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Figure 1. Enzymatic activities by mouse brain region. (A) Experimental design. (B) 17 brain regions of interest, labeled by name and distance from bregma, with red circles 
indicating bilateral punch locations.  Images acquired from the Allan Mouse Brain Atlas (Dong, H. W. The Allen reference atlas: A digital color brain atlas of the C57Bl/6J male mouse. 
John Wiley & Sons Inc. (2008). Abbreviations expanded in Table 1. 
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Figure 1. Enzymatic activities by mouse brain region. (A) Experimental design. (B) 17 brain regions of interest, labeled by name and distance from bregma, with red circles 
indicating bilateral punch locations.  Images acquired from the Allan Mouse Brain Atlas (Dong, H. W. The Allen reference atlas: A digital color brain atlas of the C57Bl/6J male mouse. 
John Wiley & Sons Inc. (2008). Abbreviations expanded in Table 1. 
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Figure 4. Mitochondrial function-based “connectivity” across anatomical brain regions. (A) Correlation matrix of mitochondrial functioning across brain regions, using all 6 
mitochondrial measures, and all animals (n=27). The matrix is ordered by hierarchical clustering (Euclidian distance, Ward’s clustering). (B) Global connectivity based on the 
average correlation for each brain region with all other regions. (C) (D) (E)

Similarity in mito features based 
on regional activities

My understanding was that the PCA was a first way in which Manish tried to cluster brain regions. Then he went the 
other way using multi-sclice? If so, we could present the results from the multi-slice, and say using PCA achieved 
similar results and say that PCA resulted in similar conclusions (and have a supplemental figure if Manish wants).
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Figure 3. Correlation between mitochondrial functioning measures and mouse behavior. (A) All mice underwent four behavioral tests (Open Field Test illustrated as example), 
and behavioral scores were correlated with the 6 mitochondrial functioning features. (B) Correlation between mitochondrial functioning and scores on four behavioral tests (see 
supplemental figure SX for details), measured as Spearman’s r, with the most significant correlation per test plotted. All tests have been scored so that a higher score indicates 
higher anxiety/depression. (C) Frequency distribution of the proportion of correlations of mitochondrial-behavior pairs per behavioral test, fit with a gaussian curve, One sample t 
test. (D) Average correlation of each behavior with the brain mito-functioning (B) and tissue mito-functioning (T), 2-way ANOVA.
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network distribution of mitochondria within the cell cytoplasm and 
perinuclear region92,93, or in specialized appendages such as presyn-
aptic terminals94, also bear direct functional significance, but only in 
the context of the cell.

Mitochondrial features. Features are the intrinsic building blocks of 
mitochondria. They are generally static molecular components, such 
as the abundance of specific proteins, membrane lipids, mtDNA integ-
rity, the density and configuration of cristae membranes, and many 
other quantifiable metrics. Most omics platforms (such as proteomics, 
lipidomics, transcriptomics and genomics) target static features. As 
demonstrated in MitoCarta52, profiling mitochondrial features pro-
vides rich information on the molecular specialization of mitochondria 

(that is, the hardware). However, quantifying mitochondrial features 
does not reflect their functional capacity or behaviours in their cellular 
context. Static measures of mitochondrial morphology and ultras-
tructure, which include quantitative measures of size (volume) and 
morphological features (length, three-dimensional morphological 
complexity, cristae density, and so on86,95) also belong to the category 
of mitochondrial features.

Mitochondrial activities. Activities are single-enzyme activities that 
are measured as dynamic processes, such as the biochemical activity 
of monomeric (for example, CS) or multimeric (for example, pyruvate 
dehydrogenase complex) enzymes. Activities are made of features but 
do not classify as mitochondrial functions. Mitochondrial activities 

a  Morphological and ultrastructural diversity of mitochondria across mammalian tissues and cells

b  Mitochondrial subpopulations in mouse brain hippocampal neurons c  Mitochondrial subpopulations in mouse and human skeletal myofibre
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Fig. 3 | Diversity in mitochondrial morphology. a, TEM micrographs 
of mitochondria in mammalian tissues and cultured cells. The 143B-ρ0 
mitochondrion lacking mtDNA is from ref. 215. Adrenal mitochondrion 
reproduced with permission from ref. 216. Liver, pancreas, brown adipocyte 
and Leydig cell mitochondria reproduced with permission from ref. 73; other 
images are from M.P.’s laboratory). Note the natural variation in morphology 
(gross shape of mitochondria), in ultrastructure (positioning and organization 

of internal cristae membranes) and overall electron density (reflecting density of 
molecular components). b,c, Three-dimensional reconstructions (b) of neural 
mitochondria from the subcellular compartments of large granule neurons 
in the mouse dentate gyrus (adapted from ref. 85), and of skeletal muscle (c) 
mitochondrial phenotypes between the SS and IMF regions of human skeletal 
muscle fibres (adapted from ref. 86). Note the variation in morphological 
complexity and volume within the mitochondrial population of the same cell.
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diminished energy production capacity. But mitochondria are multi-
functional, performing dozens of different functions (see below). As a 
result, they can malfunction in multiple different ways. Mitochondria 
also are malleable, capable of dynamically and reversibly adapting to 
energetic, environmental and other stressors5–7. Temporary increases 
or decreases among molecular features and functions are the basis of 
adaptation—not necessarily signs of dysfunctional processes. Thus, 
letting go and clearing the mind of the simplistic analogy challenges the 
concept of ‘dysfunction’ and allows investigators to intuitively interpret 
dynamic changes more physiologically, and therefore more accurately.

Studying ‘human function’ or ‘cellular function’ would strikingly 
lack specificity and meaning for medicine and cell biology. Similarly, 
‘mitochondrial function’ is devoid of the specificity required to advance 
our science. For the two reasons noted above, we are forced to conclude 
that the terms ‘mitochondrial function’ and ‘mitochondrial dysfunction’ 
are flawed, misleading misnomers, and should generally be avoided. To 
formulate accurate models and hypotheses about the mechanisms in 
which mitochondrial biology contributes to complex cellular and organ-
ismal processes, mitochondrial science needs more specific terminology.

analogies risk impeding progress in mitochondrial science in two 
main ways. First, incomplete analogies like the ‘powerhouse’ create 
a monofunctional image of these complex organelles. This narrow 
mental image limits the spectrum of possible mechanisms by which 
mitochondria may contribute to the organism’s biology and physiology. 
In the same way that all cells are recognizable by shared gross anatomi-
cal features (for example, cell membrane and nucleus), mitochondria 
share a recognizable double membrane structure, cristae and a circu-
lar genome. Yet at a higher level of resolution, cell subtypes and their 
mitochondrial subtypes both qualitatively and quantitatively differ in 
their specific molecular features, activities, functions and behaviours. 
Unlike powerhouses whose sole function is energy transformation, 
mitochondria are multifaceted and multifunctional.

