUUCCAG-5′

SDHB.R2 5′-AUGAAGUUGACUCUACUUUGACCTT-3′

3′-CUUACUUCAACUGAGAUGAAACUGGAA-5′

SDHB.R3 5′-UUUCCAUGAAUACAGCAUGUAUAAT-3′

3′-CAAAAGGUACUUAUGUCGUACAUAUUA-5′

T A B L E  3   List of primers used for qPCR.

Gene 
name

Primer 
name Primer sequence

SDHB SDHB-F 5′-GCAGTCCATAGAAGAGCGTGAG-3′

SDHB-R 5′-TGTCTCCGTTCCACCAGTAGCT-3′

RPS16 RPS16-F 5′-GTCTGTGCAGGTCTTCGGACGC-3′

RPS16-R 5′-GACCATTGCCGCGTTTGCAGTG-3′

https://scicrunch.org/resolver/RRID:SCR_023005
https://scicrunch.org/resolver/RRID:SCR_020502
https://scicrunch.org/resolver/RRID:SCR_019037
https://scicrunch.org/resolver/RRID:SCR_023156
https://scicrunch.org/resolver/RRID:AB_2532233
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secondary antibody (1:7500; Jackson ImmunoResearch 
Labs Cat# 115-035-003, RRID:AB_10015289), for 1 h at 
room temperature, to detect the primary antibody and 
amplify the signal for detection. Bands were developed 
by incubating the membranes in chemiluminescent 
SuperSignal West Dura Extended Duration Substrate 
(Thermo Fisher Scientific, Rockford, IL) for 3 min and vis-
ualized using the ChemiDoc MP imaging system. The in-
tensities of all the separated protein bands in the stain-free 
gels and the band intensity of the protein of interest in the 
membranes, within each lane, were then analyzed using 
the Image Lab software (version 6.0.1; RRID:SCR_014210; 
Bio-Rad, Hercules, CA). The band intensity of the protein 
of interest was normalized to the total protein loaded in 
their respective lanes. The amount of total protein loaded 
in each lane was measured from the stain-free gel by quan-
tifying the cumulative intensities of all individual protein 
bands in the lane. The relative band intensity of the pro-
tein of interest from each patient was further normalized 
to their respective controls. In a previous study, quanti-
fication of total protein per band was verified by system-
atic dilution of the lysate thereby changing the amount of 
protein loaded, then probing the blot with RPS16.45 We 
confirmed that levels of RPS16 corresponded to the total 
protein loaded in the lane. Importantly, normalization to 
total protein per lane makes no assumptions regarding the 
lack of an effect on housekeeping proteins. All gel and full 
blot images are provided in the Figures S2–S4.

2.9  |  Measurement of oxygen 
consumption rate (OCR) by respirometry

hASM cells were plated into the Seahorse XFe24 cell 
culture microplates (Agilent Technologies, Santa Clara, 
CA, USA) as recommended by the manufacturer for op-
timal adherence and growth of mammalian cells. hASM 
cells were then incubated to allow for cell adherence 
and formation of a confluent monolayer. Following ex-
posure to malonate or SDHB knockdown, the cells were 
serum-deprived. Oxygen consumption rate (OCR) was 
measured by the mitochondrial stress test assay per-
formed using the Agilent Seahorse XFe24 Cell Analyzer 
(RRID:SCR_019539; Agilent Technologies, Santa Clara, 
CA, USA) as per the manufacturer's instructions and as 
described previously.12,16 On the day of the assay, the 
serum-free media was replaced with the recommended 
seahorse assay medium, Seahorse XF DMEM base me-
dium (Agilent, Santa Clara, CA, USA), supplemented 
with 10 mM glucose, 1 mM sodium pyruvate, and 2 mM 
glutamine at pH 7.4 and maintained in a 37°C CO2-free 
incubator for 1 h. Prior to the assay, the Seahorse Xfe24 
FluxPak sensor cartridge was hydrated using Seahorse XF 

calibrant solution for 12–24 h. The ETC complex inhibi-
tors and FCCP were loaded into the injection ports on the 
sensor cartridge at optimal concentrations determined for 
hASM cells, which are as follows: 1 μM oligomycin (ATP 
uncoupler), 1.25 μM FCCP (accelerates electron trans-
port chain), and 1 μM antimycin A (Complex III inhibi-
tor) with 1 μM rotenone (Complex I inhibitor).46-51 This 
allowed for the determination of basal respiration, ATP 
production, maximum respiration, and spare respira-
tory capacity. All OCR measurements were normalized 
to total adherent cell count, obtained before assaying.18,52 
The total number of cells within each well was obtained 
by in situ cell counting prior to every mitochondrial stress 
test using 1 μg/mL Hoechst 33342 Solution (Invitrogen, 
Carlsbad, CA, USA; excitation/emission wavelength: 
361/486 nm) and Cytation 5 Cell Imaging Multi-Mode 
Reader (RRID:SCR_019732; BioTek, Winooski, VT, USA). 
All data were analyzed using Seahorse Wave software 
(version 2.6.3; RRID:SCR_014526; Agilent Technologies, 
Santa Clara, CA, USA). hASM cells from the same six pa-
tients were used for OCR measurement (4 wells/patient).

