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Life is a regulated energetic cascade sustained by 

information transfer across  

interconnected biological systems 



Thiebaut de Schotten and Forkel. Science 2022

ENERGY 
• HIGHEST ENERGY CONSUMPTION 
• CONSTANT ENERGY FLUX 
• DYNAMIC ENERGY PATTERNS

CONNECTIONS 
• MOST DENSELY CONNECTED ORGAN 
• LONG-RANGE CONNECTIONS 
• PLASTICITY

Cell network (brain) Organ network



Padamsey and Rochefort. Curt Opin Neurobiol 2023

The brain’s enormous, constant energy demand

Variations from rest to activity is ~5%



How much of inter-individual differences in  
behaviors are driven by mitochondria?
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Mitochondrial Stress, Brain Imaging, and Epigenetics — MiSBIE
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Mitochondrial Health Index and experimental design. (A) Schematic of human peripheral blood (leukocyte), its mitochondria, 
and internal components of the mitochondrial respiratory chain, tricarboxilic acid (TCA) cycle, and mtDNA. (B) Mathematical 
integration of two nuclear DNA (nDNA)- and partially mtDNA (mtDNA)-encoded components into the mitochondrial health index 
(MHI). (C) Study design including blood sampling and mitochondrial health assessment at Day 4, with daily assessments of 
mood and emotional states before and after blood collection.
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Mitochondrial Health Index and experimental design. (A) Schematic of human peripheral blood (leukocyte), its mitochondria, 
and internal components of the mitochondrial respiratory chain, tricarboxilic acid (TCA) cycle, and mtDNA. (B) Mathematical 
integration of two nuclear DNA (nDNA)- and partially mtDNA (mtDNA)-encoded components into the mitochondrial health index 
(MHI). (C) Study design including blood sampling and mitochondrial health assessment at Day 4, with daily assessments of 
mood and emotional states before and after blood collection.

Figure 1

Total N = 110

• Healthy controls         (n = 70)  
• mtDNA defects  

   3243A>G (group A)  (n = 20) 
   3243A>G (group B)  (n = 5) 
   Single deletion         (n = 15)    



How much of inter-individual differences in  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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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Each punch is <1mg

n > 500 samples

Mitochondrial functional profiling in the mouse brain

Rosenberg et al. Nat Commun 2023
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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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Alternate presentation for previous figure?

Are we keeping this for two figures?


One figure I think would be best since it’s addressing a similar question - let’s see what Manish thinks

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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What are the boxes on the right and side panel of B? Could you use violin plots with each datapoint a 6x6 square?

Alternate presentation for previous figure?

Are we keeping this for two figures?


One figure I think would be best since it’s addressing a similar question - let’s see what Manish thinks

Rosenberg et al. Nat Commun 2023



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. 
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Enrichment of mitochondrial genes and pathways
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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).
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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.

p<0.01

CORT
Control

SD

SD- susceptible
SD+ recover

SD- resilient

p<0.0001

p<0.0001

p<0.0001

P values or 
“NS” for NSF 

and SA

P values or 
“NS”

r2
Rosenberg et al. Nat Commun 2023

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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P values?

Chance level?

Chance level?

What are the boxes on the right and side panel of B? Could you use violin plots with each datapoint a 6x6 square?

Alternate presentation for previous figure?

Are we keeping this for two figures?


One figure I think would be best since it’s addressing a similar question - let’s see what Manish thinks
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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

Network-based  
mito-behavior correlations

r2

Rosenberg et al. Nat Commun 2023
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2

3
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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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How are mitochondria distributed, and do they 
specialize across the human brain?



MitoBrainMap v1.0 
A multi-function mitochondrial atlas of a single  
human coronal brain section at fMRI resolution

Eugene Mosharov

Closing the gap between organellar bioenergetic profiling and  
whole-brain neuroimaging modalities (fMRI, PET, CBV, DWI, etc)

3mm











MitoBrainMap v1.0 
A multi-function mitochondrial atlas of a single  
human coronal brain section at fMRI resolution



MitoBrainMap v1.0 
A multi-function mitochondrial atlas of a single  
human coronal brain section at fMRI resolution

Eugene Mosharov



Physical voxelization 
of the human brain 
at fMRI resolution

3mm
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Quality control on 702 human brain voxels

3mm

Eugene Mosharov
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Human brain mitochondrial specialization is driven by 
both REGIONS & CELL TYPES



OxPhos and mtDNA profiling

Corey Osto, Linsey Stiles, Orian Shirihai 
Ayelet Rosenberg



1.
8

1.
6

1.
4

1.
2

1.
0

0.
8

0.
6

O
xP

ho
s 

sp
ec

ia
liz

at
io

n3.0

2.5

2.0

1.5

1.0

0.5

1.8

1.6

1.4

1.2

1.0

0.8

0.6

Mitochondrial profiling of 703 physical 
brain voxels at fMRI resolution Eugene Mosharov 

Ayelet Rosenberg 
Michel Thiebaut de Schotten



Mosharov et al. (under review)



Building a predictive model of brain mitochondria

Diffusion imaging
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Back-projected onto 20 structural and functional 
neuroimaging modalities to create a probabilistic 

mitochondrial map across the whole brain (1.8M voxels) 
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Mosharov et al. (in preparation)
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Why are there different types of mitochondria  
across the brain?
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Evolutionary correlate of mitochondrial  
OxPhos specialization

Most “recent”Most “ancient”
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Castrillon et al. Sci Adv 2023

G-coupled protein receptor expression 
correlates with glucose consumption



Cynthia Liu
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