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Abstract 

Astrocytes, a heterogeneous class of glial cells, play key roles in maintaining 

homeostasis in the central nervous system (CNS). This is achieved through 

multifaceted cellular responses; however, a growing body of evidence suggests 

that these are heavily associated with the capability of astrocytes to meet their 

energetic requirements. During CNS inflammation, a hallmark of many 

neuropathologies, astrocytes lose their homeostatic functions which correlates 

with significant alteration of their metabolic state. Related studies from the 

periphery indicate that modulating cellular metabolism may provide a tangible 

therapeutic target for inflammatory diseases, suggesting that this may represent 

a potential target for modulating astrocyte inflammatory responses to restore their 

homeostatic functions during CNS pathologies.  

The 18-kilodalton translocator protein (TSPO) is a highly conserved outer 

mitochondrial membrane protein, expressed in glial cells such as astrocytes. 

Importantly, TSPO expression drastically increases during neuroinflammation in 

glial cells such as astrocytes. This has attracted much attention to the possibility 

of therapeutically modulating TSPO to treat CNS inflammation. However, to date 

this is hampered by the fact that the underlying function of TSPO remains unclear. 

An increasing body of evidence suggests that TSPO may regulate cellular 

metabolism, though this remains underexplored. 

To test the overarching hypothesis that TSPO regulates cellular metabolism in 

astrocytes this study employed two distinct TSPO-deficient (TSPO-/-) cell models: 

an astrocytoma cell line (U373 cells) and mouse primary astrocytes (MPAs). This 

thesis explored the metabolic ramifications of TSPO deficiency in these CNS cell 

models, characterised changes to the bioenergetic responses of TSPO-/- MPAs 

to lipopolysaccharide-induced inflammation, and then attempted to 

pharmacologically recapitulate these studies with TSPO ligands.  

TSPO deficiency modulated MPA and U373 cell metabolism, albeit resulting in 

different bioenergetic profiles, suggestive of altered fuel preference. Fatty acid 

oxidation (FAO) was increased in TSPO-/- MPAs, and studies in U373 cells 

indicated that the mechanistic basis for this may be an interaction between TSPO 

and carnitine palmitoyltransferase-1a (CPT1a) the rate-limiting enzyme of FAO. 

In response to inflammatory stimulation, TSPO-/- MPAs showed no significant 
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differences in regulation of intracellular metabolic proteins, however secretion of 

the pro-inflammatory cytokine tumour necrosis factor from TSPO-/- MPAs was 

temporally modulated. Pharmacological recapitulation of these results was 

unsuccessful, however co-immunoprecipitation studies suggested that 

pharmacological inhibition of TSPO may modulate interactions between TSPO 

and other metabolic regulatory proteins. Taken together these studies have 

shown that TSPO acts as a regulator of cellular metabolism in astrocytes and 

may play a role in regulating cytokine release through a separate mechanism. 

These may represent two potential benefits following therapeutic modulation of 

TSPO that warrant further investigation. 
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+/+ Wildtype; expressing 
-/- Knockout; deficient 
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Chapter 1: General introduction 

1.1: Cellular metabolism 

To many people, ‘metabolism’ is an abstract concept, possibly evoking latent 

memories of a series of complex biochemical pathways simply necessitated for 

maintaining life. However, cellular metabolism is increasingly being recognised 

as a crucially important regulatory player in a variety of cellular processes, 

beyond simply being required for the supply of energy to cells. Indeed, virtually 

any interaction a cell has with its environment – whether in ‘simple’, unicellular, 

prokaryotic life, or in ‘complex’, multicellular, eukaryotic life – incurs an energetic 

cost which must be met, thus allowing cells to sense and respond to stimuli.  