2.10  |  Transduction-mediated labeling of 
mitochondria in hASM cells

hASM cells were plated at a density of ~15,000 cells/well 
into 8-well Ibidi μ-slide plates (Ibidi GmbH, Gewerbehof 
Gräfelfing, Germany) and incubated to allow for cell 
adherence. Adhered hASM cells were transduced with 
CellLight™ Mitochondria-GFP, Bac-Mam 2.0 (Invitrogen, 
Carlsbad, CA, USA) to label the mitochondria, as per the 
manufacturer's instructions. This is a baculovirus sys-
tem with a fusion construct of the leader sequence of E1 
alpha pyruvate dehydrogenase and emGFP, providing ac-
curate and specific targeting to cellular mitochondria.53 
hASM cells were incubated in growth media contain-
ing CellLight for 24 h at 37°C. Subsequently, the hASM 
cells were washed with 1X PBS and serum-deprived for 
48 h. Although the efficiency of transduction was rela-
tively low (~60%), GFP protein could be observed in the 
mitochondria.

2.11  |  Confocal imaging of mitochondria 
in hASM cells

Mitochondria in hASM cells were imaged using the same 
confocal microscope system used for SDH measurements 
as described above.16-18,54,55 The dynamic range for im-
aging was set by first scanning a region containing no 
fluorescence signal and then a second region containing 
maximum fluorescence signal. A series of 0.5 μm optical 

https://scicrunch.org/resolver/RRID:AB_10015289
https://scicrunch.org/resolver/RRID:SCR_014210
https://scicrunch.org/resolver/RRID:SCR_019539
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slices were acquired for each hASM cell to obtain a Z-
stack, using the NIS-Elements software. Multiple hASM 
cells (identified by size and elongated shape) were visu-
alized within a single microscopic field. Due to the large 
size of hASM cells, the borders of some cells overlapped, 
and only those hASM cells whose borders were not over-
lapping were included. Typically, this selection process 
resulted in the analysis of 2–3 hASM cells per field.

2.12  |  Mitochondrial volume density

The 3D images obtained were deconvolved using the auto-
matic deconvolution algorithm on NIS-Elements software 
(Modified Richardson Lucy method; Point Scan Confocal 
modality; Nikon Instruments Inc.; version 5.20.02; RR
ID:SCR_014329).16,18,55,56 Deconvolution enhances the 
signal-to-noise ratio in the images, thereby improving 
contrast and edge detection. The voxel dimensions of 
each deconvolved optical slice were 0.207 × 0.207 × 0.5 μm. 
After deconvolution, the boundaries of each hASM 
cell were delineated and ROI was defined in ImageJ-
Fiji software (https://​imagej.​nih.​gov/​ij/​; version 1.53t, 
RRID:SCR_002285; NIH, Public Domain). Using the mi-
tochondrial analyzer plugin (https://​github.​com/​Ahsen​
Chaud​hry/​Mitoc​hondr​ia-​Analyzer) available on ImageJ, 
the Z-stacks were then processed for background cor-
rection and ridge filter detection.16,54,57-59 The mitochon-
dria within hASM cells were identified by thresholding 
to create a binary image and then skeletonized for mor-
phometric analysis. Using the thresholded binary image, 
total mitochondrial volume was measured by the mito-
chondrial analyzer plugin where the number of voxels 
containing fluorescently labeled mitochondria within 
an ROI was determined.54,60 Mitochondrial volume den-
sity was calculated as the ratio of mitochondrial volume 
within an ROI to the total volume of the defined ROI 
(mean cross-sectional area of the ROI from all optical 
slices × total number of slices × 0.5 μm) and represented 
as a percentage of the volume of the ROI.9-11,16,55,56 Based 
on an a priori power analysis of variance in mitochondrial 
volume density measurements in untreated hASM cells, 
n = 5 individual hASM cells per bronchiolar sample (from 
six patients) were included in the analysis.

2.13  |  Mitochondrial complexity index 
(MCI)

Mitochondrial morphological parameters, including mi-
tochondrial volume and mitochondrial surface area, were 
measured in hASM cells as described above. The extent of 
mitochondrial fragmentation was assessed by calculating 

the mitochondrial complexity index (MCI) using the fol-
lowing equation9,11,61:

where SA is the total mitochondrial surface area measured 
within the ROI and V is the total volume occupied by the mi-
tochondria within the ROI. More fragmented mitochondria 
exhibit lower surface area, higher volume and thus, lower 
MCI.

