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Abstract

Cardiolipin (CL) is a key mitochondrial phospholipid essential for mitochondrial energy
production. CL is remodeled from monolysocardiolipin (MLCL) by the enzyme tafazzin (TAZ).
Loss-of-function mutations in the gene which encodes 7AZ results in a rare X-linked disorder
called Barth Syndrome (BTHS). The mutated TAZ is unable to maintain the physiological
CL:MLCL ratio, thus reducing CL levels and affecting mitochondrial function. BTHS is best
known as a cardiac disease, but has been acknowledged as a multi-syndrome disorder, including
cognitive deficits. Since reduced CL levels has also been reported in numerous neurodegenerative
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disorders, we examined how TAZ-deficiency impacts cognitive abilities, brain mitochondrial
respiration and the function of hippocampal neurons and glia in TAZ knockdown (TAZ kd) mice.
We have identified for the first time the profile of changes that occur in brain phospholipid content
and composition of TAZ kd mice. The brain of TAZ kd mice exhibited reduced TAZ protein
expression, reduced total CL levels and a 19-fold accumulation of MLCL compared to wild-type
littermate controls. TAZ kd brain exhibited a markedly distinct profile of CL and MLCL molecular
species. In mitochondria, the activity of complex | was significantly elevated in the monomeric
and supercomplex forms with TAZ-deficiency. This corresponded with elevated mitochondrial
state | respiration and attenuated spare capacity. Furthermore, the production of reactive oxygen
species was significantly elevated in TAZ kd brain mitochondria. While motor function remained
normal in TAZ kd mice, they showed significant memaory deficiency based on novel object
recognition test. These results correlated with reduced synaptophysin protein levels and
derangement of the neuronal CA1 layer in hippocampus. Finally, TAZ kd mice had elevated
activation of brain immune cells, microglia compared to littermate controls. Collectively, our
findings demonstrate that TAZ-mediated remodeling of CL contributes significantly to the
expansive distribution of CL molecular species in the brain, plays a key role in mitochondria
respiratory activity, maintains normal cognitive function, and identifies the hippocampus as a
potential therapeutic target for BTHS.

Keywords

cardiolipin; monolysocardiolipin; tafazzin; Barth Syndrome; brain; hippocampus; cognition

Introduction

Cardiolipin (CL) is considered the signature phospholipid of the mitochondria because it is
both synthesized and localized exclusively within this organellel. The role of CL in the
mitochondria extends from maintaining membrane fluidity to an intimate association with
bioenergetic processes. It is well-established that CL promotes the structural and functional
integrity of individual respiratory chain enzymes, substrate carriers and the assembly of
mitochondrial supercomplexes. For example, removal of CL from respiratory chain proteins
results in denaturation and complete loss of activity which cannot be effectively substituted
with other phospholipids?-6.

The appropriate fatty acid composition of CL is also crucial for maintaining normal
mitochondrial function. Immediately following de novo synthesis, the acyl chains are rapidly
remodelled to generate a specific pattern of mature CL molecular species. In most
mammalian tissues the predominant form of this unique tetra-acyl phospholipid consists
entirely of linoleic acyl chains (L4-CL, 40-80%). The fatty acid composition of CL
significantly affects the activity of mitochondrial membrane proteins and the efficiency of
oxidative phosphorylation’~2,

It is clear that taffazin (Taz) plays a central role in generating the appropriate composition of
mature CL species. Tafazzin is an X-linked mitochondrial transacylase that transfers fatty
acyl groups from glycerophospholipids to monolysocardiolipin (MLCL)10-13, The
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importance of TAZ in maintaining CL levels and mitochondrial function is well-established.
For example, cells deficient in TAZ have reduced CL content, alteration in molecular CL
species and mitochondrial dysfunction all of which can be restored when TAZ is
reintroduced#-17. Furthermore, loss-of-function mutations in 74Zresults in the rare genetic
disorder Barth Syndrome (BTHS)8. The common clinical features of BTHS,
cardiomyopathy and skeletal muscle weakness, have been attributed to loss of CL content
and deficiencies in the mitochondrial respiratory enzymes which lead to reduced oxidative
phosphorylation3:19,

Emerging evidence now supports the role of CL in maintaining normal metabolic function
and viability of the brain20. CL comprises approximately 2% of the phospholipid mass of
the whole brain and up to 5.7% of the phospholipid mass in neurons and glial cells?. In
contrast to the dominant L4-CL species found in the periphery, more than one hundred
different molecular species of CL have been reported throughout the brain?!. Modification in
the species of CL and/or the decrease in its total amount can result in enlarged or
dysfunctional mitochondrial. Moreover, reduced/modified CL has been linked to
pathogenesis of various neurodegenerative diseases including Alzheimer’s disease,
Parkinson’s disease and the exacerbation of symptoms following traumatic brain injury?1-27,

It has also been demonstrated that BTHS boys commonly exhibit learning difficulty and
attention deficits?®-31. Kindergarten or first-grade boys with BTHS all had significantly
lower visual spatial skills, when compared with neurotypical boys of similar age or grade
level. Specific aspects of visual short-term memory in BTHS boys also differed from the
norm. Mathematical difficulties in boys with BTHS emerged by kindergarten which was
proposed to underling changes in executive brain function3L. As a result of these studies,
management of the cognitive profile of BTHS now warrants educational support during the
early school-age years32.

Despite the link between sufficient CL levels and normal brain function it remains unclear
whether altered CL in the brain results in cognitive dysfunction. Thus, we investigated
whether CL was reduced and/or modified in the brain of tafazzin knockdown (TAZ kd)
mice, and if this altered mitochondrial respiration and cognitive function. We demonstrate
the profile of changes that occur in brain phospholipid content and composition in TAZ kd
brain. This result corresponded with elevated activity of complex | mediated mitochondrial
state | respiration, attenuated mitochondrial spare capacity and increased production of
reactive oxygen species (ROS) in TAZ kd brain. Because the hippocampus contributes to
learning and memory33, we analysed hippocampal neurons, synapses and glial cells for
elevated markers of stress and degeneration. Our results indicate that TAZ kd mice exhibit
significant memory deficits and this correlates with reduced synaptophysin protein content
and derangement of the neuronal CA1 layer in hippocampus.

