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Abstract

Leukoencephalopathy with brain stem and spinal cord involvement and lactate elevation (LBSL) is 

a rare, slowly progressive white matter disease caused by mutations in the mitochondrial aspartyl-

tRNA synthetase (mt-AspRS, or DARS2). While patients show characteristic MRI T2 signal 

abnormalities throughout the cerebral white matter, brain stem, and spinal cord, the phenotypic 

spectrum is broad and a multitude of gene variants have been associated with the disease. Here, 

Dars2 deletion from CamKIIα-expressing cortical and hippocampal neurons results in slowly 

progressive increases in behavioral activity at 5 months, and culminating by 9 months as severe 

brain atrophy, behavioral dysfunction, reduced corpus callosum thickness, and microglial 

morphology indicative of neuroinflammation. Interestingly, RNAseq based gene expression 

studies performed prior to the presentation of this severe phenotype reveal the upregulation of 

several pathways involved in immune activation, cytokine production and signaling, and the 

defense response regulation. RNA transcript analysis demonstrates that activation of immune and 

cell stress pathways are initiated in advance of a behavioral phenotype and cerebral deficits. An 
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understanding of these pathways and their contribution to significant neuronal loss in CamKII-

Dars2 KO mice may aid in deciphering mechanisms of LBSL pathology.
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Introduction

Leukoencephalopathy with brain stem and spinal cord involvement and lactate elevation 

(LBSL) is a rare, autosomal recessive disorder characterized by slowly progressive 

spasticity, ataxia, proprioceptive deficits, and in some cases, cognitive decline. Most patients 

harbor compound heterozygous mutations in the DARS2 gene (Tzoulis et al., 2012) which 

encodes mitochondrial aspartyl-tRNA synthetase (mt-AspRS), a ubiquitously expressed 

enzyme which charges tRNA molecules with cognate amino acids essential for 

mitochondrial protein translation. Diagnosis of LBSL includes identification of pyramidal, 

cerebellar, and dorsal column abnormalities on MRI, often presenting with increased lactate 

detected by proton-magnetic resonance spectroscopy (Scheper et al., 2007; van Berge et al., 

2013). Age of onset and degree of disability vary widely with genotypic variation 

complicating a genotype-phenotype correlation (van Berge et al., 2014). With this said, more 

severe early infantile onset cases with seizures, microcephaly and global delay have also 

been reported (Sauter et al., 2015; Steenweg et al., 2012). Since the first descriptions of 

LBSL, human diseases have now been associated with each of the 19 mitochondrial tRNA 

synthetases, all presenting with diverse clinical symptoms (Sissler et al., 2017; Theisen et 

al., 2017).

Recapitulating DARS2 deficiency and pathology in mouse or cell systems has proven 

difficult. Previous efforts to develop model animals have revealed that Dars2 is essential for 

embryonic development, as a complete knock-out results in lethality around embryonic day 

8.5, most likely due to the absence of proteins necessary for mitochondrial DNA 

maintenance (Dogan et al., 2014; Tyynismaa and Suomalainen, 2009) and attempts to 

recreate human mutations in the mouse have so far been unsuccessful. LBSL patient deficits 

are limited to the central nervous system (CNS) and thus CNS specific deletions of DARS2 
may best expose the roles of DARS2 in the brain. Inducing DARS2 mutations in various 

human cell types in vitro revealed neuronal-type cells to show the greatest deficit (van Berge 

et al., 2012) and further, selective deletion of Dars2 from CamKIIα-expressing neurons in 

the mouse results in severe neurodegeneration and microglial activation, while selective 

oligodendrocyte Dars2 deletion produces a more mild phenotype (Aradjanski et al., 2017). 

In this study we conducted long-term detailed characterization of a similar mouse model 

describing their motor-behavioral profile in conjunction with in vivo Magnetic Resonance 

Imaging followed by post mortem histological studies and gene expression studies to 

elucidate the underlying disease pathophysiology.
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Material and Methods

Mouse Breeding and Maintenance

Tissue-specific Dars2 knock-out mice were generated using the Cre-LoxP system. LoxP-

flanked Dars2 mice (as described in Dogan et al., 2014) were mated with mice expressing 

cre-recombinase under the regulation of the CamKIIα promotor (The Jackson Laboratory 

stock no. 005359) to selectively knock-out Dars2 expression in CamKIIα-expressing 

neurons (mutant mice). All experimental mice were bred in house and genotyped for 

presence of homozygous flox sites and cre by Transnetyx (Cordova, TN). All animal 

procedures were carried out in accordance with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals and were approved by the Institutional Animal 

Care and Use Committee of Johns Hopkins University.