The second way in which outdated analogies can impede the field’s 
progress is by shaping terminology4. For established investigators 
with decades of historical perspective, some concepts may transcend 
terminology. However, to newcomers in the field, terminology is the 
basis of understanding. A powerhouse transforms energy, and the 
only way in which powerhouses can be ‘dysfunctional’ is by exhibiting 
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Fig. 1 | An integrative approach to mitochondrial biology. a–c, There are 
organ-specific domains of human health that guide medical investigation and 
practice (a), cell-type-specific domains of cell biology that guide biological 
theories and research practices (b) and domains of mitochondrial biology that 
guide mitochondrial science (c). d, Blind men—here scientists blindfolded by 
their perspective limited by prevailing theories, training and career history, 
available instrumentation and/or analytical methods—make valid observations 
about specific aspects of the animal under study. However, without a global 
perspective enabling them to perceive the whole animal at once, an error of logic 
is committed, leading to erroneous induction and conclusions, drawn from its 
parts, about the nature of the whole organism. e, The same type of limitation 

exists when examining mitochondria with different instruments that are blind to 
other aspects of mitochondrial biology, for example, microscopy, biochemistry, 
genomics and metabolomics. Focused reductionist approaches are necessarily 
undertaken blind to other domains of function or behaviour, yielding partially 
valid conclusions and, when taken in isolation, a largely inaccurate picture of the 
system/organelle. The history of mitochondrial research illustrates the need for 
interdisciplinary approaches and sufficiently specific terminology to examine 
mitochondrial biology and its contribution to human health. ROS, reactive 
oxygen species; MDVs, mitochondria-derived vesicles; TEM, transmission 
electron microscopy; Cyt c, cytochrome c.
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diminished energy production capacity. But mitochondria are multi-
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are flawed, misleading misnomers, and should generally be avoided. To 
formulate accurate models and hypotheses about the mechanisms in 
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ismal processes, mitochondrial science needs more specific terminology.

analogies risk impeding progress in mitochondrial science in two 
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mental image limits the spectrum of possible mechanisms by which 
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mitochondrial subtypes both qualitatively and quantitatively differ in 
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basis of understanding. A powerhouse transforms energy, and the 
only way in which powerhouses can be ‘dysfunctional’ is by exhibiting 

Metabolomics

Live cell imaging

Phylogenetics

It’s a dynamic 
network!

It’s a signalling
organelle!

It’s a cell death 
inducer!

It’s a bean-shaped 
organelle!

It’s a 
powerhouse!

It’s an 
endosymbiont 

bacterium!

Biochemistry TEM

Cyt c release

c  Domains of mitochondrial biologyb  Domains of cell biology

• Development and growth
• Physical activity
• Wound healing
• Immunity
• Cardiovascular fitness
• Locomotion
• Digestion
• Sleep
• Cognition
• Learning and memory
• Social interactions
• Others…

• Division
• Di!erentiation
• Contraction
• Migration
• Adhesion
• Detoxification
• Sensing
• Memory
• Secretion
• Others…

• Membrane potential
• Respiration and OxPhos 
• ROS emission
• Morphology
• Fusion, fission
• Motility
• Lipid synthesis
• Hormone synthesis
• Fe/s cluster synthesis
• MDV production
• Others…

a  Domains of human health

Integrated perspective
It’s a family of organelles that exist as distinct mitochondrial
phenotypes, defined by their molecular and morphological

features, activities, functions and  behaviours

d e

It’s a
spear!

It’s a
snake! It’s a

tree!

It’s a
rope!

It’s a
wall!

It’s a
fan!

Fig. 1 | An integrative approach to mitochondrial biology. a–c, There are 
organ-specific domains of human health that guide medical investigation and 
practice (a), cell-type-specific domains of cell biology that guide biological 
theories and research practices (b) and domains of mitochondrial biology that 
guide mitochondrial science (c). d, Blind men—here scientists blindfolded by 
their perspective limited by prevailing theories, training and career history, 
available instrumentation and/or analytical methods—make valid observations 
about specific aspects of the animal under study. However, without a global 
perspective enabling them to perceive the whole animal at once, an error of logic 
is committed, leading to erroneous induction and conclusions, drawn from its 
parts, about the nature of the whole organism. e, The same type of limitation 

exists when examining mitochondria with different instruments that are blind to 
other aspects of mitochondrial biology, for example, microscopy, biochemistry, 
genomics and metabolomics. Focused reductionist approaches are necessarily 
undertaken blind to other domains of function or behaviour, yielding partially 
valid conclusions and, when taken in isolation, a largely inaccurate picture of the 
system/organelle. The history of mitochondrial research illustrates the need for 
interdisciplinary approaches and sufficiently specific terminology to examine 
mitochondrial biology and its contribution to human health. ROS, reactive 
oxygen species; MDVs, mitochondria-derived vesicles; TEM, transmission 
electron microscopy; Cyt c, cytochrome c.Empirically-grounded

Simple and intuitive



How do we capture everything that 
mitochondria do?



Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

complex operations that involve the collaboration of mitochondria 
with other organelles. A function that illustrates this cooperativity 
is steroidogenesis within adrenal and gonadal mitochondria. Steroi-
dogenesis requires the import of cholesterol from the cytoplasm to 
the matrix via the outer mitochondrial membrane (OMM) protein 
STAR, a redox-dependent side-chain cleavage reaction by the matrix 
P450ssc enzyme, and in the case of cortisol, several steps in the endo-
plasmic reticulum (ER) followed by the final enzymatic step by the 

matrix enzyme 11-beta-hydroxylase34,97. Collectively, these features and 
activities produce the diffusible endocrine hormone cortisol, making 
cortisol synthesis a mitochondrial function.

Fe/S cluster synthesis also involves several enzymatic and bio-
chemical steps uniquely positioned in mitochondria. Both steroidogen-
esis and Fe/S cluster synthesis are mitochondrial functions essential to 
animal life; the former is specific to a few specialized mitochondria in 
the adrenal glands and gonads, while the latter is essential to the life of 
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Fig. 5 | Example of measurements across domains of mitochondrial biology. 
Cell-dependent phenotypes: Frequently used mitochondrial measures such as 
mitochondrial content (also known as mitochondrial mass), mtDNAcn per cell, 
and OCR by cells or tissues do not reflect intrinsic mitochondrial properties. 
Rather, they provide information about cellular energy demand and/or cell-level 
regulatory processes controlling mitochondrial biology. Features: Features are 
molecular components that can vary in quantity or quality, generally measurable 
from frozen or dead cellular material. Activities: Activities emerge from the 
interaction of multiple features, resulting in specific enzymatic activities or 
intrinsic properties of mitochondria that change the effective concentration 
of one or more substrates. Functions: Functions emerge from the combination 
of several activities, resulting in the transformation of inputs into outputs 

