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Highlights 

Addition of dendritic spine clusters match with more proximal mitochondria coverage 

Loss of dendritic spine clusters match with less proximal mitochondria coverage  

Dendrites alter spine dynamics, ATP and H202 production in keeping with excitation 

In excess, the transcription factor NR4A1 promotes cross-clustering losses 

Blocking NR4A1 prevents net cross-clustering losses mediated by chronic stress 
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ABSTRACT 

Metabolic adaptation is a critical feature of synaptic plasticity. Indeed, synaptic plasticity 

requires the utilization and resupply of metabolites, in particular when the turnover is high and 

fast such as in stress conditions. What accounts for the localized energy burden of the post-

synaptic compartment to the build up of chronic stress is currently not understood. We used in 

vivo microscopy of genetically encoded fluorescent probes to track changes of mitochondria, 

dendritic spines, ATP and H2O2 levels in pyramidal neurons of cortex before and after chronic 

unpredictable mild stress. Data revealed hotspots of postsynaptic mitochondria and dendritic 

spine turnover. Pharmacogenetic approach to force expression of the metabolic stress gene 

NR4A1 caused the fragmentation of postsynaptic mitochondria and loss of proximal dendritic 

spine clusters, whereas a dominant-negative mutant counteracted the effect of chronic stress. 

When fragmented, dendritic mitochondria produced lesser ATP at resting state and more on 

acute demand. This corresponded with significant production of mitochondrial H2O2 oxidative 

species in the dendritic compartment. Together, data indicate that pyramidal neurons adjust 

proximal dendritic spine turnover and mitochondria functions in keeping with synaptic 

demands. 
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1. INTRODUCTION 

Exhaustion of energy in the brain is unlikely because mitochondrial and glycolytic 

metabolisms continuously provide the ATP that sustains neuronal activity (Ashrafi, et al., 

2017,Devine and Kittler, 2018,Harris, et al., 2012,Jang, et al., 2016). Besides energy, 

mitochondria also provide oxidative radicals and Ca2+ homeostasis required for synaptic 

functions (Fu, et al., 2017,Kwon, et al., 2016,Vaccaro, et al., 2017). In the pre-synapse, 

mitochondria are a major source of ATP but a sizeable proportion of axon boutons is devoid of 

mitochondria (Chavan, et al., 2015,Pathak, et al., 2015). At the post-synapse, one 

mitochondrion can span more than one dendritic spine such that local specificity is questioned 

(Delgado, et al., 2019). Recent studies focused on local functions to clarify how the cost of 

synaptic plasticity distributes in dendrites (Devine and Kittler, 2018,Erturk, et al., 

2014,Rangaraju, et al., 2019). Mitochondrial dysfunctions have emerged as cause or 

consequence of synaptopathies through mechanisms that could be synapse-specific (Lee, et al., 

2018). 

A strong dependence on mitochondria could endanger neuronal activity and survival as 

an accumulation of mitochondrial damage could erode their functions (Picard, et al., 2014). 

The more neuronal activity the higher is the energetic burden on mitochondria and synapses 

(Harris, et al., 2012). A modeling study suggested that synaptic depotentiation is desirable for 

neuroprotection upon energy shortage (Bindokas, et al., 1998). Synaptic scaling changes 

mitochondrial functions in response to varying states of excitation in epileptic as in ischemic 

tissues (Kirov, et al., 2020,Rowley and Patel, 2013). Smaller mitochondria and lower levels of 

metabolites are hallmarks of adaptive plasticity to epileptic and ischemic events (Kislin, et al., 

2017). To this effect, the transient induction of metabolic stress immediate-early-genes like 

Nr4a1, a transcription factor for glycolysis and mitochondria components, is intended to adjust 

metabolism to synapse number (Jeanneteau, et al., 2018,Zhang, et al., 2009). Also, a shift 

between glycolytic and mitochondrial metabolisms reported during intense synaptic activity 

could be a mechanism to rapidly reduce oxidation and energy shortage (Sobieski, et al., 2017). 

However, metabolic deficits and oxidative stress reported in experimental and human 

neurodegeneration (Lin and Beal, 2006,Terada, et al., 2020), and in stress-related 

neuropsychiatric disorders (Jeanneteau and Arango-Lievano, 2016,Picard, et al., 2018) are 

associated with dysfunctions of such protective mechanisms. 
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Mitochondria are prime candidates to assume the energetic cost of synaptic plasticity to 

chronic unpredictable stress. However, many synapses lack proximal mitochondria raising 

questions about the subcellular distribution of this cost. Neurons are functionally polarized, 

exhibiting varying degree of activity along the dendritic tree that must transform into localized 

energy demands (Harris, et al., 2012). Yet, the heterogeneity of cellular mitochondria is seldom 

addressed in vivo when studying dysfunction of mitochondria in the entire tissue or as a 

cellular pool. Studies of purified mitochondria from synaptosomes undermined the role of 

synapse heterogeneity (inhibitory versus excitatory, mature versus immature). Electron 

microscopy provided precise cytoarchitecture but lacks temporal resolution (Delgado, et al., 

2019). Real-time imaging revealed subcellular polarization and synapse-specific mitochondrial 

functions in vitro (Li, et al., 2004,Rangaraju, et al., 2019). However, mitochondria dynamics in 

vitro and in vivo are not alike in part due to development and the environment of experimental 

preparations (Faits, et al., 2016). A majority of recent in vivo studies focused on pre-synaptic 

mitochondria in terminal experiments (Lee, et al., 2018). The currently known mechanisms 

regulating post-synaptic mitochondria structure and function are based on ex vivo and in vitro 

experiments that do not reproduce local and global brain energy homeostasis (Natsubori, et al., 

2020).  

Here, we imaged the in-vivo dynamics of dendritic spine turnover and mitochondrial 

function in pyramidal neurons of cortex at times of energy demands to capture the basal needs 

of homeostasis and the extra costs of adaptive plasticity to chronic unpredictable stress. We 

observed clusters of dendritic spine dynamics that associated with the remodeling of proximal 

mitochondrial coverage were greater than chance after chronic stress exposure. Functionally, 

less mitochondrial ATP production coupled with a loss of mitochondria and proximal dendritic 

spines after chronic unpredictable stress. And yet, fragmented mitochondria increased ATP 

production to keep up with acute excitation at the expense of higher H2O2 production. Given 

the previous implications of the orphan nuclear receptor NR4A1 in neuronal survival, 

mitochondria and dendritic spine number (Chen, et al., 2014,Jeanneteau, et al., 2018,Zhang, et 

al., 2009), we used gain and loss of function experiments with recombinant and mutant forms 

of inducible NR4A1 to interrogate its role on the cross-remodeling of dendritic spines with 

mitochondria. Data indicated that neurons prepare to face future excitatory demands by 

distributing the burden of chronic stress through proximal remodeling of dendritic spines and 
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mitochondria. 

