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Abstract

Dorsolateral prefrontal cortex (dlPFC) mediates high-order cognitive functions that are impaired 

early in the aging process in monkeys and humans. Here, we report pronounced changes in 

mitochondrial morphology in dendrites of dlPFC neurons from aged rhesus macaques. Electron 

microscopy paired with 3D reconstruction from serial sections revealed an age-related increase in 

mitochondria with thin segments that intermingled with enlarged ones, the “Mitochondria-On-A-

String” (MOAS) phenotype, similar to those recently reported in patients with Alzheimer's 

Disease. The thin mitochondrial segments were associated with endoplasmic reticulum cisterns, 

and the mitochondrial proteins Fis1 and Drp1, all of which initiate mitochondrial fission. These 

data suggest that the MOAS phenotype may reflect malfunction in mitochondrial dynamics, 

whereby fission is initiated, but the process is incomplete due to malfunction of subsequent 

step(s). Thus, aged rhesus monkeys may be particularly helpful in exploring the age-related 

changes that render higher cortical circuits so vulnerable to degeneration.
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1. Introduction

The newly evolved dorsolateral prefrontal cortex (dlPFC) mediates high-order cognitive 

functions (Fuster, 2001) that are impaired early in the aging process in both monkeys and 

humans (Herndon et al., 1997; Moore et al., 2006; Morrison and Baxter, 2012). A prototypic 

cognitive function executed by the dlPFC involves working memory, the ability to use 

representational knowledge to guide behavior, thought and emotion. Neurons in layer III of 

the dlPFC excite each other to maintain persistent firing across the delay period in a working 

memory task (Goldman-Rakic, 1995). Pyramidal cells in dlPFC deep layer III have 
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extensive recurrent connections (Kritzer and Goldman-Rakic, 1995) on long, thin spines 

with N-Methyl-D-aspartate receptor (NMDAR)-NR2B synapses (M. Wang et al., 2013). 

These dlPFC layer III connections are weakened by increased calcium-cyclic adenosine 

monophosphate (cAMP)-cAMP-dependent protein kinase A (PKA) signaling, which opens 

nearby K+ channels to gate network connections (Arnsten, 2015; Arnsten et al., 2012). This 

process is regulated by the phosphodiesterase, PDE4A, which declines with advancing age 

(Carlyle et al., 2014), leading to increased PKA phosphorylation of tau (Jicha et al., 1999), 

and increased cAMP-PKA opening of K+ channels, which reduces neuronal firing during 

working memory (Wang et al., 2011). There is also a marked loss of thin dendritic spines 

from monkey layer III dlPFC with advancing age (Du et al., 2010; Dumitriu et al., 2010; 

Luebke et al., 2010), the spines that mediate recurrent excitatory connections and are the 

focus of cAMP-calcium-K+ channel gating. Thus, these circuits are particularly vulnerable 

to advancing age (Morrison and Baxter, 2012).

The persistent neuronal firing generated by dlPFC recurrent circuits during working memory 

is highly energy demanding. Thus, it is of interest that the dlPFC has higher mRNA 

expression of mitochondrial proteins compared to other cortical regions (Chandrasekaran et 

al., 1992). Importantly, oxidative stress indicative of mitochondrial pathology has been 

identified in the dlPFC as part of the progression in Alzheimer's disease (AD) (Ansari and 

Scheff, 2010). Ultrastructural studies of the aging rhesus monkey dlPFC may help to 

illuminate this process, as these analyses provide clarity rarely possible in human post-

mortem tissue. For example, one recent study of axon terminals in layer III of the monkey 

dlPFC identified mitochondrial morphological abnormalities (i.e., “donut” morphology) 

with increasing age (Hara et al., 2014), indicating that mitochondrial changes may play a 

role in age-related cognitive decline. Given the great expansion of layer III dlPFC dendrites 

in primate evolution (Elston, 2003; Elston et al., 2006), the current study tested the 

hypothesis that mitochondrial morphology in dlPFC dendrites may also be altered with 

aging, and that changes in mitochondria might reveal laminar differences.

Mitochondria are extremely dynamic, multifunctional organelles that play important roles in 

maintaining cellular health. Proper cellular function demands a balance between opposing 

mitochondrial dynamics - fusion and fission. Fusion may allow mitochondria to compensate 

for defects by sharing components; while fission segregates the damaged segments of 

mitochondria that then undergo mitophagy in the autophagosome, preserving the integrity of 

the mitochondrial network (Cho et al., 2010; Friedman and Nunnari, 2014; Palmer et al., 

2011; Youle and van der Bliek, 2012). An equilibrium between fusion and fission may also 

balance energy vs. toxic reactive oxygen species (ROS) production, where mitochondrial 

fission may provide a respite from high ROS production (Nasrallah and Horvath, 2014). 

Therefore, alterations in mitochondrial dynamics may lead to cell pathology.