at the organelle level. Example of activities include energy transformation 
through the OxPhos system, Ca2+ regulation, macromolecule biosynthesis and 
the production of signals or outputs. Behaviours: Behaviours emerge from the 
interaction of multiple functions in collaboration with cytoplasmic and inter-
organellar factors. As in cells and organisms, behaviours are best understood as 
goal driven, meaning that they reflect the coming together of several functions 
towards an end goal, such as modulating the architecture of the mitochondrial 
network through dynamics and motility, altering nuclear gene expression 
through repositioning and signalling, or optimizing cellular and organismal 
adaptation through inter-organelle and cell–cell communication2. For a list of 
mitochondrial functions and behaviours, see Table 1. SNP, single-nucleotide 
polymorphism. MCU, mitochondrial calcium uniporter.
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molecular components that can vary in quantity or quality, generally measurable 
from frozen or dead cellular material. Activities: Activities emerge from the 
interaction of multiple features, resulting in specific enzymatic activities or 
intrinsic properties of mitochondria that change the effective concentration 
of one or more substrates. Functions: Functions emerge from the combination 
of several activities, resulting in the transformation of inputs into outputs 

at the organelle level. Example of activities include energy transformation 
through the OxPhos system, Ca2+ regulation, macromolecule biosynthesis and 
the production of signals or outputs. Behaviours: Behaviours emerge from the 
interaction of multiple functions in collaboration with cytoplasmic and inter-
organellar factors. As in cells and organisms, behaviours are best understood as 
goal driven, meaning that they reflect the coming together of several functions 
towards an end goal, such as modulating the architecture of the mitochondrial 
network through dynamics and motility, altering nuclear gene expression 
through repositioning and signalling, or optimizing cellular and organismal 
adaptation through inter-organelle and cell–cell communication2. For a list of 
mitochondrial functions and behaviours, see Table 1. SNP, single-nucleotide 
polymorphism. MCU, mitochondrial calcium uniporter.
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interaction of multiple functions in collaboration with cytoplasmic and inter-
organellar factors. As in cells and organisms, behaviours are best understood as 
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Multifaceted mitochondria: moving 
mitochondrial science beyond function  
and dysfunction

Anna S. Monzel1, José Antonio Enríquez    2,3 & Martin Picard    1,4,5 

Mitochondria have cell-type speci!c phenotypes, perform dozens of 
interconnected functions and undergo dynamic and often reversible 
physiological recalibrations. Given their multifunctional and malleable 
nature, the frequently used terms ‘mitochondrial function’ and 
‘mitochondrial dysfunction’ are misleading misnomers that fail to capture 
the complexity of mitochondrial biology. To increase the conceptual 
and experimental speci!city in mitochondrial science, we propose 
a terminology system that distinguishes between (1) cell-dependent 
properties, (2) molecular features, (3) activities, (4) functions and (5) 
behaviours. A hierarchical terminology system that accurately captures 
the multifaceted nature of mitochondria will achieve three important 
outcomes. It will convey a more holistic picture of mitochondria as we teach 
the next generations of mitochondrial biologists, maximize progress in 
the rapidly expanding !eld of mitochondrial science, and also facilitate 
synergy with other disciplines. Improving speci!city in the language around 
mitochondrial science is a step towards re!ning our understanding of 
the mechanisms by which this unique family of organelles contributes to 
cellular and organismal health.

To guide scientific progress, medicine has developed a detailed cartog-
raphy of the multiple functions accomplished by unique body parts and 
organ systems. The resulting classification system of physiological func-
tions displayed in every medical textbook is the foundation of modern 
medicine1 (Fig. 1a). Likewise, cell biology recognizes dozens of distinct 
cellular functions and behaviours that interact to sustain organismal 
health (Fig. 1b). This detailed cartography of cellular functions and behav-
iours has guided our theories around how cells divide and differentiate, 
communicate and interact with one another, has led to discoveries of 
disease mechanisms and has motivated the development of laboratory 
methods and specialized instruments to capture the multifaceted nature 
of different types of living cells. Specificity begets biological insights.

As for organs and cells, several productive decades of mitochon-
drial research have shown that mitochondria are similarly multifaceted 
(Fig. 1c). However, despite considerable advances in establishing the 
molecular machinery and functional diversity among mitochondria, 
we lack a systematic nomenclature to reflect the full spectrum of func-
tional, morphological and molecular domains of mitochondrial biol-
ogy. As mitochondria have become the most studied organelle across 
the biomedical sciences2, establishing a logical framework to teach and 
study the multifaceted nature of mitochondria becomes paramount. 
In this Perspective, we examine how infusing further specificity in our 
classification system for mitochondrial science can propel the field 
towards increasingly meaningful insights into human health.
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complex operations that involve the collaboration of mitochondria 
with other organelles. A function that illustrates this cooperativity 
is steroidogenesis within adrenal and gonadal mitochondria. Steroi-
dogenesis requires the import of cholesterol from the cytoplasm to 
the matrix via the outer mitochondrial membrane (OMM) protein 
STAR, a redox-dependent side-chain cleavage reaction by the matrix 
P450ssc enzyme, and in the case of cortisol, several steps in the endo-
plasmic reticulum (ER) followed by the final enzymatic step by the 

matrix enzyme 11-beta-hydroxylase34,97. Collectively, these features and 
activities produce the diffusible endocrine hormone cortisol, making 
cortisol synthesis a mitochondrial function.

Fe/S cluster synthesis also involves several enzymatic and bio-
chemical steps uniquely positioned in mitochondria. Both steroidogen-
esis and Fe/S cluster synthesis are mitochondrial functions essential to 
animal life; the former is specific to a few specialized mitochondria in 
the adrenal glands and gonads, while the latter is essential to the life of 
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Fig. 5 | Example of measurements across domains of mitochondrial biology. 
Cell-dependent phenotypes: Frequently used mitochondrial measures such as 
mitochondrial content (also known as mitochondrial mass), mtDNAcn per cell, 
and OCR by cells or tissues do not reflect intrinsic mitochondrial properties. 
Rather, they provide information about cellular energy demand and/or cell-level 
regulatory processes controlling mitochondrial biology. Features: Features are 
molecular components that can vary in quantity or quality, generally measurable 
from frozen or dead cellular material. Activities: Activities emerge from the 
interaction of multiple features, resulting in specific enzymatic activities or 
intrinsic properties of mitochondria that change the effective concentration 
of one or more substrates. Functions: Functions emerge from the combination 
of several activities, resulting in the transformation of inputs into outputs 

at the organelle level. Example of activities include energy transformation 
through the OxPhos system, Ca2+ regulation, macromolecule biosynthesis and 
the production of signals or outputs. Behaviours: Behaviours emerge from the 
interaction of multiple functions in collaboration with cytoplasmic and inter-
organellar factors. As in cells and organisms, behaviours are best understood as 
goal driven, meaning that they reflect the coming together of several functions 
towards an end goal, such as modulating the architecture of the mitochondrial 
network through dynamics and motility, altering nuclear gene expression 
through repositioning and signalling, or optimizing cellular and organismal 
adaptation through inter-organelle and cell–cell communication2. For a list of 
mitochondrial functions and behaviours, see Table 1. SNP, single-nucleotide 
polymorphism. MCU, mitochondrial calcium uniporter.
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complex operations that involve the collaboration of mitochondria 
with other organelles. A function that illustrates this cooperativity 
is steroidogenesis within adrenal and gonadal mitochondria. Steroi-
dogenesis requires the import of cholesterol from the cytoplasm to 
the matrix via the outer mitochondrial membrane (OMM) protein 
STAR, a redox-dependent side-chain cleavage reaction by the matrix 
P450ssc enzyme, and in the case of cortisol, several steps in the endo-
plasmic reticulum (ER) followed by the final enzymatic step by the 

matrix enzyme 11-beta-hydroxylase34,97. Collectively, these features and 
activities produce the diffusible endocrine hormone cortisol, making 
cortisol synthesis a mitochondrial function.

