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A B S T R A C T   

The Ndufs4 knockout (KO) mouse is a validated and robust preclinical model of mitochondrial diseases (spe
cifically Leigh syndrome), that displays a narrow window of relative phenotypical normality, despite its inherent 
mitochondrial complex I dysfunction and severe phenotype. Preclinical observations related to psychiatric 
comorbidities that arise in patients with mitochondrial diseases and indeed in Leigh syndrome are, however, yet 
to be investigated in this model. Strengthening this narrative is the fact that major depression and bipolar dis
order are known to present with deficits in mitochondrial function. We therefore screened the behavioural profile 
of male and female Ndufs4 KO mice (relative to heterozygous; HET and wildtype; WT mice) between postnatal 
days 28 and 35 for locomotor, depressive- and anxiety-like alterations and linked it with selected brain bio
markers, viz. serotonin, kynurenine, and redox status in brain areas relevant to psychiatric pathologies (i.e., 
prefrontal cortex, hippocampus, and striatum). The Ndufs4 KO mice initially displayed depressive-like behaviour 
in the tail suspension test on PND31 but not on PND35 in the forced swim test. In the mirror box test, increased 
risk resilience was observed. Serotonin levels of KO mice, compared to HET controls, were increased on PND36, 
together with increased tryptophan to serotonin and kynurenine turnover. Kynurenine to kynurenic acid turn
over was however decreased, while reduced versus oxidized glutathione ratio (GSH/GSSG) was increased. When 
considering the comorbid psychiatric traits of patients with mitochondrial disorders, this work elaborates on the 
neuropsychiatric profile of the Ndufs KO mouse. Secondly, despite locomotor differences, Ndufs4 KO mice present 
with a behavioural profile not unlike rodent models of bipolar disorder, namely variable mood states and risk- 
taking behaviour. The model may elucidate the bio-energetic mechanisms underlying mood disorders, especially 
in the presence of mitochondrial disease. Studies are however required to further validate the model’s trans
lational relevance.   

1.1. Introduction 

The Ndufs4− /− (knockout; KO) mouse lacks the NDUFS4 (NADH: 
ubiquinone oxidoreductase core subunit S4) mitochondrial subunit 
protein that is essential for the formation and function of mitochondrial 
complex I (Vogel et al., 2007; Zhao et al., 2019). Ablation of complex I 
adversely influences mitochondrial function and leads to detrimental 
downstream effects, such as increased neuroinflammation and oxidative 

stress (Liu et al., 2015). The Ndufs4 KO mouse is mostly used to study 
Leigh syndrome, a hereditary mitochondrial disease in young children 
(Van De Wal et al., 2022), characterized by symptoms such as psycho
motor arrest or regression, retarded growth, developmental delay, 
muscular hypotonia or dystonia, seizures, visual defects, cardiomyopa
thy, respiratory failure, and overall failure to thrive (Kruse et al., 2008). 
Similar to the clinical setting (Stenton et al., 2022), Ndufs4 KO mice also 
have a shortened life span (~50 days), compared to control animals 
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(Kruse et al., 2008). Until postnatal day 30 (PND30), Ndufs4 KO mice 
present with lowered body weight and core temperatures and decreased 
complex I activity (Calvaruso et al., 2012), despite having comparable 
muscle oxygen consumption and respiration rates (Breuer et al., 2012). 
From PND35, severe impairment in gait, together with decreased water 
and food intake, and progressive ataxia are observed (Van De Wal et al., 
2022). However, the suitability of the Ndufs4 KO mouse as a potential 
model to study mitochondrial dysfunction of relevance in psychiatric 
disorders, or the comorbid presentation of psychiatric disorders in 
mitochondrial diseases, have not yet been scrutinized. Interestingly, 
Ndufs4 KO mice present with a brief period between PND28 and 35, 
where little to no deleterious bio-behavioural deficits are evident (Kruse 
et al., 2008). This may represent a window wherein the role of sub- 
clinical mitochondrial dysfunction could be explored in terms of 
neuropsychiatric disorders. 

The understanding of mitochondrial dysfunction and its suspected 
role within psychiatric diseases have gained interest in recent years. 
Mitochondrial dysfunction can adversely influence neuronal function 
through direct and indirect pathways i.e., suboptimal energy produc
tion, altered kynurenine metabolism, redox stress, altered nitric-oxide 
synthase activity, increased apoptosis, and/or altered pyrimidine 
biosynthesis, fatty acid metabolism, calcium homeostasis and/or 
inflammation (Bustamante et al., 2007; Chen et al., 2007; Grace et al., 
2006; Missiroli et al., 2020; Murphy, 2018; Wajner and Amaral, 2016; 
Wallace, 2007). The first sign, and arguably the largest body of evidence 
for the involvement of the mitochondria within these pathologies, are 
increases in oxidative stress markers observed in psychiatric pathologies 
(Salim, 2014; Smaga et al., 2015). Mitochondria regulate the gluta
thione antioxidant defence system (Bjørklund et al., 2021) responsible 
for decreasing hydroxyl radicals, peroxynitrite, superoxide radicals and 
other reactive oxygen species, and which are increased during mito
chondrial dysfunction. 

Concerning mood disorders, mitochondrial dysfunction has been 
linked with dysregulated synaptic strength and cellular resilience in 
neural circuits, resulting in altered cognition and behaviour (Manji 
et al., 2012), as well as increased neuroinflammation and apoptotic 
cascades (Allen et al., 2018; Sharma and Akundi, 2019). Clinically, pa
tients with genetic mitochondrial disorders, such as mitochondrial epi
lepsy, encephalomyopathy (Fattal et al., 2007) and even 
neurodegenerative diseases such as multiple sclerosis (Boeschoten et al., 
2017; Patten et al., 2017; Solaro et al., 2018), have a higher incidence of 
depression and other psychiatric disorders, when compared to the 
general population (Morava et al., 2010; Rezin et al., 2009). That stress 
is strongly associated with the pathophysiology of psychiatric diseases, 
such as major depressive disorder (Bleys et al., 2018; LeMoult et al., 
2020), and adversely affect mitochondrial function, underlines the 
involvement of mitochondrial dysfunction in the etiopathology of 
depression. Chronic stress for instance, negatively affects electron 
transport chain functions, which is normalized by fluoxetine (Wen et al., 
2014). 