Mitochondrial fission is initiated by interactions with the calcium-containing smooth 

endoplasmic reticulum (SER), where SER cisterns accumulate in the vicinity of the 

mitochondria, and determine the sites of constriction and subsequent division (Friedman et 

al., 2011; Friedman and Nunnari, 2014). Fission is initiated by the dynamin-like GTPase, 

dynamin-related protein 1 (Drp1; also known as DLP1; (Smirnova et al., 2001)), which 

translocates from the cytosol into the outer mitochondrial membrane (OMM), where it 
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interacts with its primary receptor - mitochondrial fission protein 1 (Fis1). Drp1 oligomers 

assemble into rings/spirals around the OMM, leading to the final membrane constriction and 

scission (Ingerman et al., 2005; James et al., 2003; Yoon et al., 2003). The efficacy of Drp1 

in fission is determined by its GTPase activity, which is inhibited by PKA signaling 

(Cereghetti et al., 2010; Cereghetti et al., 2008). As PKA activity is increased in the aged 

dlPFC (Carlyle et al., 2014), mitochondrial dynamics might be disrupted in these vulnerable 

circuits.

Here, we used electron microscopy (EM) paired with immunocytochemistry and three-

dimensional (3D) reconstruction from serial sections to examine mitochondrial morphology 

and molecular expression patterns in the aging rhesus macaque dlPFC. We detected age-

related morphogenetic abnormalities resulting in accumulation of mitochondria with 

intermingled thin (“pinched”) and enlarged segments, indicative of mitochondrial 

dysfunction. This phenotype has just been detected in AD brains, where it has been termed 

“mitochondria-on-a-string” (MOAS) (Zhang et al., 2016). Thus, the discovery of this 

phenotype in the aged rhesus monkey may help reveal the etiology of mitochondrial deficits 

in human AD.

2. Materials and methods

2.1. Animals

All animal protocols were approved by the Yale University Institutional Animal Care and 

Use Committee (IACUC) and comply with the NIH guidelines for animal care and use. The 

study utilized brains from young adult [female 7 year-old (yo), and 11 yo], and aged [female 

26 yo, 27 yo, 31 yo; and male 33 yo] rhesus macaques from the Yale colony.

2.2. Tissue processing for immunolabeling

Animals were deeply anaesthetized with pentobarbital (0.03 ml/10g of body weight) and 

perfused transcardially by the fixative containing 4% paraformaldehyde (wt/vol), 0.2% 

picric acid, and 0.05% glutaraldehyde in 0.1M phosphate buffer (Carlyle et al., 2014). 

Coronal 60-μm-thick sections of the dlPFC were cut with a vibratome, cryoprotected with 

30% sucrose and stored at -80°C. All sections of the dlPFC went through freeze-thaw cycles 

in liquid nitrogen to augment penetration of immunoreagents and were processed free-

floating for immunocytochemistry and EM as described below.

After defrosting and extensive washes, the sections were blocked in 5% bovine serum 

albumin, and incubated with mouse anti-DLP1 monoclonal (Drp1; clone 8; dilution 1:100; 

BD Biosciences, San Jose, CA, USA), or rabbit anti-TTC11 polyclonal antisera (Fis1; 

1:100; Novus Biologicals USA, Littleton, CO, USA) overnight at room temperature. The 

sections were then immersed in respective solutions of biotinylated goat anti-mouse or anti-

rabbit IgGs (1:300) and developed by Elite ABC kit (all from Vector Laboratories, 

Burlingame, CA, USA) with Ni-intensified 3,3′-diaminobenzidine-4HCl (Ni-DAB) as a 

chromogen. Some of the sections incubated with anti-DLP1 serum were labeled with made-

in-goat anti-mouse secondary serum conjugated with 1-nm gold particles (Aurion, 

Wageningen, The Netherlands; 1: 80). Silver-intensification of gold was performed with R-
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Gent SE-LM kit (Aurion) according to the manufacturer's instructions. Specificity of the 

methods was tested by omitting the primary antibody from the staining procedure. No 

staining was observed in negative control sections. The sections were post-fixed with 1% 

OsO4, (or 0.5% for gold/silver labeling) dehydrated and embedded in Durcupan (ACM; 

Fluka, Buchs, Switzerland) on microscope slides and coverslipped.

2.3. EM and 3D reconstruction

For EM investigations, cortical layers were identified at low magnification using a light 

microscope, then selected areas from distinct layers were dissected and re-embedded into 

Durcupan blocks. Serial 70-nm-thick ultrathin sections were obtained, contrasted and 

evaluated as previously described (Morozov et al., 2006; Morozov et al., 2016). All images 

were acquired using a JEM1010 (JEOL, Tokyo, Japan) transmission electron microscope at 

80 kV and Multiscan 792 digital camera (Gatan, Pleasanton, CA, USA). For EM 

tomography of mitochondria, 250-nm-thick sections from Durcupan-embedded dlPFC layer 

III slices from 31 and 33 yo animals were prepared as above and submitted to Department of 

Cell Biology (Yale University, New Haven, CT, USA).

For 3D reconstruction of mitochondria, 30-35 serial images were made with 15,000× 

magnification. Neuropil fragments were chosen for the 3D reconstruction in a random 

manner (but, avoiding as possible, cell bodies, blood vessels and groups of the myelinated 

axons) by an investigator blinded to the animal's age and to laminar locations. The 

micrographs were aligned using the computer program Reconstruct (Fiala, 2005), publicly 

available at http://www.bu.edu/neural/Reconstruct.html. We concentrated on mitochondria 

within dendritic shafts that were identified in serial micrographs by straight shape (in 

contrast to curved axons and astroglial processes). Mitochondrial profiles were traced, and 

the 3D images of reconstructed mitochondria were obtained and analyzed using Reconstruct 

software.

