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Abstract 

During development, neurons require highly integrated metabolic machinery to meet the large 

energy demands of growth, differentiation, and synaptic activity within their complex cellular 

architecture. Dendrites/axons require anterograde trafficking of mitochondria for local ATP synthesis to 

support these processes. Acute energy depletion impairs mitochondrial dynamics, but how chronic energy 

insufficiency affects mitochondrial trafficking and quality control during neuronal development is 

unknown. Since iron deficiency (ID) impairs mitochondrial respiration/ATP production, we treated 

mixed-sex embryonic mouse hippocampal neuron cultures with the iron chelator deferoxamine (DFO) to 

model chronic energetic insufficiency and its effects on mitochondrial dynamics during neuronal 

development. At 11 days in vitro (DIV), DFO reduced average mitochondrial speed by increasing the 

pause frequency of individual dendritic mitochondria. Time spent in anterograde motion was reduced; 

retrograde motion was spared. The average size of moving mitochondria was reduced and the expression 

of fusion and fission genes was altered, indicating impaired mitochondrial quality control. Mitochondrial 

density was not altered suggesting that respiratory capacity and not location is the key factor for 

mitochondrial regulation of early dendritic growth/branching. At 18DIV, the overall density of 

mitochondria within terminal dendritic branches was reduced in DFO-treated neurons, which may 

contribute to the long-term deficits in connectivity and synaptic function following early-life ID. The 

study provides new insights into the cross-regulation between energy production and dendritic 

mitochondrial dynamics during neuronal development and may be particularly relevant to 

neuropsychiatric and neurodegenerative diseases, many of which are characterized by impaired brain iron 

homeostasis, energy metabolism and mitochondrial trafficking.  
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Significance Statement 

 This study uses a primary neuronal culture model of iron deficiency to address a gap in 

understanding of how dendritic mitochondrial dynamics are regulated when energy depletion occurs 

during a critical period of neuronal maturation. At the beginning of peak dendritic growth/branching, iron 

deficiency reduces mitochondrial speed through increased pause frequency, decreases mitochondrial size, 

and alters fusion/fission gene expression. At this stage, mitochondrial density in terminal dendrites is not 

altered, suggesting that total mitochondrial oxidative capacity and not trafficking is the main mechanism 

underlying dendritic complexity deficits in iron-deficient neurons. Our findings provide foundational 

support for future studies exploring the mechanistic role of developmental mitochondrial dysfunction in 

neurodevelopmental, psychiatric, and neurodegenerative disorders characterized by mitochondrial energy 

production and trafficking deficits. 
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Introduction 

 The newborn human brain accounts for 60% of total body oxygen consumption (Kuzawa, 1998). 

The dynamic functions of developing neurons require an integrated metabolic system to meet this high 

energetic demand throughout the cell. The mitochondrion is the cellular hub of energy metabolism. In 

developing neurons, mitochondria are involved in many critical functions including mitochondrial 

respiration/ATP production, calcium buffering, apoptosis regulation, heme and Fe/S cluster biosynthesis, 

and ROS signaling/quenching (Mattson et al., 2008; Mishra and Chan, 2016). These functions are tightly 

regulated in time and space through three main processes: mitochondrial trafficking, fusion/fission, and 

recycling (mitophagy). 

Mitochondrial trafficking to distal sites of high energy demand is a critical component of normal 

neurophysiology and the pathophysiology of several neurodevelopmental and neurodegenerative 

disorders (Mattson et al., 2008; Sheng and Cai, 2012; Lin and Sheng, 2015). During neuronal 

development, mitochondria are recruited to sites of dendritic outgrowth/branching and spine formation. 

Disruption of this trafficking impairs dendritic arborization and synapse formation resulting in structural 

abnormalities (Li et al., 2004; Dickey and Strack, 2011; Fukumitsu et al., 2015, 2016; López-Doménech 

et al., 2016; Das Banerjee et al., 2017). The signaling pathways and trafficking machinery that regulate 

dendritic and axonal mitochondrial trafficking have been extensively reviewed (Mattson et al., 2008; 

Sheng and Cai, 2012; Lin and Sheng, 2015). Mitochondria are mainly trafficked along microtubules by 

ATPase-dependent kinesin and dynein motor proteins and dendrite- and axon-specific adaptor proteins. In 

distal dendrites (the focus of this study) and the entire axon, the plus-end of microtubules is oriented 

towards the growth cone and kinesins mediate anterograde transport while dyneins mediate retrograde 

transport (Baas et al., 1988). In proximal dendrites, microtubule polarity is mixed and motor proteins are 

not selective for either anterograde or retrograde transport (Baas et al., 1988).  

Fusion allows for exchange of mitochondrial components between damaged and healthy 

mitochondria to mitigate the effects of cellular stressors. The GTPases Optic atrophy 1 (Opa1) and 

Mitofusion 1 (Mfn1) and 2 control mitochondrial membrane fusion. Dynamin related protein 1 (Drp1) 
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mediates mitochondrial fission after recruitment by fission adaptor proteins Mitochondrial fission factor 

(Mff), Mitochondrial fission 1 (Fis1), and Mitochondrial dynamics proteins of 49 and 51 kDa (Mid49 and 

Mid51). Fission, in concert with fusion, controls mitochondrial size to optimize mitochondrial ATP 

production and trafficking. Fission also promotes mitophagy by sequestering damaged mitochondrial 

components for degradation. Disruption of fusion, fission, or mitophagy genes alters axonal/dendritic 

mitochondrial trafficking and impairs neuronal maturation and synaptic function (Li et al., 2004; Dickey 

and Strack, 2011; Fukumitsu et al., 2016; Das Banerjee et al., 2017). 