Fe/S cluster synthesis also involves several enzymatic and bio-
chemical steps uniquely positioned in mitochondria. Both steroidogen-
esis and Fe/S cluster synthesis are mitochondrial functions essential to 
animal life; the former is specific to a few specialized mitochondria in 
the adrenal glands and gonads, while the latter is essential to the life of 
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Fig. 5 | Example of measurements across domains of mitochondrial biology. 
Cell-dependent phenotypes: Frequently used mitochondrial measures such as 
mitochondrial content (also known as mitochondrial mass), mtDNAcn per cell, 
and OCR by cells or tissues do not reflect intrinsic mitochondrial properties. 
Rather, they provide information about cellular energy demand and/or cell-level 
regulatory processes controlling mitochondrial biology. Features: Features are 
molecular components that can vary in quantity or quality, generally measurable 
from frozen or dead cellular material. Activities: Activities emerge from the 
interaction of multiple features, resulting in specific enzymatic activities or 
intrinsic properties of mitochondria that change the effective concentration 
of one or more substrates. Functions: Functions emerge from the combination 
of several activities, resulting in the transformation of inputs into outputs 

at the organelle level. Example of activities include energy transformation 
through the OxPhos system, Ca2+ regulation, macromolecule biosynthesis and 
the production of signals or outputs. Behaviours: Behaviours emerge from the 
interaction of multiple functions in collaboration with cytoplasmic and inter-
organellar factors. As in cells and organisms, behaviours are best understood as 
goal driven, meaning that they reflect the coming together of several functions 
towards an end goal, such as modulating the architecture of the mitochondrial 
network through dynamics and motility, altering nuclear gene expression 
through repositioning and signalling, or optimizing cellular and organismal 
adaptation through inter-organelle and cell–cell communication2. For a list of 
mitochondrial functions and behaviours, see Table 1. SNP, single-nucleotide 
polymorphism. MCU, mitochondrial calcium uniporter.
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include the isolated enzymatic activities of OxPhos complexes96 and 
any other enzymatic activities, the isolated activity of individual IMM 
transporters like the ATP/ADP antiporter, proteases, polymerases, 
helicases, metabolite and ion transport across the IMM, to name a few 
examples.

Mitochondrial functions. Functions require at least one step to be 
physically localized within the mitochondrion, and generally involve 
multiple activities contributing to the conversion of an input into an 

output. ATP synthesis, Ca2+ homeostasis, lipid synthesis and many 
other processes are mitochondrial functions enabled by the interac-
tion of two or more (often dozens) molecular features and activities, 
cooperating as an integrated system. For example, the conversion of 
electrons from reducing equivalents into an electrochemical gradient 
(that is, membrane potential, ∆Ψm + ∆pH) is considered a mitochon-
drial function. Similarly, protein import requires the interaction of 
multiple proteins and activities to transport and process proteins from 
the cytoplasm to the mitochondrial matrix. Some functions include 
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complex operations that involve the collaboration of mitochondria 
with other organelles. A function that illustrates this cooperativity 
is steroidogenesis within adrenal and gonadal mitochondria. Steroi-
dogenesis requires the import of cholesterol from the cytoplasm to 
the matrix via the outer mitochondrial membrane (OMM) protein 
STAR, a redox-dependent side-chain cleavage reaction by the matrix 
P450ssc enzyme, and in the case of cortisol, several steps in the endo-
plasmic reticulum (ER) followed by the final enzymatic step by the 

matrix enzyme 11-beta-hydroxylase34,97. Collectively, these features and 
activities produce the diffusible endocrine hormone cortisol, making 
cortisol synthesis a mitochondrial function.

Fe/S cluster synthesis also involves several enzymatic and bio-
chemical steps uniquely positioned in mitochondria. Both steroidogen-
esis and Fe/S cluster synthesis are mitochondrial functions essential to 
animal life; the former is specific to a few specialized mitochondria in 
the adrenal glands and gonads, while the latter is essential to the life of 
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Fig. 5 | Example of measurements across domains of mitochondrial biology. 
Cell-dependent phenotypes: Frequently used mitochondrial measures such as 
mitochondrial content (also known as mitochondrial mass), mtDNAcn per cell, 
and OCR by cells or tissues do not reflect intrinsic mitochondrial properties. 
Rather, they provide information about cellular energy demand and/or cell-level 
regulatory processes controlling mitochondrial biology. Features: Features are 
molecular components that can vary in quantity or quality, generally measurable 
from frozen or dead cellular material. Activities: Activities emerge from the 
interaction of multiple features, resulting in specific enzymatic activities or 
intrinsic properties of mitochondria that change the effective concentration 
of one or more substrates. Functions: Functions emerge from the combination 
of several activities, resulting in the transformation of inputs into outputs 

at the organelle level. Example of activities include energy transformation 
through the OxPhos system, Ca2+ regulation, macromolecule biosynthesis and 
the production of signals or outputs. Behaviours: Behaviours emerge from the 
interaction of multiple functions in collaboration with cytoplasmic and inter-
organellar factors. As in cells and organisms, behaviours are best understood as 
goal driven, meaning that they reflect the coming together of several functions 
towards an end goal, such as modulating the architecture of the mitochondrial 
network through dynamics and motility, altering nuclear gene expression 
through repositioning and signalling, or optimizing cellular and organismal 
adaptation through inter-organelle and cell–cell communication2. For a list of 
mitochondrial functions and behaviours, see Table 1. SNP, single-nucleotide 
polymorphism. MCU, mitochondrial calcium uniporter.
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complex operations that involve the collaboration of mitochondria 
with other organelles. A function that illustrates this cooperativity 
is steroidogenesis within adrenal and gonadal mitochondria. Steroi-
dogenesis requires the import of cholesterol from the cytoplasm to 
the matrix via the outer mitochondrial membrane (OMM) protein 
STAR, a redox-dependent side-chain cleavage reaction by the matrix 
P450ssc enzyme, and in the case of cortisol, several steps in the endo-
plasmic reticulum (ER) followed by the final enzymatic step by the 

matrix enzyme 11-beta-hydroxylase34,97. Collectively, these features and 
activities produce the diffusible endocrine hormone cortisol, making 
cortisol synthesis a mitochondrial function.