2.4. Data Analysis

Neuropil segments (n=4-5/animal) from cortical layers II-VI of each animal were used for 

3D reconstruction and quantitative analyses of mitochondria. The neuropil segments for 

each cortical layer was identified and dissected based on cytoarchitectural features of dlPFC. 

All identifiable dendritic mitochondria were used for quantitative EM with the exception of 

truncated mitochondria, which were defined as mitochondria with detectable segments 

shorter than 1 micron. Identity of the analyzed neurons (e.g., pyramidal cell vs. interneuron) 

and laminar location of the cell body was not possible in this study as it would require 

labeling with cell-type unique markers.

A mitochondrion was counted as “MOAS” if it's 3D reconstructed image had at least one 

segment with the diameter 100 nm or thinner, and the difference between thin and enlarged 

segments was at least 3 times. Among the MOAS mitochondria, we identified a subset with 

an exaggerated phenotype, where there was at least a five-fold difference in the diameter 

between the thin and enlarged segments; such mitochondria were defined as severe MOAS 

(sMOAS). The following morphological parameters were measured in 3D images for each 

analyzed neuropil fragment: (1), the percentages of MOAS and sMOAS among all dendritic 
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mitochondria; (2), the total number of thin segments in the reconstructed mitochondria; (3), 

the total length of thin segments; and (4), the total length of the reconstructed mitochondria. 

The number and the length of thin segments were normalized per 100-micron length of 

reconstructed mitochondria. The ratio of maximal vs. minimal diameter was calculated for 

each reconstructed mitochondria. The measurements were combined in two groups - young 

(7 and 11 yo) and aged animals (26, 27, 31 and 33 yo) and the averages ± SEM were 

calculated. For analyses of laminar distributions of MOAS, we calculated mean ± SEM 

normalized number of thin segments in distinct cortical layers combined in two groups - 

young and aged animals. The relationship between quantified mitochondrial parameters and 

the age of the monkey was assessed by Pearson's correlation using the Excel software 

(Microsoft). All p values were two-tailed, with P<0.05 used as the threshold for significance.

3. Results

3.1. Qualitative analysis of MOAS

EM analysis and 3D reconstruction revealed age-dependent differences in mitochondrial 

morphology within dlPFC dendrites. In young adult animals (7 and 11 year-old [yo]), the 

majority of mitochondria (n=365 mitochondria analyzed in 3D across all cortical layers) 

were elongated along dendritic shafts, revealing uniform diameters of 200-300 nm 

throughout the entire length of the mitochondria (Fig. 1). In contrast, analysis of 

mitochondria (n=774 mitochondria analyzed in 3D across all cortical layers) in aged rhesus 

macaques (26, 27, 31 and 33 yo) revealed alterations in mitochondrial morphology with 

numerous mitochondria with differing diameters: thin segments had a diameter of ∼100 nm 

or less (“pinched segments”), and enlarged segments had diameters ranging 300-500 nm, i.e. 

a MOAS phenotype. These abnormally shaped mitochondria with intermingled thin and 

enlarged segments were most clearly seen in 3D, as shown in Fig. 2. Mitochondrial matrix 

and cristae were sometimes visible in the relatively thicker (∼100 nm) “pinches”, but were 

absent in the thinnest segments where only the double membrane connected the two 

enlarged segments. Ultrastructure of the enlarged segments was normal in most cases, i.e., 

fine structure of mitochondrial membranes and matrix, thickness of the intermembrane 

space, number and shape of crista were similar to those seen in young animals. Thus, 

abnormalities such as swelling of the mitochondria, characterized by reduced electron 

density of the matrix (Morozov et al., 2016), were not encountered in these enlarged 

segments.

3.2. Molecular characterization of MOAS as a fission-related phenotype

We hypothesized that the interleaved pinched and enlarged mitochondrial segments observed 

in aged monkey dlPFC may reflect malfunction in mitochondrial dynamics, whereby fission 

is initiated with appropriate constriction of the mitochondria, but the process of division is 

incomplete due to malfunction of subsequent step(s) in the fission process. To further 

evaluate this hypothesis, we examined the presence and localization of the smooth 

endoplasmic reticulum (SER), which is thought to be involved in the initiation of 

constriction, and two mitochondrial proteins that constitute the core proteins involved in the 

mitochondrial fission machinery, Fis1 and Drp1.
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The SER has been shown to encircle mitochondria to initiate constriction and is thought to 

play an active role in defining the positions of mitochondrial division sites (Friedman et al., 

2011; Friedman and Nunnari, 2014). Thus, we analyzed mitochondrial appositions with SER 

cisterns. We repeatedly found examples of SER-like cisterns accumulating near the “pinch” 

segments of mitochondria in serial ultrathin sections (Fig. 2G; 3B). This finding was 

confirmed using EM tomography as an alternative method that provides higher resolution 

(see movie in the Supplementary Materials). However, we also observed many examples 

where the SER was not evident near thin mitochondrial segments, consistent with previous 

data showing that apposition of the SER with the mitochondria is a transient phenomenon 

for executing the initial steps of fission (Friedman et al., 2011; Friedman and Nunnari, 

2014). Quantitative analysis of SER frequency near constricted MOAS segments deserves 

further investigation, but is beyond the scope of the present study.