 

2. METHODS 

2.1. Animals. The French ministry of research and ethics committee CEEA36 approved the 

protocols adhering to the 2010/63/UE directive of the European community for the care and 

use of laboratory animals. All animals, CD1 mice (Janvier Labs, France) were allowed ad 

libitum access to food, water, and maintained on a 12-hr light-dark cycle unless indicated 

otherwise. The acute stress group received the same stressor (2-hr restrain) as the chronic stress 

group on the last day of the procedure. The chronic unpredictable stress procedure is as 

follows: lights on all day (Saturday), tilted cage and no bedding (Sunday), 6-hrs restrain 

(Monday), no food (Tuesday), forced swim test and flooded bedding overnight (Wednesday), 

crowded cage (Thursday), 2-hrs restrain (Friday). It was repeated for 2 weeks starting at 1 

month of age. Such a chronic unpredictable and uncontrollable stress caused significant 

immobility in the tail suspension test and preference for the closed arms of the elevated plus 

maze at two distant time points (Fig. 3). Doxycycline (2 mg/ml, Clontech, Saint-Germain, 

France) was administered via the drinking water and refreshed every 5 days to induce the 

expression of transgenes with a Tet-ON system as previously described (Arango-Lievano, et 

al., 2016b). Status epilepticus seizures induced by intraperitoneal injection of kainic acid (25 

mg/kg, Sigma Aldrich) was previously described by us (Arango-Lievano, et al., 2018) and 

causes focal cell death that served as positive control for comparison with the chronic stress. 

Males only were used in all procedures and deeply anesthetized before sacrifice with 

pentobarbital (50 mg/kg, i.p.). For molecular expression studies, cortical biopsies were 

punched out of fresh cold brain sections after the last imaging session and snap frozen in liquid 

nitrogen. For histology, mice were perfused with 4 % ice-cold PFA. 

 

2.2. In utero electroporation. Time-pregnant CD1 mice were utilized for in utero 

electroporation as previously (Arango-Lievano, et al., 2016b) because the strain is highly 

sensitive to stress and the number of pups per litter allowed for less dams undergoing surgeries. 

Plasmid DNA encoding for Mito-roGFP-Orp1 and Mito-ATeam are described in (van 

Hameren, et al., 2019), Mito-dsRed obtained from F. Saudou (GIN, Grenoble, France) is 

described in (Virlogeux, et al., 2018), plasmids for doxycycline-dependent NR4A1, ∆AF1, 
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R337A and GFP control are described in (Jeanneteau, et al., 2018). One µg of plasmid DNA 

was injected in the ventricle at E15 on CD1 mouse embryos and electroporated (NEPA21, 

Nepagene, 30V, pON 50 msec, pOFF 950 msec, 5 pulses) as described (Jeanneteau, et al., 

2010). Mice were anesthesized with 4% isoflurane/oxygen and maintained at 1.5–2% 

isoflurane (Abbott laboratories, Chicago, IL) throughout surgery using TEC3N (Anesteo, 

Lunel, France). Mice received preemptive analgesia with Lidocaïne (Xylovet®, 3.5 mg/kg at 

incision site). A subcutaneous injection of the analgesic buprenorphine (Buprecare®, 

0.05 mg/kg) was administered post-surgery and the next 3 days. Expression of transgenes in 

experimental animals generated by in utero electroporation was detected at 3 months of age in 

postmortem studies with immunohistology (Fig. 1C) but live fluorescence was too low for 

transcranial 2-photon microscopy at the latter time point. For this reason, we imaged cortex 

imaged in vivo tracers between 1 and 1.5 months of age. 

 

2.3. Elevated plus maze. It is a typical test to measure anxiety in rodent models. The maze is 

at 50 cm above floor level in a room with dim light were mice were habituated for 45 min 

before testing. Mice were placed in the center and the entries and time spent in the open arms 

were visualized during the 5 min. 

 

2.4. Tail suspension test. It is a typical test to measure behavioral motivation to escape 

inhospitable environment in rodent models. For habituation, the tail was taped 5 min before 

suspension to a hook located in a 56 x 40 x 33 cm box with dim light. Time of immobility 

postures was counted during 6 min. Slight movements of hindlimbs only were also considered 

as immobility. 

 

2.5. Surgery and cranial window. Mice were anesthetized with a mix of 0.075mg/g ketamine 

and 0.01mg/g xylazine and lidocaine sprayed atop the skull prior to surgery. Skull bone was 

thinned between imaging sessions down to 18-20 µm thick using disposable ophthalmic 

surgical blades (Surgistar). The scalp is sutured and topped with antibiotic cream to avoid 

infection between imaging sessions 2 weeks apart. A detailed map of the pial vasculature was 

taken at macroscopic and microscopic scales for subsequent relocation between sessions. The 

second imaging session was performed on the day after exposition to the last stressor (day 14). 
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Thinned-skull imaging was performed as previously described (Arango-Lievano, et al., 2016a) 

and preferred to open skull preparation to avoid artifacts of surgical inflammation (Arango-

Lievano, et al., 2018). In terminal session, open-skull preparation was performed to deliver 

molecules locally as previously described (Arango-Lievano, et al., 2019). A 3–4 mm 

craniotomy was prepared over the transcranial imaging zone and the underlying dura was 

removed and kept in an aqueous environment of HEPES-buffered artificial cerebrospinal fluid 

(ACSF in mM 120 NaCl, 3.5 KCl, 0.4 KH2PO4, 15 glucose, 1.2 CaCl2, 5 NaHCO3, 1.2 

Na2SO4, 20 HEPES, pH = 7.4). The cortex was covered by a thin layer of low-melting agarose 

1.5% in ACSF to avoid heartbeat motion artifacts. In order, ACSF was added through the 

agarose bed to capture baseline activity of fluorescent probes prior addition of glutamate (200 

mM) slowly diffusing from agarose to the cortex, followed by ACSF again and finally either 

Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP 10 µM a control for the Mito-

ATeam probe) or H2O2 (10 µM, a control for the Mito-roGFP-Orp1 probe). Small molecules 

are from Sigma Aldrich (Saint-Quentin, France). 

 

2.6. Image acquisition. Images were acquired with a FVMPE RS two-photon microscope 

(Olympus) equiped with a 25×, numerical aperture (NA) 1.05 water-immersion objective 

(XLPLN25XWMP2, Olympus) and an InSight X3 femtosecond-pulsed infrared laser (Spectra-

Physics) for optimal fluorescence excitation and emission separation. Images were taken with a 

digital zoom of 7.2 at each image session using 0.75 μm step with a scanning dwell time of 

2.55 µsec per pixel. Laser power was adjusted with the depth of imaging and kept below 50 

mW. Time-lapse acquisition were done with galvanometric scanning mode and conventional 

raster scanning every 30 sec for 5-10 min interspaced of 20 min during 1 hr. Each image is a 

stack of scans over 20 µm depth. For Mito-dsred and GFP, a single track at 1040 nm excitation 

wavelength is used to obtain both GFP (em. 509 nm) and dsRed (em. 583 nm) images at the 

same time point. For ATeam, 850 nm excitation wavelength is used to obtain both CFP (em. 

475 nm) and YFP (em. 527 nm) images at the same time point. For roGFP, the two images 

were acquired for each time point using alternating tracks 940 nm and 800 nm. Change of track 

was set after each stack. Each scan was obtained with constant laser intensity at 512 x 512 

pixel resolution and microscope-imaging parameters were maintained between sessions. 
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2.7. Image analysis. The field of view (200 x 200 x 150 and 50 x 50 x 50 µm) was 

reconstructed with Imaris 8.0 (Bitplane) from z-stack images. Consecutive images were 

realigned with RegStack (ImageJ). Movie correction from movement due to respiration and 

blood pressure were done using Image stabilizer (ImageJ). Using ImageJ, we defined a region 

of interest encompassing the labeled dendritic mitochondria to measure the mean intensity on 

both images subtracted of background to calculate the ratio YFP/CFP for ATP levels and 

oxided/reduced roGFP for H2O2 and. Mito-ATeam and Mito-roGFP-Orp1 probes were prior 

validated in vivo (Lin, et al., 2019,van Hameren, et al., 2019). Resting levels of ATP andH2O2 

are the means of 10-min period of image acquisition. The mobility of Mito-dsRed was 

determined in dendrites and axons using ImageJ plugin Kymograph. Spines and mitochondria 

were tracked manually along dendritic and axonal segments from 3D stacks of consecutive 

sessions using ImageJ. The mitochondria coverage was determined as Mito-dsRed/GFP signal 

ratio.  