Behavior

Behavioral assessments were performed in control (n = 12) and mutant (n = 12) mice. 

Assessment of open field behavior began on or around post-natal day (PND) 50 and 

continued bi-weekly until perfusion on or around PND 250. Open field (45 × 45 cm) activity 

over a 10-minute period was assessed using the Photobeam Activity System from San Diego 

Instruments in which distance traveled, time in center, and rearing activity were measured.

Magnetic Resonance Imaging

Six- and nine-month old control (6 month, n = 5; 9 month, n = 2) and mutant mice (6 month, 

n = 3; 9 month, n = 5) were anesthetized with isoflurane and imaged using a Bruker Biospec 

horizontal 11.7 T animal scanner (Bruker Corp., Billerica, MA) in the F.M. Kirby Research 

Center High-Field Preclinical MR Facility at the Kennedy Krieger Institute. Heart and 

respiratory rates were monitored throughout image acquisition. Following a localizer scan, 

T2-weighted images were acquired using the following parameters: echo time (TE)/

repetition time (TR) = 30/4600 ms, 2 signal averages, with a FOV of 20 × 20 mm2, matrix 

size of 256 × 256, and a total of 45 slices of 0.5 mm thickness. Total scan time was 

approximately five minutes per animal. Images were reconstructed and analyzed using ROI 

Editor software by experimenters blinded to groups.

Histology and imaging

As pathology was evident at six months of age, for histological assessment, mice were 

anesthetized and transcardially perfused with saline and 4% paraformaldehyde at an early (5 

months; control n = 4; mutant n = 6) and severe time point (9 months of age; behavioral 

mice). Brains and spinal cords were harvested, post-fixed overnight, cryoprotected, and 

stored at −80 °C until cryostat sectioning at 20 μm. For immunohistochemistry, sections 

were blocked (10% normal serum, 0.3% Triton-X in PBS) for 1 h at room temperature prior 

to overnight incubation with IBA1 (1:1000 in PBS; DAKO, Agilent, Santa Clara, CA) or 

CD68 primary (1:250 in PBS, conjugated Alexa Fluor® 647; Santa Cruz Biotechnology, 

Dallas, TX) at 4°C. On day 2, secondary incubation lasted 1 h at room temperature using 

goat anti-rabbit AlexaFluor 488 secondary (1:500 in PBS). Sections were rinsed, incubated 

with Hoescht dye (1:3000) for 3 minutes, rinsed, and coverslipped. Similarly, fluoromyelin 
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red (FMR; Thermo Fisher, Waltham, MA) was performed on adjacent sections according to 

manufacturer’s instructions. Tissue was imaged using a Zeiss LSM 700 Confocal or a Zeiss 

Axio Imager M2 microscope operating AxioVision 4.8.2 (Zeiss; Oberkochen, Germany). Z-

stacks of four 1 μm thick images were compressed and analyzed using FIJI (ImageJ 1.52h; 

National Institutes of Health, USA).

Electron Microscopy

A second cohort of control (n=4) and 3 mutant (n=3) mice were perfused for electron 

microscopy (EM) at nine months of age. Because myelin fixation has traditionally proven 

difficult to achieve at the ultrastructural level, a novel combination buffer system (involving 

reduced osmium; Langford and Coggeshall, 1980) was used here to achieve near perfect 

myelin preservation. Mice were perfused with a solution containing 2% glutaraldehyde, 2% 

paraformaldehyde (freshly prepared from EM grade prill), 50 mM sodium cacodylate, 50 

mM phosphate (Sorenson’s), 3 mM MgCl2, pH 7.2 at 1085 mOmols. Brains were then 

removed, and the corpus callosum was isolated and placed in fresh fixative overnight at 4 

°C. The following steps were kept cold (4 °C) until the 70% ethanol step, then run at room 

temperature. Samples were rinsed in 75 mM cacodylate, 75 mM phosphate, 3.5% sucrose, 

3mM MgCl2, pH 7.2 at 430 mOsmols for 45 min, microwaved (50% power, 10 sec. pulse-20 

sec. pause-10 sec. pulse in a Pelco laboratory grade microwave model 3400), and post-fixed 

in 2% osmium tetroxide reduced with 1.6% potassium ferrocyanide in the same buffer 

without sucrose, then placed on ice in the dark for 2 hours. Samples were then rinsed in 100 

mM maleate buffer with 3.5% sucrose pH 6.2, en-bloc stained for 1 hour with filtered 2% 

uranyl acetate in maleate sucrose buffer, pH 6.2. Following en-bloc staining, samples were 

dehydrated through a graded series of ethanol to 100%, transferred through propylene oxide, 

embedded in Eponate 12 (Pella) and cured at 60 °C for two days.