2.14  |  Mitochondrial distribution within 
hASM cells

To simultaneously measure SDHmax relative to mitochon-
drial volume within different compartments of hASM cells, 
mitochondria were labeled using CellLight™ Mitochondria-
GFP (Figure  5A–C). During 3D imaging of labeled mito-
chondria, sampling depth was restricted to 5 μm in the Z-axis 
(2.5 μm above and below the nuclear centroid) with a fixed 
optical slice thickness of 0.5 μm (Figure 5D). During SDHmax 
measurements, Z-stacks were obtained at 15 s intervals over 
an 8-min period. Mitochondrial volume density was ana-
lyzed with respect to distance from the nuclear membrane 
using a concentric shell method of analysis, similar in prin-
ciple to a Sholl Analysis. After deconvolution of each optical 
slice, thresholding was applied to the space corresponding to 
the nucleus and the nuclear membrane was delineated using 
an edge detection-based threshold algorithm on ImageJ-Fiji 
(version 1.53t, RRID:SCR_002285). The SNT Sholl Analysis 
plugin (https://​github.​com/​morph​onets/​​SNT) available on 
ImageJ was used to perform semiautomated processing of 
the Z-stacks to create concentric shells radiating at 10 μm 
intervals from the outer edge of the nuclear membrane and 
radiating outwards in 3D at 10 μm intervals to a maximum 
distance of 120 μm from the nuclear membrane (Figure 5E). 
Mitochondria within each shell were identified by thresh-
olding to create a binary image and then skeletonized for 
morphometric analysis. Within each shell, voxels contain-
ing fluorescently labeled mitochondria were distinguished 
from those displaying no fluorescence and mitochondrial 
volume density and MCI were determined using the mi-
tochondrial analyzer plugin as described above. Within 
the corresponding 3D shells, SDHmax within the volume of 
each shell was determined as described above. All images 
were obtained with cells equilibrated at room temperature 
(25°C). This temperature was chosen as it dramatically 
slows the movement of mitochondria.18 This is important 
when acquiring image stacks, to avoid the same mitochon-
dria from appearing in different focal planes, which can lead 
to a false impression of the size and connectivity of the orga-
nelles. Additionally, as the measurement of mitochondrial 

MCI =
SA3

16�2V 2
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volume density in the more distal shells (80–120 μm) posed 
considerable variability, only the shells with low variance in 
mitochondrial volume density (≤60 μm) were considered for 
analysis.

2.15  |  Validation of antibodies

Validation of the antibodies used in the present study 
was based on previous work from our laboratory as well 
as other laboratories, and datasheets provided by ven-
dors.12,21,23,24,45,52,62 The α-SMA antibody was validated 
using lysates from hASM cells and NSC-34 cell line (non-
smooth muscle cell; RRID:CVCL_D356). As expected, a 
band was observed in hASM cell lysate between the 37 and 
50 kDa bands of the protein ladder, which is consistent 
with the molecular weight of α-SMA (42 kDa). However, 
this was absent in the NSC-34 cell lysate (Figure S2). As 
part of the study, by using siRNA-mediated knockdown of 
SDHB subunit the antibody for SDHB was validated. The 
expression of SDHB was measured in lysates of hASM cells 
transfected with three SDHB targeting DsiRNA sequences 
(R1, R2, and R3) and scrambled DsiRNA as a negative con-
trol (NC). Consistent with the molecular weight of SDHB 
(32 kDa), in the lysates from negative control, a band was 
observed between the 25 and 37 kDa bands of the protein 
ladder, whereas in lysates with SDHB-knockdown, a sig-
nificant decrease in the expression of SDHB was observed 
for all three sequences (Figures S1 and S3). The antibody 
for SDHB was further validated by assessing the presence 
of SDHB immunoreactive bands between mitochondrial 
and cytosolic fractions of untreated hASM cells. As ex-
pected, while there was an immunoreactive band for 
SDHB present between the 25 and 37 kDa bands of the 
protein ladder in the mitochondrial fraction, no bands 
were observed in the cytosolic fraction (Figure S4).