Fe/S cluster synthesis also involves several enzymatic and bio-
chemical steps uniquely positioned in mitochondria. Both steroidogen-
esis and Fe/S cluster synthesis are mitochondrial functions essential to 
animal life; the former is specific to a few specialized mitochondria in 
the adrenal glands and gonads, while the latter is essential to the life of 
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Fig. 5 | Example of measurements across domains of mitochondrial biology. 
Cell-dependent phenotypes: Frequently used mitochondrial measures such as 
mitochondrial content (also known as mitochondrial mass), mtDNAcn per cell, 
and OCR by cells or tissues do not reflect intrinsic mitochondrial properties. 
Rather, they provide information about cellular energy demand and/or cell-level 
regulatory processes controlling mitochondrial biology. Features: Features are 
molecular components that can vary in quantity or quality, generally measurable 
from frozen or dead cellular material. Activities: Activities emerge from the 
interaction of multiple features, resulting in specific enzymatic activities or 
intrinsic properties of mitochondria that change the effective concentration 
of one or more substrates. Functions: Functions emerge from the combination 
of several activities, resulting in the transformation of inputs into outputs 

at the organelle level. Example of activities include energy transformation 
through the OxPhos system, Ca2+ regulation, macromolecule biosynthesis and 
the production of signals or outputs. Behaviours: Behaviours emerge from the 
interaction of multiple functions in collaboration with cytoplasmic and inter-
organellar factors. As in cells and organisms, behaviours are best understood as 
goal driven, meaning that they reflect the coming together of several functions 
towards an end goal, such as modulating the architecture of the mitochondrial 
network through dynamics and motility, altering nuclear gene expression 
through repositioning and signalling, or optimizing cellular and organismal 
adaptation through inter-organelle and cell–cell communication2. For a list of 
mitochondrial functions and behaviours, see Table 1. SNP, single-nucleotide 
polymorphism. MCU, mitochondrial calcium uniporter.
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Table 1 | Mitochondrial functions and behaviours

Description Reviewed in 
ref(s).

Methods 
described in 
ref(s).

Functions
aMembrane potential generation Formation of the electrochemical gradient (∆Ψm + ∆pH) across the IMM, usually 

by the electron pumping capacity of the respiratory complexes I, III and IV, but 
also by other processes including through ATP hydrolysis by the FoF1 ATP synthase 
(complex V).

104 105,106

Amino acid metabolism Lysine metabolism (lysine-α-ketoglutarate reductase, encoded by AASS). 
Electrogenic malate–aspartate shuttle system, which is important for balancing 
pyridine dinucleotide redox states across subcellular compartments. 
Branched-chain keto and amino acids. Choline and derivatives as structural 
precursors for lipoproteins, membrane lipids and the neurotransmitter 
acetylcholine. Betaine as osmoregulator and an intermediate in the cytosolic 
transulfuration pathway.

107–111 112–119

Ascorbate metabolism L-ascorbate (vitamin C) biosynthesis in many plants and animals, but not in 
primates, which serves as osmoregulator and antioxidant. Mitochondria may 
recycle oxidized (dehydro)ascorbic acid.

120 121,122

Bicarbonate metabolism Production of bicarbonate (HCO3
−) by mitochondrial carbonic anhydrase V 

(encoded by CA5A), used as a cofactor for anaplerotic reactions (for example, 
ureagenesis and gluconeogenesis) and acid–base balance. The TCA cycle is an 
important contributor to cellular/extracellular acidification due to CO2 production.

123 –

Calcium uptake and extrusion Uptake of cytoplasmic Ca2+ via the mitochondrial calcium uniporter in a 
∆Ψm-dependent manner; extrusion by the sodium/calcium exchanger NCLX 
(encoded by SLC8B1).

124–126 127,128

Hydrogen sulfide detoxification Mitochondrial sulfide quinone oxidoreductase (encoded by SQOR) oxidizes 
hydrogen sulfide to glutathione persulfide by reducing CoQ.

129–132 133

Heat production Heat generation is stimulated by uncoupling ∆Ψm + ∆pH from ATP synthesis 
(thereby increasing electron flux and respiration) by UCP1 (encoded by UCP1), the 
ADP/ATP carrier (AAC, also ANT1), or by creatine-dependent substrate cycling and 
other futile cycles.

134–137 138

Intermediate metabolism Enzymatic interconversion of metabolic intermediates to enable the synthesis of 
specific macromolecules, including five major anaplerotic ones. This includes the 
conversion of pyruvate into oxaloacetate by pyruvate carboxylase (encoded by 
PC), a critical step for de novo glucose synthesis (gluconeogenesis); citrate export 
to the cytoplasm where it is used for lipid synthesis or converted to acetyl-CoA 
for acetylation reactions; synthesis of itaconate, a derivative of cis-aconitate; 
succinate, α-ketoglutarate and others that participate in a variety of signalling 
process.

25,139,140 141,142

Fe/S cluster synthesis Synthesis of Fe/S clusters, which serve as prosthetic groups of several essential 
proteins.

12–14 143

Light focusing Mitochondria in the outer segment of the retinal photoreceptors acts as a 
‘microlens’ that focuses incoming photons, increasing visual resolution.

144 –

Lipid oxidation Beta-oxidation of long-chain, medium-chain and short-chain fatty acids into 
acetyl-CoA.

145 146

Lipid synthesis Synthesis of cardiolipin and phosphatidylethanolamine from ER precursors in the 
IMM.

147–150 –

mtDNA maintenance and expression mtDNA replication, transcription, protein synthesis and assembly of the OxPhos 
system.

151,152 153,154

Na+import/export Sodium (Na+) uptake and release against cytoplasmic Ca2+ by the sodium/calcium 
exchanger protein NCLX (encoded by SLC8B1) or by Na+/H+ antiporter (molecular 
identity pending).

124,155 156

Neurotransmitter synthesis and 
degradation

Synthesis of the cofactor BH4 (tetrahydrobiopterin), used by hydrolase 
enzymes to synthesize catecholamines and neurotransmitters (serotonin, 
melatonin, norepinephrine and epinephrine) and nitric oxide. Mitochondria 
with OMM-anchored monoamine oxidases (encoded by MAOA and MAOB, 
donate electrons and contribute to electron flow in the ETC) also degrade 
catecholamines. Mitochondria also participate in GABA metabolism.

9,157 158,159

One-carbon metabolism and 
pyrimidine synthesis

The one-carbon metabolism connects the synthesis of nucleotides (purine and 
pyrimidine), amino acids (methionine, serine and glycine), S-adenosyl-methionine 
and folate. Ubiquinone-mediated oxidation of dihydroorotate to orotate by 
dihydroorotate dehydrogenase (encoded by DHODH) is a key step in pyrimidine 
synthesis.

160–163 164

OxPhos Transduction of ∆Ψm + ∆pH generated by the electron transport chain (ETC, 
also 'respiratory chain') into ATP synthesis by the FoF1 ATP synthase (complex V), 
abbreviated as OxPhos.