Sections were cut on a Reichert Ultracut E microtome with a Diatome Diamond knife (45 

degree). 60 nm sections were picked up on formvar coated 1 × 2 mm copper slot grids and 

stained with methanolic uranyl acetate followed by lead citrate. Grids were viewed on a 

Hitachi 7600 TEM operating at 80 kV and digital images captured with an XR50 5 

megapixel CCD by AMT.

RNAseq

To better understand the mechanisms contributing to the observed deficits, a third cohort of 

control (n=6) and mutant (n=7) male mice were saline perfused at 16 weeks old and cortices 

were dissected frozen and analyzed using RNAseq. This time point was selected as it just 

precedes both a behavioral phenotype and cellular/morphological changes in the cortex and 

may offer early insights into the pathogenic processes. RNA was isolated from tissue 

samples with a Qiagen RNeasy Lipid kit. RNA quality and concentration were assayed with 

a Fragment Analyzer instrument. RNA-seq libraries were prepared using the TruSeq 

Stranded mRNA Poly A (Unique Dual Index) RNA kit (Illumina, San Diego, CA). Libraries 

were sequenced on one lane of an Illumina HiSeq 4000 instrument. Alignment to the mouse 

transcriptome was performed with the STAR aligner (Dobin et al., 2013) and quantification 

of transcript abundances in units of Transcript Per Million (TPM) units was performed with 

MMSEQ (Turro et al., 2011). Differential expression analysis between the genotypes was 
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performed with MMDIFF (Turro et al., 2014). A threshold for confidence was set to exclude 

genes with fewer than 50 average reads, and resultant fold change of gene expression was 

determined relative to control littermates. Pathway analyses were completed using Ingenuity 

Pathway Analysis (IPA; Qiagen) version 46901286. Top pathways were visualized for 

expression differences and consistency among transcripts that were up- or down-regulated.

RNAseq data were validated with RT-PCR using a separate cohort of four control and four 

mutant mice. Male and female mice were aged at 9 months and showing signs of pathology. 

Cortices were again dissected frozen to look for upregulation and confirmation of highly 

changed genes detected by RNAseq. RNA was extracted using RNeasy isolation kits 

(Qiagen, Germantown, MD) and single stranded cDNA was generated using the High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher). cDNA was diluted and 

expression of Cst7 (forward GGAGCTGTACTTGCCGAGC; reverse 

CATGGGTGTCAGAAGTTAGGC), Ctsc (forward CAACTGCACCTACCCTGATCT; reverse 

TAAAATGCCCGGAATTGCCCA), MhcII (forward AGCCCCATCACTGTGGAGT; reverse 

GATGCCGCTCAACATCTTGC), Iba1 (forward ATCAACAAGCAATTCCTCGATGA; reverse 

CAGCATTCGCTTCAAGGACATA), Cd68 (forward TGTCTGATCTTGCTAGGACCG; reverse 

GAGAGTAACGGCCTTTTTGTGA), and Ppia forward GAGCTGTTTGCAGACAAAGTTC; reverse 

CCCTGGCACATGAATCCTGG) were measured using a BioRad CFX384 system. Results were 

quantified using the 2−ΔΔCT method, standardized to Ppia and normalized to control 

expression.

Data Analysis

Behavioral and histological analyses were analyzed by two-way ANOVA with genotype and 

time as factors. EM and rt-pcr results were averaged by group and compared by student’s t-

test. For RNAseq expression data, fold-change and significance were calculated relative to 

control expression using MMDIFF. Pathway significance was determined by IPA. Statistics 

were completed using SPSS version 25. Graphs are depicted as means ± standard error of 

the mean (SEM) and findings were considered significant when p ≤ 0.05.

Results

CamKII-Dars2 KO mice show increased activity and brain atrophy by 6 months of age

Analysis of open field activity revealed a significant increase of overall activity in CamKII-

Dars2 KO mice compared to littermate controls (Figure 1A; main effect: genotype, F1,212 = 

207.35, p < 0.0001; age, F15,212 = 8.52, p < 0.0001). Sidak’s correction for multiple 

comparisons demonstrated significant differences between control and KO total distance 

traveled beginning at 22 weeks (p < 0.05) and continuing throughout the duration of testing. 