2.16  |  Statistical analysis

Sex is an important biological variable; therefore, hASM 
cells for all experiments were dissociated from bronchial 
tissue samples obtained from both female and male pa-
tients. However, this study was not powered to detect sex 
differences or past smoking history as major outcome var-
iables, and sex was considered as a random variable in the 
statistical analysis. Experimenters were not blinded, and 
hASM cells were not randomized into groups because this 
was deemed irrelevant for this study. Importantly, hASM 
cells from the same passage (1–3 passages) and cells from 
the same patient were distributed into the treatment 
groups listed in the study and all groups were processed 
in the same experimental conditions to exclude any batch 

effects. Therefore, hASM cells from each patient served as 
their own control. Sample size (n) represents the number 
of hASM cells analyzed per bronchial sample (patient), 
and the n used for each experiment is provided in the fig-
ure legends. The minimum number of patients and cells 
per patient used was determined by a power analysis of 
primary outcome measures. The expected effect size was 
calculated with an a priori biologically relevant differ-
ence of 20% and equal variance, with sample size esti-
mated using d = 1.4, α = 0.05, and β = 0.8 (5 cells/patient; 
6 patients—3 females and 3 males). The experiments 
were designed such that the comparisons were made 
within a patient. Statistical analysis was performed using 
GraphPad Prism 9 (version: 9.5.0, RRID:SCR_002798; San 
Diego, CA). Normal distribution of data was confirmed 
using the Shapiro–Wilk test. The linearity of the SDH 
assay was assessed from a single patient using the simple 
linear regression model. The mitochondrial volume den-
sity, MCI, and corresponding SDHmax were assessed from 
a single patient using a non-linear regression model (curve 
fit analysis). For all SDHmax and OCR measurements, each 
color represents a single patient. For all experiments, two-
way ANOVA for repeated measurements was used to 
compare treatment groups. The basal outcome measures 
varied across patient samples; however, patient-to-patient 
comparison was beyond the scope of the present study. 
Statistical significance was concluded if p < 0.05 and was 
indicated by * in the figures and figure legends.

3   |   RESULTS

3.1  |  Phenotype of dissociated hASM 
cells

The cells dissociated from the dissected smooth muscle 
layer of third to sixth-generation bronchi were immunore-
active to α-SMA (Figure 2A). Consistent with our previous 
studies,12,16,24,45,63 a majority of the dissociated cells (90%–
95%) displayed immunoreactivity to α-SMA, indicating 
that they were hASM cells (Figure 2B). These hASM cells 
were also larger and displayed a characteristic elongated 
shape that distinguished them from other cells. In all ex-
periments involving quantitative histochemical analysis, 
the distinct morphological features of the cells were used 
to identify hASM cells.

3.2  |  SDH reaction is linear across time 
in hASM cells

The linearity of the SDH reaction in hASM cells was 
confirmed by measuring the change in OD within 

https://scicrunch.org/resolver/RRID:CVCL_D356
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delineated hASM cells every 15 s across an 8-min pe-
riod (Figure  3A). Within the hASM cells, the reaction 
progressed in a linear fashion from 0 to 8 min with the 
progressive accumulation of NBTdfz (change in OD; 
R2 = 0.99; Figure 3B). The change in OD was measured 
in the absence of any succinate (without substrate), 
where the reaction was linear with respect to the time of 
incubation (R2 = 0.95). The change in OD without succi-
nate was significantly lower compared to the change in 
OD in the presence of succinate (p < 0.0001; Figure 3B). 
The change in OD in the absence of cells (buffer blanks) 
was also measured and found to be unchanged through-
out the time of incubation.

3.3  |  SDH inhibition decreases SDHmax in 
hASM cells

The specificity of the SDH reaction was validated by inhib-
iting the catalytic core of SDH, SDHA, and SDHB. SDHmax 
was measured in hASM cells treated with malonate 
(1 mM for 24 h), a competitive inhibitor of SDH that can 
inhibit succinate uptake by binding to the carboxylate site 
of SDHA subunit (Figure  4A).39-42 SDHmax was signifi-
cantly decreased in malonate-treated hASM cells when 
compared to untreated (control) hASM cells (*p < 0.0001; 
Figure 4B). For comparison, the maximal respiration rates 
were obtained from the OCR measurements for malonate-
treated and control hASM cells (Figure 4C). The maximal 
respiration rate was significantly decreased in malonate-
treated hASM cells when compared to control hASM cells 
(*p < 0.001; Figure 4D).