Mitochondria remodeling was determined ≤5 µm from a spine cluster that appeared or 

disappeared between consecutive imaging sessions. A dynamic cluster was defined as 2 or 

more additions/eliminations of dendritic spines ≤5 µm as previously described (Frank, et al., 

2018). Images of dendrites were acquired within 150 µm from the skull surface representing 

the apical dendrites of pyramidal neurons oriented in the plane axis of imaging zone with little 

z-projection. All clear headed-protrusions emanating laterally from the dendritic shaft were 

counted. The presence, loss and gain of spines were quantified across days for each segment. 

Distance measurement between spines was set at the base of the neck to the base of the next 

spine following the trace of the dendritic shaft.  

The clustering ratio equals the number of spines in cluster divided by the total number 

of new spines added/eliminated between imaging sessions. The cross-clustered spine dynamic 

ratio equals the number of new spines added/eliminated ≤5 µm distance of mitochondrial 

remodeling in the same dendrite divided by the total number of newly dynamic spines in the 

full length of the same dendrite. The net change ratio equals the number of spine additions or 

mitochondrial dendritic coverage minus the number of spine elimination or mitochondrial 

dendritic coverage, expressed as percentage of day 1.  

Simulations of the distance between the nearest added/eliminated spines were 

performed to test if the observed distance is different from chance level. For this, one dynamic 
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spine was kept in its fixed position while the other dynamic spines were permutated randomly. 

This operation was repeated as many times as the number of dynamic spines. For each 

permutation, one spine of a cluster was randomly re-assigned to all possible spine positions on 

that dendritic segment keeping the other spine in its fixed observed position. We used a Matlab 

code provided by Dr. Li Zuo and Dr. J. Lu (at Univ of California SC, USA) to measure the 

distance between the clustered spines for each permutation and repeated the process 30,000 

times as previously (Chen, et al., 2018,Fu, et al., 2012). Averaged values yielded a random 

distribution of any possible spine clusters in defined dendritic territories from which we 

calculated the Gaussian Best-fit value (Mean ±SEM) to which we compared the experimentally 

observed value. We wrote a new Matlab code to run the simulations of the distance between 

the nearest dynamic spines and mitochondrial remodeling, again to test if the observed distance 

is different from chance level. For each permutation, one spine of a cluster was randomly re-

assigned to all possible spine positions on that segment without changing mitochondrial 

remodeling from the observed position. The distance of each clustered spine to its nearest 

mitochondrial remodeling was measured. These values for each permutation from 30,000 

simulations were averaged between animals. This yielded a random distribution of clustered 

spines on dendritic segments that is dependent of mitochondria remodeling from which we 

calculated the Gaussian Best-fit value (Mean ±SEM) to which we compared the experimentally 

observed value. 

 

2.8. Cell culture. Primary E18 cortical neurons were prepared from time-pregnant Sprague 

Dawley rats (Janvier Labs, France), cultured for 3 weeks on glass coverslips coated with poly-

D-lysine, and maintained in Neurobasal medium containing B27 supplement, 0.5 mM L-

glutamine, 5-fluorouridine and uridine (10 µM each) (Life Technologies, Carlsbad, CA). Cells 

were transfected with Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA) one week 

after plating for qualitative experiments or electroporated immediately after dissection with the 

AMAXA system for qPCR and luminescence analyses. Doxycycline (10 ng/ml, 3 hrs) from 

Clontech (Saint-Germain, France) was used to induce NR4A1 expression. Corticosterone (10 

µM, 3 hrs) from Sigma Aldrich (Saint-Quentin, France) was used to trigger endogenous 

NR4A1 expression. 
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2.9. RNA extraction and quantitative PCR. TRIzol (ThermoFisher Scientific, Villebon sur 

Yvette, France) was used to extract total RNA tissue homogenates as well as primary neurons. 

cDNA was synthesized from 1 μg of RNA using the First-Strand cDNA Synthesis Kit for Real-

Time PCR (USB, ThermoFisher Scientific, Villebon sur Yvette, France) and random primer 

mix (USB, ThermoFisher Scientific, Villebon sur Yvette, France). Hot-start SYBR Green PCR 

kit (Qiagen France SAS) was used in 10 µL reactions containing 2.5 µL of cDNA, and 100 nM 

primers mix. Rodent specific primers are as follow (5’ to 3’): drp1 

TGATGGGAAGGGTTATTCCA and TGGCCAGAGATGGGTACTTC; mfn1 

TCGCAGTCAGCAGTGAAAAC and TGCCACGTTTACTGAGTCCA; mfn2 

AGGAAATTGCTGCCATGAAC and TGTTGAGTTCGCTGTCCAAC; opa1 

GGACCCAAGAGCAGTGTGTT and GGTTCTTCCGGACTGTGGTA; fis1 

GCCTGGTTCGAAGCAAATAC and CACGGCCAGGTAGAAGACAT; ucp2 

ACAAGACCATTGCACGAGAG and ATGAGGTTGGCTTTCAGGAG; ucp4 

TCTCACAAAAACCCGACTCC and ACCATCCGACCTCCAGAGTA; ucp5 

GGAATGCTGGGAGACACAAT and GTCCCACTATTGCCCTCTGA; nr4a1 

AGGACTTTCAGGTGTATGGCTGCT and AGTGGCCAAATGAACCATCCCAAG; and 

control genes gapdh CCTGCACCACCAACTGCTTAG and CTGTGGTCATGAGCCCTTCC; 

rpl19 CACAAGCTGAAGGCAGACAA and GCGTGCTTCCTTGGTCTTAG. Q-PCR was 

performed with ABI 7900 instrument (Applied Biosystems, France), followed by melt-curve 

analysis. Fold changes in gene expression were calculated using ΔΔCt (Ct = cycle number at 

threshold) analytical method that includes normalization against house-keeping genes Gapdh 

and Rpl19. 

 

2.10. NR4A1 transcriptional activity. Plasmids encoding for NurRE-luc or NBRE-Luc and 

renilla (10:1 ratio) were electroporated with the AMAXA system in primary neurons further 

grown for a week in vitro. Luminescence emission was captured from cleared cell extracts (100 

µg) using the Dual luciferase reporter assay according to manufacturer’s instructions (Promega 

France). Data are expressed as a ratio of Luciferase/Renilla luminescence intensities. 

 

2.11. Immunofluorescence. Brains were harvested and post-fixed for 2 hrs and equilibrated in 

30% sucrose (Sigma Aldrich, Saint-Quentin, France). Free-floating coronal sections rinsed in 
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PBS were blocked in 5% normal goat serum, PBS, 0.1% triton X-100 for 2 hrs at 25°C. 