Rearing behavior was also increased in CamKII-Dars2 KO mice (main effect of genotype, 

F1,212 = 71.430, p < 0.0001; data not shown); however, time in center of the open field was 

indifferent between groups. CamKII-Dars2 KO mice showed significantly increased body 

mass until 22 weeks of life when they fail to maintain the same trajectory and begin to 

resemble littermate control mice (main effect of genotype, F1,404 = 15.14, p < 0.001; Figure 

1B).
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Brain area as assessed by high resolution T2 (Figure 2A) showed significant atrophy in 

CamkII-Dars2 KO mice (main effect of genotype, F1,11 = 9.64, p < 0.01) beginning at six 

months of age and progressing by nine months of age (Figure 2B, C). At nine months, the 

third and lateral ventricles are markedly enlarged, with most tissue loss occurring in the 

hippocampus and cortex. Cerebellum appeared normal.

Histological analysis shows significant neuroinflammation

Measurements of cortical atrophy from histological sections were consistent with MRI data 

and showed cortical thickness reduction and ventricle enlargement in an age-dependent 

manner. Cortical thickness appeared normal at five months of age; however, as expected, 

CamkII-Dars2 KO mice have approximately half the cortical thickness of their littermate 

controls at nine months of age (main effect of: genotype F1,10 = 25.51, p < 0.0001, age F1,10 

= 18.79, p < 0.0001; post hoc nine-month control vs mutant, p < 0.0001; Figure 3A, B). 

Similar to changes to cortical thickness, corpus callosum thickness was reduced by nine 

months of age (p = 0.08; Figure 3C). In the cortex, the number of IBA1+ cells was 

significantly increased (main effect of genotype F1,7 = 6.406, p < 0.05; Figure 3D) and the 

mean area of these cells was reduced, suggesting fewer/shorter processes and an activated 

state (main effect of genotype F1,7 = 8.081, p < 0.05; post hoc nine month control vs mutant 

p < 0.05; Figure 3E). Consistent with neuroinflammation, IBA+ microglial cells in 9 mo old 

mutant mice show greater expression of CD68, a protein highly expressed in activated 

microglia (Figure 3F, G). Lastly, density of neurons with the hippocampus was markedly 

decreased as thinning of the pyramidal neurons of the CA1 and granule cells of the dentate 

gyrus is apparent. Within the cortex, neuronal loss is apparent throughout all cortical layers 

with nearly complete loss in cortical layer IV (Supplemental Figure 1), a loss occurring 

despite reports of a nonuniformed distribution of CamKIIα positive cells within mouse 

cortical layers (Wang et al., 2013).

Corpus callosum thickness is reduced but axons show increased mitochondrial number

Similar to reductions in cortical thickness, corpus callosum thickness at midline showed a 

similar pattern of reduction (Figure 3C; p > 0.05). Fluoromyelin red staining of corpus 

callosum in mice showed increased intensity of dye in mutant mice, suggesting increased 

density of myelin despite slight reductions in overall thickness (p < 0.05; Figure 4A, B). EM 

analysis of fibers within the corpus callosum (Figures 4C–F) showed increased myelin 

thickness (Figure 4G; t(5) = 3.19, p < 0.05) and increased axonal area (Figure 4H; t(5) = 

3.89, p < 0.05) at nine months of age, resulting in no difference in g-ratio between control 

(0.73 ± 0.003 SEM) and mutant mice (0.74 ± 0.03 SEM). Interestingly, although 

mitochondrial cristae appeared normal and mitochondrial area did not differ between control 

and mutant groups (Figure 4I; t(5) = 0.13, p > 0.05), on average, there was a greater number 

of mitochondria per axon in mutant mice compared to littermate controls (Figure 4J; t(5) = 

5.71, p < 0.01), suggesting an increase in mitochondrial biogenesis, likely as a compensatory 

mechanism to increased respiratory deficiency.

RNA-seq data confirms increased inflammatory profile in CamKII-Dars2 KO mice

To identify changes in gene expression that precede the appearance of neurological and 

behavioral deficits in CamKII-Dars2 KO mice, we performed RNA-seq on cortex from 
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control and mutant mice at 16 weeks of age. A total of 20,997 genes were identified in 

control and mutant mice. Of those, roughly 10% (2,058 total transcripts) were significantly 

enriched in mutant mice relative to their expression in littermate controls after comparing 

group fold changes by t-test. Analysis of these enriched genes using IPA revealed several 

canonical pathways to be significantly altered (see supplemental tables for a full list of the 

affected canonical pathways, Table 1; diseases and functions, Table 2; upstream regulators, 