SDHB knockdown was generated by transfect-
ing hASM cells with DsiRNA targeted to SDHB 
(Figure  4E). Effective transfection was first confirmed 
by using TYE563, with which fluorescence was observed 
within the hASM cells up to 72 h post-transfection 
(Figure  S1A). After establishing an optimal transfec-
tion protocol, hASM cells were transfected with three 
SDHB targeting DsiRNA sequences, siRNA.R1, siRNA.
R2, and siRNA.R3, and scrambled siRNA as negative 
control (NC). Following transfection, the knockdown 
was confirmed by qPCR (Figure  S1B,C) and western 
blot (Figure S1D–F) in all the patients. Quantified data 
showed a significant decrease in both mRNA and pro-
tein expression of SDHB for all three sequences com-
pared to NC (*p < 0.05). The sequence (siRNA.R3) that 
produced the highest percentage of knockdown (~90%) 
out of the three DsiRNA sequences was used for further 
experiments. SDHmax measured in SDHB-knockdown 
(SDHB-KD) hASM cells was significantly decreased 
compared to NC (*p < 0.0001; Figure 4F). For compari-
son, the maximal respiration rate was obtained from the 

OCR measurements for SDHB-KD and NC hASM cells 
(Figure  4G). The maximal respiration rate was signifi-
cantly decreased in SDHB-KD hASM cells when com-
pared to NC (*p < 0.0001; Figure 4H).

3.4  |  NBTdfz distribution corresponds 
to mitochondrial localization within 
hASM cells

The pattern of distribution of mitochondria and NBTdfz ac-
cumulation within perinuclear and distal compartments of 
hASM cells was determined (Figure 5A–D). To analyze the 
mitochondrial distribution within hASM cells, CellLight-
labeled mitochondria within hASM cells were imaged in 3D 
and mitochondrial volume density was measured within 
concentric shells (Figure  5A,E). Consistent with our pre-
vious findings,16 a predominance of mitochondria volume 
within the perinuclear region of hASM cells was observed 
as evidenced by the higher percentage of mitochondria at 
distances closer to the nuclear membrane. Approximately 
60% of all mitochondria were located within 20 μm of the 
nuclear membrane of the hASM cell (Figure 5F). SDHmax 
was measured within the same cells, and the distribution of 
NBTdfz was assessed (Figure 5B,E). Similar to the distribu-
tion of mitochondria, accumulation of NBTdfz was higher 
in the perinuclear compartment, where ~2-fold higher 
SDHmax was observed within 20 μm of the perinuclear 
area when compared to the distal regions of the hASM cell 
(≥40 μm; Figure 5F). When compared, the curves obtained 
for mitochondrial volume density and SDHmax correspond 
but do not completely overlap. When SDHmax from each 
shell were normalized to their respective mitochondrial 
volumes, the SDHmax per mitochondrion in the perinuclear 
region (≤20 μm) was decreased ~2-fold when compared to 
the distal compartments (≥40 μm; Figure  5G). To assess 
changes in mitochondrial morphology within hASM cells 
relative to the distance from the nuclear membrane, we em-
ployed the MCI as a three-dimensional metric of complexity 
of mitochondrial morphology.61 The MCI was decreased by 
~6-fold at 60 μm from the nuclear membrane when com-
pared to the MCI within 10 μm of the nuclear membrane 
(Figure 5H). Overall, the data indicated a significant reduc-
tion in the MCI in the distal parts of the cell indicating that 
mitochondria are more filamentous around the perinuclear 
area and more fragmented in the distal parts of the cell.

4   |   DISCUSSION

In the present study, we investigated the extent of mor-
phological and functional heterogeneity of mitochon-
dria in hASM cells by simultaneous confocal imaging 
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of fluorescently labeled mitochondria and assessment 
of SDH activity. The key findings of the present study 
were as follows: (1) Mitochondrial volume density 
varied within different compartments of hASM cells, 
where mitochondrial volume density was higher in the 

perinuclear region of the cell when compared to the 
more distal compartments. (2) The morphometry of 
mitochondria within hASM cells varied significantly, 
being more filamentous in the perinuclear region of the 
cell when compared to the distal regions. (3) SDHmax 

F I G U R E  4   Inhibition of SDH catalytic core decreases SDHmax. (A) The diagram shows malonate competitively inhibiting SDH by 
blocking succinate uptake (Created with BioRe​nder.​com). (B) SDHmax measured in hASM cells after malonate treatment (1 mM for 24 h) 
was significantly decreased when compared to untreated (control) hASM cells (*p < 0.0001). (C) OCR measurements obtained from 
malonate-treated and control hASM cells were normalized to the total cell count. (D) The maximal respiration was significantly decreased 
in malonate-treated cells when compared to control hASM cells (*p < 0.0001). Each color represents results from one bronchial sample 
(patient). Circles represent SDHmax from untreated (control) hASM cells, and squares represent SDHmax from malonate-treated cells. (E) The 
diagram shows the inhibition of the B subunit of SDH by targeted DsiRNA-mediated knockdown (Created with BioRe​nder.​com). hASM cells 
were transfected with DsiRNA targeting SDHB (SDHB-KD), with scrambled DsiRNA as negative control (NC). (F) SDHmax measured was 
significantly decreased in SDHB-KD hASM cells when compared to NC (*p < 0.0001). (G) OCR measurements obtained from SDHB-KD cells 
and NC cells were normalized to total cell count. (H) The maximal respiration was significantly decreased in SDHB-KD hASM cells when 
compared to NC (*p < 0.0001). Each color represents results from one bronchial sample (patient). Circles represent SDHmax from NC hASM 
cells, and squares represent SDHmax from SDHB-KD cells. Data are presented as mean ± SEM in scatter plot. Statistical analyses were based 
on measurements from n = 5 hASM cells per group from six bronchial samples (patients) using two-way ANOVA for repeated measures. 
hASM, human airway smooth muscle; OCR, oxygen consumption rate; SDH, succinate dehydrogenase.