Significant crosstalk exists between mitochondrial quality control, dynamics and neuronal energy 

requirements. Iron is a critical component of the developing brain’s energy machinery because it is 

required for the activity of multiple tricarboxylic acid (TCA) cycle and electron transport chain (ETC) 

enzymes (Dallman, 1986). We have previously shown that chronic iron deficiency (ID) impairs 

mitochondrial respiration and dendritic complexity without severely impairing overall neuronal health 

(Bastian et al., 2016), and thus provides a unique model to study the effects of ongoing energy 

insufficiency on mitochondrial dynamics during neuronal development. From a human health perspective, 

early-life ID affects approximately 40-50% of fetuses and children, resulting in long-term 

neurobehavioral dysfunction (Yip, 1994; McLean et al., 2009; Georgieff, 2011; Chen et al., 2013). Pre-

clinical models of ID anemia and hippocampal neuronal-specific ID during development result in 

impaired brain energy metabolism, altered neuronal dendritic structure, reduced electrophysiologic 

capacity/synaptic efficacy and long-lasting neurocognitive abnormalities (deUngria et al., 2000; 

Jorgenson et al., 2003, 2005; Carlson et al., 2009; Brunette et al., 2010; Fretham et al., 2012; Pisansky et 

al., 2013; Bastian et al., 2016). Understanding the cellular mechanisms underlying these 

neurodevelopment-based abnormalities is imperative to improving long-term neurobehavioral function 

following early-life ID. 

We hypothesized that metabolic insufficiency induced by chronic iron chelation in developing 

neurons would impair mitochondrial motility in distal growing dendrites, providing insight into 

interactions between energy metabolism, mitochondrial trafficking and neuronal structural maturation. 
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Materials and Methods 

Animals. CD1 mice (Charles River Laboratories; Wilmington, MA) were given free access to 

food and drinking water and were housed at constant temperature and humidity on a 12h light:dark cycle. 

All animal procedures were conducted in facilities accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care and in accordance with the principles and procedures outlined 

in the NIH Guide for the Care and Use of Laboratory Animals. The University of Minnesota Institutional 

Animal Care and Use Committee approved all animal procedures.  

Cell culture. Our primary hippocampal neuron culture model of developmental ID was previously 

characterized (Bastian et al., 2016). Briefly, primary hippocampal neuron cultures were prepared from 

mixed-sex embryonic day 16 (E16) embryos of CD1 mice at 170 cells/mm2 in 35 mm dishes containing 

five acid-washed, poly-D-lysine (PDL)/laminin-coated glass coverslips (for immunohistochemistry and 

qPCR experiments). For live imaging experiments, special dishes were prepared in-house. Briefly, a 20 

mm hole was drilled in the bottom center of a 35 mm dish and a 25 mm acid-washed German glass 

coverslip was glued to the dish bottom with aquarium glue. Dishes were dried for several hours or 

overnight, then rinsed 3 times to remove excess glue, and coated with PDL/laminin. 

Beginning at 3 days in vitro (DIV), cultures were treated with 10 μM deferoxamine (DFO, 

Cayman Chemical #14595; Ann Arbor, MI), a high-affinity iron chelator (Liu and Hider, 2002), and 67.5 

μM 5-fluoro-2’-deoxyuridine (Sigma-Aldrich #F0503; Burlington, MA)/136 μM uridine (Sigma-Aldrich 

#U6381; Burlington, MA) (5-FU) to inhibit glia proliferation as described (Bastian et al., 2016). Previous 

dose-response experiments (Bastian et al., 2016) demonstrated that this DFO dose creates a similar degree 

of functional neuronal ID as in the brains of neonatal iron-deficient rodents (Carlson et al., 2007, 2009) 

and human neonates (Petry et al., 1992). 

Neuronal bioenergetics. At 11DIV, real-time oxygen consumption rate (OCR), a sensitive 

measure of cellular respiration, and extracellular acidification rate (ECAR), a sensitive measure of 

cellular glycolysis, were simultaneously measured using a Seahorse XFe24 Extracellular Flux Analyzer 

(Agilent Technologies; Santa Clara, CA) at baseline and following treatment with 1 μM oligomycin (ATP 
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synthase inhibitor), 4 μM FCCP (uncouples oxygen consumption from ATP production), and 1 μM 

antimycin A/rotenone (ETC complex III and I inhibitors, respectively) as described (Bastian et al., 2016). 

This enables calculation of key indicators of mitochondrial and glycolytic function including basal 

respiration, maximal respiration, ATP-coupled respiration, spare respiratory capacity, coupling efficiency, 

cellular respiratory control ratio (RCR), glycolytic rate, glycolytic capacity and glycolytic reserve, as 

described (Wu et al., 2007; Bastian et al., 2016). 

Cellular ATP Assay. To measure intracellular ATP levels, 5,000 hippocampal cells were grown 

on PDL/laminin-coated 96-well white-wall tissue culture plates. At 11DIV, in order to eliminate 

extracellular sources of ATP, the media was briefly removed, and replaced with 0.2% Triton X-100 in 

PBS containing Quant-iT PicoGreen Reagent (1:200; Thermo-Fisher). The total DNA content of each 

well (as a surrogate for total cell number) was determined by measuring the dsDNA-specific 

fluorescence, according to the manufacturer’s instructions, with a fluorescent microplate reader 

(Molecular Devices; San Jose, CA). Next, an equal volume of CellTiter-Glo 2.0 reagent (Promega Corp.; 

Madison, WI) was added, the plate was mixed and luminescence was measured with a microplate reader. 

To determine intracellular ATP concentrations, a standard curve, with ATP concentrations ranging from 0 

to 400 ng/μL (diluted in 0.2% Triton X-100), was included on each plate. ATP concentrations were 

normalized to the relative DNA content for each well. DFO treatment does not alter cellular density at 

11DIV ((Bastian et al., 2016) and data not shown), the main time point assessed in this study. 

Plasmids and neuronal transfection. To enable visualization of individual neurons, an hrGFP 

expressing plasmid (Bastian et al., 2016) or a plasmid expressing an eGFP-tagged intrabody specific for 

PSD95 (pCAG_PSD95.FingR-eGFP-CCR5TC was a gift from Don Arnold ((Gross et al., 2013) Addgene 

plasmid # 46295; Cambridge, MA)) was electroporated into hippocampal cells prior to plating using a 

Amaxa Nucleofector II system and the Lonza Mouse Neuron Nucleofector Kit (Lonza #VAPG-1001; 

Basel, Switzerland) as previously described (Bastian et al., 2016). To visualize mitochondria, cells were 

also electroporated with the mCherry-mito-7 plasmid (Addgene plasmid # 55102; Cambridge, MA), a gift 
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from Michael Davidson (Olenych et al., 2007). Electroporated cells were then mixed 1:1 with non-

electroporated cells before plating. 