165 166
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Table 1 | Mitochondrial functions and behaviours

Description Reviewed in 
ref(s).

Methods 
described in 
ref(s).

Functions
aMembrane potential generation Formation of the electrochemical gradient (∆Ψm + ∆pH) across the IMM, usually 

by the electron pumping capacity of the respiratory complexes I, III and IV, but 
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(complex V).
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120 121,122
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−) by mitochondrial carbonic anhydrase V 

(encoded by CA5A), used as a cofactor for anaplerotic reactions (for example, 
ureagenesis and gluconeogenesis) and acid–base balance. The TCA cycle is an 
important contributor to cellular/extracellular acidification due to CO2 production.

123 –

Calcium uptake and extrusion Uptake of cytoplasmic Ca2+ via the mitochondrial calcium uniporter in a 
∆Ψm-dependent manner; extrusion by the sodium/calcium exchanger NCLX 
(encoded by SLC8B1).

124–126 127,128

Hydrogen sulfide detoxification Mitochondrial sulfide quinone oxidoreductase (encoded by SQOR) oxidizes 
hydrogen sulfide to glutathione persulfide by reducing CoQ.

129–132 133

Heat production Heat generation is stimulated by uncoupling ∆Ψm + ∆pH from ATP synthesis 
(thereby increasing electron flux and respiration) by UCP1 (encoded by UCP1), the 
ADP/ATP carrier (AAC, also ANT1), or by creatine-dependent substrate cycling and 
other futile cycles.

134–137 138

Intermediate metabolism Enzymatic interconversion of metabolic intermediates to enable the synthesis of 
specific macromolecules, including five major anaplerotic ones. This includes the 
conversion of pyruvate into oxaloacetate by pyruvate carboxylase (encoded by 
PC), a critical step for de novo glucose synthesis (gluconeogenesis); citrate export 
to the cytoplasm where it is used for lipid synthesis or converted to acetyl-CoA 
for acetylation reactions; synthesis of itaconate, a derivative of cis-aconitate; 
succinate, α-ketoglutarate and others that participate in a variety of signalling 
process.

25,139,140 141,142

Fe/S cluster synthesis Synthesis of Fe/S clusters, which serve as prosthetic groups of several essential 
proteins.

12–14 143

Light focusing Mitochondria in the outer segment of the retinal photoreceptors acts as a 
‘microlens’ that focuses incoming photons, increasing visual resolution.

144 –

Lipid oxidation Beta-oxidation of long-chain, medium-chain and short-chain fatty acids into 
acetyl-CoA.

145 146

Lipid synthesis Synthesis of cardiolipin and phosphatidylethanolamine from ER precursors in the 
IMM.

147–150 –

mtDNA maintenance and expression mtDNA replication, transcription, protein synthesis and assembly of the OxPhos 
system.

151,152 153,154

Na+import/export Sodium (Na+) uptake and release against cytoplasmic Ca2+ by the sodium/calcium 
exchanger protein NCLX (encoded by SLC8B1) or by Na+/H+ antiporter (molecular 
identity pending).

124,155 156

Neurotransmitter synthesis and 
degradation

Synthesis of the cofactor BH4 (tetrahydrobiopterin), used by hydrolase 
enzymes to synthesize catecholamines and neurotransmitters (serotonin, 
melatonin, norepinephrine and epinephrine) and nitric oxide. Mitochondria 
with OMM-anchored monoamine oxidases (encoded by MAOA and MAOB, 
donate electrons and contribute to electron flow in the ETC) also degrade 
catecholamines. Mitochondria also participate in GABA metabolism.

9,157 158,159

One-carbon metabolism and 
pyrimidine synthesis

The one-carbon metabolism connects the synthesis of nucleotides (purine and 
pyrimidine), amino acids (methionine, serine and glycine), S-adenosyl-methionine 
and folate. Ubiquinone-mediated oxidation of dihydroorotate to orotate by 
dihydroorotate dehydrogenase (encoded by DHODH) is a key step in pyrimidine 
synthesis.

160–163 164

OxPhos Transduction of ∆Ψm + ∆pH generated by the electron transport chain (ETC, 
also 'respiratory chain') into ATP synthesis by the FoF1 ATP synthase (complex V), 
abbreviated as OxPhos.
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Next, we provide examples where—as for cell types—mito-
chondrial phenotypes are quantitatively defined by their (1) func-
tional characteristics, and (2) morphological and ultrastructural  
features.

Diversity in mitochondrial functions
Mitochondria differ between tissues, cell types and subcellular com-
partments. Here we provide four well-defined examples of mitochon-
drial functional specialization.

Description Reviewed in 
ref(s).

Methods 
described in 
ref(s).

Oxygen sensing The electron transport and free-radical generation by ETC complexes I and III is 
modulated by the partial pressure of oxygen, which can limit respiration at very 
low partial pressures of O2.

167–170 –

Permeability transition Opening of the high-conductance permeability transition pore (PTP), which 
dissipates membrane potential and promotes the release of intracristae and 
matrix-located components into the cytoplasm.

171,172 173–175

Protein import Import, processing and folding of nuclear-encoded polypeptides from the 
cytoplasm by the translocator of the inner membrane (TIM) and outer membrane 
(TOM) complexes and associated proteins.

176 –

Redox homeostasis Re-oxidation of enzymes and/or their redox cofactors (involved in anabolic and 
catabolic reactions) by the electron acceptors CoQ and cytochrome c (encoded 
by CYTC) within the mitochondrial respiratory chain, and production of NADPH by 
NNT.

177,178 –

Respiration Electrons stored in reducing equivalents NADH and FADH2, or derived from diverse 
redox reactions are sequentially delivered to respiratory complex I and CoQ, or 
cytochrome c, respectively, to promote the reduction of molecular oxygen at 
cytochrome c oxidase (complex IV).

179,180 181

ROS production Production and release of ROS (H2O2, O2
•-, others) mainly at respiratory chain 

complexes I and III.
182,183 184

Steroidogenesis Production of pregnanolone from cholesterol imported via IMM steroidogenic 
acute regulatory protein (encoded by STAR) followed by enzymatic transformation 
by P450ssc (encoded by CYP11A1) in the matrix. Intermediate or terminal steps for 
some steroids occur in the ER. Cytochrome P450 family members participate also 
in xenobiotic metabolism as well as bile acid and vitamin D biosynthesis.

33,34,185,186 187

Behaviours

Antiviral signalling Assembly of the mitochondrial antiviral signal (encoded by MAVS) adaptor protein 
on the OMM to potentiate downstream signalling, and activation of nuclear 
interferon pathways in the nucleus by mtDNA release.

39,188 –

Apoptotic signalling Release of cytochrome c (encoded by CYCS), apoptosis-inducing factor (encoded 
by AIF), and other proteins that trigger different forms of cell death by acting on 
cytoplasmic and nuclear effectors.