Rodent models are widely used to investigate mechanisms suspected 
to be involved in various psychopathologies. Some of the most popular 
models of anxiety, bipolar disorder, depression, and schizophrenia 
include the Flinders sensitive line rat (Chen et al., 2013), post-weaning 
social isolation rearing (Mncube and Harvey, 2022), stress-induced 
(Seewoo et al., 2020; Soares-Cunha et al., 2018; Wang et al., 2020), 
lipopolysaccharide-induced (Swanepoel et al., 2018; Wang et al., 2019) 
and olfactory bulbectomy (Avetisyan et al., 2016) models, which have 
been associated with mitochondrial dysfunction. Yet, these deficits are 
considered secondary constructs of the specific model. Pharmacologi
cally induced mitochondrial dysfunction via rotenone (Santiago et al., 
2010; Varga et al., 2021) and/or MPTP (1-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine) (Gorton et al., 2010; Santiago et al., 2010) induce 
decreased dopamine and serotonin levels with neuronal degradation, 
increased oxidative stress and altered calcium signalling (Balakrishnan 
et al., 2021; Gorton et al., 2010; Hu et al., 2016; Pan-Montojo et al., 

2010; Przedborski et al., 2000; Santiago et al., 2010; Swathi et al., 2013; 
von Wrangel et al., 2015), as well as behavioural profiles akin to 
schizophrenia (Varga et al., 2021), bipolar disorder (Damri et al., 2021), 
and major depressive disorder (Okano et al., 2019; Sharma and Akundi, 
2019). These behavioural changes are also attenuated by haloperidol 
(Varga et al., 2021), lithium (Damri et al., 2021), venlafaxine (Sharma 
et al., 2016), sertraline (Sharma et al., 2016), selegiline (Okano et al., 
2019), and pramipexole (Okano et al., 2019), further strengthening an 
argument for deficient bio-energetic systems in these 
psychopathologies. 

Considered together, animal models that have mitochondrial 
dysfunction as an underlying construct may shed light on the role of 
dysfunctional bio-energetic systems in the aetiology of mood disorders 
or the co-presentation thereof in mitochondrial diseases [48]. It is worth 
noting that the Ndufs4 mice are generally used for neurodegenerative 
and mitochondrial disease research and could therefore provide the link 
between mitochondrial dysfunction and mood disorders within the same 
construct (van Rensburg et al., 2022). 

The current study therefore explored the neuropsychiatric bio- 
behavioural profile of the Ndufs4 KO mouse and compared it to the 
Ndufs4+/+ (wildtype; WT) and heterozygous (HET; Ndufs4+/− ) coun
terparts during the asymptomatic PND28–35 window. We therefore 
aimed to determine whether behavioural and neurochemical parame
ters, relevant for depression, differed across these genotypes prior to the 
onset of overt behavioural changes (PND 36 onwards). Ndufs4 KO were 
therefore screened with behavioural tests focusing on depressive and 
anxiety-like constructs, while an array of neurochemical markers asso
ciated with depression and mitochondrial function were measured. We 
hypothesized that the Ndufs4 KO mouse would present with increased 
anxiety- and depressive-like behaviour, together with decreased brain 
serotonin, tryptophan, and increased kynurenine and quinolinic acid 
synthesis. Furthermore, regional brain reduced (GSH) and oxidized 
(GSSG) glutathione would be dysregulated more prominently in Ndufs4 
KO mice. 

1.2. Materials and methods 

1.2.1. Experimental layout 

Animals were divided into the different genotype cohorts, WT (n =
12), HET (n = 12) and KO (n = 11), containing an even number of males 
and females. As summarized in Fig. 1, behavioural testing started on 
PND28 and continued until PND35. Because genotyping could only be 
performed on PND21, behavioural testing was only introduced 
following a recovery and habituation time following genotyping (see 
below). Behavioural screening tests, for general locomotor activity 
(open field tests (PND28–30)), depressive-like behaviour (tail suspen
sion (PND31) and forced swim tests (PND35)), and anxiety-like/risk 
resilience behaviour (elevated plus maze (PND33) and mirror box test 
(PND34)) were included. The tests were performed form least to most 
stressful and performed before the onset of the mentioned detrimental 
behavioural deficits. On PND36, animals were euthanized by decapita
tion, whereafter brain areas (hippocampus, prefrontal cortex, and 
striatum) were removed and stored at − 80 ◦C for neurochemical ana
lyses. Due to a malfunction during neurochemical analysis, some sam
ples of each cohort were lost and consequently decreased the group sizes 
(groups sizes are indicated in the respective figures as individual data 
points). 

1.2.2. Animals and housing 

Male and female mice (aged 21 days at the onset of the experimen
tation) were randomly selected from the housing colony at the DSI/ 
NWU Vivarium (SAVC reg. no. FR15/13458; AALAC accreditation in
ternational file #1717) of the NWU, RSA. Before experimentation 
commenced, all animals were group-housed in same sex cages [35 (l) ×
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20 (w) × 13 (h) cm; Techniplast® S.P.A., Varese, ITA; four to six animals 
per cage]. Cages were automatically climate-controlled at a temperature 
of 23 ◦C and a relative humidity of 50 %, with paper towel and a small 
white polyvinyl chloride pipe [10 (l); 4 (Ø) cm] as environmental 
enrichment. A normal 12-h light/dark cycle (lights on at 06:00, off at 
18:00) was used, with food and water provided ad libitum throughout 
the investigation period. The animal’s weight and food intake were 
measured daily during the light cycle. Cages were cleaned, and fresh 
corncob supplied weekly between 08:00 and 10:00. 

1.2.3. Genotyping 

As previously described by Terburgh et al. (2019), DNA was isolated 
according to manufacturer instructions using the Zymo Research Quick- 
DNA™ Miniprep Plus kit (Inqaba Biotec, #D4068). The isolated DNA 
was quantified using a NanoDrop One Microvolume UV–Vis spectrom
eter (Thermo Fisher Scientific). A PCR reaction was performed to 
confirm deletion of exon 2 of NDUFS4 using specific forward (5′- 
AGCCTGTTCTCATACCTCGG-3′) and reverse (5′-TTGTGCTTA
CAGGTTCAAAGTGA-3′) primers (0.5 μM each) designed for the NDUFS4 
gene, along with 1× Phire Tissue Direct PCR Mastermix (Thermo Fisher 
Scientific, #F-170L), nuclease-free water and 25 ng DNA. Thermal 
cycling conditions consisted of an activation step at 98 ◦C for 5 min 
followed by 34 cycles of 98 ◦C for 5 s, 57.3 ◦C for 5 s and 72 ◦C for 20 s, 
with final isothermal step at 72 ◦C for 1 min. When analysing the DNA 
fragments, a 1229 bp band, indicated a WT (Ndufs4+/+), a 429 bp band a 
homozygote (Ndufs4− /− ; KO), and the presence of both bands indicated 
a HET (Ndufs4+/− ). From in-house experience, a yield of 25 % (KO), 50 
% (HET) and 25 % (WT) could be expected. 