Live imaging and mitochondrial motility analysis. Two independent time-lapse live-cell imaging 

experiments were performed on 11DIV neurons co-expressing mCherry-Mito-7 and hrGFP. Dishes were 

transferred to a microscope humidified stage incubator that maintains the cultures at 37°C and 5% CO2. 

Two-channel images of terminal dendrite segments were collected every 5s for 3min using a Zeiss 

Axiovert 200M microscope with 63x plan-apo objective (NA=1.4) and MicroManager v1.4 software 

(Edelstein et al., 2014) or every 1s for 3min using a Zeiss "Axio Observer" Z.1 with a 63x plan-apo 

objective (NA=1.4). 

Mitochondrial motility was analyzed in individual terminal dendrite segments using FIJI 

(Schindelin et al., 2012) and the semi-automated KymoAnalyzer v1.01 suite of plugins (Neumann et al., 

2017). KymoAnalyzer parameters were adjusted for mitochondria-specific motility features as suggested 

by the authors. The threshold for the detection of mobile versus stationary tracks and for defining a 

directional switch was increased from 350 nm to 2 μm. The specific motility outcomes that were analyzed 

are outlined and defined in Table 1. 

Dendritic mitochondrial density analysis. At 18DIV, hippocampal cultures on 12mm coverslips 

were fixed and MAP2 immunocytochemistry was performed as described with minor modifications 

(Bastian et al., 2016). In this study, the AMCA-conjugated donkey anti-mouse IgG (Jackson 

Immunoresearch #715-155-151, RRID:AB_2340807; West Grove, PA) secondary antibody was used at 

1:100 in order to visualize dendrites in the blue channel. Three-channel images of dendritic arbors for 

individual hrGFP/mCherry-expressing neurons were collected with a Zeiss Axiovert 200M microscope 

with 100x plan-neofluor objective (NA=1.3) and MicroManager v1.4 software. Images of terminal 

dendrite branch segments were isolated and the GFP and mCherry signals thresholded using FIJI and the 

“adaptiveThr” plugin (Tseng, 2015). The “Analyze Particles” function (size >0.05 μm2) was utilized on 

the thresholded images to clear the remaining background. The resulting dendrite and mitochondria masks 
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were selected and the area of each measured. The mitochondrial areal density was calculated as the 

percent of dendrite area taken up by mitochondria area. 

mRNA expression analysis. Total RNA was extracted from hippocampal cultures at 11DIV and 

18DIV using a Quick-RNA MicroPrep kit (Zymo Research; Irvine, CA) or NucleoSpin RNA XS 

(Macherey-Nagel; Düren, Germany) according to the manufacturers’ protocol as previously described 

(Bastian et al., 2016). cDNA was synthesized from 100-500 ng total RNA using a High Capacity RNA-

to-cDNA Kit (Applied Biosystems; Foster City, CA). Quantitative real-time polymerase chain reaction 

(qPCR) was performed using a 2x FastStart Universal Probe Master (Rox) kit (Roche Applied Science; 

Basel, Switzerland) and Stratagene MX3000P or Applied Biosystems QuantStudio3 qPCR machines. 

PCR reactions were performed on cDNA equivalent to 3-10 ng of total RNA according to the 

manufacturer’s protocol except that a final volume of 10 μL was used. TaqMan qPCR probes for the 

genes assessed are described in Table 2. Relative mRNA levels were calculated as described (Bastian et 

al., 2016, 2017) and were normalized to a reference gene, TATA box binding protein, Tbp, which has been 

shown to be stable in our hippocampal neuron cultures with various conditions that deplete intracellular 

iron (Bastian et al., 2016, 2017). 

Experimental Design and Statistical Analyses. For each individual outcome measure, the data 

from two or three independent cultures were pooled and statistical outliers were identified using the 

ROUT test with Q=1%. Student’s t-test (α = 0.05) was used to determine differences between 

experimental groups for each parameter. When variances were unequal, as determined by F-test with α = 

0.01, Welch’s correction was applied. When multiple null hypotheses were tested on a single data set 

family, the false discovery rate (FDR) method (with Q=5%) of Benjamini et al was used to adjust for 

multiple comparisons and determine which p-values could be considered significant “discoveries” 

(Benjamini et al., 2006). Discoveries are denoted with asterisks in each graph. All data are presented as 

mean ± standard error of the mean (SEM). Statistical analyses and data graphing were carried out using 

Prism (GraphPad Software; San Diego, CA) software. 
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Results 

Neuronal energy metabolism. We previously showed that our hippocampal neuron culture model 

of ID creates a similar degree of functional neuronal ID as in the brains of neonatal iron-deficient rodents 

(Carlson et al., 2007, 2009) and human neonates (Petry et al., 1992) and causes blunted hippocampal 

neuron mitochondrial respiration and glycolytic rates at 18DIV (Bastian et al., 2016), during the period of 

peak dendritic arborization and synaptogenesis. Mitochondrial respiration, due to oxidative 

phosphorylation, is the main determinant of cellular oxygen consumption rate (OCR) (Wu et al., 2007). 

Extracellular acidification rate (ECAR) is predominantly controlled by lactic acid formation and thus is a 

specific read-out of glycolysis (Wu et al., 2007). Therefore, to determine the effect of neuronal iron 

chelation on mitochondrial and glycolytic energy metabolism during the beginning stage of dendritic 

branching and synaptogenesis (i.e., 11DIV), real-time OCR and ECAR were measured in untreated or 

DFO-treated neurons at 11DIV (Figure 1A). DFO treatment impaired overall mitochondrial respiration 

(Figure 1A), reducing basal respiration, maximal respiration, ATP-coupled OCR and spare respiratory 

capacity by 31-62% (Figure 1B), without altering ATP coupling efficiency (78.0±2.7% vs 77.3±5.0%; 

t(36) = 0.12, p=0.91, unpaired t-test). DFO-treated neurons had a significantly lower cellular respiratory 

control ratio, RCR, compared to control neurons (2.25±0.15 vs 2.84±0.19, t(34) = 2.31, p=0.027, unpaired 

t-test). Glycolytic capacity (84% lower) and reserve were also significantly reduced following iron 

chelation (Figure 1C), suggesting an overall impairment of energy metabolism in developing 

hippocampal neurons with reduced iron availability. As a result, total intracellular ATP levels were 21% 

lower in DFO-treated 11DIV neuron cultures compared to controls (p<0.0001). 