189,190 –

Cristae remodelling Dynamic remodelling of IMM cristae junctions, cristae shape and distribution via 
the combined action of optic atrophy 1 (encoded by OPA1) and mitochondrial 
contact site and cristae organizing system (MICOS) proteins.

103,191 95

DNA signalling mtDNA extrusion in the cytoplasm, particularly in the form of oxidized mtDNA 
fragments via proteinaceous pores forming across the IMM and OMM, which 
trigger inflammasome activation.

189,190,192,193 175

Epigenetic remodelling Transduction of mitochondrial states into changes in epigenome via several 
functions including metabolic intermediates, DNA release, ROS production and 
others.

30,194 –

Inter-organelle communication Exchange of information between mitochondria and other organelles, particular 
the ER, where mitofusin 2 (encoded by MFN2) plays a key role in tethering 
organelles.

195,196 197,198

Mitochondrial dynamics Mitochondrial fusion and fission through OMM-anchored and IMM-anchored 
GTPase proteins capable of merging or constricting mitochondrial membranes to 
enact fragmentation of larger organelles into smaller ones.

191,199–201 202

Mito–mito communication Exchange of information between mitochondria by soluble signals (for example, 
ROS-induced ROS release, RIRR), by complete membrane fusion, or by physical 
extensions of thin protein-carrying OMM and IMM membrane protrusions (that 
is, nanotunnels) and trans-mitochondrial cristae alignment between energized 
mitochondria.

203–206 207–209

Motility Movement of energized mitochondria across the cytoplasm via the combined 
action of motor and adaptor proteins interacting with cytoskeletal elements.

6,210 211

Vesicle formation Release of MDVs destined to different cellular fates by the action of motor and 
accessory proteins acting on the OMM and IMM.

212 213,214

aGeneration of mitochondrial membrane potential is the ‘mother’ of many other functions and behaviours, providing the driving force for the movement of ions, solutes and proteins across 
the IMM, the driving force for key enzymes and processes, including the phosphorylation of ADP into ATP (OxPhos). Mitochondrial features (that is, molecular components) and activities 
(individual enzyme and non-enzymatic activities) are too numerous to be comprehensively listed, so only functions and behaviours are included. CoQ, coenzyme Q.

Table 1 (continued) | Mitochondrial functions and behaviours
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Next, we provide examples where—as for cell types—mito-
chondrial phenotypes are quantitatively defined by their (1) func-
tional characteristics, and (2) morphological and ultrastructural  
features.

Diversity in mitochondrial functions
Mitochondria differ between tissues, cell types and subcellular com-
partments. Here we provide four well-defined examples of mitochon-
drial functional specialization.

Description Reviewed in 
ref(s).

Methods 
described in 
ref(s).

Oxygen sensing The electron transport and free-radical generation by ETC complexes I and III is 
modulated by the partial pressure of oxygen, which can limit respiration at very 
low partial pressures of O2.

167–170 –

Permeability transition Opening of the high-conductance permeability transition pore (PTP), which 
dissipates membrane potential and promotes the release of intracristae and 
matrix-located components into the cytoplasm.

171,172 173–175

Protein import Import, processing and folding of nuclear-encoded polypeptides from the 
cytoplasm by the translocator of the inner membrane (TIM) and outer membrane 
(TOM) complexes and associated proteins.

176 –

Redox homeostasis Re-oxidation of enzymes and/or their redox cofactors (involved in anabolic and 
catabolic reactions) by the electron acceptors CoQ and cytochrome c (encoded 
by CYTC) within the mitochondrial respiratory chain, and production of NADPH by 
NNT.

177,178 –

Respiration Electrons stored in reducing equivalents NADH and FADH2, or derived from diverse 
redox reactions are sequentially delivered to respiratory complex I and CoQ, or 
cytochrome c, respectively, to promote the reduction of molecular oxygen at 
cytochrome c oxidase (complex IV).

179,180 181

ROS production Production and release of ROS (H2O2, O2
•-, others) mainly at respiratory chain 

complexes I and III.
182,183 184

Steroidogenesis Production of pregnanolone from cholesterol imported via IMM steroidogenic 
acute regulatory protein (encoded by STAR) followed by enzymatic transformation 
by P450ssc (encoded by CYP11A1) in the matrix. Intermediate or terminal steps for 
some steroids occur in the ER. Cytochrome P450 family members participate also 
in xenobiotic metabolism as well as bile acid and vitamin D biosynthesis.

33,34,185,186 187

Behaviours

Antiviral signalling Assembly of the mitochondrial antiviral signal (encoded by MAVS) adaptor protein 
on the OMM to potentiate downstream signalling, and activation of nuclear 
interferon pathways in the nucleus by mtDNA release.

39,188 –

Apoptotic signalling Release of cytochrome c (encoded by CYCS), apoptosis-inducing factor (encoded 
by AIF), and other proteins that trigger different forms of cell death by acting on 
cytoplasmic and nuclear effectors.

189,190 –

Cristae remodelling Dynamic remodelling of IMM cristae junctions, cristae shape and distribution via 
the combined action of optic atrophy 1 (encoded by OPA1) and mitochondrial 
contact site and cristae organizing system (MICOS) proteins.

103,191 95

DNA signalling mtDNA extrusion in the cytoplasm, particularly in the form of oxidized mtDNA 
fragments via proteinaceous pores forming across the IMM and OMM, which 
trigger inflammasome activation.

189,190,192,193 175

Epigenetic remodelling Transduction of mitochondrial states into changes in epigenome via several 
functions including metabolic intermediates, DNA release, ROS production and 
others.

30,194 –

Inter-organelle communication Exchange of information between mitochondria and other organelles, particular 
the ER, where mitofusin 2 (encoded by MFN2) plays a key role in tethering 
organelles.

195,196 197,198

Mitochondrial dynamics Mitochondrial fusion and fission through OMM-anchored and IMM-anchored 
GTPase proteins capable of merging or constricting mitochondrial membranes to 
enact fragmentation of larger organelles into smaller ones.

191,199–201 202

Mito–mito communication Exchange of information between mitochondria by soluble signals (for example, 
ROS-induced ROS release, RIRR), by complete membrane fusion, or by physical 
extensions of thin protein-carrying OMM and IMM membrane protrusions (that 
is, nanotunnels) and trans-mitochondrial cristae alignment between energized 
mitochondria.

203–206 207–209

Motility Movement of energized mitochondria across the cytoplasm via the combined 
action of motor and adaptor proteins interacting with cytoskeletal elements.

6,210 211

Vesicle formation Release of MDVs destined to different cellular fates by the action of motor and 
accessory proteins acting on the OMM and IMM.