Primary antibodies, GFP 1:3,000 (Abcam, Cambridge, UK), NR4A1 E6 1:400 (Santa Cruz 

Biotechnology, Dallas, USA), RFP 1:2,000 (Rockland Immunochemicals, Limerick, PA), 

cleaved caspase-3 1:100 (Cell Signaling Technologies) were incubated for 2 days at 4°C and 

secondary antibodies (ThermoFisher Scientific, Villebon sur Yvette, France 1:2,000) for 2 hrs 

at 25°C. Cultured cells were fixed in 4% PFA, 20% sucrose in PBS for 10 min at 25°C. After 

quenching the fixative with 50 mM NH4Cl in PBS, cells were permeabilized with 0.1% triton 

X-100 in PBS for 3 min, blocked with 5% goat serum, 2% BSA and 0.25% fish skin gelatin in 

TBS for 30 min and then incubated with antibodies for 3-hrs in blocking solution at room 

temperature. Cells were washed in TBS, 0.25% fish skin gelatin and mounted in Mowiol 

(Sigma Aldrich, Saint-Quentin, France). Fluorescence images were taken on LSM780 laser-

scanning confocal microscope (Carl Zeiss, Iena, Germany) equipped with x63 Plan-Neofluor 

NA1.3 oil-immersion objective. Z-stack images were processed using ImageJ. 

 

2.12. Statistics. Data are shown as means± standard error of the mean. Statistical significance 

was set at p<0.05. Data were compared using two-tailed T-test (Student, Mann-Whitney), 

correlated with Pearson r for comparing 2 sets of variables or ANOVA to compare multiple 

groups followed by post-hoc pairwise comparison (Prism 8.0). For in vivo experiments, about 

200 dendritic spines from at least 10-20 dendritic segments were counted per conditions 

throughout the imaging sessions and averaged per animal. For in vitro experiments, the number 

of culture dishes per group was equivalent to the number of independent experiments. For q-

PCR experiments, samples were assessed in triplicates, averaged and pooled by groups of 

animals or culture dishes. Estimates of sample size were calculated based on previous studies 

and preliminary data. Animals and culture dishes were attributed to various experimental 

groups in a random fashion. All data collected in animals were from littermate controls and 

averaged per experimental groups. Data are deposited on 4TU.researchData repository. 

 

3. RESULTS 

3.1. Time-lapse imaging of synaptic mitochondria in the living cortex 

To track mitochondria and synapses in the living brain, we electroporated Mito-dsRed and 

eGFP during corticogenesis to target layer 2/3 pyramidal neurons in somatosensory cortex 
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(Fig. 1A) due to its responsiveness to external stressors (Arango-Lievano, et al., 2016b). After 

weaning, males were reared in groups living in standard conditions, and transcranial two-

photon microscopy of probes started at 1 month-of-age (Fig. 1B) then repeated 10 days later in 

the same zone. Images revealed the gaps interspacing the mitochondrial network along 

dendritic territories (Fig. 1C). 

Time-lapse imaging indicated that large mitochondria are stationary in their 

compartment while a minority of small ones moved between large ones within distances 

superior in axons than dendrites. At resting state, the coverage of mitochondrial network was 

stable, higher in dendrites than axons (Fig. 1D-F).  

To assess the in vivo remodeling capacity of the mitochondrial network, we performed 

a craniotomy atop the somatosensory cortex of adult mice to apply locally the excitatory 

neurotransmitter glutamate (Fig. 2A,B). There was no indication of neurotoxicity in response 

to the high concentration of glutamate diffusing through the agarose bed of the craniotomy 

(Fig. S1). Real-time imaging upon injection of artificial cerebrovascular fluid (ACSF) revealed 

rare clumping and fragmenting events of the mitochondrial network (Fig. 2C,D). The following 

application of glutamate significantly reduced the mitochondrial network coverage in dendrites 

(Fig. 2G,H) with little impact on the proportion of mitochondria in motion (Fig. 2E,F).  

In a third series of experiments, we used a transcranial window to image the same 

cortical territories twice, 14 days apart, before and after exposure to acute or chronic stressors 

that we compared with a group of unstressed controls (Fig. 3A). Specifically, the chronic 

unpredictable stress protocol of 2 weeks during adolescence (see methods for details) caused 

behavioral immobility in the tail suspension test (Fig. 3B) and preference for the closed arms 

of the elevated plus maze at two distant time points (Fig. 3C) as previously suggested (Yohn 

and Blendy, 2017). Images show a reduction of mitochondrial coverage in dendrites of 

chronically stressed mice that is not observed in the other groups (Fig. 3D,E). This is consistent 

with the loss of dendritic spines previously described in postmortem fixed tissues with the 

same stress protocol (Arango-Lievano, et al., 2015). Together, both dendritic spines and 

mitochondria could evolve from stationary to dynamic states in times of stress. 

 

3.2. Remodeling of the mitochondrial network at hotspots of dendritic spine turnover 
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Using the same methodology, we performed a new series of experiments with the chronic 

unpredictable stress protocol (Fig. 4A) that revealed significant decrease of new dendritic spine 

formation (-73 ±9%, p<0.05) and increase of pre-existing spine loss (+101 ±21%, p<0.05 Fig. 

S1) in agreement with a previous study in motor cortex (Arango-Lievano, et al., 2019). To 

address the possibility of reciprocal structural dynamics between mitochondria and dendritic 

spines (Fig. 4B), we tracked the topography of additions and eliminations (Fig. 4C) presented 

schematically along dendritic territories (Fig. 4D). We postulated that (i) the turnover of 

dendritic spines in groups would more likely associate with the remodeling of proximal 

mitochondria than ungrouped dynamic spines, (ii) spine additions would associate with 

mitochondrial gain of coverage, (iii) spine eliminations would associate with mitochondrial 

loss of coverage. Using these criteria, we defined a distance ≤5 µm between the nearest added 

or eliminated spines to identify clusters as previously described (Frank, et al., 2018,Takahashi, 

et al., 2012). We use the terminology dendritic spine clustering as the product of 2 or more 

events within ≤5 µm and cross-clustering when 2 or more proximal spine dynamic events 

coincided with mitochondrial remodeling within the same perimeter. Both are quantified as the 

number of clustered spines divided by the total number of dynamic spines along dendrites 

(Clustering) or restricted to the perimeter of the dendrites with mitochondrial remodeling 

(Cross-clustering).  

A simulation of the distance between the nearest added or eliminated spines was 

performed to test if the observed distance is different from chance level. For this, one dynamic 

spine was kept in its fixed position while the other dynamic spines were randomly re-assigned 

to all possible spine positions on that dendritic segment. Spine permutations were repeated a 

total of 30,000 times to yield a random distribution of clustered spines to which we compared 

the experimental value. Data indicated that chronic stress triggered clustered spine dynamics 

that is different from chance (p<0.05, Fig. 4E). Additional simulations were then performed to 

determine if spine clustering and mitochondrial remodeling covariate beyond chance level. For 

each permutation, one spine of a cluster was randomly re-assigned to all possible spine 

positions on that segment without changing mitochondrial remodeling from the observed 

position. The distance of each clustered spine to its nearest mitochondrial remodeling was 

measured and averaged between animals. Spine permutations were repeated a total of 30,000 

times to yield a random distribution of clustered spines on dendritic segments that is dependent 
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of mitochondria remodeling. Data indicate that the observed cross-clustering of dendritic 

spines with proximal mitochondria is also greater than chance (p<0.05, Fig. 4F). 

As chronic stress shifted to more clustered spine loss (+84 ±14%, p<0.05 Fig. 4G) than 

gain (-68 ±10.9%, p<0.05, Fig. 4G), the mitochondrial coverage was reduced within spine 

clusters (-73 ±12% for additions and +88 ±8.4% for losses, p<0.05, Fig. 4H). Overall, there 

was a net loss of dendritic spines and mitochondrial coverage in the chronic stress group but no 

net change in the control group (-18.9 ±3% for mitochondria and -10.4 ±1.5% for spines, 

p<0.05, Fig. 4I), which correlated within animals and between groups (p<0.05, Fig. 4J). 