Dendritic mitochondrial motility. The trafficking of mitochondria in neuronal dendrites is driven 

by microtubule-associated ATPase motor proteins and thus depends on adequate cellular ATP levels 

(Hirokawa et al., 2010). We hypothesized that neuronal ID would impair this process leading to reduced 

mitochondrial motility in developing dendrites. To test this hypothesis, we performed real-time live cell 

fluorescent microscopy of mitochondria in terminal dendrite segments of iron-sufficient and iron-

deficient 11DIV hippocampal neuron cultures. Kymograph analysis of the resulting movies with FIJI and 
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KymoAnalyzer allowed us to compare more than 30 parameters of mitochondrial motility ((Neumann et 

al., 2017) and Table 1). Representative movies for two dendrite segments per group are shown in Movie 1 

and the associated mitochondrial images and kymographs are shown in Figure 2A and 2B. 

One of the most striking effects of DFO treatment was an increased percentage (11.6±1.9% vs 

3.7±1.5%, p=0.005) of the entire mitochondrial population that were characterized as small, round 

mitochondria with lengths less than 0.5 m. Qualitatively, these small mitochondria moved erratically and 

with greater speeds than the larger, elongated mitochondria. This may constitute a distinct population of 

mitochondria/mitochondrial fragments with a unique purpose (e.g., mitochondria vesicles (Sugiura et al., 

2014)). Thus, the motility data presented are limited to mitochondria >0.5 m in length. DFO treatment 

did not significantly alter the overall dendritic density of mitochondria, or the density of moving or 

stationary mitochondria (data not shown). There was a trend towards a reduced density of mitochondria 

moving in the anterograde direction, but no change in the density of retrograde or reversing mitochondria 

in dendrites of DFO-treated neurons (data not shown).  

Consistent with our hypothesis, the average speed of moving mitochondria (including pauses, 

anterograde, and retrograde motion) was reduced by 42% following DFO treatment (Figure 3A). The net 

velocity of moving mitochondria was significantly lower in DFO-treated neurons, indicating the net 

distance traveled during the 3-minute movie was reduced (Figure 3A). This was true for net anterograde 

but not net retrograde (trend with p=0.055) mitochondria. Interestingly, dendritic mitochondria from 

DFO-treated neurons were actually moving 15% faster (Control: 0.26 ± 0.01 m/s vs. DFO: .30 ± 0.02 

m/s) when the velocity analysis was restricted to only segments during which mitochondria were 

moving (segmental velocity not including pauses) (Figure 3B). This was mainly driven by increased 

velocity in the retrograde direction, as there was not a significant difference in anterograde segmental 

velocities between control and DFO-treated neurons. The p-value for the anterograde segmental velocity 

comparison was close to meeting the threshold for a significant “discovery” after FDR analysis. Thus, we 

further examined directional velocities differences with frequency distributions of segmental velocities 
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for anterograde and retrograde segments (Figure 3C, D). For controls, >60% of both anterograde and 

retrograde segmental velocities fell in the 0 to 0.3 m/s range. DFO treatment did not alter the distribution 

of anterograde segmental velocities in the 0 to 0.9 m/s range, with possibly a slight increase in the 

percentage of segments with velocities above 0.9 m/s (Figure 3C inset). In contrast, DFO treatment 

decreased the percentage of retrograde segmental velocities in the 0 to 0.3 m/s range and increased the 

percentage of retrograde segmental velocities above 0.3 m/s (Figure 3D inset). 

Focusing on the moving mitochondria, the percent time spent moving was decreased following 

DFO treatment with mitochondria moving in the anterograde direction more severely affected than those 

moving in the retrograde direction (Figure 4A). This same trend was also observed for average run 

lengths (data not shown). The average percent time that moving mitochondria spent pausing was 

increased by 57% in dendrites of DFO-treated neurons compared to controls (Figure 4A). This was due to 

an increase in pause frequency for DFO mitochondria compared to controls and was especially true when 

mitochondria reversed direction following the pause (Figure 4C). There was a trend towards increased 

pause frequency in mitochondria that continued moving in either the anterograde or retrograde directions 

after the pause (Figure 4C). There were no differences in average pause duration (data not shown). 

In addition to increasing the percentage of small, round mitochondria with diameters <0.5 m, 

DFO treatment decreased the average length of moving dendritic mitochondria that were >0.5 m in 

length (Control: 1.93 ± 0.08 m vs. DFO: 1.54 ± 0.07 m; t(190.1) = 3.55,  p=0.0005, unpaired t-test with 

Welch’s correction). The frequency distribution highlights the striking increase in shorter length 

mitochondria and decrease in longer length mitochondria in DFO-treated neurons (Figure 5A and inset). 

These data suggest a possible explanation for the increased segmental velocity of DFO mitochondria, as 

others have shown a weak, but significant, inverse relationship between mitochondrial size and velocity 

(Gerencser and Nicholls, 2008; Narayanareddy et al., 2014). We confirmed this inverse correlation 

between mitochondrial size and velocity when all control and DFO mitochondria were pooled (Figure 5B, 

blue line). When considered separately, there was a significant correlation between size and velocity for 
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all moving mitochondria in dendrites of DFO neurons, but not for control neurons. However, there was 

not a significant difference between groups. For anterograde moving mitochondria, there was a trend 

towards a significant correlation in DFO, but not control neurons (Figure 5C). Interestingly, the inverse 

correlation between size and velocity was strongest when mitochondria were moving in the retrograde 

direction and was similar in DFO and control neurons (Figure 5D). Mitochondrial length did not correlate 

with other motility parameters such as average speed, pause frequency, or pause duration for either 

treatment group (data not shown), suggesting that differential size may contribute to the increased 

segmental speed for mitochondria in DFO-treated neurons but not the increased pausing or overall 

decreased speed. 