Table 3; KEGG Pathway map of Cellular Adhesion Molecules, Supplemental Figure 2). Of 

these, several themes of biological significance emerged, including canonical pathways of 

immune regulation (chemokine, Il-1, Il-2, Il-3, Il-8, B-cell receptor, and T-cell receptor 

signaling), regulation of translation (assembly of RNA polymerase II complexes, EIF2 

signaling, and regulation of eIF4 and p70S6k signaling), cell signaling (netrin, neuregulin, 

mTOR, CREB, ERK5, ERK/MAPK, PPARa, and IGF-1 signaling), and cell stress pathways 

(ER Stress pathway, unfolded protein response, NRF2-mediated oxidative stress response, 

oxphos, ROS in macrophages, mitochondrial dysfunction pathways). These data were 

further confirmed and visualized by mapping the top differentially expressed genes using 

iDEP.90 (Figure 5; Ge, Son, and Yao 2018).

Investigation into cell stress pathways at this time point implicate activation of the integrated 

stress response (ISR), a gene signature previously implicated in conditional deletion of mt-

aaRS (Agnew et al., 2018; Dogan et al., 2014; Wong et al., 2019). Transcripts significantly 

altered within our dataset include Asns 1.66 log2 fold change, p = 0.02; Atf5 1.39 log2FC, p 
= 0.04; Chac1 2.52 log2FC, p < 0.01; Ddit3 1.91 log2FC, p = 0.01; Pck2 2.07 log2FC, p < 

0.01; Sesn2 2.13 log2FC, p < 0.01; Shmt2 2.62 log2FC, p < 0.01; Trib3 1.81 log2FC, p = 

0.02; and Eif2ak1 2.79 log2FC, p < 0.01. Interestingly, transcripts related to respiratory 

chain complexes I (Nduf family) and IV (Mt-co1; Cox family) noted in previous models 

remain largely unchanged.

Finally, to better understand the underlying significance of the transcriptomic changes 

observed, we conducted the identical analysis on differentially expressed genes that were 

increased or decreased 2- or more fold. IPA analysis of this smaller subset confirms that the 

majority of these transcripts are involved in immune activation and regulation, with the top 5 

altered canonical pathways being the complement system, acute phase response signaling, 

antigen presentation, T helper cell differentiation, and role of pattern recognition receptors. 

Among the transcripts involved in these pathways, the most abundantly changed with a 228-

fold increase was Cystatin F (Cst7; log2 fold change of 7.284), and its major target, 

cathepsin C (Ctsc; 1.84 log2FC). Integrin alpha-X (Itgax; 6.17 log2FC), and interferon 

family genes (Ifi44, Ifi27l2a, Ifit1, Ifit3, and Ifitm3, increased 5.12-, 4.90-, 4.25-, 2.96-, and 

2.83 log2FC, respectively) were among the next highly altered transcripts. Cst7, a protease 

inhibitor which plays a role in immune regulation in disease states, was followed up and 

examined in relation to close interactors, including Rac2 (2.22 log2FC, p = 0.03), Ptprc 
(3.62 log2FC, p = 0.01), cathepsin S (Ctss, 1.87 log2FC, p < 0.001), and Cebpa (1.78 

log2FC, p = 0.04), a known transcription factor controlling Cst7 (Dautović et al., 2018).

RT-PCR expression of certain targets including Cst7, Ctsc, MhcII, Iba1, and Cd68 were 

tested in a separate group of nine-month old mice. Results confirmed the findings from 

RNAseq and showed increased expression of each gene (Figure 6; Cst7, 9.92-fold increase, 
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p < 0.01; Ctsc, 2.92-fold increase, p < 0.01; MhcII, 3.46-fold increase, p < 0.05 ; Iba1, 2.43-

fold increase, p < 0.01; Cd68, 3.94-fold increase, p < 0.01) confirming activation in the 

cortex both at early and late time-points.

Discussion

In mouse, the selective deletion of Dars2 in CamKII neurons results in a severe and 

progressive phenotype which includes hyperactivity, concurrent atrophy of cortical tissues, 

and increased presence and activation of microglial cells. Previous work in a similar mouse 

model (models differ in generation of CamKIIα-Cre line; see Xu et al., 2000) show cortical 

and hippocampal morphological changes occur as early as 20 weeks of age (Aradjanski et 

al., 2017), with atrophy emanating from the second and third cortical layers and progressing 

to encompass much of the cortex and hippocampus by the time points assessed within our 

experiments. Furthermore, selective Dars2 deletion from cardiac tissues results in impaired 

mitochondrial proteostasis and very early activation of the mitochondrial unfolded protein 

response (UPRmt) (Dogan et al., 2014). These early cellular precursors indicate processes 

which could be causal for the progressive and severe dysfunction in the mouse model at the 

ages assessed herein. Interestingly, in our hands, cortical atrophy progressed similarly, 

condensing all cortical layers leaving layer IV largely absent. Corpus callosum thickness 

was also significantly reduced likely as a result of neuronal and axonal death, and although 

myelinated fibers appeared more dense, integrity of the myelin was normal. Examination of 

mitochondrion by EM during the peak of behavioral disruption and microglial activation 

reveals an increased number of these precisely regulated organelles in mutant mice and 

suggests compensatory mechanisms for energy production; however, in contrast also reveals 

healthy appearing cristae and microstructure indifferent from control mice.