Using immunolabeling and EM, we analyzed the location of Drp1, the GTPase that is 

recruited to constriction sites and subsequently cuts the mitochondrial membrane, and Fis1, 

its primary receptor on the OMM. As predicted, Fis1 labeling was observed on the “pinch” 

segments in mitochondria from aged animals (Fig. 3A). Similarly, both immunoperoxidase 

and immunogold labeling demonstrated Drp1 in contact with the outer surface of the OMM, 

in close proximity to the thin mitochondrial segments (Fig. 3B, C). Thus, both Fis1 and 

Drp1 could be localized to “pinch” segments, consistent with what has been seen in vitro 
during mitochondrial fission (Mozdy et al., 2000; Otsuga et al., 1998; Smirnova et al., 2001).

3.3 Quantitative and laminar analysis of MOAS in dlPFC

We quantified 3D-reconstructed mitochondria across the cortical layers in the young vs. 

aged dlPFC. Please note that laminar position refers to the dendritic location, and not the cell 

of origin, which is unknown. For example, for layer III, dendrites could include basilar 

dendrites from superficial layer III, basilar or apical dendrites from deep layer III, or apical 

dendrites of deeper neurons (layers V-VI). In our morphometric analysis, a mitochondrion 

was counted as MOAS if it had at least one segment with the diameter 100 nm or thinner, 

and at least a 3-fold difference in the diameter between thin vs. enlarged segments. We also 

identified a subset of mitochondria with the more pronounced MOAS phenotype if there was 

at least a 5-fold difference in the diameter between thin vs. enlarged segments; we defined 

such mitochondria as severe MOAS (sMOAS; Fig. 4).

We detected pronounced age-related differences in the frequency of MOAS. In young adult 

macaques (7 and 11 yo), out of a total of 365 mitochondria analyzed across all laminar 

locations, only 8 mitochondria were identified as MOAS and only 1 of those 8 was identified 

as sMOAS. Two of these mitochondria were located in the layer V, and 6 mitochondria 

(including one sMOAS) were located in layer VI of the 11 yo animal; whereas there were no 

MOAS in layers II, III and IV. There was no instance of MOAS in the 7 yo monkey. In 

contrast, in the aged macaques (26, 27, 31 and 33 yo), the average frequency of MOAS was 

26.9% (208 out of totally 774 mitochondria analyzed). Among these altered mitochondria, 

35.6% (74 out of totally 208) belonged to the more severe sMOAS category (see also Table 

1 and Fig. 5a).

Morozov et al. Page 6

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As the reconstructed mitochondria differed in length, and many of the long mitochondria 

were incompletely reconstructed because of truncation on the edges of the analyzed volume, 

we calculated the number and length of the pinched segments normalized by the total length 

of the reconstructed mitochondria. This analysis revealed large increases in mitochondrial 

abnormalities in the aged monkey dlPFC (Table 2; Fig. 5b, c). There was limited evidence of 

MOAS in young monkey dlPFC, where abnormalities were only seen in layers V and VI of 

the 11yo monkey; and showed in average normalized number of pinch segments 5.8 and 

length of pinch segments 2.2μm per 100μm. In contrast, there were large normalized 

numbers and length of pinch segments in aged monkeys (Table 2; Fig. 5b, c). For example, 

in layer IV of the 26yo monkey, the normalized number of pinch segments was 48.9, and the 

length of pinch segments was 44.4μm per 100μm length of the reconstructed mitochondria.

When we calculated the ratio of maximal vs. minimal diameters of the reconstructed 

mitochondria, we confirmed that the diameter of the mitochondria in young adult macaques 

is mostly uniform (ratio of maximum to minimum is close to 1); whereas the average range 

in diameter differences was 2.04±0.06 in the aged animals, suggesting that the diameter 

differences are significantly exaggerated in aged animals (Fig. 5d). Thus, our quantitative 

analysis demonstrated dramatic differences between young and aged monkeys in the number 

of MOAS, the normalized number and length of pinches, and the ratio of maximal to 

minimal diameters. These findings reinforce the idea that there are robust age-related 

alterations in mitochondrial morphometric parameters which might significantly contribute 

towards cognitive decline during aging.

Finally, we performed a laminar analysis of MOAS distribution (Tables 1, 2; Fig. 6). MOAS 

could be found in all layers in the aged monkeys (Tables 1, 2), and impaired mitochondrial 

dynamics were consistently observed across all layers in aged monkey dlPFC (Fig. 6A). 

However, when the laminar data were correlated with increasing age, there was a statistically 

significant correlation between the normalized number of pinches with increasing age in 

layer III (r=0.842, p=0.035), but not in other layers (p>0.2) (Fig. 6B). Thus, the clearest 

relationship between mitochondrial abnormalities and advancing age was observed in layer 

III, but the altered morphological phenotype was present in all layers of aged monkeys.