 

3.3. Chronic stress alters the resting and excited states of dendritic mitochondrial 

function 

To investigate the physiology of fragmented mitochondria, we introduced functional probes in 

pyramidal neurons of somatosensory cortex for real-time imaging before and after stress. We 

used two different probes: Mito-ATeam based on Förster resonance energy transfer (FRET) to 

detect ATP in mitochondrial matrix (Yoshida, et al., 2017). ATP binding causes reversible 

conformational change, eliciting FRET transfer between CFP and YFP domains. Relative ATP 

levels are measured with the YFP/CFP fluorescence ratio (Fig. S3). Mito-roGFP-Orp1 based 

on redox sensitive GFP reversibly shifts from reduced to oxidized forms to detect H2O2 in 

mitochondrial matrix (Albrecht, et al., 2011). Relative H2O2 levels are measured with 

oxidized/reduced ratio of emitted fluorescence (Fig. S4). 

At first, we investigated changes of FRET ratio over 10-min period in the same 

dendritic territories (Fig. 5A,D) before and after chronic stress. While no change occurred in 

resting conditions, mitochondrial ATP level was significantly decreased in chronic stress 

conditions (-24 ±5.7%, p<0.05, Fig. 5A,B). Levels of mitochondrial H202 were not altered in 

these conditions (-3 ±2% Fig. 5D,E). 

 Second, a craniotomy capped with agarose atop the imaging zone to avoid motion 

artifacts allowed infusions of artificial cerebrospinal fluid for baseline measures and glutamate 

for the evoked measures. FCCP, a mitochondrial protonophore that quenches ATP synthesis, 

was used as control for MitoAteam. H2O2 was used as control for Mito-roGFP-Orp1. In 

control animals, ATP levels increased (+9.9 ±0.4%, p<0.05, Fig. 5C), H202 levels did not 

change (-2.7 ±0.9% Fig. 5F) when neurons were stimulated with glutamate indicating the 
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mitochondrial buffering capacity of the oxidative stress while producing ATP in time of 

demands. In stressed animals, ATP production (+34 ±2.3%, p<0.05) was correlated with a 

significant increase of H202 (+21.9 ±1.46%, p<0.05), indicating that oxidative stress was also 

increasing in active dendrites. The effects of chronic stress could rely on local elevation of 

extracellular glutamate that is sufficient to fragment dendritic mitochondria. 

Together, the results indicate that mitochondrial ATP production is flexible in the 

dendrites of chronically stressed animals, transitioning from a new lower set point at rest to a 

higher peak of activity upon excitatory challenge that coincided with deregulated oxidation 

output. 

 

3.4. Transcriptional programming of mitochondrial plasticity to stress 

To investigate the mechanism of mitochondrial plasticity to stress, we harvested postmortem 

biopsies of the imaging zone and assessed the expression levels of mitochondrial markers 

previously involved in neuronal health, plasticity and stress-related diseases. In particular, the 

fission/fusion pathway keeps mitochondria healthy while the uncoupling proteins modulate the 

proton gradient and the level of oxidation (Devine and Kittler, 2018,Mattson, et al., 2008). 

Quantitative analysis of mRNA levels for a selection of genes in these pathways helped to 

profile how acute stimulation with glutamate and chronic stress could result in fragmentation 

and metabolic alterations. The response to glutamate was different between the stress and 

control groups for the expression of Fis1, Mfn1 and Ucp4. Notably, chronic stress caused a 

switch of expression between Ucp2 (-77.2 ±14.9%, p<0.05) and Ucp4 (+57.5 ±26.3%, p<0.05) 

that remained upon acute excitation with glutamate (Fig. 6A). Changes of Ucp2:Ucp4 ratio was 

previously linked to the Warburg effect for explaining fuel utilization during cell fate transition 

in cancer cells and Parkinson’s disease (Ayyasamy, et al., 2011,Chu, et al., 2009,Liu, et al., 

2006,Rupprecht, et al., 2014). 

We thought to exploit the Ucp2:Ucp4 ratio as a marker of the adaptive response to 

neuronal stress and search for regulatory genes. To this end, we cultured pyramidal cortical 

neurons derived from mouse embryos because they can be transfected by electroporation with 

high efficiency. Transfection with the recombinant orphan nuclear receptor NR4A1 altered the 

Ucp2:Ucp4 ratio like did chronic stress and glutamate excitation (-52.9 ±8.3% for Ucp2 and 

+81 ±38.8% for Ucp4, p<0.05 Fig. 6B). In contrast, transfection of a NR4A1 mutant lacking 
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transcriptional abilities produced significantly different results (+88.6 ±50.5% for Ucp2 and -

6.9 ±51.7% for Ucp4, p<0.05). Previous study reported that NR4A1 expression increased with 

neuronal depolarization, glutamate stimulation (Chen, et al., 2014). Here we used 

corticosterone stimulation of cultured cortical pyramidal neurons to show that NR4A1 

expression was significantly induced by a stress hormone (+387.7 ±47.6%, p<0.05, Fig. 6C). 

 

3.5. Promoting the loss of dendritic spines and mitochondria hotspots  

To test whether NR4A1 contributes to the turnover of dendritic spine clusters and proximal 

mitochondria, we used a pharmacogenetic approach to induce its expression with doxycycline 

(dox) (Fig. 7A, Fig. S5). NR4A1 construct was electroporated with Mito-dsRed in cortex, and 

two-photon images acquired 14 days apart ± dox in the drinking water (Fig. 7B). The 

topography of dendritic spines and mitochondria additions/eliminations significantly changed 

between the ON and OFF dox groups (Fig. 7C). Comparison between the observed and 

simulated dynamic events indicated that spine clustering and cross-clustering with proximal 

mitochondria are also greater than chance in these conditions (p<0.05, Fig. 7D,E). Dox 

exposure promoted more elimination (the clustered +176.6 ±7.3%, p<0.05, Fig. 7F versus the 

total +144.9 ±26.8%, p<0.0001, Fig. S6A) than gain of spines (the clustered -36.1 ±12.6%, 

p<0.05, Fig. 7F versus the total +84 ±14%, p=0.1, Fig. S6A), and more elimination of 

mitochondrial coverage (+395 ±17% for losses and -31.5 ±17 for gains, p<0.05, Fig. 7G). Dox 

treatment resulted in a net loss of spine number (-11.9 ±0.9%, p<0.05) and mitochondrial 

coverage (-34 ±7.7%, p<0.05, Fig. 7H), which correlated between animals and groups (Fig. 7I). 

Results suggest that ectopic prolonged expression of NR4A1 mimicked the structural effects of 

chronic stress on dendritic mitochondria. 