1.2.4. Behavioural testing 

Behavioural testing was performed between PND28 and 35 and 
included the open field and tail suspension tests (PND28 to 31), elevated 
plus maze (PND33), mirror box test (PND34) and forced swim test 
(PND35) during the dark cycle (i.e., after 19:00) of the animals. 
Repeating the same test (for depressive-like behaviour) was avoided to 
ensure that the mice did not habituate during the first test and impact 
consequent analyses. Moreover, because of the uncertainty of whether 
the KO mice would be able to take part in (and survive) the forced swim 

test, largely because of their documented decline in locomotor activity, 
this test was only performed towards the end of the study. Behaviour 
was analysed by automated software (Ethovision XT14; Noldus Infor
mation Technology BV, Wageningen, NLD). For the manually scored 
behavioural tests (tail suspension and forced swim), the analysing 
researcher was blinded to the experimental groups to minimize research 
bias, with behavioural scoring done with a continuous timer (FST 
Scoreboard 2.0 software, NWU, RSA) (Steyn et al., 2020). 

1.2.5. Open field test 

The open field test is typically conducted to measure inherent loco
motor ability preceding the forced swim test. In the case of the Ndufs4 
mouse model, special consideration was afforded to locomotor ability, 
as significant decreases in the gait analyses of the genotype have pre
viously been reported (Van De Wal et al., 2022). Such decreased loco
motion could confound test outcomes, specifically in the forced swim 
test. Consequently, the open field test was performed over three 
consecutive days (PND28 to 30) to determine baseline locomotor ac
tivity and whether this would show an accelerated or more pronounced 
decline in KO animals compared that of mice in the HET and WT groups. 
As previously described (Seibenhener and Wooten, 2015), mice were 
placed in the centre of a 0.5 m2 black opaque arena and left to freely 
explore for 10 min, under dim red light. Total distance travelled was 
measured and interpreted as indication of general locomotor activity. 

1.2.6. Tail suspension test 

The tail suspension test is used to measure depressive-like behaviour 
(Cryan et al., 2005), and was performed according to previous reports 
(Castagné et al., 2011; Cryan et al., 2005) on PND31 in a custom made 
testing arena [50 (l) × 15 (w) × 30 (h) cm]. Briefly, on the day of testing, 
mice were suspended by their tails with adhesive tape, applied three- 
quarters of the distance from the base of the tail, from a suspension 
hook for 6 min under red light. To avoid injury, the suspension hook was 
forced through the adhesive tape as close as possible to the tail to ensure 
the animal hung with its tail in a straight line (Castagné et al., 2011). 
Behaviour was recorded with a camera mounted in front of the behav
ioural test, with the total time spent immobile recorded and interpreted 
as an indication of depressive-like behaviour. 

Fig. 1. Study layout summary. 
Male and female Ndufs4 mice were genotyped on PND21, whereafter their bio-behavioural profiles were screened between PND28 and 36 to determine their 
suitability for neuropsychiatric research. EPM: elevated plus maze; FST: forced swim test; HET: heterozygous; KO: knockout; MB: mirror box test; OFT: open field test; 
PND: postnatal day; TST: tail suspension test; WT: wild type. 
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1.2.7. Elevated plus maze 

The elevated plus maze is a validated model used to measure anxiety- 
like behaviour in rodents and consists of a black Plexiglas® plus shaped 
maze, with the platform elevated approximately 50 cm above the floor 
with two closed [35 (l) × 20 (w) × 10 (h) cm] and two open arms [35 (l) 
× 20 (w) cm]. To prevent animals from falling off, a 1 cm transparent 
Plexiglas® border is fixed along the borders of the open arms. On 
PND33, mice were placed in the centre of the maze, facing the open arm 
opposite the investigator, and allowed to freely explore for 5 min under 
red light (Regenass et al., 2018). Increased time spent in the closed arms 
is considered indicative of anxiety-like behaviour. In all instances, 
entrance into an arm was recorded when the centre point, as defined by 
the automated scoring program, entered the specific arm. The total 
distance moved was also used as a co-variant when analysing the forced 
swim test. 

1.2.8. Mirror box test 

The mirror box test is used to measure anxiety-like behaviour. The 
test was performed on PND34 under dim red light in a square Plexiglas® 
box [50 (l) × 50 (w) × 30 (h) cm] with an enclosed, dark chamber [17 (l) 
× 17 (w) × 30 (h) cm] in one corner (Wolmarans et al., 2022). A 25 cm2 

opening in the dark chamber allowed free and voluntary access to the 
larger arena, that consisted of a white Plexiglas® floor and mirrored 
walls to evoke anxiety and bolster the aversive character of the area. 
White floors and mirrors exacerbate the aversive nature of an open field 
arena (Carola et al., 2002; Crawley and Goodwin, 1980; Pich and 
Samanin, 1989; Smythe et al., 1996) and induce avoidance behaviour in 
mice (Fuss et al., 2013; Kliethermes et al., 2003; Reddy et al., 2011; Walf 
et al., 2009). On PND34, mice were placed on the dark-floored 
compartment of the open field and left to freely explore for 6 min. 
Digital video cameras above all arenas recorded behaviour with time 
spent in the mirrored and closed areas of the arena scored by the 
automated software. 

1.2.9. Forced swim test 

The forced swim test is widely-used screening test for depressive-like 
behaviour (Cryan et al., 2002). On PND35, animals were placed in an 
inescapable Perspex® cylinder (50 (h); 15 (ø) cm), filled with water at a 
temperature of 25 ± 1 ◦C for 6 min, with only the last 5 min used for 
analysis – similar to the methodology of Emmerzaal et al. (2020b). 
Behaviour was recorded by a camera mounted in front of the test arena. 
Time spent immobile (floating with no active movement or passive leg 
twitching except those movements necessary to keep the mouse’s head 
above water) was considered an indication of depressive-like behaviour. 
Following the test, mice were dried using paper towel and returned to 
their cages. 