Misalignment between the severity of phenotype, inflammatory activation, and normal 

mitochondrial appearance during peak dysfunction and the subtle mitochondrial 

impairments detected during disease early stages begged the examination of cortical gene 

expression at a timepoint preceding phenotype onset. Transcript analysis from the cortex of 

16-week-old mutant mice indicates gene expression changes relevant to activity of Atf4, a 

transcription factor involved in the ISR, which has been reported to be induced in various 

models of mitochondrial dysfunction (Kasai et al., 2019; Quirós et al., 2017) including 

mouse models of mitochondrial aaRS deficiency (Agnew et al., 2018; Dogan et al., 2014). 

Concurrent with activation of the ISR was the activation of several inflammatory pathways, 

including the innate immune response, immune effector processes, and cytokine production 

and regulation. Cell stress pathways such as the ISR or the cGAS-cGAMP-STING pathway, 

which triggers innate immune activation upon detection of cytosolic DNA or DNA damage, 

are both potential mechanisms by which inflammatory activity may precede and contribute 

to neurodegeneration (Bader and Winklhofer, 2019; Li and Chen, 2018).

Interestingly, of the upregulated transcripts in CamKII-Dars2 KO mice, Cystatin F (Cst7 or 

CysF), a papain-like lysosomal cysteine proteinase inhibitor reportedly induced in the CNS 

during active demyelination or remyelination (Ma et al., 2011), shows an over 200-fold 

increase of expression in Dars2 mutant mice prior to gross changes in brain morphology. 

This potent endogenous cysteine protease inhibitor is not normally expressed in the healthy 
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brain, but is greatly upregulated primarily in activated microglia in the diseased brain (Duan 

et al., 2018; Kos et al., 2018; Ma et al., 2011; Shimizu et al., 2017). Several recent studies 

point to the role of Cst7 as a master regulator of immune activity and immune cell 

cytotoxicity through its interactions with cathepsins, namely cathepsin C (Ctsc), a lysosomal 

cysteine protease also shown to be linked to inflammatory regulation during demyelination 

(Dautović et al., 2018; Duan et al., 2018, 2012; Kos et al., 2018; Wisessmith et al., 2018).

Microglial expression of Cst7 and overlap of these cells in areas of active demyelination/

remyelination have been confirmed across several models, and indeed functional roles of the 

gene have been associated with white matter lesions in cerebral hypoperfusion mice (Duan 

et al., 2012), cuprizone-induced demyelinating mouse models (Liang et al., 2016), mouse 

models of multiple sclerosis (MS) (Ma et al., 2011; Shimizu et al., 2017; Wlodarczyk et al., 

2017), and human MS patients (Hendrickx et al., 2017). Full deletion of Cst7 in knock out 

mouse models has resulted in worsened demyelination following cuprizone administration 

(Liang et al., 2016) potentially due to lost immune regulation by cathepsin C. One known 

activator of Cst7, C/ebp α, is a transcription factor of the CCAAT enhancer binding protein 

family essential for the development and differentiation of myeloid cells (Dautović et al., 

2018). Studies of C/ebp α show Cst7 to play a role in myeloid differentiation, as expression 

levels change with differentiation status (Dautović et al., 2018); however, although 

upregulated nearly 3-fold, the implications of increased C/ebp α in our model are unclear.

Importantly, we observe a highly increased expression of Ctsc in CamKII-Dars2 KO mice. 