Gene expression indexing mitochondrial fusion and fission. Our mitochondrial length findings 

suggest a potential shift in mitochondrial fusion/fission processes towards fission in DFO neurons. As a 

first step to explore this, we quantified mRNA levels for several genes that code for proteins involved in 

fusion or fission (Table 2). At 11DIV, when mitochondrial length and motility were impaired, DFO 

treatment significantly reduced mRNA levels for Opa1, Mfn1, and Mfn2 (Figure 6A), suggesting 

impaired mitochondrial fusion. Expression for Drp1, but not Mff or Fis1, genes important for 

mitochondrial fission, was also reduced in DFO-treated neurons (Figure 6A). At 18DIV, Drp1 and Opa1 

mRNA levels remained significantly lower in DFO-treated neurons (Figure 6B). Mfn1 and Mfn2 mRNA 

levels returned to control levels by 18DIV, while Mff and Fis1 were now significantly lower in DFO-

treatment neurons, suggesting continued disruption of mitochondrial fusion and fission. 

Dendritic mitochondrial density. To determine whether the reduced mitochondrial motility during 

early development ultimately affected long-term trafficking of mitochondria into growing/branching 

dendrites, we assessed mitochondrial density in terminal dendrite branches of 18DIV neurons. 

Representative images of hrGFP-labeled dendrites and mCherry-labeled mitochondria from Control and 

DFO-treated cultures are shown (Figure 7A). We used adaptive image thresholding and particle analysis 

to determine the ratio of total mitochondrial area relative to the total dendritic area. Chronic DFO 

treatment decreased mitochondrial density in dendrite terminal branches by 35% in 18DIV neurons. 
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Discussion 

 Figure 8 summarizes the major findings of this study and provides a conceptual model. 

Consistent with previous in vitro and in vivo findings in more mature developing neurons (deUngria et al., 

2000; Bastian et al., 2016), we demonstrated that chronically restricting neuronal access to iron creates a 

hypo-metabolic state, impairing mitochondrial oxygen consumption and reducing intracellular ATP levels 

in 11DIV hippocampal neurons. At the same time, chronic iron chelation altered dendritic mitochondrial 

motility in 3 main ways. 1) The frequency of pauses was increased (Figure 8, blue mitochondria), 

resulting in decreased overall mitochondrial velocity and movement. 2) Average mitochondrial size was 

decreased, with a higher percentage of small, round mitochondria (Figure 8, purple mitochondria). 3) 

Overall anterograde movement was decreased (Figure 8, green mitochondria) and retrograde 

mitochondria moved with increased velocity (Figure 8, red mitochondria and arrow). Trafficking of 

mitochondria into maturing dendrites plays a critical role in both dendritic outgrowth and spine/synapse 

formation during neuron development (Li et al., 2004; Dickey and Strack, 2011; Fukumitsu et al., 2015, 

2016; López-Doménech et al., 2016; Das Banerjee et al., 2017). Thus, this model (Figure 8) of ID-

induced mitochondrial function impairments also provides a plausible developmental mechanism for the 

long-term neuronal structural abnormalities documented following early-life ID (Jorgenson et al., 2003; 

Carlson et al., 2009; Brunette et al., 2010; Fretham et al., 2012; Bastian et al., 2016). 

Neuronal ID blunts hippocampal neuron dendritic growth/branching leading to a less complex 

dendritic arbor at both 11 and 18DIV (Bastian et al., 2016). Since we did not observe a difference in 

dendritic mitochondrial density at 11DIV, we concluded that overall mitochondrial respiratory 

capacity/ATP production in dendrites, and not the actual density of mitochondria, is likely the critical 

factor underlying the DFO-induced dendritic complexity impairments at this stage (Bastian et al., 2016). 

The impaired mitochondrial motility at 11DIV ultimately resulted in decreased mitochondrial density in 

terminal dendrites of 18DIV iron-deficient neurons, which also have a persistent reduction in 

mitochondrial respiratory capacity (Bastian et al., 2016). However, the relative deficit in dendritic arbor 

complexity are similar at 11 and 18DIV (Bastian et al., 2016). This suggests that reduced dendritic 
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mitochondrial density does not exacerbate the effects of impaired mitochondrial respiration on dendritic 

arbor maturation. These findings are consistent with studies by Fukumitsu et al showing Purkinje neuron 

dendritic outgrowth can be recovered by supplying exogenous creatine (which restores neuronal ATP 

levels through the phosphocreatine shuttle) despite persistent mitochondrial trafficking deficits 

(Fukumitsu et al., 2015, 2016). We hypothesize that the alterations in mitochondrial motility may be part 

of a larger homeostatic response to reduced energy status, coordinating dendritic growth demands and 

local ATP supply with energy substrate availability. 

Several studies have demonstrated decreased dendritic mitochondrial velocity during conditions 

of acutely impaired mitochondrial energy production, including hypoxia or treatment with mitochondrial 

respiration inhibitors such as oligomycin, antimycin A, FCCP, cyanide, or nitric oxide (Rintoul et al., 

2003, 2006; Muller, 2004; Chang et al., 2006; Zanelli et al., 2006; Mironov, 2007; Cai et al., 2012). 

However, how dendritic mitochondrial motility/trafficking is altered under conditions where neurons have 

to adapt to chronic energy impairment was unknown. Our detailed analysis of mitochondrial motility 

parameters, utilizing KymoAnalyzer software (Neumann et al., 2017), identified increased pause 

frequency as the causative factor underlying slower mitochondrial speeds in dendrites of neurons with 

impaired energy metabolism due to chronic iron deficiency. Given that the kinesin and dynein motor 

proteins utilize ATPase activity to carry mitochondria (Hirokawa et al., 2010), we hypothesize that 

increased mitochondrial pausing during chronic energy depletion is caused by intermittent exhaustion of 

local ATP supply due to an inability of mitochondrial respiration to consistently keep up with ATP 

demand.. In dendrites of medulla oblongata respiratory neurons, local ATP reductions are correlated with 

decreased mitochondrial velocity and increased mitochondrial pausing near active synapses and following 

hypoxia (Mironov, 2006, 2007). Locally induced axonal ATP depletion, through micropipette 

administration of uncoupling drugs, also causes local mitochondria stopping (Miller and Sheetz 2004). 