The main ‘goal’ of energy metabolism is commonly regarded as the consumption 

of metabolic substrates (that is, ‘fuels’ – amino acids, carbohydrates, and lipids) 

to produce enough adenosine triphosphate (ATP) to meet the energetic demands 

of cellular activity1,2. These metabolic demands are constantly in flux, and change 

in response to the behaviour of the cell and wider organism3,4. The energetic 

requirements beyond basal metabolism that are imposed on cells are met in a 

variety of ways: energy-consuming processes can be slowed down or halted 

(insofar as is possible), and energy-producing processes can be promoted5–9. In 

a complex, multicellular organism, this may manifest as the promotion of feeding 

behaviours and cessation of vigorous, energy-intensive activities. ATP is derived 

from the breakdown of metabolic substrates in a complex series of biochemical 

pathways (Chapter 1.1.1-1.1.3). Substrates take the forms of carbohydrates, 

lipids, and amino acids. Importantly, the scope and impact of metabolism goes 

much further than maintaining ATP ratios and cellular energy levels: metabolic 

products and intermediates derived from these substrate groups are increasingly 

being recognised as crucial signalling molecules for intracellular 

communication10–12 and intercellular signalling to communicate changes in 

whole-body energetic state13–16 as well as cellular/tissue damage17–21. For 

example, cells can utilise or repurpose metabolic intermediates (such as the 

metabolite itaconate in the context of inflammatory responses22) to respond to 

their environments, as well as synthesise biomolecules such as 

glycerophosphoinositols23 to activate various cellular signalling pathways in 

response to stimuli23–26 (e.g, regulating cellular differentiation during 

development24 or regulating inflammatory responses25). Thus, the important 
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contributions of cellular metabolism to facilitating myriad functions, in addition to 

the potential contributions of aberrant cellular metabolism to the development and 

resolution of pathogenic states27–34, are increasingly being appreciated, 

expanding the scope of metabolism far beyond the traditional perspective of 

maintaining energy levels.  

1.1.1: Glycolysis 

Glucose, a simple hexose sugar, is commonly accepted as the universal fuel 

source for mammalian cells. Glucose is transported around the body via the 

circulatory system and is readily taken up into cells through the glucose 

transporter (GLUT) family of proteins by way of facilitated diffusion alongside 

sodium ions35. Once absorbed, glucose can either be stored as glycogen via 

glycogenesis (a process which typically occurs in hepatocytes, cardiac and 

skeletal muscle tissue36, and astrocytes37), or is rapidly metabolised as part of a 

process termed glycolysis35. This involves the rapid phosphorylation of glucose 

via a family of enzymes known as hexokinases (HKs) which catalyse the 

conversion of glucose to glucose-6-phosphate (G6P)38,39. Following conversion 

between seven intermediate substrates, G6P is ultimately converted into two 

pyruvate molecules, with a net ATP gain of two molecules38 (Figure 1.1.1). 

Pyruvate may then be converted to lactate in a reaction that is catalysed by 

lactate dehydrogenase, or converted into acetyl-coenzyme A (acetyl-CoA) by 

pyruvate dehydrogenase depending on the needs of the cell. Acetyl-CoA is used 

as a substrate to drive oxidative phosphorylation (Chapter 1.1.2), whereas 

lactate can be secreted to act as an intercellular signalling molecule during the 

pro-inflammatory phase of inflammatory responses40–45. Alongside this, lactate 

acts as an important signalling molecule in the central nervous system (CNS), 

influencing processes such as neuronal activity and memory formation46–48, and 

has been implicated in neuropsychiatric conditions49–51. This highlights the 

importance of glycolysis for providing various substrates for downstream 

utilisation, and its influence on a variety of cellular processes.   
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Figure 1.1.1: An overview of glycolysis. 

An overview of the process of glycolysis. Substrates and products of interest are shown in blue 
rectangles with bold text. Intermediate substrates are shown in green normal text. ATP is shown 
in yellow circles. Enzymes are shown in yellow capsules. Glucose is phosphorylated by HK into 
glucose-6-phosphate (G6P). G6P undergoes further metabolism to produce pyruvate, which can 
be converted to lactate or acetyl-CoA. Acetyl-CoA serves as a substrate for the tricarboxylic acid 
cycle. Glycolysis is a rapid process that yields two molecules of ATP per molecule of glucose.  