Cathepsin C, present in healthy neurons, is increased during neuroinflammation and plays an 

integral role in the activity and regulation of T-lymphocytes (Kos et al., 2018; Stoka et al., 

2016). Characteristic T cell-mediated neuroinflammation leading to demyelination, axonal 

loss, and brain atrophy in chronic neurodegeneration (such as MS) requires cognate antigen 

exposure likely through MHC class II expressing dendritic cells (Mundt et al., 2019; 

Schetters et al., 2018). Interactions of MHCII expressing microglial cells with infiltrating T 

cells have been demonstrated and implicated in neurodegeneration within Parkinson’s, 

Alzheimer’s, and EAE mouse models in addition to human Parkinson’s and Alzheimer’s 

post-mortem brain tissue (Schetters et al., 2018). Indeed, gene expression analysis 

demonstrates altered activation of several cell signaling and inflammatory pathways at 16 

weeks of age in mice lacking Dars2 in CamKII expressing neurons. Additionally, the most 

affected genes are predominantly involved in immune regulation including T cell activity, 

and antigen presentation. Interestingly, in addition to classical immune regulatory genes, 

C/ebp α, implicated as a regulator of Cst7, is also cited to be involved with inflammatory 

processing of the acute-phase response after injury or infection (Burgess-Beusse and 

Darlington, 1998; Walton et al., 1998). It is possible that deletion of Dars2 in CamKII 

expressing neurons in our model may lead to disruptions of neuronal homeostasis, chronic 

activation of neighboring microglial cells, and progressively altered CNS-immune 

interactions.

Within cortical tissue of CamKII-Dars2 KO mice, several transcripts relevant to Atf4 
activation were altered despite little disruption of other mitochondrial genes or evidence of 

morphological changes to mitochondria. DARS2 plays an important role in the translation of 

mitochondrial proteins, however several studies have shown limited effects on respiratory 
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chain complexes and mitochondrial function as a result of DARS2 mutations (Dogan et al., 

2014; Scheper et al., 2007). Conditional deletion of Dars2 in mouse heart and skeletal 

muscle has shown progressive decreases in steady state and activity of respiratory chain 

complexes at 6-weeks of age which are preceded by changes characteristic of endoplasmic 

reticulum (ER) stress responses (Dogan et al., 2014). In this same model, elevations of Atf5, 

a transcription factor that is translationally and transcriptionally upregulated during 

activation of the ISR, is detectable in knock-out mice as early as one week old (Dogan et al., 

2014). Furthermore, Agnew et al (2018) report tissue specific complex I deficiency and Atf5 
activation along with activation of the ISR, independent of mt-UPR, in mice carrying 

homozygous hypomorphic mutations in Wars2. In agreement with both models, our RNAseq 

analyses of cortical mouse tissue shows a two-fold increase in Atf5 expression, which 

regulates protein homeostasis. In contrast, no changes to other major ISR regulators 

Ppp1r15a, Eif2ak4, or Eif2ak3 are detected, which may be reflective of time of assessment, 

disagreement between gene expression and protein activity, and/or other mechanisms.

Together, gene expression data along with neuropathological and behavioral evidence 

support a severe inflammatory mechanism underlying the observed cortical cell loss. At 16 

weeks, decreased transcript expression of synaptic organization and signaling in mutant 

mice likely reflects the early neuronal dysfunction which precedes significant neuronal loss 

throughout the cerebral cortex. Inflammatory mechanisms and the activation of microglial 

cells are known contributors to axonal damage and myelin loss, often accompanied by an 

increase in GFAP positive astrocytes – a pattern well characterized in mouse experimental 

autoimmune encephalomyelitis (EAE) models (Cassiani-Ingoni et al., 2006). Although the 

pathology of EAE models is triggered by immune activation, deletion of Dars2 from 

CamKII neurons in our mouse model may result in a similar sequela and Aradjanski et al 

(2017) show microglial activation and astrogliosis precedes loss of cortical and hippocampal 

neurons. Finally, while there is a lack of evidence of major mitochondrial dysfunction as 

assessed morphologically and through gene expression analysis at these time points, further 

assessments of mitochondria in the CamKII-Dars2 KO mice are needed to more fully 

elucidate the role of Dars2 on mitochondrial function and mitochondrial protein translational 

machinery. The slow-yet-progressive neurodegenerative pathways may be fueled by 

disrupted homeostasis and uncontrolled immune processes within the CNS with possible 

contributions from activated cell stress pathways. The interactions of this system in our 

model are likely complex, and indeed both direct activation of inflammatory factors by the 

ISR (Deng et al., 2004) as well as adaptive and innate inflammatory contributions to ISR 

activity have been noted (Scheu et al., 2006; Tauber and Parker, 2019)

Conclusions

To date, studies of LBSL describe case reports of brain pathology and corresponding 

symptomology, or patient-derived cell line function (DARS2 production or splice 

efficiency). Mutation heterozygosity and overall lack of post-mortem tissue blur our ability 

to decipher variant contributions or effects on mixed cell populations. Further, as these 

reports have demonstrated, patient cells produce decreased but sufficient amounts of DARS2 
protein and mutations most commonly affect residues conserved amongst mammals only, 

leading some to suggest pathology of LBSL to stem from dysfunction of non-canonical 