 

3.6. Preventing the loss of dendritic spines and mitochondria hotspots  

To block NR4A1 activity, we expressed dox-dependent mutants that lack transcriptional 

abilities and did not interfere with dendritic mitochondrial coverage and spine density in 

pyramidal neurons of somatosensory cortex (Fig. S5). The ∆AF1 construct was electroporated 

with Mito-dsRed in cortex, and images acquired before and after chronic stress to track the 

effect on cross-clustering events (Fig. 8A,B). The observed data compared to the simulated 

spine permutations indicated that spine clustering and cross-clustering with proximal 
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mitochondria are greater than chance (p<0.05, Fig. 8C,D). The prolonged expression of ∆AF1 

with dox treatment counteracted the effects of chronic stress on dendritic spine clustered 

dynamics (+261.7 ±8.2% for additions and -53.7 ±26.9% for eliminations, p<0.05, Fig. 8E), on 

the total dynamics (+53 ±14% for additions, p=0.03 and -69.2 ±3.1% for eliminations, 

p<0.0001, Fig. S6B) as well as on mitochondrial remodeling (+146.5 ±15% for additions and -

77.9 ±35% for eliminations, p<0.05, Fig. 8F). Overall, ∆AF1 caused a net gain of spine 

number (+10 ±3.2%, p<0.05) and mitochondrial coverage (+9.7 ±0.8%, p<0.05, Fig. 8G) that 

correlated between animals and groups (p<0.05, Fig. 8H). Results suggest that blocking 

NR4A1 during chronic stress prevented the clustered loss of dendritic spines and mitochondria. 

 

4. DISCUSSION 

Here we showed that dendritic spine plasticity is intimately correlated with the remodeling of 

proximal mitochondrial network. Additions of newly formed spine clusters correlated with the 

extension of mitochondrial network; eliminations correlated with mitochondrial fragmentation. 

These observations made in dendrites of somatosensory cortex contrast with the lack of 

structural relationship between the dynamics of axon boutons and mitochondria in the visual 

cortex (Smit-Rigter, et al., 2016). Other disparities that we observed between dendrites and 

axons in terms of mitochondrial motion are consistent with previous studies (Faits, et al., 

2016), suggesting that mitochondria behave quite differently between axons and dendrites, in 

vitro and in vivo, in juveniles and adults. 

There are advantages to our study: (i) transcranial microscopy avoided unwanted 

inflammation that raises glucocorticoid levels; (ii) each subject serves as own control; (iii) 

fluorescent probes were prior validated in vivo; (iv) behavioral and chemical stimuli permitted 

measurements of adaptive and reactive mitochondrial responses; (v) pharmacogenetic approach 

avoided compensatory effects of constitutive expression; (vi) simulations excluded the 

possibility of random clustering events. There are also limitations: (i) observations in 

pyramidal neurons of somatosensory cortex may not be transposable to other types of neurons 

or brain regions; (ii) recordings were performed in anesthetized animals; (iii) 

excitation/emission spectra overlap between functional and structural probes precluded dual 

imaging; (iv) expression of probes declined with ageing precluding long term in vivo imaging; 
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(v) RNA was analyzed from cortical extracts rather than purified pyramidal neurons due to 

difficulties with the extraction. 

The topography of dendritic spine loss and mitochondria fragmentation highlighted 

hotspots of turnover, and that it takes more than a single dynamic spine within 5 µm to 

correlate with proximal mitochondria remodeling. Neighboring spines mostly responsive to 

distinct stimuli are usually coactive and likely involved in related experience circuit 

(Kleindienst, et al., 2011). It is plausible that clustered spines are due to neighboring afferent 

axons from synchronized pre-synaptic neurons, which involved glutamate release (Takahashi, 

et al., 2012). In vitro synapse-specific chemical-LTP induction and glutamate-uncaging also 

resulted in mitochondria fragmentation (Chen, et al., 2018,Divakaruni, et al., 2018), consistent 

with excess glutamate at cortical synapses on stress. 

In the long-term, transcriptional regulation of mitochondrial fission/fusion and 

uncoupling genes could help rearrange the topography between spines and mitochondria as 

well as reduce the toxicity of high-rate oxidative phosphorylation in keeping with the buildup 

of chronic stress (Ježek, et al., 2018). For example, 14 days of chronic stress increase the 

expression of fission genes Fis1 and Drp1 that likely contributes to the mechanism of 

mitochondrial fragmentation (Felix Kraus, et al., 2021). These effects are further aggravated by 

an acute excitatory challenge after the 14 days of chronic stress with the downregulation of the 

fusion genes Mfn1 and Mfn2. In this particular context, the downregulation of the fission genes 

Opa1 and Drp1 also indicate that the system is not collapsing but instead capable of adaptive 

plasticity to the new external and internal environments (Jeanneteau and Arango-Lievano, 

2016). In stress-related pathologies such as Alzheimer’s disease, high-resolution electron 

microscopy of post-mortem brains of animal models and patients revealed nanotubes between 

mitochondria as byproducts of mitochondrial fission arrest associated with altered brain 

energetics monitored with the PET ligand 18F-fluorodeoxyglucose (Zhang, et al., 2016). How 

the nanotubes interfere with the process of mitochondrial capture at the synapse is currently not 

understood (Jeanneteau and Arango-Lievano, 2016,Lee, et al., 2018). A significant fraction of 

neuronal mitochondria constantly moves along microtubule networks in the axons while the 

remaining pool is captured where metabolic demand rises, notably at the pre-synapses and 

nodes of Ranvier (Chang, et al., 2006,van Hameren, et al., 2019). In the post-synapses, it is 

even more elusive given the difficultly to link morphologically a mitochondria with one 
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particular dendritic spine given that mitochondria rarely penetrate through the neck of the 

spines (Kasthuri, et al., 2015), and that it takes dynamics studies in vivo to reveal the physical 

cross-clustering between organelles.  

The other example of transcriptional regulation is the switch of expression between the 

anion/proton transporters Ucp2 and Ucp4 that was also seen during cell fate transition between 

oxidative phosphorylation and aerobic glycolysis in conditions of chronic oxidative stress 

(Chu, et al., 2009,Rupprecht, et al., 2014). The mechanism of mitochondrial uncoupling is 

intended to reduce the toxicity associated with high-rates of oxidative phosphorylation without 

massive shortage in ATP stocks (Ježek, et al., 2018). Why exchanging between UCPs is 

currently not understood. But the substrate specificity between UCP isoforms could represent a 

protective mechanism to limit the oxidative stress while retaining residual oxidative 

phosphorylation, a situation that we observed in the dendrites of pyramidal neurons after 

chronic stress. In principle, the ATP budget could be neutralized and oxidative damage limited 

if the management of the metabolic response to synaptic activity remained local and the 

balance of glycolysis to oxidative phosphorylation increased (Yellen, 2018). In times of intense 

energy demand, a shift of metabolism could serve the needs while maintaining neuronal safety. 

Neurons can elevate their own glycolysis in response to stimulation (Dıaz-Garcıa, et al., 2017); 

yet they depend on dendritic mitochondria to fuel protein synthesis in specific synapses, 

indicating the crucial importance of local mitochondrial ATP synthesis (Rangaraju, et al., 

2019). The balance of glycolysis and oxidative phosphorylation in neurons is not understood 

and could vary between topography, states of rest and experience (Yellen, 2018) as do 

intracellular ATP levels between sleep-wake states (Natsubori, et al., 2020). Neurons might 

temporarily use glycolysis over oxidative phosphorylation at specific synapses because it 

provides faster resupply of energy and lesser oxidative stress (Yellen, 2018). 

When correlated, ATP and H2O2 productions predict enhanced oxidative 

phosphorylation. When ATP and H2O2 levels are not correlated in the same direction suggest 

a decoupling between energy production and redox signaling that is consistent with the 

regulation of UCP2/UCP4 expression after chronic stress. Measures of mitochondrial ATP and 

H2O2 levels reflect the net product of synthesis minus export or scavenging (van Hameren, et 

al., 2019). O2.- species are transformed by superoxide dismutase into H2O2 further processed 

by reducing enzymes into H2O and O2 (Ježek, et al., 2018). So, it is possible that differences 
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of ATP and H202 levels before and after stress could associate with the adaptive expression of 

the respiratory chain complexes, ADP/ATP translocase and antioxidant enzymes. The relative 

ATP and H2O2 levels reflect how the adjustments to chronic stress could prepare neurons to 

face future excitatory demand. For example, fragmented dendritic mitochondria responded to 

acute excitation with ATP and H2O2 levels that correlated in the same direction, an indication 

of metabolic overdrive (Picard, et al., 2014).  