1.2.10. Tissue collection, storage, and analysis 

On PND36, animals were euthanized via decapitation, according to 
approved procedures. Brain regions (hippocampus, prefrontal cortex, 
and striatum) were harvested and stored at − 80 ◦C. Brain areas were 
snap-frozen in liquid nitrogen and stored at − 80 ◦C. Each brain tissue 
sample was individually weighed prior to preparation. Hereafter, 250 μl 
of the internal standard solution, ethyl 4-hydroxy-2-quinolinecarboxy
late (EHQC), with a concentration of 100 μg/ml using a solvent mix of 
0.1 % formic acid in 100 % MeOH, was added to each brain sample. The 
mixtures were homogenized by sonication (twice for 12 s, at an ampli
tude of 14 μ; MSE ultrasonic disintegrator, Nuaillé, FRA); this is the 
preferred method to ensure cell rupture for small sample and homoge
nate volume sizes (Keller et al., 1976). The mixture was left on ice for 20 
min to complete protein precipitation and centrifuged at 20817 g for 20 
min at 4 ◦C. The supernatant was transferred to a HPLC sample vail. The 

analytical HPLC column used was a Venusil ASB C18 column (2.1 × 150 
mm, particle size 3 μm, purchased from Agela Technologies, Torrance, 
CA, USA). The Ultivo Triple Quadrupole LC/MS System, controlled by 
the MassHunter software from© Agilent Technologies, Inc. (Santa Clara, 
CA 95051 US) was used. A gradient mobile phase consisting of A: 0.1 % 
formic acid/HPLC grade water and B: 0.1 % formic acid/methanol was 
prepared. The MassHunter software program was then programmed to 
inject 1 μl of the prepared sample onto the LC-MS system for analysis. 

1.2.11. Power and statistical analyses 

Statistical analyses were performed in IBM® SPSS® Statistics 
(version 28) and Graphpad Prism® (version 10), assisted by Laerd Sta
tistics® (https://statistics.laerd.com). The initial power analysis was 
performed in G*Power® (version 3.1; Universität Kiel, GER). Briefly, an 
A priori test (ANCOVA: Fixed effects, omnibus, one-way), set at an effect 
size of 0.4, 0.05 α error probability, and 0.8 power, suggested 18 animals 
per group. However, in line with literature (Emmerzaal et al., 2020a; 
Emmerzaal et al., 2020b; Lindeque et al., 2018; Miller et al., 2021) a 
consequent sensitivity analysis supported twelve animals per group. 

All data sets were screened for outliers (Grubbs’ test with α = 0.05 
accepted as significant) and tested for normality of distribution with the 
Shapiro-Wilk test. Identified outliers were reported in the legend of each 
data set. Of note, sex was not hypothesized to play a significant role in 
the outcome of the measured parameters, due to the juvenile age of the 
mice. Still, data sets are presented as individual data points, representing 
both sexes, and were visually inspected for obvious sexual differences. 
Regardless, appropriate statistical analyses that consider sex as an 
influential factor, are available as Supplementary data. 

Consequently, a one-way Welch (with Dunnett’s T3 post-hoc test) 
ANOVA (analysis of variances) was used to analyse group differences 
between genotypes, whereas a Kruskal-Wallis H-test (with Dunn’s post- 
hoc test) was performed in instances where the assumption for normality 
of distribution was not true (indicated as X2). To control for the influ
ence of locomotor activity on behaviour (i.e., in the case of the tail 
suspension and forced swim tests), a one-way ANCOVA (analysis of co- 
variance) was performed with average distance moved used as the co- 
variant for time spent immobile. In all instances, significance was 
accepted as p < 0.05. Finally, all statistical analyses were followed up 
with effect magnitude calculations (Cumming, 2014; Lakens, 2013) that 
strengthen reported statistical differences (Cohen, 2013). The eta (η2) 
and partial eta squared (ηp

2), and unbiased Cohen’s d (dunb) values were 
used to quantify the effect magnitude of overall and intergroup differ
ences, respectively (Du Sert et al., 2020). Large effect sizes were 
accepted as η2 ≥ 0.14 (Ellis, 2010) and dunb ≥ 0.8 (Sullivan and Feinn, 
2012). All effect magnitude calculations were performed in Exploratory 
Software for Confidence Intervals (Cumming, 2014). 

1.3. Results 

1.3.1. Body weight 

Although the regression lines of the weight gain rate (Fig. 2A) 
deviated significantly from a zero slope (p ≤ 0.0005) for all three ge
notypes, there were no statistically significant differences between these 
three slopes (F2, 506 = 0.48, p = 0.62). Still, the KO cohort, on average 
weighed less than the HET and WT genotypes, evident by the difference 
in elevation of the regression lines (F2, 508 = 204, p ≤ 0.0005) and 
continuous lower mean values. 

1.3.2. Open field test 

As summarized in Table 1, there were statistical differences between 
the genotype groups (F2, 20.6 = 5.24, p = 0.01; η2 = 0.2 [0.1; 0.4]) in 
Trial 1, with the KO animals covering less distance than both the HET (p 
= 0.03; dunb = 1.1 [0.3; 2.1]) and WT animals (p = 0.03; dunb = 1.1 [0.3; 
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2.1]). In Trial 2 (F2, 20.1 = 4.18, p = 0.03; η2 = 0.2 [0.0; 0.4]), KO mice 
only differed from HET mice (p = 0.05; dunb = 1.0 [0.2; 2.0]). Similarly, 
in Trial 3 (F2, 18.5 = 7.78, p = 0.004; η2 = 0.2 [0.01; 0.4]), KO animals 
covered less distance only in relation to HET (p = 0.01; dunb = 1.4 [0.5; 
2.4]). 

In Fig. 2B, despite the slope of the regression line (not shown) of the 
KO group deviating significantly from zero (F1, 1 = 1025, p = 0.02), the 
slopes of all three regression lines were comparable (F2, 3 = 2.68, p =
0.22); allowing for a pooled regression line (irrespective of genotype) to 
be calculated (y = − 217× + 3726). Moreover, when comparing the 
mean distance moved across all three trials (Table 1), significant dif
ferences were observed (F2, 18.9 = 10.3, p < 0.001; η2 = 0.3 [0.04; 0.5]), 
with KO animals covering less distance compared to both HET (p =
0.002; dunb = 1.1 [0.3; 2.1]) and WT (p = 0.02; dunb = 1.0 [0.1; 1.9]) 
animals. This parameter was consequently used as a co-variant to 
analyse the tail suspension test (see below). 

1.3.3. Tail suspension test 

On PND31, there were statistical differences between genotypes for 
time spent immobile in the tail suspension test (Fig. 3A and Table 2), 
after controlling for distance moved in the open field test (F2, 29 = 6.84, 
p = 0.004; ηp

2 = 0.3). Ndufs4 KO mice were more immobile than WT 
controls (p = 0.003). The mean distance moved in the open field test, 
significantly influenced time spent immobile in the tail suspension test 
(F1, 29 = 14.72, p < 0.001; ηp

2 = 0.3). 