HK: hexokinase. PGI: phosphoglucose isomerase. PFK1: phosphofructinase-1. GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase. PGK: phosphoglycerate kinase. PGM: 
phosphoglycerate mutase. PK: pyruvate kinase. LDH: lactate dehydrogenase. PDH: pyruvate 
dehydrogenase. Created with BioRender.com. 
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1.1.2: Oxidative phosphorylation (OXPHOS) and the tricarboxylic acid cycle 

Following its generation, pyruvate is transported into the mitochondria via the 

mitochondrial pyruvate carrier (MPC)38 and voltage-dependent anion channel 

(VDAC)52 for conversion to acetyl-CoA and subsequent use as a substrate for the 

tricarboxylic acid cycle (TCA) cycle38. The TCA cycle describes a series of 

reactions which generate intermediates such as citrate, α-ketoglutarate, succinyl-

CoA, and oxaloacetate53. Alongside this, CO2 and reduced forms of the 

coenzymes nicotinamide adenine dinucleotide (NAD; reduced: NADH) and flavin 

adenine dinucleotide (FAD; reduced: FADH2)53 are produced. NADH and FADH2 

donate electrons to the electron transport chain, a series of protein complexes 

found on the inner mitochondrial membrane. Specifically, electrons from NADH 

are donated at mitochondrial complex 1, whereas electrons from FADH are 

donated at mitochondrial complex 253. Alongside transporting electrons, the 

mitochondrial complexes 1, 3, and 4 serve as proton (H+) pumps, shunting H+ 

into the intermembrane space53. This increases the electrochemical gradient and 

readily facilitates the transport of H+ back across the inner membrane via the FO 

portion of the ATP synthase complex53. Here, energy derived from the 

electrochemical gradient (termed protonmotive force53) is used to fuel the 

synthesis of ATP from adenosine diphosphate (ADP) and inorganic phosphate 

via the F1 portion of the ATP synthase complex53, catalysed by a conformational 

change to one of the subunits of the F1 portion54. This process, known as 

oxidative phosphorylation (OXPHOS), is much more efficient at producing ATP 

than glycolysis alone, generating a net gain of 30-36 ATP55 (Figure 1.1.2). Thus, 

the approximate net ATP yield from both glycolysis and OXPHOS [i.e., the 

complete oxidation of glucose] is ~32-38 ATP. ATP is exported from the 

mitochondrion via the adenine nucleotide transporter (ANT)56.  
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Figure 1.1.2: Oxidative phosphorylation. 

Following glycolysis, pyruvate is transported into the mitochondria via VDAC and MPC prior to 
conversion into acetyl-CoA via PDH. Acetyl-CoA serves as a substrate for the TCA cycle, which 
generates NADH and FADH2. H+ from NADH and FADH2 are pumped out of the proton pumps 
(complex I, III, IV) to the IMS. Complex II transports electrons from FADH2 across to complex III 
and IV. H+ from the IMS are transported back across the IMM via the ATP synthase, causing a 
conformational change in the F1 subunit of the ATP synthase which catalyses the generation of 
ATP from ADP and Pi. Surplus H+ and e- react with O2 to form H2O. This efficient process 
generates 30-36 ATP molecules.  