4. Discussion

Here, we report marked changes in mitochondrial morphology in dlPFC neurons from aged 

rhesus macaques. Namely, EM paired with 3D reconstruction from serial sections revealed 

numerous mitochondria with different size profiles characterized by thin segments that 

intermingle with enlarged ones, i.e., a MOAS phenotype. In contrast, altered mitochondria 

were extremely rare in the young adult macaques, suggesting pronounced age-related 

changes in mitochondrial morphology. Similar MOAS mitochondrial phenotypes have just 

been demonstrated in postmortem hippocampus from human subjects with AD, and in mice 

with human Alzheimer-related genetic mutations (Zhang et al., 2016). Although our studies 

were completely independent, our findings converge on the same conclusion, that alterations 

in mitochondrial morphology are a prominent feature of aged neurons in human and 

nonhuman primate cortical circuits that are vulnerable to atrophy.
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4.1. Possible relationship of MOAS to altered mitochondrial fission dynamics

The changes in mitochondrial shape, and the pattern of immunolabeling, indicate that 

MOAS may arise from impairments in mitochondrial fission due to dysregulation of the 

mitochondrial fission machinery. Our findings suggest that mitochondrial division is 

initiated, producing constricted segments in the mitochondrial body, but that the process of 

fission is unable to proceed to completion, i.e., it is “unfinished fission”. This hypothesis is 

consistent with the findings that “pinched” segments were associated with SER cisterns, and 

Fis1 and Drp1 labeling. Although this idea needs to be confirmed in cell cultures where 

mitochondrial dynamics can be captured over time using time-lapse imaging, the current EM 

images from monkey brain are consistent with this interpretation.

Mitochondrial fission is part of a quality-control mechanism whereby damaged 

mitochondrial components are segregated from healthy components, followed by 

mitochondrial division and mitophagy of the damaged daughter mitochondrion (Youle and 

van der Bliek, 2012). A balance between fusion vs. fission is also necessary for limiting the 

production of toxic reactive oxygen species (ROS) and for normal cellular metabolism, 

whereas disruptions in these processes affect the cell and may be implicated in 

neurodegenerative diseases (Santos et al., 2015; Wang et al., 2009; D.B. Wang et al., 2013). 

In vitro studies have also shown that mitochondrial fission may be a part of a pathological 

process that impairs mitochondrial membrane permeability (i.e., opens mitochondrial 

permeability transition pores), resulting in release of cytochrome c in cytoplasm and 

activation of caspases that, in turn, initiate apoptotic or necrotic cell death pathways 

(Galluzzi et al., 2009; Green et al., 2011; Lin and Beal, 2006). Such pathological processes 

are characterized by fragmentation of long mitochondria into spherical ones that exhibit 

disordered ultrastructure, e.g., swelling of the mitochondrial matrix and disintegrated crista 

organization (Galluzzi et al., 2009; Green et al., 2011; Morozov et al., 2016). Our results 

demonstrate that MOAS is not associated with swollen mitochondrial matrix or 

disorganization of crista; mitochondrial profiles exhibit normal membrane integrity and 

electron density of the matrix. These findings are consistent with the fact that neuronal cell 

death in dlPFC is not associated with normal aging in monkeys (Morrison and Baxter, 

2012), or early stages of Alzheimer's disease (Braak and Braak, 1991; Selkoe, 2002). The 

MOAS phenotype likely reflects deficits in the selective elimination of damaged 

mitochondria that may aggravate metabolic deficits and production of ROS, creating a 

vicious pathological cascade of events. Although Zhang et al. propose that the MOAS 

phenotype may be a “compensatory adaptation to bioenergetic stress providing protection 

against mitophagy” (Zhang et al., 2016), it may reflect a dysfunctional state of 

mitochondrial physiology that impacts cellular functioning. Further research will be needed 

to determine how these morphological changes affect neuronal physiology.

4.2. Possible molecular mechanisms of MOAS in aging dlPFC

Animal models may be helpful in determining the molecular mechanisms underlying 

changes in mitochondrial morphology with advancing age. The increased number of 

mitochondrial constrictions suggests that the initial steps of mitochondrial fission are not 

perturbed, but rather the final step - scission of the mitochondrial membranes - may be 

impaired. The final scission of the mitochondrial membranes is caused by Drp1 
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oligomerization around the OMM. Although Drp1 molecules appear to be capable of 

translocation to the mitochondrial surface undergoing fission (present study), Drp1 function 

may be compromised. Drp1 exerts its mechanical pressure through its GTPase activity, 

which can be inhibited by PKA signaling or other signaling cascades (Chang and 

Blackstone, 2010). Interestingly, cAMP-PKA activity is increased in the aged dlPFC, at least 

in part due to loss of phosphodiesterase 4A regulation of cAMP signaling (Carlyle et al., 

2014; Wang et al., 2011). Thus, molecular changes in the aging brain may contribute to the 

MOAS phenotype by inhibiting Drp1 function. As inhibition of Drp1 GTPase activity 

contributes to MOAS in cultured neurons (Zhang et al., 2016), PKA inhibition of GTPase 

activity of Drp1 may similarly induce MOAS in vivo in aged dlPFC. Other pathways 

affecting Drp1 phosphorylation (e.g., CAMKIα, Cdk1-cyclin B, etc.) also deserve 

investigation (Westermann, 2010), especially as internal calcium release may also be 

increased in aged dlPFC (Carlyle et al., 2014).