1.3.4. Forced swim test 

On PND35, the mean distance moved in the elevated plus maze, had 
no significant effect on time spent immobile in the forced swim test 
(Fig. 3B and Table 2; F1, 29 = 0.28, p = 0.60; ηp

2 = 0.01). The distance 
moved of the elevated plus maze was used, rather than that of the open 
filed test, to control for locomotor deficits more accurately closer to the 
time of analyses. There was however no statistically significant differ
ence when correcting this parameter with the distance moved in the 
open field test (Supplementary data). Regardless, after controlling for 
this, there were no statistical differences between genotypes for time 
spent immobile in the forced swim test (F2, 29 = 0.77, p = 0.47; ηp

2 = 0.5). 

1.3.5. Mirror box test 

In Fig. 4A, there were statistically significant differences between 
genotypes for average duration per exploration bout in the mirror box 
test (F2, 18.5 = 5.93, p = 0.01; η2 = 0.3 [0.07; 0.5]), with KO mice 
spending more time in the mirrored area per bout, compared only to 
HET (p = 0.02; dunb = 1.4 [0.5; 2.4]) counterparts. 

1.3.6. Elevated plus maze 

In Fig. 4B, no statistical differences existed between genotypes for 
time spent in the open arms of the maze (X2

(2) = 2.68, p = 0.26; η2 = 0.1 
[0.0; 0.2]). As for total distance moved (Fig. 4C), there were statistical 
differences between the genotypes (F2, 20.0 = 4.52, p = 0.02; η2 = 0.2 
[0.0; 0.3]), with KO animals only covering less distance than their HET 
counterparts (p = 0.02; dunb = 1.2 [0.3; 2.2]). As before, this data was 
used as co-variant in the forced swim test analysis (Fig. 3B). 

Fig. 2. Weight gained over the investigational period and locomotor activity over consecutive open field tests. 
Daily weight gain (A) between PND21 and 35 (KOa), as well as the mean distance moved (B) over three consecutive open field test trials (WTb | KOa). Data points 
represent the mean ± SEM (A) and 95 % CI (B). Statistical details are reported in the text, with * indicating statistical differences between KO and both HET and WT, 
whereas ^ highlights differences between KO and HET. a) <12 animals due to lower-than-expected birth-rates at the requested date. b) Outlier identified in the first 
trial and removed due to it not representing the target population. 

Table 1 
Distance moved over the three open field test trials. 
Trial 1 was conducted on PND28, Trial 2 on PND29, and Trial 3 on PND30. The 
mean distance moved over all three trials was used as a co-variant in the analyses 
of the tail suspension test. Statistical details are reported in the text.  

Open field 
test 

Distance moved by different genotypes mean ± SD (n) Sig. 
(KO vs) 

WT HET KO 

Trial 1 
(PND28) 

3907.99 ±
1079.12 cm 
(11a) 

3881.26 ±
1048.46 cm (12) 

2703.16 ±
949.15 cm (11) 

HET 
WT 

Trial 2 
(PND29) 

3775.98 ±
1613.50 cm 
(11a) 

3674.16 ±
1232.09 cm (12) 

2393.14 ±
1143.88 cm (11) 

HET 

Trial 3 
(PND30) 

3349.98 ±
1489.61 cm 
(11a) 

3622.56 ±
1256.25 cm (12) 

2114.94 ±
661.22 cm (10) 

HET 

Mean 3677.11 ±
1225.81 cm 
(11a) 

3725.99 ±
1066.15 cm (12) 

2251.29 ±
633.91 cm (10) 

HET 
WT  

a Outlier identified and removed. 
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1.3.7. Oxidative stress markers 

In Fig. 5, there were statistical differences between genotypes for 
striatal (Fig. 5A; F2,11.0 = 23.58, p < 0.001; η2 = 0.6 [0.3; 0.8]) and 
hippocampal (Fig. 5B; F2, 11.7 = 101.66, p < 0.001; η2 = 0.6 [0.3; 0.8]), 
but not for cortical (Table 3; F2, 14.6 = 0.41, p = 0.67; η2 = 0.4 [0.0; 0.2]) 
GSH/GSSG values. KO mice had higher striatal (p < 0.001, dunb = 3.1 
[1.8; 4.6]) and hippocampal (p < 0.001, dunb = 6.5 [4.4; 9.2]) values, 
compared to HET counterparts. Relative to WT controls, only KO striatal 
GSH/GSSG values were higher (p = 0.02, dunb = 1.4 [0.4; 2.5]). All in
dividual values used to calculate the ratios are available as supple
mentary data. 

1.3.8. Serotonin 

There were statistically significant differences between genotypes for 
hippocampal (Fig. 6A; F2, 10.8 = 9.60, p = 0.004; η2 = 0.5 [0.2; 0.7]) and 
cortical (Fig. 6B; F2, 14.2 = 5.53, p = 0.02; η2 = 0.4 [0.1; 0.6]), but not 

Fig. 3. Time spent immobile in the tail suspension and forced swim tests. 
The tail suspension test (A) as performed on PND31 (KOa) and the forced swim test (B) as performed on PND35 (KOa, b). Male and female mice are presented as blue 
and red points, respectively. Data represents the unadjusted mean ± 95 % CI, with statistical details reported in the text, and ** p ≤ 0.01 vs. indicated group. a) Due to 
lower-than-expected birth-rates in the given time, <12 animals were obtained. b) Animal excluded due to behavioural test malfunction. 

Table 2 
Original and adjusted immobility times in the TST and FST. 
Values adjusted with mean distance moved in the OFT (for TST) and EPM (for 
FST). The TST was conducted on PND31 and the FST on PND35. Although the 
values presented in the figures are the unadjusted values, the adjusted values are 
presented here to inform the reader of the significance of the co-variant effect. 
Statistical details are reported in the text.  