Nemeth et al. Page 10

Exp Neurol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



functions of the enzyme (Ognjenović and Simonović, 2017; Simons et al., 2015; van Berge 

et al., 2012; van Berge et al., 2014). Alternatively, the activation of cell stress pathways and 

the crosstalk with inflammatory systems may link with the reported episodic worsening of 

symptoms in some patients with LBSL following immune challenges. While it is recognized 

that conditional mouse models such as described here do not fully recapitulate the human 

condition, as Dars2 deficiency is limited to hippocampal and cortical neurons, mechanisms 

triggered by this deficiency may be shared and may help to elucidate pathways contributing 

to the slow and progressive dysfunction. These models may still serve as viable testbeds for 

potential therapeutics while exploring similar endpoints in other cell-specific models and/or 

patient-derived cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Neuronal deletion of Dars2 in mice results in a slow and progressive 

neurodegeneration

• Dars2 induced degeneration is preceded by activation of several immune 

pathways

• Neuronal Dars2 deletion in mice may be a useful model in which to test 

therapeutics targeting the pediatric leukodystrophy, LBSL
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Figure 1: 
(A) Control and CamKII-Dars2 (mutant mice; n = 12 each group) were assessed in a 10-

minute open-field every two weeks beginning at PND50. By 22 weeks of age, mutant mice 

show increased activity over 10 minutes and this pattern continues until testing was ceased at 

34 weeks (p < 0.05). (B) Control and mutant body mass was measured every week 

beginning at 8 weeks of age and CamKII-Dars2 mice show increased body mass compared 

to control mice for most of life (main effect of genotype, p < 0.05).
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Figure 2: 
(A) T2 weighted MRIs were taken of a subset of control and CamKII-Dars2 mice at 

approximately six and nine months of age (control 6 month n = 5, 9 month, n = 2; mutant 

mice 6 month n = 3, 9 month n = 5). (B) Quantification of brain area reveals reductions of 

total area by six months of age which progresses by nine months of age (main effect of 

genotype, p < 0.05). (C) Photograph images of saline perfused brains are shown.
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Figure 3: 
(A) Histological staining of control and CamKII-Dars2 (mutant) mice are shown with 

microglial cells stained with IBA1 (green) and nuclei with DAPI (blue). (B) Quantification 

of cortical thickness reveals significant reductions of midline thickness at nine months of age 

(p < 0.05). (C) Corpus callosum thickness also shows reductions by nine months of age 

(main effect of genotype; p = 0.08). (D) Count of IBA1+ microglial cells within the cortex 

shows upregulations at both five and nine months of age (main effect of age, p < 0.05). (E) 

The average area of individual microglial cells is reduced by nine months of age, signifying 

reduced processes and an activated state (p < 0.05). (F) Histological staining of control and 

mutant (G) IBA1+ microglia (green) stained with CD68 (red), a marker of microglial 

activation. Histology was assessed in 9 month old mice from behavior study (n = 12 for 
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each); 5 month old control (n = 4) and mutant (n = 6 mice) were added for comparison. 

Scale bar indicates 20 μm.
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Figure 4: 
(A) Fluromyelin Red staining of control and mutant corpus callosum shows more dense 

myelin in mutant samples; quantification in B. Scale bar represents 500 μm. Electron 

microscopy of control (C,E; n = 4) and CamKII-Dars2 (D,F; mutant, n = 3) mice was done 

at nine months of age when significant behavioral and morphological changes are evident. 

Quantification within the corpus callosum shows increased myelin thickness in mutant mice 

(G; p < 0.05) as well as increased axonal area (H; p < 0.05). Although mitochondrial area 

was not different (I; p > 0.05), the average number of mitochondria per axon were increased 

in mutant mice compared to littermate controls (J; p < 0.05).
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Figure 5: 
Evaluation of differentially expressed genes show numerous altered pathways in the GO 

biological process domain GO terms and their associated adjusted p-value are shown.
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Figure 6: 
Upregulated genes as measured by RNAseq were confirmed in a separate cohort of 9-month 

old mice using RT-PCR (n = 4 each group). At this time point, increases were confirmed for 

Cst7 (A; 9.92-fold increase, p < 0.01), Ctsc (B; 2.92-fold increase, p < 0.01). MhcII (C; 

3.46-fold increase, p < 0.05), Iba1 (D; 2.43-fold increase, p < 0.01) and Cd68 (E; 3.94-fold 

increase, p < 0.01).
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