NR4A1 could program as a transcription factor the dynamic regulation of cellular 

metabolism in keeping with synaptic activity. For instance, NR4A1 signaling promotes cellular 

adaptation to different fuel utilization by modifying the expression of genes regulating 

mitochondrial oxidative phosphorylation, lipid oxidation and glycolysis (Zhang, et al., 2020). 

If NR4A1 contributes to the programming of cell metabolism to its advantage in cancer, in the 

immune system (Liebmann, et al., 2018,Thorne and Campbell, 2015), why couldn’t it in 

neuronal cells? Dysregulated expression or activity of NR4A1 has been reported in the brain of 

animal models of stress, in the human brain of patients with major depressive disorders or with 

cognitive impairment associated with Alzheimer’s disease (Jeanneteau, et al., 2018). Although 

NR4A1 is still orphan of endogenous ligand, several synthetics molecules with agonistic or 

antagonistic effects have been put to good use for treating fibrosis, Parkinson’s disease, autism 

spectrum disorders and diabetes (Kim, et al., 2015,Li, et al., 2016,Palumbo-Zerr, et al., 

2015,Safe, et al., 2016,Spathis, et al., 2017,Zhan, et al., 2008). Targeting NR4A1 is a 

promising therapeutic strategy for combating maladaptation in these diseases. 

 

5. CONCLUSION 

One burden of cumulative stress is lesser energy production coupled with a loss of 

mitochondria and proximal dendritic spines that follows a probabilistic cross-clustering. More 

importantly, stressed mitochondria can increase energy production upon extraordinary 

excitation but at the expense of focal oxidation no longer buffered. Therefore, neurons prepare 

to face future excitatory demands by forming hotspots of plasticity for distributing the 

energetic burden of experience that builds up in keeping with synaptic activity. Future studies 

should focus on determining the causal relationship between the cross-clustering events and 

behavioral performance. We could not do this because in utero electroporation only targets 

sparse neurons unilaterally. Future application and development of mitochondria-targeted tools 
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(Murphy and Hartley, 2018) will be instrumental to optimize mitochondrial functions during 

extreme challenges, physiological and pathological. For example, mitochondria-targeted 

optogenetic actuators (Rost, et al., 2017,Tkatch, et al., 2017) could help unearth how neurons 

manage the cost of living as foundation for the future bioenergetics studies in neurophysiology 

on one side, and in pathogenesis on the other side. 
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FIGURES 

 

Figure 1. The dendritic mitochondrial network is stable in the adult living cortex. 

A. Fluorescent probes mito-dsRed and GFP targeted in pyramidal neurons of somatosensory 

cortex using in utero electroporation in mice.  

B. Experimental timeline. 

C. Imaging of fluorescent probes in fixed tissue section using confocal microscopy (left), in 

live tissue using transcranial two-photon microscopy (middle) and 3D reconstruction images 

using Imaris.  

D. Time-lapse images of mitochondrial network twice 10 days apart reveals far less 

remodeling between time points in the dendrite (left) than in the axon (right) (see inset 

kymographs). 

E. Proportion of mitochondria in motion during time lapse imaging of the same dendrites and 

axons between days, N=14 segments each, 3 mice. 

F. Proportion of mitochondria with coverage remodeling during time lapse imaging of the 

same dendrites and axons between days, N=16 and 18 segments respectively, 3 mice. Two-way 

ANOVA for the dendritic vs axonal coverage of mitochondria F1,32=128 post-hoc Sidak test 

p<0.0001. 

 

Figure 2. Remodeling of the mitochondrial network after focal application of glutamate 

on cortex.  

A. Time-lapse images of mito-dsRed in the axon and dendrites of pyramidal neurons of cortex 

before and after local application of 200 M glutamate through a craniotomy. Arrows point to 

the remodeling events of the mitochondrial network.  

B. Kymographs representing the clumping and fragmenting of the mitochondrial network. 

C. Effect of glutamate on the proportion of mitochondrial coverage remodeling in dendrites 

and axons, N=17 and 15 segments respectively, 3 mice.  

D. Group data, one-way ANOVA in dendrites F2,32=0.63, p>0.5 and axons F2,28=0.63, p>0.5. 

E. Effect of glutamate on the proportion of mitochondria in motion in dendrites and axons, 

N=9 and 8 segments respectively, 3 mice.  
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F. Group data, one-way ANOVA F2,16=12.27, p=0.0006 post-hoc Dunnett test comparing 

baseline and glutamate periods for dendrites *p=0.0006. 

 

Figure 3. Chronic unpredictable stress caused cortical remodeling of the mitochondrial 

network and behavioral impairment. 

A. Experimental timelines. 

B. Time of immobility in the tail suspension test (means ±SEM of N=13 controls, 12 chronic 

stress, 7 acute retrain stress). One-way ANOVA: F(4,52)=5.73 p=0.0007, post-hoc Sidak test 

*p<0.05. 

C. Time spent in the open arm of the elevated plus maze (means ±SEM of N=13 controls, 12 

chronic stress). Two-way ANOVA: F(1,46)=5.73 p=0.0007, post-hoc Tukey test *p<0.05. 

D. Two-photon images of Mito-dsRed in cortex of mice before and after exposure to chronic 

unpredictable stress (14 days) or acute stress (2-hrs of restrain as the last stressor of the chronic 

stress protocol). 

E. Effect of stress procedures on the proportion of mitochondrial coverage remodeling in 

dendrites. Student two-tailed T-test comparing day 1 and 14 in controls p=0.29 and in stress 

groups ***p<0.0001 and p=0.77 respectively, N=25 dendrites each, 4 mice per group. 

 

Figure 4. Mitochondrial network remodeling at sites of dendritic spine turnover. 

A. Experimental timeline. 

B. Working model. 

C. Two-photon images of dendritic Mito-dsRed and GFP in pyramidal neurons of cortex 

before and after chronic stress. A distance ≤5 µm is indicated where the loss/gain of groups of 

spines corresponded with the loss/gain of mitochondrial coverage. 

D. Topography of mitochondria (M) and spine (S) remodeling in dendritic territories imaged 

twice 14 days apart. 

E. Clustered spine dynamics is greater than chance. Histogram shows the distribution of spine 

permutations in 30,000 simulations of randomized new spine positions (mean Gaussian 

fit=0.94±0.014, observed=0.97±0.35, N=6 Controls, p=0.1 and mean Gaussian fit=0.84±0.03, 

observed=0.93±0.1, N=7 Stress, p=0.04). 
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F. Cross-clustering of proximal (≤5 µm) spine dynamics and mito remodeling is greater than 

chance. Histogram shows the distribution of spine permutations in 30,000 simulations of 

randomized new spine positions with respect to mito remodeling (mean Gaussian 

fit=0.786±0.17, observed=0.58±0.075, N=6 Controls, p=0.027 and mean Gaussian 

fit=4.5±0.18, observed=1.02±0.37, N=7 Stress, p<0.0001). 

G. Gain/loss of clustered dendritic spines. Two-way ANOVA: stress x clustered dynamic 

F1,22=32.45, p<0.0001 post-hoc Tukey test: control vs stress groups for gains p=0.0007 for 

losses p=0.012, N=7 stress, 6 control mice. 