Tafazzin deficiency alters the molecular species composition of cardiolipin in mouse brain

The knock-down of TAZ was induced in transgenic (Tg) male mice with the addition of
doxycycline (dox) to the rodent diet. We confirmed that the expression of TAZ protein was
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reduced in the brain of TAZ kd mice (Tg +dox) mice compared to the dox-fed non-
transgenic littermate controls (NTg +dox) as well as the animals fed the standard rodent diet
(NTg -dox) (Fig. 1A, B). Subsequent analysis focused on how TAZ kd altered phospholipid
levels in the whole brain (Fig.1 C, D). As expected, we determined that TAZ-deficiency
resulted in a significant decrease in brain CL (11.34+0.26 pmol/nmol PL) content compared
to littermate controls (12.54+0.46 pmol/nmol PL, NTg +dox) (Fig. 1D). With the exception
of phosphatidylserine (PS), all phospholipids increased in the brain of TAZ kd mice (Fig
1D). Phosphatidylglycerol (PG) was increased by the largest amount (~38%) in TAZ-
deficiency (Tg+dox). A significant accumulation of PG also occurred simultaneously with
the loss of CL in the heart of Taz kd (Tg +dox) animals compared to the litter-mate controls
(NTg+dox) (Fig 1E, F). We determined that hepatic CL and PG content remained normal in
TAZ kd mice which is consistent with our previous findings (Fig 1E, F)34. Thus, PG only
accumulated when CL levels were also reduced3®. Analysis of MRNA levels indicated
significant reductions in CL synthesis and remodelling enzymes in the brain of TAZ kd (Tg
+dox) mice compared to controls (Fig. 1G). The larger reduction in CLS (47%) mRNA
levels compared to the other CL biosynthetic genes (~30%) is consistent with an
accumulation of PG.

To further examine how TAZ-deficiency alters CL in the brain we quantitated individual
molecular species by mass spectrometry (Fig. 2A-C). We determined that total CL was
significantly decreased in the TAZ kd mice primarily due to decreases in species (20-80%)
most prevalent in long-chain polyunsaturated fatty acids (PUFA) (22:6, 22:5 and 22:4)
corresponding to m/z 1518 to 1574. This is in contrast to the skeletal and cardiac muscle of
TAZ kd mice where the reduction in total CL was primarily due a decrease (~80%) in L4-CL
(1448 m/z) which is the major species comprising 60% of total CL content in these tissues34.
Overall the content of m/z 1448 in wild-type (NTg +dox) brain was unremarkable at ~1.5%
of total CL and was modestly elevated in TAZ-deficiency (Fig. 2A). The major species in
wild-type mouse brain (NTg +dox) was /7/z 1478 ((18:1))3/20:4) despite only amounting to
6.7% of total brain CL. TAZ-deficiency did result in a significant reduction (~16%) in m/z
1478 and the emergence of a replacement dominant species /m/z 1500 ((18:2),/(20:4), and
(18:0)1/(18:2)2/(22:6)1). A number of CL species were also significantly increased in TAZ-
deficiency with the majority (~65%) having a low molecular weight (<1458 m/2) consistent
with shorter length fatty acyl chains (<18 carbons). For example, the largest TAZ kd
mediated increases in CL molecular species were in 1404 and 1406 m/z (Fig. 2A, 423% and
1281% respectively) which are enriched in fatty acids 18:0/18:1 and 16:0/16:1. Thus, TAZ-
mediated remodelling of CL contributes significantly to the expansive distribution of CL
molecular species in the brain, particularly those containing one or more long-chain PUFA.
In addition, this study is the first to report the extensive changes that occur in the CL
molecular species of TAZ kd mouse brain.

Brain lysophospholipid levels are altered in tafazzin knockdown mice

One of the hallmarks of TAZ deficiency in both BTHS patients and animal models is the
dramatic accumulation of MLCL. Therefore, we measured brain lysophospholipid

levels36-38, As expected, we determined that the amount of MLCL in TAZ kd brain was
significantly increased (19-fold) resulting in a corresponding elevation in the MLCL/CL
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ratio compared to the littermate controls (NTg+dox) (Fig. 3A-C). TAZ-deficiency promoted
MLCL abundance due to a broad increase in all molecular species detected (Fig. 3I).
However, the largest increases (> 200 fold) were in species (/m/z 1140, 1166 and 1168)
which are enriched with 16:0/16:1 and 18:0/18:1 fatty acids and represent the deacylation
products of newly synthesized nascent CL (Fig. 31).

TAZ is a transacylase which harvests acyl chains from glycerophospholipids to mediate
reacylation of MLCL. Analysis of lysophospholipids levels in the brain revealed that total
lysophospholipid levels remained similar between the TAZ-deficient animals (Tg+dox,
7.00+0.22 pmol/nmol PL) and the littermate controls (6.78+0.32 pmol/nmol PL). However,
the amount of lysophosphatidylglycerol (LPG) was significantly increased and
lysophosphatidylcholine (LPC) decreased in TAZ kd mice compared to the control animals
(NTg +dox) (Fig. 3A, C). The total amounts of lysophosphatidylserine (LPS),
lysophosphatidylinositol (LPI) and lysophosphatidylethanolamine (LPE) were not
significantly different between the genotypes despite significant decreases in one or more of
the individual molecular species detected (Fig. 3D—H). These data indicate that the lack of
TAZ in the brain profoundly affects the molecular composition of CL and phospholipid
species which are critical in the maintenance of tissue specific membrane structure and
function.

Mitochondrial spare respiratory capacity is attenuated in the brain of Taz kd mice

It is established that reductions in total CL and/or L4-CL levels are associated with
mitochondrial respiratory chain dysfunction3°. To determine whether TAZ-deficiency also
impairs mitochondrial respiration in the brain we measured the oxygen consumption rate
(OCR). Oxidative phosphorylation begins with the transfer of electrons to complex |
(NADH-Coenzyme Q reductase) or to complex Il (succinate-CoQ reductase). Thus, we
measured respiration through each pathway. For complex | mediated respiration the state |
OCR level (basal respiration in the absence of ADP) was elevated by 160% in mitochondria
isolated from the brain of TAZ kd animals compared to the NTg +dox controls (Fig. 4A).
The state 111 respiration level (maximum respiration, when ADP is no longer rate-limiting)
was not significantly increased by either the addition of ADP or a respiration uncoupler
(FCCP) with TAZ-deficiency (Fig. 4A). Thus, the spare capacity of TAZ kd (Tg +dox)
mitochondria was significantly reduced (~50%, Fig. 4B) compared to the littermate controls
(NTg +dox). This indicates that TAZ-deficiency compromises mitochondrial respiration in
the brain by attenuating the response of complex | to demanding metabolic states. In
contrast, complex Il mediated OCR was similar between the genotypes for all respiratory
states measured (Fig. 4C, D).