Time spent immobile in tail suspension and forced swim tests 

Genotypes Tail suspension test (s) Forced swim test (s) 

Unadjusted (±
SD) 

Adjusted (±
SEM) 

Unadjusted (±
SD) 

Adjusted (±
SEM) 

WT 174.20 ±
63.24 

184.62 ±
11.72 

159.34 ±
35.03 

159.90 ±
10.59 

HET 200.17 ±
38.15 

211.80 ±
11.33 

159.57 ±
39.93 

160.84 ±
11.27 

KO 280.16 ±
26.94 

254.75 ±
13.67 

180.84 ±
32.62 

178.78 ±
12.19  

Fig. 4. Time spent in the open area of the mirror box, and open arms of the elevated plus maze, together with distance moved. 
The mirror box test was performed on PND34, with time spent/bout in the mirrored area of the mirror box (A) measured (WTa | KOb). The elevated plus maze test 
was performed on PND33, with percentage time spent in open arms (B) and distance moved (C) measured (HETc | KOb). Male and female mice are presented as blue 
and red points, respectively. Data represents the mean ± 95 % CI, with statistical details reported in the text, and * p < 0.05 and d ≥ 0.8 (large effect) vs. indicated 
group. a) Outlier identified and removed. b) <12 animals due to lower-than-expected birth-rates in the given time. c) Animal excluded due to behavioural test 
malfunction. 
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striatal (Table 3; F2, 14.0 = 3.40, p = 0.06; η2 = 0.3 [0.2; 0.5]) serotonin. 
KO mice had higher hippocampal (p = 0.01, dunb = 3.1 [1.0; 3.4]) and 
cortical (p = 0.04, dunb = 1.4 [0.4; 2.5]) serotonin concentrations, 
compared to HET genotypes. 

1.3.9. Tryptophan metabolism 

There were statistical differences between genotypes for hippocam
pal (Fig. 6C; F2, 10.9 = 7.43, p = 0.01; η2 = 0.4 [0.1; 0.6]) and cortical 
(Fig. 6D; F2, 13.70 = 5.38, p = 0.02; η2 = 0.3 [0.03; 0.5]) but not for 
striatal (Table 3; F2, 14.5 = 2.80, p = 0.09; η2 = 0.3 [0.0; 0.5]) serotonin/ 
tryptophan values. KO mice had higher values than their HET counter
parts in both the hippocampus (p = 0.02, dunb = 1.7 [0.7; 2.8]) and 
prefrontal cortex (p = 0.01, dunb = 1.5 [0.5; 2.6]). 

In terms of the conversion of tryptophan to kynurenine, there were 
statistical differences between genotypes for striatal (Fig. 6E; F2, 14.19 =

7.26, p = 0.01; η2 = 0.4 [0.04; 0.6]) and cortical (Fig. 6F; F2, 14.61 =

12.30, p < 0.001; η2 = 0.6 [0.2; 0.7]) but not for hippocampal (Table 3; 
F2, 12.6 = 2.36, p = 0.14; η2 = 0.2 [0.0; 0.4]) kynurenine/tryptophan 
values. KO mice had higher cortical kynurenine/tryptophan values than 
both HET (p = 0.001, dunb = 2.0 [0.9; 3.2]) and WT (p = 0.001, dunb = 2.1 
[1.0; 3.5]) controls. Intriguingly, striatal levels only differed between 
HET and WT genotypes (p = 0.009, dunb = 1.3 [0.3; 2.3]). All individual 
values used to calculate the ratios are available as supplementary data. 

1.3.10. Kynurenine metabolism 

There were statistical differences between genotypes for striatal 
(Fig. 7A; F 2, 14.83 = 7.39, p = 0.006; η2 = 0.5 [0.1; 0.6]), hippocampal 
(Fig. 7B; F 2, 11.84 = 8.55, p = 0.005; η2 = 0.3 [0.03; 0.5]) and cortical 
(Fig. 7C; F 2, 15.82 = 8.75, p = 0.003; η2 = 0.5 [0.1; 0.6]) kynurenic acid/ 
kynurenine values. Specifically, KO mice displayed lower hippocampal 
(p = 0.007, dunb = 1.6 [0.6; 2.7]) and cortical (p = 0.002, dunb = 1.9 [0.8; 
3.1]) values, compared to HET animals. In the striatum, both KO (p =
0.02, dunb = 1.4 [0.4; 2.4]) and WT (p = 0.005, dunb = 1.6 [0.6; 2.8]) 
animals had lower values than their HET counterparts. All individual 
values used to calculate the ratios are available as supplementary data. 

1.4. Discussion 

Ndufs4 KO mice have reduced mitochondrial complex I function 

(Miller et al., 2021), which severely alters behavioural functioning 
especially from day 36 onwards, and ultimately limits the lifespan of the 
KO versus WT and HET mice (Kruse et al., 2008). Days 28 to 35 thus 
presents with an opportune window where mitochondrial dysfunction is 
present, yet without any observable and/or severe pathologies in KO 
mice (Kruse et al., 2008). This period may represent a pre-syndromic 
phase that is characterized by psychosomatic alterations, followed by 
neural degeneration and the onset of behavioural deficits (PND36 on
wards), making it ideal to assess co-presenting neuropathology. To 
investigate this, male and female KO mice were subjected to a battery of 
behavioural tests during this pre-syndromic phase. Sex did not signifi
cantly affect the investigated parameters (see Supplementary data), and 
hence the current findings were interpreted independent of sex. 

Like previous studies (Kruse et al., 2008; Miller et al., 2021), the KO 
mice presented with hair loss (data not shown) and lower body weight, 
compared to both HET and WT genotypes. Despite this, they showed 
comparable weight gain (Fig. 1A), supporting PND28–35 as a window of 
relative phenotypical normality. Of note, due to their comparable 
phenotype and metabolic profiles (Kruse et al., 2008; Van De Wal et al., 
2022), KO mice are usually compared to either WT controls, or to a 
pooled cohort of WT and HET mice (Johnson et al., 2020). Between 
PND28 and 30, the Ndufs4 KO mice displayed a general reduction in 
locomotor activity, relative to WT and HET mice (Fig. 2B and Table 1). 
Despite this difference however, the rate of change in locomotor activity 
over time (Fig. 1B) was similar between the three genotypes, again 
suggesting they retained functional ability to move at this specific age. 

The Ndufs4 KO mice did not display increased anxiety-like behaviour 
on PND33 (Fig. 4B) versus either WT or HET, suggesting that whole 
body NDUFS4 knockout is not a primary contributor to anxiety-like 
behaviour. To further investigate this theme, animals were subjected 
to the anxiogenic mirror box test on PND34. Here, Ndufs4 KO mice 
unexpectedly spent more time exploring an anxiogenic environment, 
compared to the HET animals (Fig. 4A), suggesting a less anxious profile 
as well as greater risk taking behaviour in an aversive environment 
(Kara and Einat, 2013). It is however important to consider that the 
Ndufs4 KO mice are known to develop visual impairments (Kruse et al., 
2008), which could have been a confounding factor in both the anxiety 
tests, and therefore warrants further investigation. 