http://biorender.com
http://biorender.com


170  |      MAHADEV BHAT and SIECK

F I G U R E  5   NBTdfz accumulation corresponds to mitochondrial volume within hASM cells. (A) Representative maximum intensity 	
Z-projection image of hASM cell loaded with CellLight™ Mitochondria-GFP to visualize mitochondria (scale bar = 50 μm). 	
(B) Representative image (TD) shows NBTdfz accumulation at 8 min. To aid in visualizing the NBTdfz accumulation within hASM cells, the 
original gray-scale images were manually thresholded and the LUTs were inverted to be represented as a heat map using NIS-Elements 
software. (C) Overlay of the CellLight-labeled mitochondria and NBTdfz accumulation shows their respective pattern of distribution 
within the cell. (D) Z-stacks were obtained with a controlled step size of 0.5 μm between optical slices across a 5 μm sampling depth (10 
optical slices). (E) Representative image shows the binarized mitochondria within hASM cell with digitally computed and superimposed 
3D concentric shells spaced in increments of 10 μm from the nuclear membrane (scale bar = 50 μm; N: Nucleus; +: Nuclear Centroid). 
Using this, the MCI, mitochondrial volume density and SDHmax within each shell were quantified. (F) The distribution of mitochondria as 
mitochondrial volume density (%) and SDHmax within the volume of each shell decreased relative to the distance (in μm) from the nuclear 
membrane. The SDHmax measurements mirrored the mitochondrial volume within the corresponding shells. (G) SDHmax normalized to 
mitochondrial volume decreased ~2-fold in the perinuclear region when compared to those in the distal region. (H) MCI within the volume 
of each shell increased ~6-fold in the perinuclear region when compared to the distal compartments. Circles represent mitochondrial 
volume density and MCI, and squares represent SDHmax. Statistical analyses in hASM cells were based on measurements from n = 10 hASM 
cells per group from one bronchial sample (patients). hASM, human airway smooth muscle; TD, transmitted light differential interference; 
MCI, mitochondrial complexity index; NBT, nitroblue tetrazolium diformazan; SDH, succinate dehydrogenase.
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also varied within different compartments of hASM 
cells, where SDHmax was greater in the perinuclear re-
gion of the cell versus the distal compartments and cor-
responded to the distribution of mitochondrial volume. 
(4) When normalized to mitochondrial volume, SDHmax 
was lower in the perinuclear region when compared to 
the distal regions. This is a surprising observation and 
would suggest distinct metabolic differences depending 
on mitochondrial localization within a cell.

4.1  |  Quantitative histochemical 
technique to measure SDHmax

The technique for measuring SDHmax was initially devel-
oped and first reported in 1986 by Sieck et  al.,5 followed 
by a subsequent publication that provided greater detail.6 
The quantitative histochemical technique measures the 
progressive reduction of NBT (reaction indicator) to its di-
formazan state (NBTdfz). The reaction is performed using 
mPMS as an exogenous electron carrier and azide to in-
hibit cytochrome oxidase (Complex IV). mPMS is reduced 
within complex II and azide inhibits complex IV preventing 
the subsequent re-oxidation of mPMS. This allows mPMS 
to preferentially deliver electrons to NBT and minimize 
any non-specific reduction of NBT.64 The optimal concen-
trations of the various compounds used in the assay were 
rigorously determined in previous studies .5-11,13,25-35,65,66 
In the quantitative histochemical method for measuring 
SDHmax, the Beer–Lambert equation is used which requires 
the control of path length for light absorbance to determine 
the accumulation of the reaction product (i.e., NBTdfz). 
In measuring SDHmax in skeletal muscle fibers, the path 
length for light absorbance is controlled by cryo-sectioning 
the fibers at a defined thickness.9-11,13 As cryo-sectioning 
is difficult in single cells such as hASM cells, we validated 
the use of confocal microscopy to acquire optical slices, 
thereby controlling path length for light absorbance.12 In 
the quantitative histochemical technique, it is essential to 
use an optimal concentration of succinate (substrate) to 
avoid substrate limiting the reaction. Consistent with our 
previous study, we found that SDHmax in hASM cells was 
achieved at a succinate concentration of 80 mM in the reac-
tion media.12 Furthermore, we confirmed that the SDH re-
action is linear over an 8-min period in hASM cells, which 
is similar to that observed in skeletal muscle fibers.5,6,9,11,13 
Therefore, at maximum substrate concentration, the reac-
tion proceeds in a linear fashion from which the maximum 
velocity can be determined.