Tafazzin-deficiency promotes elevated supercomplex formation in the brain

One way that mitochondrial respiration is regulated is through the assembly of individual
electron transport chain complexes into supercomplexes. They are typically comprised of
various stoichmetric combinations of Complex I, Complex 111 and Complex 1V and function
to promote efficient electron flow and prevent the generation of ROS3. It has also been
demonstrated that CL physically binds to individual respiratory complexes and preserves the
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stability of supercomplex formation3°. Thus, we investigated whether impaired respiration in
TAZ-deficient brain was due to destabilization of mitochondrial supercomplexes.

Mitochondria isolated from brain were analyzed for supercomplex formation using blue
native gel electrophoresis (BNPAGE) (Fig 4E). Supercomplexes were visualized in brain
mitochondria from both genotypes with an unexpected elevation in abundance with TAZ-
deficiency (65%, Fig 4l). In order to identify the associated individual respiratory
complexes, we preformed in-gel activity assays. Consistent with previous reports, the vast
majority of complex | activity in the brain was associated with supercomplexes in control
mice (NTg+dox) (Fig. 4F)*0. We determined that both the activity associated with the “free”
monomeric form (127%) and with supercomplexes (45%) was significantly increased in
TAZ kd mice (Tg+dox) compared to the littermate controls (NTg+dox) (Fig 4F, J). Detection
of Complex Il by in-gel activity assay was limited to the monomer and consistent with our
OCR data; similar in quantity between genotypes (Fig. 4 G, K).

In the brain, complex 1V activity is associated with the monomeric form as well as
supercomplexes®°. We determined that TAZ-deficiency significantly increased complex 1V
activity (~40%) in both forms (Fig. 4H, L) compared to the littermate controls (NTg+dox).
Furthermore, supercomplexes with elevated CIV activity were primarily associated with
higher CI activity which is consistent with CI, CIlI, CIV,, complex formation. These results
indicate that neither the reduction in CL content nor alteration in molecular CL species was
sufficient to destabilize supercomplex formation in the brain of TAZ kd mice. Alternatively,
the elevation in CI/CIV containing supercomplexes may promote the observed increase in
complex | mediated state | respiration.

Tafazzin kd mice have normal ATP levels and elevated ROS production in the brain

To determine whether the brain of TAZ kd mice maintained normal energy levels we
measured ATP levels in brain homogenates. The level of ATP remained consistent between
the animal groups suggesting that the Cl mediated elevation in OCR and supercomplexes
may provide adequate but not addition ATP content in TAZ-deficiency (Fig. 4M). It is
established that complex | also significantly contributes to mitochondrial ROS production3®.
This is primarily due to instability of complex | in a monomeric form where electron flow
within the complex becomes disrupted and escapes. Consistent with the disproportional
elevation in complex | monomeric (127%) vs supercomplexed (45%) forms in TAZ-
deficiency, the amount of H,O, was also significantly increased in TAZ kd mice compared
to littermate controls (NTg +dox, Fig. 4N).

Mitochondrial structure is preserved in the brain of TAZ-deficient animals

Many tissues obtained from TAZ kd mice and Barth Syndrome patients contain significant
mitochondria malformation. The observed morphological alterations include mitochondrial
enlargement, reduction in number and the presence of gross structural abnormalities
including vacuoles, and concentric layers of cristae*1~44. We did not observe a detrimental
effect of TAZ kd on mitochondrial structures in the brain (Fig. 5A-D). Quantitative analysis
of electron micrographs was performed to quantify changes in the morphology of
mitochondria in the CA1 region of the dorsal hippocampus. We determined that
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mitochondrial density, cross-sectional area and shape were similar between the genotypes
(Fig. 5 E-H). The lack of abnormalities was consistent with the relatively small reduction in
CL content and maintenance of mitochondrial supercomplex formation in TAZ-deficient
mouse brain.

Tafazzin knockdown mice have impaired cognitive function

TAZ-deficiency and/or reduced CL levels has been linked to cognitive deficits therefore, we
examined whether the significant changes in brain CL species impacted cognitive function in
TAZ kd mice (Tg+dox). The open field test indicated that the locomotor activity of TAZ kd
mice was unaffected with similar results for total distance travelled and percent time moving
compared to the other mouse groups (Fig. 6A-B). These results clearly indicated that
general malaise or lethargy were not confounding factors in our assessment of memory and
spatial performance. However, the movement pattern during the open field test suggested
that the TAZ kd mice (Tg+dox) experienced greater anxiety. The TAZ-deficient mice spent
significantly more time at the edges and less time in the centre of the open field compared to
all other genotypes (Fig. 6C-G). Interestingly, we determined that TAZ-deficiency impairs
the ability to distinguish a novel object from a familiar one (Fig. 6H, E). In contrast to the
mice fed a standard diet (NTg, Tg -dox) and littermate dox-fed controls (NTg +dox), the
TAZ kd mice did not have a significant preference for the novel object. Instead the TAZ kd
(Tg+dox) mice spent similar lengths of time exploring both objects indicating an inability to
remember being previously introduced to the familiar object (Fig. 61).