Depressive-like behaviour, using the tail suspension and forced swim 
tests, were performed at two different time points to determine whether 
a declining bio-energetic system may contribute to a worsening of 

Fig. 5. Striatal and hippocampal GSH/GSSG ratios. 
The GSH/GSSG ratios measured in the striatum (A) and hippocampus (B) were calculated as (GSG + 2(GSSG))/((2 * GSSG)100) (Benzi and Moretti, 1995), and are 
indicative of the redox state. Male and female mice are presented as blue and red points, respectively. Data represents the mean ± 95 % CI, with statistical details 
reported in the text, and *** p < 0.001 and d ≥ 0.8 (large effect) vs. indicated group. 
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depressive-like behaviour. After correcting for the mean locomotor ac
tivity in the open field tests, the Ndufs4 KO mice displayed significantly 
increased immobility (depressive-like behaviour) in the tail suspension 
test on PND31, compared to WT genotypes (Fig. 3A and Table 2). 
Therefore, at least at this apparent pre-syndromic stage, Ndufs4 KO mice 
demonstrate increased depressive-like behaviour. As noted earlier, 
depression is also observed in patients with various mitochondrial dis
eases, including Leigh syndrome. 

Four days later however (on PND35), Ndufs4 KO mice (irrespective 
of sex) failed to display depressive-like behaviour in the forced swim test 
(Fig. 3B). That said, swimming behaviour was corrected with locomotor 
activity as displayed in the elevated plus maze, and not the open field 
test, due to the statistically significant decline in locomotor activity re
ported in the latter test (Fig. 4D). Of note, similar results were obtained 
when correcting with the distance moved in the open field test (see 
Supplementary data). Still, this relatively quick shift in behavioural 

Fig. 6. Tryptophan pathway markers in different brain regions. 
Serotonin measured in the (A) hippocampus and (B) frontal cortex. The serotonin/tryptophan ratios as measured in the (C) hippocampus and (D) frontal cortex 
(WTa). The kynurenine/tryptophan ratios as measured in the I striatum and (F) frontal cortex (WTa | HETa). Male and female mice are presented as blue and red 
points, respectively. Data represents the mean ± 95 % CI, with statistical details reported in the text, ** p ≤ 0.01, *** p < 0.001, and d ≥ 0.8 (large effect) vs. 
indicated group. a) Outlier identified and removed. 

D.J. van Rensburg et al.                                                                                                                                                                                                                       



Pharmacology, Biochemistry and Behavior 234 (2024) 173689

9

Fig. 7. Kynurenic acid/kynurenine ratio for each genotype 
The serotonin/tryptophan ratios as measured in the (A) striatum (WTa), (B) hippocampus (KOa) and (C) frontal cortex. Male and female mice are presented as blue 
and red points, respectively. Data represents the mean ± 95 % CI, with statistical details reported in the text, * p < 0.05, ** p ≤ 0.01 and d ≥ 0.8 (large effect) vs. 
indicated group. 

Fig. 8. Phenotypical and biological destabilization due to mitochondrial dysfunction 
The data in the current study suggests that a mechanism involving the tryptophan metabolic pathway, preceding their early death, may be involved in the aberrant 
biological functions observed in the Ndufs4 mice. The tricarboxylic acid cycle and glycolysis are the two energy producing processes that compensate for the lack of 
ATP production caused by complex I dysfunction. The consequent decrease in NAD+ and increase in ROS could lead to increased activation of inflammatory markers, 
which in turn would upregulate kynurenine synthesis to compensate for the decrease in NAD+. Conversely, at the so-called tipping point, the hyper serotonergic state 
would steer tryptophan turnover away from kynurenine and further deplete NAD+. This is noteworthy, as NAD+ precursor supplementation inhibits neuron 
excitability and lengthens the lifespan of the Ndufs4 KO mice, thereby supporting the narrative that hyperserotonergia could signal the “tipping point” of the KO life 
cycle. Ultimately, this would lead to a decreased energy supply at a point of the mouse’s life characterized by neural development and an overall increased energy 
demand. ATP: adenosine triphosphate; CoQ: cytochrome c reductase; CI: complex 1; IDO: indoleamine 2,3-dioxygenase; IF: NADH oxidase site; PND: postnatal day; 
NAD+: nicotinamide adenine dinucleotide; ROS: reactive oxygen species. Created with BioRender.com. 
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phenotype may represent an obstacle in comprehensively validating the 
Ndufs4 KO model for major depressive disorder, even though the 
behavioural alterations displayed by the Ndufs4 KO mouse does 
strengthen the neuropsychiatric similarities that parallel mitochondrial 
diseases, especially comorbid depression and psychosis (Anglin et al., 
2012). Pharmacological interventions to assess predictive validation, 
which would require investigational periods longer than the PND 28–35 
window, may also be challenging. 

Kato et al. (2018) found an association between lowered impulsivity 
behaviour and mitochondrial dysfunction with behaviour akin to bipo
lar disorder. Similarly, Valvassori et al. (2019) also observed a relatively 
quick shift (7 days) between manic and depressive-like behaviour in the 
ouabain model of bipolar disorder. Regardless, that these juvenile KO 
mice are at an age associated with energy demanding neuro
developmental processes, could explain such a drastic behavioural 
change. At PND35, the mice are close to an age (PND40) where their 
overall health rapidly declines due to compromised mitochondrial 
function (Kruse et al., 2008), which could then contribute to aberrant 
brain function. In fact, brain maturation might compound the effects of 
mitochondrial dysfunction in this model (2008). Building on this hy
pothesis, Fig. 8 summarizes such a developmental shift in bio-energetic 
homeostasis. Based on the current findings, a tipping point is suggested 
to separate the relative normal phenotype from the observed behav
ioural and neurological decline. Here, the baseline biological processes 
of the Ndufs4 KO mouse, shifts to a more detrimental or aberrant state – 
which in turn highlights the value of further investigating the HET 
Ndufs4 genotype as a viable substitute. 