Acetyl-CoA: acetyl-coenzyme A. ADP: adenosine diphosphate. ATP: adenosine triphosphate. 
αKG: α-ketoglutarate. C: citrate. FAD: flavin adenine dinucleotide. FAD+: oxidised FAD. FADH2: 
reduced FAD. FO: rotor subunit of ATP synthase. F1: ATP synthesis subunit of ATP synthase. Pi: 
inorganic phosphate. MPC: mitochondrial pyruvate carrier. NAD: nicotinamide adenine 
dinucleotide. NAD+: oxidised NAD. NADH: reduced NAD. OA: oxaloacetate. S-CoA: succinyl-
CoA. VDAC: voltage-dependent anion channel. I: Complex 1. II: Complex 2. III: Complex 3. IV: 
Complex 4. H+: proton. O/IMM: outer/inner mitochondrial membrane. IMS: intermembrane space. 
ANT: adenine nucleotide transporter. Created with BioRender.com. 
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1.1.3: Alternative substrates 

In addition to glucose, lipids and amino acids may also be used by cells as 

metabolic substrates under certain conditions.  

1.1.3.1: Fatty acid oxidation (FAO) 

Following uptake, long chain fatty acids are converted to acyl-CoA57. Next, the 

acyl group is removed from CoA and added to carnitine57, a reaction that is 

catalysed by the rate-limiting enzyme of fatty acid oxidation (FAO), carnitine 

palmitoyltransferase 1a (CPT1a)57,58. This process is essential for 

intramitochondrial transport of fatty acids59,60 and generates acylcarnitines, which 

are shuttled into the mitochondria for downstream metabolism known as FAO or 

β-oxidation57. During this process (Figure 1.1.3.1, adapted from57), acylcarnitine 

is converted back into acyl-CoA, and carbons are successively removed from 

acyl-CoA until acetyl-CoA is ultimately generated57. This acetyl-CoA then serves 

as a substrate for the TCA cycle and OXPHOS, as outlined in Figure 1.1.257. 
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Figure 1.1.3.1: Fatty acid oxidation (FAO). 

Simplified schematic outlining the process of FAO (adapted from57). Following uptake by CD36 
and/or FABPs, LCFAs are combined with CoA to produce Acyl-CoA. CPT1a catalyses a reaction 
wherein the acyl group is removed from CoA and bound to carnitine, generating acylcarnitine. 
Acylcarnitine is transported into the mitochondria via the carnitine shuttle (where acylcarnitine is 
exchanged for carnitine). CPT2 catalyses the transfer of the acyl group back to CoA. Acyl-CoA is 
then degraded in a multi-step process resulting in the successive removal of two carbons from 
the acyl group. This process generates FADH2 and NADH as substrates for the ETC, and 
continues until the generation of acetyl-CoA which serves as a substrate for the TCA cycle, 
fuelling ATP synthesis. Created with BioRender.com.  

CD36: cluster of differentiation 36. FABP: fatty acid binding protein. LCFAs: long chain fatty acids. 
CoA: coenzyme A. CPT1a/2: carnitine palmitoyltransferase 1a/2. OMM: outer mitochondrial 
membrane. IMS: intermembrane space. IMM: inner mitochondrial membrane. VL/M/SCAD: very 
long/medium/short chain acyl-CoA dehydrogenase. LCEH: long chain enoyl-CoA hydrogenase. 
L/SCHAD: long/short chain (S)-3-hydroxyacyl-CoA dehydrogenase. L/MCKAT: long/medium 
chain 3-ketoacyl-CoA thiolase. NADH: reduced nicotinamide adenine dinucleotide. FADH2: 
reduced flavin adenine dinucleotide. TCA: tricarboxylic acid cycle. ETC: electron transport chain. 
ATP: adenosine triphosphate.  