212 213,214

aGeneration of mitochondrial membrane potential is the ‘mother’ of many other functions and behaviours, providing the driving force for the movement of ions, solutes and proteins across 
the IMM, the driving force for key enzymes and processes, including the phosphorylation of ADP into ATP (OxPhos). Mitochondrial features (that is, molecular components) and activities 
(individual enzyme and non-enzymatic activities) are too numerous to be comprehensively listed, so only functions and behaviours are included. CoQ, coenzyme Q.
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Figure 1. Enzymatic activities by mouse brain region. (A) Experimental design. (B) 17 brain regions of interest, labeled by name and distance from bregma, with red circles 
indicating bilateral punch locations.  Images acquired from the Allan Mouse Brain Atlas (Dong, H. W. The Allen reference atlas: A digital color brain atlas of the C57Bl/6J male mouse. 
John Wiley & Sons Inc. (2008). Abbreviations expanded in Table 1. 
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Figure 4

PCA Analysis

Figure 4. Mitochondrial function-based “connectivity” across anatomical brain regions. (A) Correlation matrix of mitochondrial functioning across brain regions, using all 6 
mitochondrial measures, and all animals (n=27). The matrix is ordered by hierarchical clustering (Euclidian distance, Ward’s clustering). (B) Global connectivity based on the 
average correlation for each brain region with all other regions. (C) (D) (E)

Similarity in mito features based 
on regional activities

My understanding was that the PCA was a first way in which Manish tried to cluster brain regions. Then he went the 
other way using multi-sclice? If so, we could present the results from the multi-slice, and say using PCA achieved 
similar results and say that PCA resulted in similar conclusions (and have a supplemental figure if Manish wants).


Or maybe I got this wrong…
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Similarity matrix based on mitochondrial activities



Manish Saggar

Are there brain networks with shared mitochondrial phenotypes?
Figure 4

PCA Analysis

Figure 4. Mitochondrial function-based “connectivity” across anatomical brain regions. (A) Correlation matrix of mitochondrial functioning across brain regions, using all 6 
mitochondrial measures, and all animals (n=27). The matrix is ordered by hierarchical clustering (Euclidian distance, Ward’s clustering). (B) Global connectivity based on the 
average correlation for each brain region with all other regions. (C) (D) (E)

Similarity in mito features based 
on regional activities

My understanding was that the PCA was a first way in which Manish tried to cluster brain regions. Then he went the 
other way using multi-sclice? If so, we could present the results from the multi-slice, and say using PCA achieved 
similar results and say that PCA resulted in similar conclusions (and have a supplemental figure if Manish wants).
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Functional clustering  
of brain regions based on  

mitochondrial “connectivity”

Manish Saggar
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Figure 1. Enzymatic activities by mouse brain region. (A) Experimental design. (B) 17 brain regions of interest, labeled by name and distance from bregma, with red circles 
indicating bilateral punch locations.  Images acquired from the Allan Mouse Brain Atlas (Dong, H. W. The Allen reference atlas: A digital color brain atlas of the C57Bl/6J male mouse. 
John Wiley & Sons Inc. (2008). Abbreviations expanded in Table 1. 
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Figure 1. Enzymatic activities by mouse brain region. (A) Experimental design. (B) 17 brain regions of interest, labeled by name and distance from bregma, with red circles 
indicating bilateral punch locations.  Images acquired from the Allan Mouse Brain Atlas (Dong, H. W. The Allen reference atlas: A digital color brain atlas of the C57Bl/6J male mouse. 
John Wiley & Sons Inc. (2008). Abbreviations expanded in Table 1. 

CA3, VTA, V1 SN DGv PAG Cereb, VN
-2.58 -3.08 -3.38 -3.78 -6.382.42 1.22 -0.48 -0.68 -1.78

OFC
mPFC, CPu, 

NAc, M1 Hypoth Thal DGd, Amyg

B

Bregma:

Region:

Figure 1

A



NAC

mOFC

V1

mPFC

CPu

M1

SN Amyg

PAG

Hypoth

CA3
DG

VN

Cereb

Thal

VTA

946 mitochondrial genes

PCA: Shared mitochondrial 
gene signature

Anna Monzel

Jack Devine



Enrichment of mitochondrial genes and pathways
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Mitochondria-behavior correlations
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Figure 3. Correlation between mitochondrial functioning measures and mouse behavior. (A) All mice underwent four behavioral tests (Open Field Test illustrated as example), 
and behavioral scores were correlated with the 6 mitochondrial functioning features. (B) Correlation between mitochondrial functioning and scores on four behavioral tests (see 
supplemental figure SX for details), measured as Spearman’s r, with the most significant correlation per test plotted. All tests have been scored so that a higher score indicates 
higher anxiety/depression. (C) Frequency distribution of the proportion of correlations of mitochondrial-behavior pairs per behavioral test, fit with a gaussian curve, One sample t 
test. (D) Average correlation of each behavior with the brain mito-functioning (B) and tissue mito-functioning (T), 2-way ANOVA.
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Figure 3. Correlation between mitochondrial functioning measures and mouse behavior. (A) All mice underwent four behavioral tests (Open Field Test illustrated as example), 
and behavioral scores were correlated with the 6 mitochondrial functioning features. (B) Correlation between mitochondrial functioning and scores on four behavioral tests (see 
supplemental figure SX for details), measured as Spearman’s r, with the most significant correlation per test plotted. All tests have been scored so that a higher score indicates 
higher anxiety/depression. (C) Frequency distribution of the proportion of correlations of mitochondrial-behavior pairs per behavioral test, fit with a gaussian curve, One sample t 
test. (D) Average correlation of each behavior with the brain mito-functioning (B) and tissue mito-functioning (T), 2-way ANOVA.
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Figure 3. Correlation between mitochondrial functioning measures and mouse behavior. (A) All mice underwent four behavioral tests (Open Field Test illustrated as example), 
and behavioral scores were correlated with the 6 mitochondrial functioning features. (B) Correlation between mitochondrial functioning and scores on four behavioral tests (see 
supplemental figure SX for details), measured as Spearman’s r, with the most significant correlation per test plotted. All tests have been scored so that a higher score indicates 
higher anxiety/depression. (C) Frequency distribution of the proportion of correlations of mitochondrial-behavior pairs per behavioral test, fit with a gaussian curve, One sample t 
test. (D) Average correlation of each behavior with the brain mito-functioning (B) and tissue mito-functioning (T), 2-way ANOVA.
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Brain mitochondria account for up to ~20-45%  
of the explainable variance in behaviors between animals
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Figure 3. Correlation between mitochondrial functioning measures and mouse behavior. (A) All mice underwent four behavioral tests (Open Field Test illustrated as example), 
and behavioral scores were correlated with the 6 mitochondrial functioning features. (B) Correlation between mitochondrial functioning and scores on four behavioral tests (see 
supplemental figure SX for details), measured as Spearman’s r, with the most significant correlation per test plotted. All tests have been scored so that a higher score indicates 
higher anxiety/depression. (C) Frequency distribution of the proportion of correlations of mitochondrial-behavior pairs per behavioral test, fit with a gaussian curve, One sample t 
test. (D) Average correlation of each behavior with the brain mito-functioning (B) and tissue mito-functioning (T), 2-way ANOVA.
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Are brain mitochondrial phenotypes linked to 
psychosocial exposures & experiences in humans?
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