Whether local ATP depletion is the direct molecular driving force behind the excessive mitochondrial 

pausing observed in the dendrites of DFO-treated neurons will need to be specifically tested. 
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 The shift towards smaller mitochondria, with an increased percentage of mitochondria smaller 

than 0.5μM, may indicate a disruption in mitochondrial fusion and fission. To that end, DFO treatment 

decreased mRNA expression of the fusion genes Opa1, Mfn1, and Mfn2 at 11DIV, with Mfn1 and Mfn2 

expression restored by 18DIV. Chronic iron chelation had the opposite effect on fission gene expression 

with Dnm1l, Mff, and Fis1 mRNA levels decreased at 18DIV but only Dnm1l expression reduced at 

11DIV. There are no known iron-dependent proteins directly involved in regulating fusion or fission, 

suggesting this effect is more likely downstream of DFO-induced energy deficits. Indeed, energy 

depletion and mitochondrial uncoupling can reduce mitochondrial size by inhibiting Opa1-mediated 

fusion (Baricault et al., 2007; Mishra et al., 2014) and stimulating Drp1-mediated fission (Cereghetti et 

al., 2008; Toyama et al., 2016). In addition, mitochondrial recruitment of Drp1, and subsequent fission, 

depends on cellular energy status as the mitochondrial Drp1 receptors Mff and Mid51 are regulated by 

AMPK and ADP, respectively (Losón et al., 2014; Toyama et al., 2016). Low ATP levels could also 

indirectly alter fusion/fission homeostasis through impairing the GTPase activity of fusion/fission 

proteins since GTP is formed from ATP and GDP (Pedersen, 1973). 

Altered cellular energy status can also lead to increased mitophagy (Melser et al., 2015). In 

neurons, mitophagy preferentially targets unhealthy mitochondria with depolarized membranes (Cai et al., 

2012; Ye et al., 2015). Although mitophagy can occur locally in distal axons (Ashrafi et al., 2014), it 

likely occurs preferentially in the soma over the axons or dendrites (Cai et al., 2012; Ye et al., 2015; 

McWilliams et al., 2016), requiring retrograde transport for distal mitochondria. This is consistent with 

the increased retrograde movement observed for mitochondria with reduced membrane potential (Miller, 

2004; Cai et al., 2012; Ye et al., 2015). Together these studies support the hypothesis that retrograde 

mitochondrial motility may be spared (and even augmented) in the dendrites of iron-deficient neurons in 

order to traffic damaged/unhealthy mitochondria back to the soma for recycling. 

In proximal dendrites, microtubule polarity is mixed (Baas et al., 1988) and thus dynein and 

kinesin motor proteins can be associated with either anterograde or retrograde mitochondrial transport 

(Hirokawa et al., 2010). Our study focused on distal dendrites, where microtubule polarity is uniform with 



19

plus ends towards the distal tip (Baas et al., 1988). Therefore, the distinct effects of DFO on anterograde 

and retrograde mitochondrial motility may also involve differential regulation of kinesin and dynein 

motor proteins and their adaptors.  

From a human health perspective, ID affects an estimated 40-50% of pregnant women and 

children and results in long-term neurological impairments (e.g., learning and memory, gross and fine 

motor skills, and psychosocial behaviors) despite iron repletion (Yip, 1994; McLean et al., 2009; 

Georgieff, 2011). Gestational ID also increases the risk of significant psychopathologies, including 

schizophrenia, autism spectrum disorders, ADHD, bipolar disorder, and depression in the offspring later 

in life (Insel et al., 2008; Chen et al., 2013; Schmidt et al., 2014; Doom et al., 2015). Early-life 

mitochondrial dysfunction is hypothesized as one of the potential factors underlying these psychiatric 

disorders (Manji et al., 2012; Streck et al., 2014). Thus, the mitochondrion is an attractive candidate for 

designing alternative therapeutic interventions, beyond timely iron repletion alone, to prevent long-term 

neuropathologies in this large population of children. 
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Tables and Figure Legends 

Table 1. Mitochondrial motility parameter definitions 

Parameter Definition Figure 
Anterograde Density Number of mitochondria with only anterograde motion and/or 

pauses per μm --- 

Retrograde Density Number of mitochondria with only retrograde motion and/or 
pauses per μm --- 

Reversal Density Number of moving mitochondria with at least one reversal of 
direction per μm --- 

Moving Density Number of moving mitochondria per μm (sum of anterograde, 
retrograde, and reversal densities) --- 

Stationary Density Number of stationary mitochondria per μm (less than 2 μm 
movement from starting position) --- 

Total Density Total number of mitochondria per μm (sum of moving and 
stationary densities) --- 

Average Speed The average speed of individual moving mitochondria 
regardless of direction, including pause segments, and 

including reversal tracks with no net movement 

3A 

Net Velocity Average net velocity of all moving mitochondria with net 
motion regardless of direction 

3A 

Net Anterograde 
Velocity 

Net velocity (net distance traveled/time) of mitochondria with 
net anterograde motion 

3A 

Net Retrograde Velocity Net velocity (net distance traveled/time) of mitochondria with 
net retrograde motion 

3A 

Average Segmental 
Speed 

The average combined segmental speed regardless of direction 3B 

Anterograde Segmental 
Velocity 

Velocity of combined anterograde segments 3B 

Retrograde Segmental 
Velocity 

Velocity of combined retrograde segments 3B 

Average Run Length Average length of combined segmental runs regardless of 
direction 

--- 

Anterograde Run Length Length of anterograde combined segmental runs  --- 
Retrograde Run Length Length of retrograde combined segmental runs  --- 
Percent Time Moving Percentage of total time spent in either anterograde or 

retrograde motion for all moving mitochondria 
4A 

Percent Time 
Anterograde Motion 

Percentage of total time spent in anterograde motion for all 
moving mitochondria 

4A 

Percent Time Retrograde 
Motion 

Percentage of total time spent in retrograde motion for all 
moving mitochondria 

4A 

Percent Time Pausing Percentage of total time spent pausing for all moving 
mitochondria 

4A 

Total Pause Frequency Average number of pauses per moving mitochondria regardless 
of direction preceding or following the pause 