In the present study, the specificity of the SDH assay 
was further validated by inhibiting the catalytic core of the 
SDH complex, namely SDHA and SDHB subunits. SDH is 
a holoenzyme consisting of four nuclear-encoded protein 

subunits. The catalytic core, SDHA and SDHB subunits, 
contain the binding/catalytic site that binds to organic 
substrates, succinate or fumarate, and the redox cofactors 
that participate in electron transfer to ubiquinone.1-4,37,38 
The membrane domain, SDHC and SDHD subunits, an-
chors the complex to the IMM.1-4,37,38 Malonate-mediated 
competitive inhibition of SDHA in hASM cells as well as 
siRNA-mediated SDHB knockdown decreased SDHmax 
which was consistent with the reduction of maximum 
OCR. These results are also consistent with other reports 
where SDH metabolism was studied using biochemical 
methods.2,67-71

4.2  |  Distribution of mitochondrial 
volume varies within hASM cells

In the present study, using 3D confocal imaging, fluo-
rescently labeled mitochondria were identified and mi-
tochondrial volume density was measured within hASM 
cells. Previously, we compared the use of 3D confocal im-
aging to determine mitochondrial volume to that obtained 
by electron microscopy (EM) and found them to be com-
parable.55 Mitochondrial labeling with MitoTracker Green 
and 3D imaging have a major advantage over EM in that 
many cells can be analyzed per sample, and MitoTracker 
allows measurements from living cells and metabolically 
active mitochondria. Importantly, as SDHmax can vary 
with changes in mitochondrial volume density, normal-
izing SDHmax to mitochondrial volume provides valuable 
information on the relationship between mitochondrial 
structure and function.11-13 Unfortunately, simultaneous 
measurements of SDHmax and mitochondrial imaging by 
MitoTracker labeling are not possible in hASM cells since 
MitoTracker interferes with SDHmax measurements.12 
Therefore, CellLight was used as an alternative to label 
mitochondria and we confirmed that, unlike MitoTracker 
Green, CellLight labeling does not affect SDHmax meas-
urements.12 CellLight is a BacMam expression vector en-
coding GFP fused to the leader sequence of E1α pyruvate 
dehydrogenase and labels independently of the mitochon-
drial membrane potential.53,72,73

Using a concentric shell analysis, we determined dif-
ferences in mitochondrial volume density within perinu-
clear to distal compartments of an hASM cell. Consistent 
with previous findings, we observed that mitochondrial 
volume density was highest within ~20 μm of the nuclear 
membrane and then decreased toward the more distal 
compartments of the hASM cell.16 Similar observations 
were made in other transformed cell lines and primary 
cell types, where mitochondria were distributed through-
out the cytosol but had a higher density in the perinuclear 
region.74-77
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4.3  |  Mitochondrial morphometry is 
heterogeneous within hASM cells

Using the same concentric shell analysis, mitochon-
drial morphology was quantified by MCI and varied 
significantly within hASM cells. The mitochondrial 
network within hASM cells comprised both elongated 
mitochondrial networks as well as fragmented/globu-
lar mitochondria, thereby contributing to considerable 
variance in the metrics of mitochondrial morphology 
(MCI). Within hASM cells, more elongated/filamen-
tous mitochondrial networks were present in the peri-
nuclear compartments and transitioned toward more 
fragmented mitochondria in the distal regions of the 
cell. The presence of such distinct differences in mito-
chondrial morphology within different cells have been 
presented in various cell types.75 Mitochondrial mor-
phology is highly dynamic and is closely coordinated 
with its function. Mitochondria undergo membrane re-
modeling through cycles of fragmentation and fusion; 
the balance of these processes controls mitochondrial 
metabolism during normal mitochondrial turnover in 
homeostasis and in response to mitochondrial or cellular 
stress.78,79 Numerous studies have explored the relation-
ship between mitochondrial morphology and function, 
and its correlation with the cellular energy demand.80 
It is observed that fused mitochondria promote the 
formation of elongated mitochondrial networks which 
contain intricate cristae organization, therefore enhanc-
ing the ATP output and oxidative phosphorylation.81 On 
the other hand, small or fragmented mitochondria are 
relatively poor ATP producers and less reliant on oxi-
dative phosphorylation.82 The asymmetric distribution 
of mitochondrial volume and morphology within hASM 
cells suggests a possible difference in metabolic demand 
within different compartments of the cell.