In terms of brain neurochemical changes, mitochondrial dysfunction, 
oxidative stress, and neuro-inflammation have been associated with 
depressive symptoms, such as suicidal ideation and attempts (Liu et al., 
2015; Vasupanrajit et al., 2022). Reduced glutathione (GSH) is a vital 
intra- and extracellular antioxidant, which is converted to its oxidized 
form, i.e., GSSG, under conditions of oxidative stress (Zitka et al., 2012). 
The molar GSH/GSSG ratio is therefore a valuable biomarker to deter
mine cellular redox state (Enns and Cowan, 2017). That Ndufs4 KO mice 
had significantly higher striatal and hippocampal GSH/GSSG values, 
compared to the HET and WT counterparts (Fig. 5), suggest a redox 
dysregulation. Of note, HET strongly trended to differ from WT in terms 
of redox state, underlining at least a neurochemical genotype difference 
to be explored in prospective studies. Still, the increased GSH/GSSG 
ratio of the KO mice is noteworthy, as the inherent dysfunctional com
plex I of the KO mouse causes ubiquinone (also known as co-enzyme 
Q10; CoQ) to become over reduced via electrons from complex II, 
which in turn increases ROS production (Scialò et al., 2017). However, 
that complex I dysfunction also inhibits the conversion of NADH to 
NAD+ (Lee et al., 2019), might explain the greater redox dysregulation 
(see Fig. 8). Indeed, decreased (Miller et al., 2021) and unaltered 
(Kayser et al., 2016) oxidized proteins in Ndufs4 KO mice support our 
findings. Supporting the redox state (GSH/GSSG) findings, serotonin has 
strong antioxidant properties (Sarikaya and Gulcin, 2013), and was 
higher in the cortex and hippocampus of the Ndufs4 KO mice, compared 
to HET controls (Figs. 6A and B) on PND36. That serotonin levels were 
increased in KO mice is noteworthy as brain samples were collected <24 
h after these animals displayed decreased immobility in the forced swim 
test and may therefore explain the normalization of depressive-like 
behaviour (Fig. 3), risk resilience observed in the mirror box test 
(Fig. 4A), and the lack of oxidative stress. 

The above changes occurred despite the theoretical increase in 
reactive oxygen species production caused by mitochondrial complex I 
dysfunction. To this point, Kato et al. (2018) reported that adenine 
nucleotide translocator-1 (ANT1) heterozygous mice (used to study 
mitochondrial dysfunction in bipolar disorder) also present with a 
“hyperserotonergic state”. This hyperserotonergic state increases intra
mitochondrial calcium and hyperphosphorylation of inositol 1,4,5-tri
sphosphate receptor type 1 (Martin-Perez et al., 2020) to increase 
intramitochondrial calcium levels and thus alter neuron excitability (see 

Fig. 8). Ouabain also increases neuron excitability and impairs the cal
cium depuration rate (Martin, 1966; McCarren and Alger, 1987) to 
induce manic-like states in rodents. Calcium dysregulation induced 
NAD+ redox imbalance (Lee et al., 2016) may explain why NAD+ pre
cursor supplementation increases the lifespan of Ndufs4 KO mice (Lee 
et al., 2019) by attenuating redox imbalance, and inhibiting neuron over 
excitability. The potential neurochemical similarities between the 
ANT1, ouabain and Ndufs4 KO mice are especially notable, as the 
ouabain model is a widely accepted model for bipolar disorder (Val
vassori et al., 2019), with the ANT1 also showing promise in this regard 
(van Rensburg et al., 2022). Because decreased mitochondrial complex I 
activity is observed in bipolar patients (Andreazza et al., 2010), these 
animal models could aid in improving our current understanding of this 
condition. Furthermore, hyperserotonergia observed on PND36 may 
contribute to the drastic decline in overall health, behaviour, and 
neurological symptoms evident from PND36 onwards (Johnson et al., 
2020; Kruse et al., 2008), especially by disrupting brain development 
Esaki et al. (2005)), and further supporting the neurological symptoms 
typically displayed by KO mice after PND40 (refer to Fig. 8). 

NAD+ redox dysregulation is known to reside within KO mice (Lee 
et al., 2019). A close interrelationship resides between tryptophan and 
kynurenine and serotonin synthesis, with tryptophan hydroxylase and 
indoleamine 2,3-dioxygenase (IDO) mediating serotonin and kynur
enine synthesis respectively (Correia and Vale, 2022) (Fig. 8). Increased 
serotonin may hamper NAD+ production (see Fig. 8) (Miura et al., 
2008), resulting in the above-noted altered redox state. Indeed, Ndufs4 
KO mice had significantly increased hippocampal and cortical seroto
nin/tryptophan levels, compared only to the HET controls (Fig. 6). KO 
mice also had increased cortical kynurenine/tryptophan turnover 
(Fig. 6), suggesting increased kynurenine synthesis and a selective shift 
towards enhanced serotonin versus kynurenine synthesis. The increased 
inflammation previously reported in the KO mice (Liu et al., 2015; Miller 
et al., 2021) could underlie such an inflammatory-induced stimulation 
of IDO (Maes, 2011), partly explaining the increased kynurenine levels 
observed here and the development of a hyperserotonergic state noted 
earlier. Decreased kynurenic acid/kynurenine ratio (Fig. 6) might also 
hint towards increased quinolinic acid (opposed to kynurenic acid) to 
produce NAD+, although warrants further exploration. As reviewed by 
Marx et al. (2021), major depressive disorder and bipolar depression 
present with decreased levels of tryptophan and kynurenine and 
kynurenic acid/kynurenine, and increased kynurenine/tryptophan ra
tios, all of which are in contrast to that measured in the Ndufs4 KO mice. 
That said, our findings may specifically represent a “high risk” pre- 
syndromic state that underlies species-specific neurodevelopmental 
changes as a function of illness severity over time. 

Certain limitations of the current study must however be noted. 
Firstly, while the bio-behavioural profile of the Ndufs4 KO mice is 
promising in terms of mood-related disorders, a longitudinal study will 
reveal deeper underpinnings of the neurological and behavioural shifts 
of the Ndufs4 mouse, which in turn might refine our understanding of 
the mechanistic domain. Moreover, the limited lifespan of the KO mice is 
an obvious obstacle, stressing the potential of performing subsequent 
work in the HET genotype. Also, despite locomotor adjusted depressive- 
like behaviours, the influence of decreased locomotor activity on these 
behaviours should be more closely scrutinized. Finally, future studies 
should include an appropriate pharmacological intervention to expand 
on the underlying biology of the model, as well as its predictive validity. 

Taken together, the Ndufs4 KO mice potentially presents with risk 
resilience and transient depressive-like behaviour between PND30 and 
35, which is coupled with a hyperserotonergic state and specific redox- 
inflammatory changes related to the glutathione and tryptophan- 
kynurenine pathways. Based on these findings, our results allow us to 
reject the null hypothesis and conclude that because these alterations 
are thought to be caused by the mitochondrial dysfunctional construct of 
these animals, the Ndufs4 KO mouse may be a useful model to further 
investigate the mechanisms of mood-related conditions in patients with 
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mitochondrial diseases, even Leigh syndrome. Additionally, considering 
the differences in neurochemical profile between the HET and WT ge
notypes (specifically following a battery of behavioural tests), the 
Ndufs4 HET may be a more viable alternative to investigate the bio- 
energetic construct of mood disorders. 
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