4B 

Anterograde Pause 
Frequency 

Number of pauses per moving mitochondria with anterograde 
motion preceding and following the pause 

4B 

Retrograde Pause 
Frequency 

Number of pauses per moving mitochondria with retrograde 
motion preceding and following the pause 

4B 

Reversal Pause 
Frequency 

Number of pauses per moving mitochondria with a change in 
direction following the pause 

4B 

Total Pause Duration Average duration of all pauses for a given moving 
mitochondria regardless of direction preceding or following the 

pause 

--- 

Anterograde Pause 
Duration 

Average duration of pauses with anterograde motion preceding 
and following the pause, per moving mitochondria 

--- 

Retrograde Pause 
Duration 

Average duration of pauses with retrograde motion preceding 
and following the pause, per moving mitochondria 

--- 

Reversal Pause Duration Average duration of pauses with a change in direction 
following the pause, per moving mitochondria 

--- 
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Table 2. TaqMan qPCR probes 

Gene Name GenBank mRNA Accession # TaqMan Probe Assay ID Functional Category 

Drp1 

NM_001025947.2, 
NM_001276340.1, 

NM_001276341.1, NM_152816.3, 
NR_075074.1 

Mm01342903_m1 Mitochondrial/Peroxisomal 
Fission 

Fis1 NM_001163243.1, NM_025562.3 Mm00481580_m1 Mitochondrial Fission 

Mff NM_029409.2 Mm01273401_m1 Mitochondrial/Peroxisomal 
Fission 

Mfn1 NM_024200.4 Mm00612599_m1 Mitochondrial Fusion 

Mfn2 

NM_001285920.1, 
NM_001285921.1, 
NM_001285922.1, 

NM_001285923.1, NM_133201.3 

Mm00500120_m1 Mitochondrial Fusion 

Opa1 NM_001199177.1, NM_133752.3 Mm01349707_g1 Mitochondrial Fusion 

Tbp NM_013684.3 Mm00446971_m1 Basal Transcription Factor 
(Reference Gene) 

Genes: Dynamin related protein 1, Drp1; Fission, mitochondrial 1, Fis1; Mitochondrial fission 

factor, Mff; Mitofusin 1, Mfn1; Mitofusin 2, Mfn2; Optic atrophy 1, Opa1; TATA box binding 

protein, Tbp. 

 

Figure 1: Iron chelation impairs mitochondrial respiration and glycolytic capacity in 11DIV 

neurons. Hippocampal neurons cultured from E16 mice were treated with DFO and 5-FU 

beginning at 3DIV. (A) Real-time oxygen consumption rate (OCR) for 11DIV cultures (relative 

to initial control OCR) was measured following treatment with oligomycin (ATP synthase 

inhibitor), FCCP (uncouples oxygen consumption from ATP production), and antimycin 

A/rotenone (ETC complex I and III inhibitors). (B) Relative OCR contributing to basal 

respiration (t(38) = 5.13), maximal respiration (t(38) = 6.65), ATP-coupled respiration (t(38) = 

5.83), and spare respiratory capacity (t(38) = 3.62) were calculated. (C) Relative extracellular 

acidification rate (ECAR) contributing to basal glycolysis (t(38) = 1.12), glycolytic capacity 

(t(38) = 2.71), and glycolytic reserve (t(38) = 2.65) were calculated. The data from 3 independent 

cultures were pooled and are presented as mean ± SEM. Student’s unpaired t-test was performed 

for each parameter with = 0.05. Asterisk indicates a statistical comparison with a p-value that 
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meets the threshold for a significant “discovery” after FDR analysis. Control=black line/bars 

(n=21), DFO=gray dashed line/white bars (n=19).  

 

Movie 1: Representative movies of mitochondrial trafficking in terminal dendrites. 

Hippocampal neurons cultured from E16 mice were treated with DFO and 5-FU beginning at 

3DIV. At 11DIV, time-lapse live cell imaging of mCherry-Mito-7 transfected neurons was 

performed for 3min. Two representative 63x movies (1s imaging interval; 30 fps) of 

fluorescently-labeled mitochondria within terminal dendrites are shown for control (top panel) 

and DFO (bottom panel) neurons. For better visualization, the movies were straightened using the 

ImageJ “Straighten” command. 

 

Figure 2: Dendritic mitochondrial motility analysis with KymoAnalyzer. Hippocampal 

neurons cultured from E16 mice were treated with DFO and 5-FU beginning at 3DIV. At 11DIV, 

time-lapse live cell imaging of mCherry-Mito-7 transfected neurons was performed for 3min. 

Two representative 63x images (t=0min) of fluorescently-labeled mitochondria within terminal 

dendrites and the corresponding kymographs are shown for (A) control and (B) DFO neurons. 

For better visualization, the mitochondria images were straightened using the ImageJ “Straighten” 

command. The bottom panel shows the resulting manually-traced tracks for individual stationary 

(blue), anterograde (green), retrograde (red), and reversing (yellow) mitochondria. The full 3 min 

movies for each representative dendrite are shown in Movie 1. Scale bars = 5μm. 

 

Figure 3: DFO decreases overall but increases segmental mitochondrial speeds. (A) The 

average speed (t(194) = 4.09, Welch’s correction) of individual dendritic mitochondria 

(regardless of direction or pausing) was calculated. The net velocity (t(131.6) = 4.35, Welch’s 

correction) of all mitochondria that displayed net movement was determined and subdivided into 

velocities of mitochondria with net anterograde (t(70.4) = 4.07, Welch’s correction) or retrograde 
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(t(59.6) = 1.96, Welch’s correction) movement (Control: n=120 total moving, n=99 net moved, 

n=58 net anterograde, and n=41 net retrograde mitochondria; DFO: n=77 total moving, n=66 net 

moved, n=32 net anterograde, and n=34 net retrograde mitochondria). (B) The average individual 

segment speed of mitochondria when moving, regardless of direction, (t(429.7) = 1.99, Welch’s 

correction) was calculated and subdivided into anterograde (t(299) = 0.87) and retrograde 

segmental (t(214.4) = 2.03, Welch’s correction) velocities (Control: n=374 total, n=190 

anterograde, and n=184 retrograde segments; DFO: n=233 total, n=111 anterograde, and n=122 

retrograde segments). The data from 2 independent cultures were pooled and are presented as 

mean ± SEM. Student’s t-test was performed for each parameter with = 0.05. Asterisk indicates 

a statistical comparison with a p-value that meets the threshold for a significant “discovery” after 

FDR analysis. (C,D) The relative frequency distributions are shown for (C) anterograde or (D) 

retrograde mitochondrial segmental velocities. Control = black bars, DFO = gray bars. Bins are ± 

0.05 μm/s. For inset frequency distribution, bins are ± 0.3 μm/s. 