H. Gain/loss of dendritic mitochondrial coverage. Two-way ANOVA: stress x mitochondrial 

remodeling F1,22=20.37, p=0.0002 post-hoc Tukey test: control vs stress for gains p=0.013 for 

losses p=0.03, N=7 stress, 6 control mice. 

I. Effect of stress on the net change of mitochondrial coverage and spine density. Student two-

tailed T-test comparing control and stress groups for the mitochondria *p=0.0005 and spines 

*p=0.001, N=7 stress and 6 control mice. 

J. Pearson correlation between the net change of spine density and mitochondria coverage. 

 

Figure 5. Mitochondrial ATP and H2O2 levels before and after chronic stress. 

A. Time-lapse images of Mito-ATeam fluorescence ratio in the same dendritic territories. 

B. Mitochondrial ATP levels in resting state. Student two-tailed T-test: day 1 vs 14 for controls 

p=0.41 for stress ***p=0.0022, N=26 control, 29 stress dendrites, 5 mice/group. 

C. Mitochondrial ATP levels on day 14 after application of 200 µM glutamate and 10 µM 

FCCP on cortex via a craniotomy. Two-way ANOVA: time x stress F29,3802=11.57, p<0.0001 

post-hoc Sidak test: control vs stress ***p<0.0001, N=68 control, 71 stress dendrites, 5 

mice/group. 

D. Time-lapse images of Mito-roGFP-Orp1 fluorescence ratio in the same dendritic territories.  

E. Mitochondrial H2O2 levels in resting state. Student two-tailed T-test: day 1 vs 14 for 

controls p=0.41 for stress p=0.23, N=35 control, 33 stress dendrites, 4 mice/group. 

F. Mitochondrial H2O2 levels on day 14 after application of 200 µM glutamate and 10 µM 

H2O2 via a craniotomy. Two-way ANOVA: time x stress F10,430=7.2, p<0.0001 post-hoc 

Sidak test: control vs stress ***p<0.0001, N=22 control, 23 stress dendrites, 4 mice/group. 
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Figure 6. Expression of mitochondria regulatory genes sensitive to stress and glutamate. 

A. Interaction of glutamate application (200 µM, 60 min) via a craniotomy and chronic stress 

(14 days) on indicated mRNA levels in somatosensory cortex. Student two-tailed T-test: 

controls vs stress for vehicle #p<0.05 for glutamate *p<0.05, N=5 mice/group. 

B. Ucp mRNA levels after induction of the metabolic gene Nr4a1 and dominant-negative 

∆AF1 in cortical neurons. Mann-Whitney two-tailed T-test: NR4A1 vs GFP *p<0.05, NR4A1 

vs ∆AF1 #p<0.05, N=3 experiments. 

C. Nr4a1 mRNA levels after stimulation of cortical neurons with 10 µM Corticosterone for 3-

hrs. Mann-Whitney two-tailed T-test: vehicle vs corticosterone *p<0.05, N=4 experiments. 

 

Figure 7. Ectopic NR4A1 caused the loss of mitochondria and dendritic spine clusters. 

A. Doxycycline-dependent expression of NR4A1 with a constitutive GFP reporter in layer 2/3 

pyramidal neurons of somatosensory cortex (2 mg/ml dox in drinking water for 14 days). 

B. Two-photon images of dendritic Mito-dsRed and GFP in pyramidal neurons electroporated 

with dox-dependent NR4A1. A distance ≤5 µm is indicated where the loss of dendritic spine 

clusters corresponded with the loss of mitochondrial coverage. 

C. Topography of mitochondria and spine remodeling in dendritic territories imaged twice 14 

days apart ± dox. 

D. Clustered spine dynamics ON dox is greater than chance. Histogram shows the distribution 

of spine permutations in 30,000 simulations of randomized new spine positions (mean 

Gaussian fit=0.41±0.55, observed=0.43±0.12, N=6 OFF, p=0.7 and mean Gaussian 

fit=0.65±0.035, observed=0.75±0.11, N=7 ON, p=0.04).  

E. Cross-clustering of spine dynamics and mito remodeling ON dox is greater than chance. 

Histogram shows the distribution of spine permutations in 30,000 simulations of randomized 

new spine positions with respect to mito remodeling (mean Gaussian fit=0.46±0.24, 

observed=0.24±0.11, N=6 OFF, p=0.068 and mean Gaussian fit=1.56±0.17, 

observed=0.6±0.12, N=7 ON, p<0.0001). 

F. Gain/loss of clustered dendritic spines ≤5 µm. Two-way ANOVA: dox x clustered dynamics 

F1,22=26.07, p<0.0001 post-hoc Tukey test: OFF vs ON groups **p<0.0001, N=6 OFF, 7 ON 

mice. 
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G. Gain/loss of mitochondrial coverage. Two-way ANOVA: dox x mitochondria remodeling 

F1,22=19.92, p=0.0002 post-hoc Tukey test: OFF vs ON groups *p<0.0001, N=6 OFF, 7 ON 

mice. 

H. Effect of dox on the net change of mitochondria coverage and spine density. Student two-

tailed T-test comparing OFF and ON dox groups for mito *p=0.02 and spines *p=0.002, N=6 

OFF and 7 ON dox mice. 

I. Pearson correlation between mitochondria and spine changes in dendritic territories of N=6 

OFF, 7 ON mice. 

 

Figure 8. Dominant-negative NR4A1 counteracted the effects of chronic stress. 

A. Two-photon images of dendritic Mito-dsRed and GFP in pyramidal neurons electroporated 

with dox-dependent ∆AF1 in cortex of mice subjected to 14 days of stress. 

B. Topography of mitochondria and spine remodeling in dendritic territories imaged twice 14 

days apart ± dox. 

C. Clustered spine dynamics on stress OFF dox is greater than chance. Histogram shows the 

distribution of spine permutations in 30,000 simulations of randomized new spine positions 

(mean Gaussian fit=0.58±0.51, observed=0.76±0.1, N=5 OFF, p=0.007 and mean Gaussian 

fit=0.77±0.03, observed=0.84±0.09, N=6 ON, p=0.056).  

D. Cross-clustering of spine dynamics and mito remodeling on stress OFF dox is greater than 

chance. Histogram shows the distribution of spine permutations in 30,000 simulations of 

randomized new spine positions with respect to mito remodeling (mean Gaussian fit=3.5±0.14, 

observed=0.85±0.07, N=5 OFF, p<0.0001 and mean Gaussian fit=1.6±0.1, 

observed=0.71±0.09, N=6 ON, p<0.0001). 

E. Gain/loss of dendritic spines in clusters ≤5 µm. Two-way ANOVA: dox x clustered 

dynamics F1,18=52.21, p<0.0001 post-hoc Tukey test: OFF vs ON dox groups *p<0.0001, N=5 

OFF, 6 ON mice. 

F. Gain/loss of mitochondrial dendritic coverage. Two-way ANOVA: dox x mitochondrial 

remodeling F1,18=47.59, p<0.0001 post-hoc Tukey test: OFF vs ON dox groups *p<0.0001, 

N=5 OFF, 6 ON mice. 
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G. Effect of dox on the net change of mitochondrial coverage and spine density induced by 

chronic stress. Student two-tailed T-test comparing OFF and ON dox groups *p<0.0001, N=5 

OFF and 6 ON dox mice. 

H. Correlation (Pearson) between mitochondria and spine changes in dendritic territories of 

N=5 OFF, 6 ON mice. 

 




