Tafazzin knockdown in mice results in CAl synaptic protein degradation, neuronal
derangement and microglial activation

Since the hippocampus contributes to recognition memory, we examined the morphology of
hippocampal neurons and glia of TAZ-deficient mice. The hippocampal neurons of TAZ kd
mice (Tg+dox) showed reduced protein content of synaptophysin, a presynaptic vesicle
protein (Fig. 7A, C). In addition, we observed significant derangement of the hippocampal
CAL neuronal layer in the TAZ deficient animals (Tg +dox) as assessed by of NeuN
immunostaining (Fig. 7B). The percentage of densely organized CA1 neurons was reduced
in TAZ kd mice compared to all other genotypes (Fig. 7D). This was due to a reduction in
the width of tightly organized densely packed neurons combined with an increase in the total
width of the CA1 (Fig. 7E, F). The brain immune cells, microglia, showed signs of
activation in TAZ kd mice. Microglial number, portion of morphologically activated
(transformed towards hypotrophic and amoeboid) and Ibal protein expression were elevated
in the hippocampus of TAZ kd (Tg +dox) mice compared all other groups (Fig. 8A, C).
Astrogliosis was not observed upon TAZ knockdown (Fig. 8B, D).

Discussion

Increasing evidence has implicated altered brain CL in the pathologic development of
cognitive dysfunction in aging and multiple neurodegenerative disorders including
Alzheimer’s disease and Parkinson’s disease20:274546 However, a link between CL and
cognitive impairment has not been clearly established. The goal of this study was to use the
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TAZ kd mouse to examine the brain for changes in both CL content and molecular species
as well as assess any associated mitochondrial and cognitive dysfunction.

We determined that TAZ-deficiency in the brain significantly reduced total CL levels,
dramatically increased MLCL levels, and extensively transformed the molecular species
composition of CL and all lysophospholipid species measured. This is the first study to
report the detailed changes in CL and MLCL that occur in the brain of TAZ kd mice and
demonstrate that TAZ-mediated remodelling of CL contributes significantly to the expansive
distribution of CL molecular species in the brain. We have also demonstrated that TAZ-
deficiency in the brain results in altered mitochondrial respiration, elevated ROS production
and significant recognition memory deficiency. These results were correspondingly
accompanied by neuronal derangement and elevated markers of microglia activation in the
hippocampus of TAZ kd animals. The concurrent nature of these alterations in TAZ kd mice
emphasizes the critical role of TAZ in mitochondrial metabolism and phospholipid
composition in the brain and provides a basis for understanding the role of CL content and
remodeling in the development of neuropathology.

CL is essential to maintain normal mitochondrial function including the efficiency of
oxidative phosphorylation’—2. Neurons are predominately dependent on oxidative
metabolism to satisfy the high energy demands of maintaining membrane excitability and to
execute neurotransmission3846. The present study demonstrated that TAZ kd in mouse brain
significantly reduced CL content (10%) compared to littermate controls. We determined that
this corresponded with a significant elevation in complex | mediated basal respiratory rate
and attenuated spare respiratory capacity in the TAZ kd mice. Our results are similar to prior
measurements of respiratory function in cardiac tissue from TAZ kd mice*®, BTHS iPSC-
derived cardiomyocytes*®, and TAZ-deficient lymphocytes®, where the elevation in basal
respiration was a result of excess proton leak. Typically, impaired mitochondrial respiration
corresponded with a larger reduction in CL content >60%. Thus, our results indicate that a
small CL reduction in the brain is sufficient to impair oxidative phosphorylation and
underscores the sensitivity of neurons to mitochondrial dysfunction. While impaired
mitochondrial respiration in the brain did not cause a global decrease in ATP, neurons have a
complex morphology comprised of dendritic, somatic, axonal and presynaptic segments
each of which requires a local energy supply which may not be reflected. Furthermore, in
TAZ kd the attenuated spare capacity indicates reduced access to ATP for energy demanding
neuronal events which are critical to maintain normal brain function.

In the current study, TAZ deficiency in the brain resulted in reduced CL content and altered
distribution of molecular species. The prevailing model is that both CL content and
remodeling are critical for optimal mitochondrial function. However, there is accumulating
evidence that the molecular species of CL may not be a major contributor in regulating
mitochondrial respiration35°1-53_ |n animal models, mitochondrial respiratory dysfunction
could neither be induced®! nor prevented®® as a result of altering CL acyl chain composition.
Similarly, in yeast lacking TAZ, mitochondrial respiration was not rescued when the
distribution of CL species was maintained®2. The authors demonstrated that CL content
alone rescued TAZ-mediated mitochondrial respiration dysfunction regardless of acyl chain
composition3.
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In BTHS patient and TAZ kd derived tissues, CL deficiency typically affects mitochondrial
respiration in conjunction with reductions in supercomplex stability, and/or the presence of
gross mitochondrial structural abnormalities3443:44.50 However, TAZ knock-down in
cultured cells and yeast have significant respiratory impairments which are not contingent
upon disruption of mitochondrial organization or structure354%-51, The interplay between
the roles of CL in mitochondrial structure, organization and function remain unclear. There
is evidence that the molecular species of CL may be crucial in regulating supercomplex
stability®*. When CL was enriched in various unsaturated fatty acids (oleic, linoleic, or
palmitoleic) the abundance of supercomplexes correspondingly increased®*. The elevated
abundance of supercomplexes is proposed to sequester CL from degradation. Thus,
extensive supercomplex destabilization and CL degradation are proposed to occur in
parallel. This is consistent with our current study where elevated supercomplex stability was
accompanied with only a minor reduction in CL content. It is possible that the alteration in
CL molecular species in TAZ kd brain may contribute in part to the elevation in
supercomplexes despite an overall decrease in long-chain unsaturated fatty acid containing
CL species. Alternatively, the increase in total supercomplex content may reflect the
differential assembly of supercomplexes in astrocytes and neurons®®.

Currently, it is predicted that the extensive array of CL molecular species (>100) in the
brain, particularly those containing PUFA, are involved in neuronal signaling29-56,
Hydrolysis of CL by phospholipases facilitates mitochondrial dynamic events which may be
crucial for neurogenesis and determination of neuronal stem cell fate*’. Cognitive
dysfunctions were previously observed in iPLA, knockout mice®®. These mice had extensive
alterations in brain CL species with a shift to shorter chain length molecular species. TAZ-
deficiency generated similar alterations in brain CL with reduced PUFA-containing species
and enrichment in shorter length fatty acid chains. The overall reduction in mature CL
species within the brain is consistent with defective remodeling of nascent CL. We have
demonstrated that TAZ kd mice exhibited signs of elevated anxiety and dysfunctional
recognition memory. The corresponding structural changes in the neuronal layer of
hippocampal CA1 neurons and reduced level of synaptic proteins are consistent with
attenuated neuronal signaling®’.