 

Figure 4: DFO decreases mitochondrial motility and increases pausing. (A) The percent time 

spent moving in total (t(195) = 4.08), in the anterograde direction (t(191.3) = 3.59, Welch’s 

correction), or in the retrograde direction (t(195) = 0.94) was calculated along with the percent 

time spent pausing (t(195) = 4.08) for all moving dendritic mitochondria (Control: n=120, DFO: 

n=77 moving mitochondria). (B) The average pause frequency per moving mitochondria is shown 

for the total moving mitochondria population (t(195) = 3.50; Control: n=120, DFO: n=77 

mitochondria) and subdivided into mitochondria with anterograde (t(147) = 1.78; Control: n=97, 

DFO: n=52 mitochondria), retrograde (t(143) = 1.85; Control: n=85, DFO: n=60 mitochondria), 

and reversal (t(95) = 3.35; Control: n=62, DFO: n=35 mitochondria) pauses. The data from 2 

independent cultures were pooled and are presented as mean ± SEM. Student’s t-test was 

performed for each parameter with = 0.05. Asterisk indicates a statistical comparison with a p-

value that meets the threshold for a significant “discovery” after FDR analysis. 
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Figure 5: Effect of DFO treatment on mitochondrial size distribution and its relation to 

speed. (A) The relative frequency distribution is shown for the lengths of moving mitochondria. 

Control = black bars, DFO = gray bars. Bins are ± 0.1 μm/s. For inset frequency distribution, bins 

are ± 0.5 μm/s. The relationship between mitochondrial length and average segment speeds is 

shown for (B) all moving mitochondria, regardless of direction, (C) mitochondria with 

anterograde segments, and (D) mitochondria with retrograde segments. The data were pooled 

from 2 independent cultures. Linear regression with Pearson’s correlation was performed with R2 

and correlation p-values displayed. Control = black circles and line, DFO=red squares and line. 

Combined all mitochondria =blue line.  

 

Figure 6: The effect of DFO treatment on mitochondrial gene expression indexing fusion 

and fission. Hippocampal neurons cultured from E16 mice were treated with DFO and 5-FU 

beginning at 3DIV. At (A) 11DIV and (B) 18DIV, cells were collected, total RNA was extracted, 

and cDNA was synthesized. Quantitative real-time PCR (qPCR) was performed for genes 

indexing fusion (i.e., Opa1, Mfn1, Mfn2) and fission (i.e., Drp1, Mff, and Fis1). Relative mRNA 

levels are calculated relative to an internal control cDNA sample and a reference gene (i.e. Tbp). 

The data from 2-3 independent cultures were pooled and are presented as mean ± SEM. Statistical 

difference between groups for an individual gene at a given age was determined by unpaired 

Student’s t-test with = 0.05. 11DIV t-values: Opa1 (t(22) = 2.99), Mfn1 (t(22) = 2.24), Mfn2 

(t(22) = 3.30), Drp1 (t(22) = 2.11), Mff (t(22) = 1.67), Fis1 (t(22) = 0.21). 18DIV t-values: Opa1 

(t(17) = 3.27), Mfn1 (t(17) = 0.93), Mfn2 (t(17) = 0.43), Drp1 (t(11.3) = 2.75, Welch’s 

correction), Mff (t(17) = 5.05), Fis1 (t(17) = 2.83). Asterisk indicates a statistical comparison with 

a p-value that meets the threshold for a significant “discovery” after FDR analysis. 11DIV: n=12, 

18DIV: n=9-10. 
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Figure 7: DFO decreases mitochondrial density in dendrite tips of 18DIV neurons. 

Hippocampal neurons cultured from E16 mice were treated with DFO and 5-FU beginning at 

3DIV. At 18DIV, mCherry-Mito-7 and GFP-expressing neurons were imaged with wide-field 

fluorescent microscopy and a 100x objective. (A) Representative images of fluorescently-labeled 

mitochondria (magenta) within terminal dendrites (green) and the corresponding merged images 

are shown for Control (left) and DFO (right) neurons. (B,C) Dendrite and mitochondria images 

were thresholded and total area of each determined. The percentage of dendritic area taken up by 

mitochondrial area was calculated and expressed as the average percent area per neuron. The data 

from 2 independent cultures were pooled and are presented as mean ± SEM. Control: n=36, DFO: 

n=33 neurons. Student’s t-test was performed with = 0.05; t(67) = 5.50. 

 

Figure 8: Model illustration summarizing the effect of iron restriction on mitochondrial 

motility in developing hippocampal neurons. (A) Model of mitochondrial motility in terminal 

dendrite branches from an 11DIV neuron with sufficient iron. (B) Model summary of relative 

changes in mitochondrial motility in terminal dendrite branches caused by insufficient iron 

availability. Size of arrows indicate the relative segmental velocities of anterograde (green) and 

retrograde (red) mitochondria. Number of mitochondria in each color-coded category indicates 

the relative time spent in each type of motion. DFO treatment causes intracellular iron deficiency 

(Bastian et al., 2016), impairs mitochondrial respiration, and lowers intracellular ATP levels at 

11DIV, consistent with chronic neuronal energy insufficiency. 11DIV iron-deficient neurons have 

an overall decrease in mitochondrial length with an increase in the percentage of small, round 

mitochondria (magenta), increased mitochondrial pause frequency (blue), decreased overall 

anterograde motion (green), and increased retrograde segmental velocity with no change in 

overall retrograde motion (red). Total number of mitochondria per unit length of dendrite was not 

changed in iron-deficient neurons. These early changes were associated with a decrease in areal 
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mitochondrial density at 18DIV and decreased dendritic arbor complexity throughout this period 

of development (Bastian et al., 2016). 
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