4.3. Relevance of MOAS to impaired working memory circuits

A recent study of aging rhesus monkeys indicates that changes in mitochondrial morphology 

are associated with cognitive deficits. Particularly, this study showed that impairments in 

working memory correlated with the accumulation of donut-shaped mitochondria in 

presynaptic boutons in layer III of dlPFC (Hara et al., 2014, 2016). Donut-shaped 

mitochondria are a predominant source of reactive oxygen species (Ahmad et al., 2013), 

suggesting this phenotype reflected metabolic abnormalities in the circuits that underlie 

working memory function. The aged monkeys in the current study had been tested on a 

working memory task for many years and for differing amounts of time, and thus their 

cognitive abilities cannot be accurately estimated for relationship to MOAS. However, our 

finding of an age-related increase in MOAS in layer III dendrites indicates that deregulated 

mitochondrial dynamics occurs in the postsynaptic compartment as well.

Layer III microcircuits are the source of the “Delay cells” that generate neural 

representations needed for working memory (Goldman-Rakic, 1995), and are a focus of age-

related pathology (Morrison and Baxter, 2012). For example, there is significant loss of layer 

III spines during aging, which correlates with the degree of cognitive impairment (Dumitriu 

et al., 2010; Peters et al., 2008). Spine loss, as well as increased cAMP-PKA opening of K+ 

channels, likely contributes to a progressive reduction in persistent Delay cell firing with 

advancing age (Wang et al., 2011). The current finding of age-related increases in MOAS in 

layer III of dlPFC dendrites indicates that dysfunction of mitochondria may occur in 

parallel, or may even be an upstream etiological mechanism driving these age-related 

changes (Li et al., 2004). It should be emphasized that we do not know the cells of origin for 

the dendrites examined in the current study, and thus the link to layer III pyramidal cells 

remains speculative. However, persistent Delay cell firing is energy-intensive, and thus may 

falter with inadequate energy production. Furthermore, mitochondrial dysfunction can 

aggravate inflammatory cascades (West et al., 2011) that can contribute to neuronal atrophy 

and spine loss (Stephan et al., 2012). Thus, understanding the physiological consequences of 

the MOAS phenotype may illuminate how neurons become vulnerable with advancing age.
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4.4. Relevance to Alzheimer's disease

The severe MOAS phenotype was recently observed within hippocampal neurons in patients 

with AD (Zhang et al., 2016). Thus, the aging rhesus monkey may provide an important 

animal model for understanding the mechanisms underlying the etiology of mitochondrial 

insults, and how these contribute to neuronal atrophy or degeneration. It should be noted that 

MOAS were not seen in the aged human control group (Zhang et al., 2016), i.e. it was not 

evident in the aged human hippocampus, whereas MOAS were observed in the aged rhesus 

monkey dlPFC (present study). This apparent discrepancy may arise from differences in 

regional sensitivity, as the hippocampus is less vulnerable to aging and stress than is the 

extremely susceptible dlPFC (Moore et al., 2006; Morrison and Baxter, 2012; Voytko, 

1999).

Several lines of evidence suggest that MOAS contribute to the neurodegenerative process. 

For example, mitochondrial deficits appear early in mouse models of AD (Du et al., 2010; 

Yao et al., 2009). Consistent with the basic research, deficits in the balance of mitochondrial 

fusion/fission have been reported in neurodegenerative diseases such as AD and Parkinson's 

disease (Santos et al., 2015; Wang et al., 2009). Understanding this process and protecting 

mitochondrial integrity may provide a strategy for improving the health and function of the 

aging brain. Future studies involving a larger number of cognitively-assessed monkeys may 

help to elucidate how changes in mitochondrial morphology relate to the functional integrity 

of the aging brain.
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Refer to Web version on PubMed Central for supplementary material.
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Electron microscopy reveals changes in mitochondria in aged monkey prefrontal cortex

Changes resemble “mitochondria-on-a-string” (MOAS) as seen in Alzheimer's Disease

MOAS pinch points linked with SER cisterns, Fis1 and Drp1, suggesting altered fission

Increased calcium-cAMP-PKA inhibition of Drp1 may drive age-related changes

Studies of aged monkey cortex may help reveal etiology of Alzheimer's pathology
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Fig. 1. 
Shape and ultrastructure of mitochondria in dlPFC layer III dendritic shafts from 11 yo 

rhesus macaque. (A, B) 3D image and electron micrograph of two representative 

mitochondria (correspondingly labeled “1” and “2” and depicted green and red) located in 

the same dendrite. Shape of the mitochondria and ultrastructure of membranes and matrix 

are characteristic for normally functioning neurons. (C) 3D reconstruction from 33 serial 

sections from a randomly chosen segment of neuropil reveals numerous mitochondria 

elongated along dendritic shafts (shown semitransparent yellow). Notice similar diameters of 

all the mitochondria throughout entire length. Each mitochondrion is depicted with different 

color facilitating identification in 3D image.
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Fig. 2. 
Shape and ultrastructure of mitochondria from dendritic shafts in dlPFC layer III of 31 yo 

monkey. (A-G) 3D and serial micrographs of an arbitrarily chosen MOAS. Three enlarged 

segments of the mitochondrion are equally numerated in the 3D and electron micrographs. 