Excess mitochondrial ROS production induces oxidative modification of cellular
macromolecules, inhibits protein function and promotes cell death. The brain is particularly
susceptible to oxidative stress due to high levels of oxidative respiration®’. We observed a
significant increase in ROS production from mitochondria isolated form TAZ kd mouse
brain compared to the littermate controls. This is consistent with other reports of elevated
ROS production and/or oxidative damage in TAZ-deficiency34°0:58.59  |n neurons, complex
I is considered to be the primary site for ROS formation and its dissociation from
supercomplexes promotes excessive production®®:69, The rate of mitochondrial ROS
production may also vary with the concentration of a given electron carrier, overall
respiratory rate and level of damage to the respiratory chain®’. While TAZ-deficiency in the
brain did not result in supercomplex dissociation, the elevated basal respiratory activity
combined with a significant increase in the “free” monomeric form of complex | provides a
basis for excessive ROS. It is established that high levels of mitochondrial ROS and the
subsequent oxidative stress can cause cell death via apoptosis or necrosis in the brain®1. In
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mouse brain studies, cognitive dysfunction has correlated with the level of oxidative
damage®?. Interestingly, CAl neurons in the hippocampus, which were significantly
deranged in the TAZ kd mouse, are among the most sensitive to oxidative stress61. Elevated
levels of neuronal ROS and/or peroxidized lipid metabolites may additionally promote
microglial activation®’. Targeting of defective and/or dying neurons by microglial
phagocytosis in response to oxidative stress is a potential cause of neuronal loss in major
neurodegenerative disorders®”:63-66_ We hypothesize that the elevated microglial activation
in TAZ kd brain maybe in response to increased neuronal oxidative stress. Alternatively,
microglial activation maybe due to their own aberrant level of ROS. This process however is
typically supported by an inflammatory response, which remained similar (GFAP) between
the genotypes6.

We have demonstrated that TAZ-deficiency increases several phospholipid classes in the
brain including PE and PC. Interestingly, an increase in mitochondrial PE content in the liver
has been correlated with elevated complex IV activity, mitochondrial respiration and ATP
production®’. Dietary supplementation of PS has been consistently demonstrated to improve
cognitive function in both experimental animals and humans®. The neuronal PC content is
also critical for cognitive function. For example, PC biosynthesis is important for membrane
synthesis during neuronal differentiation89. Thus, the elevation of PE, PS and PC in the brain
of TAZ kd mice may reflect an adaptive response to restore cognitive function. Alternatively,
the alteration in PL content may be a mechanism to maintain the intrinsic curvature of
mitochondrial membranes in CL-deficiency.

In the brain of TAZ kd mice we additionally determined significant alterations in
lysophospholipid content. The specific role for each molecular species of lysophospholipids
in the brain are only beginning to be elucidated. For example, there is evidence that PUFA-
containing LPI is important for cortical lamination and neuronal migration’%7%,
Lysophosphatidylcholine maybe essential in human brain development and function because
they provide a preformed phospholipid source for membrane repair and supply essential
PUFA species’273. Elevated brain LPS levels, particularly very-long-chain species, results in
a neuroinflammatory response that may promote microglial and neurobehavioral
abnormalities”. Therefore, in the TAZ kd mice, the reduction in LPI and LPC species
combined with elevation in LPS species may contribute to the cognitive dysfunction. Our
current report provides a basis for future investigations into the roles of brain
lysophospholipids.

In summary, our results provide novel information on the phospholipid and pathological
changes that occur in the brain of TAZ kd mice. These findings underscore the role of TAZ-
mediated CL remodelling in maintaining normal cognitive and mitochondrial function.
Furthermore, we have highlighted pathological changes in the hippocampus as a result of
altered CL metabolism. Thus, CL content in the brain may be a potential therapeutic target
for improving cognitive performance in a variety of neurodegenerative disorders as well as
BTHS.
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Materials and Methods

Materials

Animals

Antibodies used for immunohistochemical analysis were obtained from Abcam (Cambridge,
MA, USA) and Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Western blot components
were obtained from BioRad (Mississauga, ON, Canada) and GE Healthcare Life Sciences
(Mississauga, ON, Canada). Lipid standards were obtained from Avanti Polar Lipids
(Alabaster, AL, USA) or Cayman Chemical Co. (Ann Arbor, MI, USA). MLCL was
synthesized in house as described®. All other biochemical agents, components and drugs
were ASC grade and were obtained from either Sigma-Aldrich (St. Louis, MO) or Thermo
Fisher Scientific (Carlsbad, CA).

All protocols were performed with approval of the University of Manitoba Animal Policy
and Welfare Committee. Animals were maintained in an environmentally controlled facility
(12 h light/dark cycle) with free access to food and water. TazKD mice were generated by
mating male mice [B6.CgGt(ROSA)26Sortm1(*H/tetO-RNAi:Taz, Cag-tetR)Bsf/ZkhuJ; The
Jackson Laboratory, Bar Harbor, ME] which are transgenic (Tg) for a doxycycline (dox)
inducible tafazzin specific short-hairpin RNA (shRNA) with female C57BL/6J mice (The
Jackson Laboratory) as previously described344%, The knockdown of TAZ (TAZ kd) was
induced /n utero and maintained postnatally by administering dox (625 mg of dox/kg of
chow) as part of the standard rodent chow (Harlan, Rodent diet TD.01306). This study
focussed on male offspring as BTHS is an X-linked disease. Male mice positive for the
tafazzin ShRNA transgene were identified by using PCR*L. Both male Tg (TAZ kd) and NTg
wild-type littermate controls were weaned onto the dox containing diet at 3 weeks of age
and maintained until the experimental end-point. Mice at 7-10 months of age were used for
all experiments with the exception that 3—4 month animals were used for mitochondrial
oxygen consumption rates, supercomplex formation, reactive oxygen species quantitation,
ATP gquantitation and electron microscopy. Male NTg and Tg mice that did not receive
doxycycline /n utero or postnatally were used as an additional experimental control group
(Tg/NTg -dox).