4.4  |  SDHmax corresponds with 
mitochondrial volume within hASM cells

In the present study, SDHmax was simultaneously meas-
ured within hASM cells with CellLight-labeled mito-
chondria. In previous findings, we reported a strong 
relationship between SDHmax and CellLight-labeled mi-
tochondrial volume density in hASM cells.12 During the 
course of the SDH reaction, a more rapid accumulation 
of NBTdfz is observed in regions corresponding to higher 
mitochondrial volume density within hASM cells. Using 
the concentric shell analysis, we determined differences 
in SDHmax relative to the nuclear membrane within var-
ious compartments of an hASM cell. Similar to mito-
chondrial volume density, SDHmax was highest within 

~20 μm of the nuclear membrane and then decreased 
toward the more distal compartments of the hASM cell, 
with significant correspondence in distribution pat-
tern between NBTdfz accumulation and mitochondrial 
volume. Consistent with the changes in mitochon-
drial morphometry within the cells, the higher SDHmax 
measured in the perinuclear compartment reflects the 
more filamentous morphometry of mitochondria in the 
perinuclear compartment, whereas the lower SDHmax 
reflects the fragmented morphometry of mitochondria 
in the distal compartments. In previous studies, we re-
ported that mitochondrial motility is more pronounced 
in the perinuclear region within hASM cells, with in-
creased mitochondrial Ca2+ influx in the perinuclear re-
gion when compared to the more distal compartments 
of the cell.17,18

Interestingly, SDHmax normalized to mitochondrial 
volume was lower in the perinuclear region (within 
~20 μm of the nuclear membrane) and increased toward 
the more distal parts of the cell. Provided SDH complex, 
along with other ETC complexes, is embedded within 
the IMM, the surface area of the IMM can influence the 
functional capacity of mitochondria to consume oxygen, 
pump protons, and produce ATP.15 Studies have shown 
that as the IMM expands, cristae formation is promoted, 
therefore expanding the space needed for the cell to in-
crease the number of ETC complexes present in the or-
ganelle and increasing the capacity of the mitochondria 
to produce ATP.83,84 However, this is in contrast to our 
observations, as lower SDHmax per mitochondrion is ob-
served in the perinuclear area which consists of filamen-
tous mitochondria. This can be attributed to the fact that 
in the perinuclear region of many cells, the filamentous 
mitochondria present are not luminally interconnected, 
therefore consisting of different matrix densities within 
individual mitochondria, reflecting differences in met-
abolic states.75 Additionally, similar findings regarding 
intracellular functional heterogeneity of mitochondria 
have been made in other cell types. Observation from 
JC-1 emissions suggests that the distal mitochondria 
have higher mitochondrial membrane potential (∆Ψm) 
than their perinuclear counterparts and was further sub-
stantiated by the increased Ca2+ influx in the distal mi-
tochondria than those in the perinuclear region.75 These 
observations indicate that there are proportionally more 
metabolically active mitochondria in the distal compart-
ments of cells when compared to those in the perinuclear 
region. In contrast to these observations, the proxim-
ity between mitochondria and the nuclear envelope is 
maintained by the high-energy demands of the nucleus 
which is met by the mitochondria.85,86 However, evi-
dence suggests that the high-energy demand at nuclear-
mitochondrial contact sites increases ROS production 
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and accumulation in the perinuclear region thereby 
disrupting the ∆Ψm and resulting in responses that stim-
ulate mitochondrial turnover, that is, mitophagy and 
mitochondrial biogenesis.77,87 While SDHmax could be 
affected by the ROS-mediated mitophagy in the perinu-
clear region or a decrease in IMM area, understanding 
the mechanisms underlying the differences in SDH ac-
tivity and mitochondrial morphology between perinu-
clear and distal regions is outside the scope of this study 
and will be explored in future studies.

5   |   SUMMARY AND CONCLUSION

In the present study, we demonstrate that mitochondria 
display a wide range of morphologies that are functionally 
heterogeneous. Our results provide evidence of a difference 
in mitochondrial volume and mitochondrial morphology 
relative to their localization within a cell. Additionally, we 
show that the SDH assay can be used to probe differences 
in SDH activity within multiple cellular compartments and 
conclude that SDH activity varies with mitochondrial vol-
ume within the cell. While our measurements represent 
the steady-state situation, the plasticity of these organelles 
can result in discrepant observations of heterogeneity/ho-
mogeneity in function under adverse conditions. Using the 
SDH assay, measurement of differences in SDH activity in 
multiple cellular compartments within a cell can help un-
derscore the functional status of mitochondria within an 
individual cell under homeostatic and disease conditions.
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