Continuum of the mitochondrion (highlighted semitransparent blue) is seen in consecutive 

sections. Ultrastructure of crista and mitochondrial matrix are normal. Framed area in E is 

enlarged in G. Notice cisterns of smooth endoplasmic reticulum (SER) near thin segment of 

the mitochondrion. (H) 3D reconstruction from 30 serial sections of a randomly chosen 

dendrites (shown semitransparent yellow) reveals numerous thin segment (arrowheads) in 

many mitochondria.
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Fig. 3. 
Serial electron micrographs of MOAS (highlighted semitransparent yellow) from dendritic 

shafts in dlPFC layer III of 26- (A, B) and 31 yo (C) rhesus macaque. Notice that both anti-

Fis1 (A) and anti-Drp1 (B, C) immunolabeling (arrows) accumulates around thin segments 

of the mitochondria in accord with known function of Fis1 and Drp1 in mitochondrial 

fission (Friedman and Nunnari, 2014). Location of Drp1 on the OMM is confirmed with 

consistent DAB-Ni (B) and nano-gold/silver labeling (C) in serial sections. Numerous SER-

like vesicles (highlighted semitransparent red in B) are seen in close proximity to some, but 

not all, MOAS. Framed areas in C1 and C2 are enlarged in C3 and C4, respectively.
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Fig. 4. 
(A) In a healthy state, fission and fusion are opposing processes that occur in a dynamic 

fashion, resulting in very rapid changes in mitochondrial morphology (B) In case of 

pathological “unfinished fission”, numerous mitochondria with characteristic intermingling 

of thin and enlarged segments are accumulated in the cell. We counted a mitochondrion as 

“MOAS” if diameter of its thin segment (d) was at least 3 times less than diameter of the 

enlarged segments (D). Within the category of MOAS, the subgroup that demonstrated the 

most pronounced morphological deviation (D is more or equal to 5d) were identified as 

“sMOAS”. L is total length of reconstructed mitochondria; l is length of thin segment.
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Fig. 5. 
Mitochondrial morphological parameters in dendrites from dlPFC of young adult (7 and 11 

yo) and aged (26, 27, 31 and 33 yo) rhesus macaques. (A) Percentages of MOAS and 

sMOAS dramatically differ between young and aged animals. (B, C) Number and length of 

thin segments in MOAS normalized per 100 micron length of reconstructed mitochondria. 

(D) Ratio of maximal vs. minimal diameters of mitochondria. Error bars show SEM. n is 

number of neuropils segments (A-C) or number of mitochondria analyzed (D).
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Fig. 6. 
Laminar distribution of the number of thin segments normalized per 100 micron length of 

reconstructed mitochondria. (A) Average number of thin segments from four aged (26, 27, 

31 and 33 yo; grey columns) and two young animals (7 and 11 yo; black column). In young 

animals, MOAS were identified only in layers V-VI, and were absent in the layers II-IV. 

Notice that the average numbers of thin segments are similar in all analyzed layers from 

aged animals. Error bars show SEM. n is number of neuropil segments analyzed. (B) 

Correlation of normalized number of thin segments in distinct layers during aging in the 

monkey dlPFC. Statistically significant correlation between MOAS and advancing age is 

seen only in layer III.

Morozov et al. Page 20

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Morozov et al. Page 21

Ta
b

le
 1

P
er

ce
nt

ag
e 

of
 M

O
A

S 
in

 d
en

dr
it

ic
 s

ha
ft

s 
of

 t
he

 r
he

su
s 

m
ac

aq
ue

 d
lP

F
C

7 
y.

-o
.

11
 y

.-
o.

26
 y

.-
o.

27
 y

.-
o.

31
 y

.-
o.

33
 y

.-
o.

n
M

O
A

S
%

sM
O

A
S

%
n

M
O

A
S

%
sM

O
A

S
%

n
M

O
A

S
%

sM
O

A
S

%
n

M
O

A
S

%
sM

O
A

S
%

n
M

O
A

S
%

sM
O

A
S

%
n

M
O

A
S

%
sM

O
A

S
%

L
ay

er
 I

I
33

0
0

38
0

0
78

55
.1

25
.6

58
8.

6
1.

7
46

43
.5

6.
5

38
2.

6
0

L
ay

er
 I

II
43

0
0

28
0

0
52

30
.8

13
.5

88
13

.6
2.

3
41

48
.8

19
.3

42
52

.4
11

.9

L
ay

er
 I

V
64

0
0

54
0

0
28

67
.9

32
.1

54
5.

6
1.

9
53

30
.2

11
.3

38
5.

3
2.

6

L
ay

er
s 

V
-V

I
26

0
0

79
10

.1
1.

3
49

18
.4

12
.2

49
10

.2
0

31
38

.7
16

.1
29

10
.3

0

A
ll 

la
ye

rs
 c

om
bi

ne
d

16
6

0
0

19
9

4.
0

0.
5

20
7

42
.0

20
.3

24
9

10
.0

1.
6

17
1

39
.8

12
.9

14
7

19
.7

4.
8

n 
– 

to
ta

l n
um

be
r 

of
 m

ito
ch

on
dr

ia
 a

na
ly

ze
d 

in
 3

D
.