Quantitation of brain lipids

Whole mouse brain was harvested and the lipids were extracted using the Folch method .
For phospholipid analysis, samples corresponding to approximately 2.5 nanomol of total
phosphate was added with the appropriate internal standards (5 picomoles each of
PC(17:0/17:0, PG(17:0/17:0, P1(16:0/16:0), CL(14:0/14:0/14:0/14:0), PS(17:0/17:0),
PA(17:0/17:0), PE(17:0/17:0)) and analyzed using LC-MS/MS. LC/MS analysis was
performed using a Dionex Ultimate 3000 RSLCnano system coupled on-line to a Q-Exactive
hybrid quadrupole-orbitrap mass spectrometer (ThermoFisher Scientific) using a Silica(2)
column (Luna 3 um, 100 A, 150 x 2 mm (Phenomenex)). A multi-step gradient with
solvents A (Hexane Propanol/Water/Triethylamine/Formic acid, 43:57:1:0.5:0.01 v/v
containing 10 mM Ammonium acetate) and B (Hexane Propanol/Water/Triethylamine/
Formic acid, 43:57:1:0.5:0.01 v/v containing 10 mM Ammonium acetate) was used as
follows: 0-15 minutes linear gradient from 10% B to 37% A at 200 pl/min, 15-23 minutes
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linear gradient from 37% to 40% B at 200 pl/min, 23-25 minutes linear gradient from 40%
to 100% B and at a linear increase in flow rate at 200-225 pl/min, 27 — 47 minutes isocratic
at 100% B at 225 pl/min, 47-57 minutes linear gradient from 100% to 10% B with a linear
decrease in flow rate from 225 to 200 pl/min then the column was re-equilibrated for 13
minutes with 10% solvent B at 200 pl/min. The mass spectrum was acquired in a data
dependent acquisition with a negative ion mode from 0-57 minutes. The spray voltage was
set as 3.2 KV with a sheath gas flow rate of 10 orbitary units. The spectrum was recorded at
70000 FWHM resolution between 360 to 1600 m/z range with top 10 ions were selected for
fragmentation. HCD fragmentation with 24 NCE was used while the ions were isolated at

+ 1 mz isolation window. The mass spec data was analysed using the sieve 2.1 software
using an in house developed database.

Western blot analysis

Tafazzin protein expression was analyzed by harvesting and homogenizing whole brain. The
protein concentration was determined and equal amounts loaded (30 ug/lane) separated by
electrophoresis on a 12% SDS-PAGE gel. The proteins were then transferred onto a PVDF
membrane (Immobilon, Millipore, Bedford, MA) and blocked with 5% non-fat milk in 0.1%
tween-20/TBS before overnight incubation at 4°C with primary antibodies (1/1000). The
mouse monoclonal antibody raised against tafazzin (Clone 2G3F7) was a generous gift from
Dr. Steven Claypool, John Hopkins University (Baltimore, MD). Expression of TAZ in heart
homogenate of non-transgenic animals was determined as an antibody control since the
protein is highly expressed in cardiac tissue. Expression of citrate synthase (Abcam) protein
was used as a protein loading control. Protein levels of TAZ were quantitated by
densitometry and normalized against citrate synthase (n=1-3).

RNA isolation and PCR analysis

Total RNA was isolated from whole mouse brain using the RNeasy lipid tissue kit (Qiagen)
according to the manufacturers instructions. First-strand cDNA synthesis was performed
using SuperScript™ |1 (Invitrogen) primed by oligo(dt);o_1g. PCR was performed using the
gene specific primers indicated in Table 1. Amplicons were measured using real-time
quantitative PCR using Realplex? Mastercycler (eppendorf) and mRNA levels were
normalized to TFIIB using a standard curve. The abbreviations for mMRNAS are: transcription
factor 11 B (TFIIB); tata-box binding protein (TBP); Tafazzin (TAZ); Protein Tyrosine
Phosphatase localized to mitochondrion 1 (PTPMT); Phosphatidylglycerol synthase (PGS);
Cardiolipin synthase (CLS);

Thin-Layer Chromatography and Phosphorus assay

Total lipids were extracted from heart or liver homogenates (2 mg protein) and amounts of
phosphatidylglycerol (PG) and cardiolipin were determined by phosphorus assay’’
following separation by thin-layer chromatography in a developing solvent of chloroform/
methanol/acetic acid/formic acid (99%)/water (150/60/20/6/0.5, v/v).
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Mitochondrial Analysis

Mitochondrial HoO5 levels was quantitated using Amplex® UltraRed reagent. ATP levels
was quantitated using ATP Bioluminescent assay kit (Sigma-Aldrich). Mitochondria
supercomplexes (30 pg protein) were separated by blue native-polyacrylamide gel
electrophoresis and individual complexes visualized using in-gel activity assays34. For
Complex I: 5 mM Tris pH 7.4, 0.3 mM B-nicotinamine adenine dinucleotide, 0.1 mM
nitrotetrazolium blue. For Complex 1V: 50 mM sodium phosphate pH 7.2, 5 mM
cytochrome C, 2 mM 3’3’diaminobenzidine. The level of supercomplexes and individual
complexes were quantitated by densitometry.

Oxygen consumption rate (OCR) was measured from isolated mouse brain mitochondria (5
ug for Complex I, 10 ug for Complex 1) using a Seahorse Bioscience instrument. The base
media contained:70 mM sucrose, 220 mM Mannitol, 5 MM KH,POy4, 5 mM MgCl,, 2 mM
HEPES, 1 mM EGTA, 0.2 % BSA. To assay Complex | the media additionally contained 5
mM malate and 5 mM glutamate. To assay Complex Il the media additionally contained 5
mM succinate and 2 uM rotenone. The following reagents were then added in order during
the oxygen consumption measurements: 4 mM ADP, 2.5 uM oligomycin, 1 uM (Complex I)
or 5 uM FCCP (Complex 1), 4 uM antimycin A. State | was considered to be basal
respiration prior to the addition of ADP. State |1l was considered ADP facilitated oxygen
consumption. State I1lu was considered FCCP facilitated oxygen consumption. State IV was
considered oxygen consumption in the presence of oligomycin. Since the addition of
antimycin A inhibits all mitochondrial respiration, any respiration in the presence of
antimycin A was subtracted from all OCR values prior to generating average values. All data
was normalized to mitochondrial protein content following OCR measurements. The %
increase in OCR was calculated using the following formula (State 111 or State I1lu-State 1)/
State | *100.

Transmission electron microscopy

Mice were anesthetized (3—4 months of age) and perfused with 4% formaldehyde and 1.25%
glutaraldehyde in phosphate buffered saline (pH 7.5). The brain was removed and the left
and right dorsal hippocampus CAI region was dissected between —1.5 and —3 from bregma.
Samples were incubated in 5% sucrose in 0.1M Sorensen’s buffer (> 24h at 4°C) followed
by post-fixation in 1% osmium tetroxide (2h at RT). The samples were then gradually
dehydrated with ethanol, followed by 100% methanol and 100% propylene oxide. The
solvent was replaced with embedding medium and cured at 60°C for 24 h. Sections were cut
on a Reichert ultrathin microtome at a thickness of 70-90mm before being collected on EM
grids and stained with UranyLess and lead citrate. The samples were then imaged using a
Philips CM10 electron microscope at 46 000X or 64 000x magnification. The following
measurements were performed using Image J (NIH): (1) cross-sectional area of
mitochondria (average cross-sectional area of mitochondria) (2) mitochondrial shape
(average of radius a/radius b) (3) mitochondrial area density (total cross-sectional area of
mitochondria/unit area) (4) mitochondrial density (# mitochondria/unit area). For each
animal multiple >30 images were generated in multiple randomly selected sections.
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Behavioural tests

Mice at seven-months of age were challenged with behavioural tests to analyse motor
function, anxiety, attention, exploration, memory and learning abilities. For the Open Field
(OF) test mice were placed within a walled arena (white square Plexiglas chamber; L 75 cm
x W 75 cm x H 75 cm, illuminated at 8-13 Ix red light) for 10 min. Locomotor activity was
recorded with a HVS Image 2100 Plus video tracking system software (HVS Image Ltd.,
Twickenham, Middlesex, UK) for later analysis of general activity level, anxiety, attention,
and exploration tendency as previously described?8.

Novel object recognition memory test assessing memory and learning abilities related to
hippocampal function was performed as previously described as a continuum of the OF
test’9-84, Two identical objects were placed in the OF arena and mice were allowed to
explore the objects freely during a 10 min training session. On the following day, mice were
placed back into the OF arena for the 10 min test session, during which they were presented
with one of the objects used during training (now considered as a familiar object) and with a
novel, unfamiliar object of different shape, texture and transparency. Object locations were
kept constant during training and test sessions for all animals. Frequency of object
interactions and time spent exploring each object was recorded with a video tracking system.
Arenas and objects were cleaned with 70% ethanol between each mouse.

Immunohistochemistry analysis of hippocampus

The brain was dissected and the left hemisphere processed for immunohistochemical
evaluation. Immunostaining was performed on 30 um coronal sections with the primary
antibodies anti-NeuN (Chemicon international, 1:500), anti-synaptophysin (Sigma, 1:500),
and anti- glial fibrillary acidic protein (GFAP; EMD Millipore, 1:500)8°. After washing,
sections were treated with either Dylight 488 or 594 conjugated anti-IgG (Thermofisher,
1:500) secondary antibodies. Immunofluorescence imaging and semi-quantitative analysis
was performed using a Zeiss fluorescent microscope facilitated by an individual blinded for
mice genotype. ImageJ program (NIH) was used to accurately measure the hippocampal
neuronal CA1 layer thickness. Image J was also used to quantitate synaptophysin, NeuN and
GFAP protein expression levels by measuring the mean optical density of the staining
intensity in the designated, uniform-sized regions of interest. Neuronal numbers and
densities were determined by expression of NeuN, synaptic vesicle density was determined
by expression of pre-synaptic vesicle protein, synaptophysin, and astrogliosis was
determined by expression of glial fibrillary acidic protein (GFAP). The values were
measured on a minimum of three matching hippocampal regions from each mouse. The
background values measured for each section were subtracted, and the resulting values were
averaged to give one value per mouse.

Microglial activation was determined based on cell number, morphology and expression of
ionized calcium-binding adapter molecule-1 (Ibal) as previously described86. Briefly, Ibal
immunohistochemistry using the primary antibody anti-l1bal (Wako, 1:500) was performed
on coronal sections as described above and the intensity of staining evaluated using Image J.
In addition, an observer blinded by genotype counted both the total number of microglial
and the % of those cells with an amoeboid morphology (enlarged soma and thickened
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processes) in a defined 200um X 200um hippocampal region. Three sections from each
animal were evaluated. Microglial activation was then scored 0 (no activation) to 3 (highly
activated) based on the level of cell number, % amoeboid morphology and Ibal intensity as
indicated in Table 2.

Statistical analysis

All data were expressed as mean = SD. Student’s t-test was used for statistical analysis or by
two-way ANOVA and multiple comparison tests followed by Bonferroni post-hock analysis.
A probability value of p<0.05 was considered statistically significant.
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Figure 1.

Tafazzin protein and total CL levels are reduced in TAZ kd mice.

A: Dox-inducible knockdown of TAZ protein was determined by immunoblot using heart
isolated mitochondrial (12.5 pg) or total brain homogenates (30 pg). Citrate synthase (Cit)
was used as the protein loading control. (B) Protein levels of TAZ were quantitated by
densitometry and normalized against citrate synthase (n=1-3). Liquid chromatography-mass
spectrometry was used to quantitate phospholipid amounts in whole brain (n=8). Total
phospholipid values are expressed as a % change in the TAZ kd mice (Tg +dox) compared
to the littermate (NTg +dox) controls [((NTg+dox) — (Tg+dox))/(NTg +dox)x100](C) or
pmol/nmol total PL (D). Phosphatidylglycerol (E) and cardiolipin (F) content was measured
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in liver and heart homogenates by phosphorus assay (n=3). (G) mRNA levels of the
indicated genes were measured by gPCR and normalized to TFIIB (n=11-13). Data are
means +SD. *p<0.05 compared with NTg +dox mice. Tp<0.05 Tg +dox compared to all
other groups.
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Figure 2.
Brain cardiolipin species are altered in TAZ kd mice.