M
O

A
S 

an
d 

sM
O

A
S 

ar
e 

de
te

rm
in

ed
 a

cc
or

di
ng

 to
 g

eo
m

et
ri

c 
ch

ar
ac

te
ri

st
ic

 d
es

cr
ib

ed
 in

 F
ig

. 4
.

A
ll 

br
ai

n 
tis

su
e 

se
gm

en
ts

 w
er

e 
ch

os
en

 f
or

 3
D

 r
ec

on
st

ru
ct

io
n 

in
 a

 r
an

do
m

 m
an

ne
r 

by
 in

ve
st

ig
at

or
 b

lin
de

d 
fo

r 
th

e 
an

im
al

 a
ge

 a
nd

 la
m

in
ar

 lo
ca

tio
ns

.

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Morozov et al. Page 22

Ta
b

le
 2

L
en

gt
h 

an
d 

nu
m

be
r 

of
 t

hi
n 

se
gm

en
ts

 in
 M

O
A

S 
in

 d
en

dr
it

ic
 s

ha
ft

s 
of

 t
he

 r
he

su
s 

m
ac

aq
ue

 d
lP

F
C

7 
y.

-o
.

11
 y

.-
o.

26
 y

.-
o.

27
 y

.-
o.

31
 y

.-
o.

33
 y

.-
o.

L
, μ

m
l n

or
m

,
μm

# n
or

m
L

, μ
m

l n
or

m
,

μm
# n

or
m

L
, μ

m
l n

or
m

,
μm

# n
or

m
L

, μ
m

l n
or

m
,

μm
# n

or
m

L
, μ

m
l n

or
m

,
μm

# n
or

m
L

, μ
m

l n
or

m
,

μm
# n

or
m

L
ay

er
 I

I
74

.7
0

0
80

.7
0

0
20

6.
9

14
.1

37
.7

15
6.

4
1.

9
3.

8
77

.5
16

.1
34

.8
13

4.
0

0.
8

1.
5

L
ay

er
 I

II
90

.8
0

0
97

.0
0

0
63

.5
24

.9
31

.5
23

5.
7

4.
8

6.
8

12
8.

3
19

.4
28

.8
13

1.
4

27
.6

33
.5

L
ay

er
 I

V
11

2.
4

0
0

11
5.

1
0

0
89

.9
44

.4
48

.9
12

0.
9

3.
7

3.
3

78
.3

19
.8

25
.5

78
.0

2.
2

3.
8

L
ay

er
s 

V
-V

I
25

.0
0

0
15

5.
7

2.
2

5.
8

43
.8

17
.1

27
.4

10
8.

4
3.

0
6.

5
47

.7
17

.6
35

.6
66

.8
2.

8
7.

5

A
ll 

la
ye

rs
 c

om
bi

ne
d

30
2.

9
0

0
44

7.
9

0.
8

2.
0

40
4.

1
22

.9
38

.1
62

1.
4

3.
5

5.
3

33
1.

8
18

.5
30

.4
41

0.
2

10
.0

13
.2

L
, t

ot
al

 le
ng

th
 o

f 
re

co
ns

tr
uc

te
d 

m
ito

ch
on

dr
ia

. A
lth

ou
gh

 m
an

y 
of

 th
e 

re
co

ns
tr

uc
te

d 
m

ito
ch

on
dr

ia
 h

av
e 

di
ff

er
en

t l
en

gt
h,

 th
ei

r 
su

m
m

ar
iz

ed
 le

ng
th

 c
or

re
la

te
s 

w
ith

 th
e 

nu
m

be
r 

of
 m

ito
ch

on
dr

ia
 a

na
ly

ze
d 

(s
ee

 T
ab

le
 1

).
l n

or
m

, l
en

gt
h 

of
 th

in
 s

eg
m

en
ts

 n
or

m
al

iz
ed

 b
y 

10
0 

μm
-l

en
gt

h 
of

 r
ec

on
st

ru
ct

ed
 m

ito
ch

on
dr

ia
.

# n
or

m
, n

um
be

r 
of

 th
in

 s
eg

m
en

ts
 n

or
m

al
iz

ed
 b

y 
10

0 
μm

-l
en

gt
h 

of
 r

ec
on

st
ru

ct
ed

 m
ito

ch
on

dr
ia

.

A
ll 

br
ai

n 
tis

su
e 

se
gm

en
ts

 w
er

e 
ch

os
en

 f
or

 3
D

 r
ec

on
st

ru
ct

io
n 

in
 a

 r
an

do
m

 m
an

ne
r 

by
 in

ve
st

ig
at

or
 b

lin
de

d 
fo

r 
th

e 
an

im
al

 a
ge

 a
nd

 la
m

in
ar

 lo
ca

tio
ns

.

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Tissue processing for immunolabeling
	2.3. EM and 3D reconstruction
	2.4. Data Analysis

	3. Results
	3.1. Qualitative analysis of MOAS
	3.2. Molecular characterization of MOAS as a fission-related phenotype
	3.3 Quantitative and laminar analysis of MOAS in dlPFC

	4. Discussion
	4.1. Possible relationship of MOAS to altered mitochondrial fission dynamics
	4.2. Possible molecular mechanisms of MOAS in aging dlPFC
	4.3. Relevance of MOAS to impaired working memory circuits
	4.4. Relevance to Alzheimer's disease

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Table 1
	Table 2