Liquid chromatography-mass spectrometry was used to quantitate lysophospholipid amounts
in whole brain. Individual CL species are arranged by mass (/m/2) (A-C) Data are means
+SD. *p<0.05 compared with NTg +dox mice.
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Figure 3.

Brain lysophospholipid levels are altered in TAZ kd mice.

Liquid chromatography-mass spectrometry was used to quantitate lysophospholipid amounts
in whole brain. Total lysophospholipid values are expressed as a % change in the Taz kd
mice (Tg +dox) compared to the littermate (NTg +dox) controls [((NTg+dox) — (Tg+dox))/
(NTg +dox)x100] (A), as a ratio of total MLCL/total CL (B) or pmol/nmol total PL (C).
Individual lysophospholipid species were quantitated and arranged by mass (/m/2) for LPI
(D), LPC (E), LPS (F), LPE (G), LPG (H) and MLCL (l). Data are means +SD (n=8).
*p<0.05 compared with NTg +dox mice. Tp<0.05 Tg +dox compared to all other groups.
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Figure 4.
Altered mitochondria organization and function in TAZ kd mouse brain.

Oxygen consumption rate (OCR) was measured from isolated mouse brain mitochondria for
Complex I in several respiration states (A) and % increase in OCR from state | calculated
(B) using a Seahorse Bioscience instrument. Oxygen consumption was also measured for
Complex Il in various respiration states (C) and % increase in OCR calculated (D). All data
was normalized to mitochondrial protein content following OCR measurements (n=4-6).
The % increase in OCR was calculated using the following formula (State Il or State I11u-
State I)/State | *100. Supercomplexes were separated by blue native PAGE (E) prior to
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conducing in-gel activity assays for mitochondrial complexes I (F), Il, (G) and IV (H) The
location of each individual complex is indicated as Cl, CIl or CIV respectively. The
supercomplexes which contain the complex of interest (i.e. active complex) are indicated
with brackets at the top of each gel. The ladder size is indicated in kDa on the left and each
lane is representative of 3 animals per group. Densitometry analysis of BNpage (1), Complex
I (J), Complex Il (K) and Complex IV (L) was conducted on the visualized supercomplexes
and/or the free individual complex as indicated. Quantitation of ATP content of whole brain
homogenate (M) and H202 production from isolated brain mitochondria (N). Data are means
+SD (n=5-6). *p<0.05 compared with NTg +dox mice
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Figureb.

Mitochondria maintained normal morphology in the brain of TAZ kd mice.

Representative electron micrographs of mitochondria in the dorsal hippocampal CAI region
of NTg+dox (A,B) and TAZ-deficient mice (Tg+dox) (C,D). Morphometric analysis of
mitochondria were performed to measure mitochondrial shape (E), cross-sectional area (F),
and mitochondrial density (G,H). Data are means £SD (n=2 animals). The scale bars are 200
pum for A,C and 500 um for B,D.
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Figure 6.
TAZ kd mice exhibit normal motor functions with signs of increased anxiety and impaired
memory.

The motor functions were analyzed during a 15 min open field test based on total distance
travelled in meters (A), % time moving (B), number of cells entered (C) and % of cells used
(D). Anxiety was analyzed via a heat map (G) and is based on the % time spent in the center
(E) and the % time spent next to the walls (F) of the open field. Memory and learning
abilities of the animals was assessed by Novel Object Recognition test. (H) Object
preference ratio during the initial training calculated as time spent between two identical
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objects. (1) % distribution of exploration time between familiar and novel objects after the
initial training. Data are means £SD (n=7). *p<0.05 Tg +dox compared with NTg +dox
mice. Tp<0.05 Tg +dox compared to all other groups. #p<0.05 compared with NTg/Tg-dox
mice.
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Figure7.

TAZ kd brain exhibits reduced synaptophysin protein expression and structural changes in
hippocampal CA1 neurons.

The left hemisphere of the brain was processed and synaptophysin protein detected (A) and
quantitated (C) for each mouse genotype. NeuN protein was detected demonstrating
derangement of neurons at the CA1 layer (B), the size of the densely organized CAl
neuronal region (E: yellow bar in B), the total width of the CA1 neuronal layer (F; orange
bar in B), and the ratio between the width of densely organized neuronal region and the total
width of the CA1 layer (D). Data in C, E and F are expressed relative to Ntg/Tg-Dox. Data
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are means £SD (n=7). tp<0.05 Tg +dox compared to all other groups. #0<0.05 compared
with NTg/Tg -dox mice. The scale bars are 100 um for A and 10 um for B.
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Figure 8.
TAZ kd brain exhibits elevated microglial activation.

The left hemisphere of the brain was processed and microglial morphology determined via
Iba-1 protein content (A) and a microglial activation score provided (C) for each mouse
genotype. Reactive astrogliosis was determined via GFAP protein content (B) and was
guantitated (D). Data in C and D are expressed relative to Ntg/Tg-Dox. Data are means +SD
(n=7). tp<0.05 Tg +dox compared to all other groups. The scale bars are 50um (A, upper
panel), 10um (A, lower panel), 100um (B, upper panel) and 10um (B, lower panel).
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Table 1:

PCR primer sequences
Gene | Forward Sequence Rever se Sequence
Tfllb TGGAGATTTGTCCACCATGA GAATTGCCAAACTCATCAAAACT
Thp ACCCTTCACCAATGACTCCTATG | TGACTGCAGCAAATCGCTTGG
Taz GACCCTCATCTCTGGGGGAT CAGCTCCTTGGTGAAGCAGA
Ptpmt | GCAACACCTCGAAGGAATGG GAGATTGGCCAAGGTTGGGA
Pgs ACACAGGTTCCAGTGGATCAG TTTATCTGCCCCTTCATGAGC
Cls GAGCTGTCCATACGGCCTC GGATTTTCATACGAGCTGGCG
Lcad GCGAAATACTGGGCATCTGAA TCCGTGGAGTTGCACACATT
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Table 2.

Criteria for evaluating microglial activation status.

Score | Ibal expression M orphology

0 0 microglial with expression No microglial with activated ameboid shape

1 1-19 microglial with expression 1-40% of Ibal positive microglial with ameboid shape
2 20-39 microglial with expression | 40-90% of Ibal positive microglial with ameboid shape
3 >40 microglial with expression >90% of Ibal positive microglial with ameboid shape
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