Adapted from Figure 1 in57. 
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1.1.3.2: Amino acid metabolism 

Amino acid metabolism is a complex process, because there are 20 amino acids 

with varying chemical structures61. This thesis does not focus on amino acid 

metabolism extensively; therefore, the precise pathways required for metabolism 

of all 20 amino acids will not be explored here. However, because of its 

importance in the brain as a neurotransmitter precursor, of relevance to this thesis 

is the amino acid glutamine (Chapter 1.3.1) and an overview of glutamine 

metabolism is given below. Briefly, the first step of amino acid metabolism 

involves removing the amine group to generate ammonium ions (NH4
+) and a 

carbon skeleton. This carbon skeleton can be used to generate intermediate 

metabolic products such as α-ketoglutarate (Figure 1.1.3.2 A), succinyl-CoA 

(Figure 1.1.3.2 A), pyruvate and acetyl-CoA (Figure 1.1.3.2 A)61, which enter the 

TCA cycle at various points61. An overview of this process, with the entry points 

of glutamine and glutamate into this cycle, is given in Figure 1.1.3.2 B61.  

  



31 
 

  

Figure 1.1.3.2: Amino acid metabolism. 

A: a broad simplified overview of amino acid (AA) metabolism. AAs are taken up by cells and deaminated, 
producing a carbon structure and NH4

+. NH4
+ is detoxified via the urea cycle. The carbon structure can be 

modified into various intermediates which can serve as substrates for the TCA cycle, fuelling ATP 
synthesis. B: an overview of glutamine metabolism. Glutamine is taken up via EAATs and transported into 
the mitochondria. Glutaminase removes the amine group, producing glutamate and NH4

+. Glutamate can 
be converted to αKG, fuelling the TCA cycle and ATP synthesis. Created with BioRender.com and adapted 
from61. 

AA: amino acid. CoA: coenzyme A. αKG: α-ketoglutarate. S-CoA: succinyl-CoA. EAAT: extracellular amino 
acid transporter. O/IMM: outer/inner mitochondrial membrane. IMS: intermembrane space. NH4

+: 
ammonium ion. TCA: tricarboxylic acid. ETC: electron transport chain. ATP: adenosine triphosphate.  
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1.2: Energy use in the brain 

The brain is the organ with the greatest weight-to-energy use ratio in the human 

body: ~20-25% of daily energy intake is devoted to fuelling this highly complex 

biological machine62. It is critical, therefore, to maintain and regulate energy 

availability and use in the brain. A major class of cells in the brain are neurons63. 

Neurons are well-characterised as facilitating intercellular communication by 

electrical impulses, typically manifesting in physiological responses such as 

memory formation64, breathing65, and feeding66–68. From a metabolic perspective, 

neurons are highly specialised cells with intense bioenergetic requirements69–72, 

generating much of their energy from OXPHOS of pyruvate69,71,73,74. However, 

neurons are typically reliant on other cells to provide the metabolic support 

needed to meet the brain’s energetic requirements37,62,72,75–79. This is facilitated 

by a second class of cells found in the nervous system, the glia. 

1.2.1: Glia 

Glia, from the Greek term roughly translating as ‘glue’ or ‘putty’80, relates to a 

heterogeneous group of non-neuronal cells in the CNS. The term ‘glia’ refers 

collectively to a multifaceted group of cells of various functions, that together play 

an indispensable role in supporting the nervous system. Unlike neurons, glia do 

not communicate intercellularly via electrical impulses and instead communicate 

through the release of ‘gliotransmitters’63,75, a varied group of substances that 

includes metabolic products such as ATP and lactate80, L-79/D-serine and 

glutamate63, as well as other molecules such as cytokines80 and chemokines80. 

Gliotransmitters are classically considered to facilitate communication between 

neurons and glia, whereas glia-glia communication is classically considered to be 

facilitated by gap junctions and hemichannels81–83. Despite this, hemichannels 

and gap junctions are known to be involved with gliotransmitter release, and a 

role for interglial communication via gliotransmitters is emerging81–83. In addition 

to facilitating neuron-glia and glia-glia communication, gliotransmitters play key 

roles in CNS development84–88, regulating neuronal function89, and providing 

metabolic support to neurons37,71,72,75,77,79,90. Alongside this, glia influence feeding 

behaviour adaptations91 to chronic stress92
, and in Drosophila glia have been 

shown to regulate sleep-wake cycles93. Moreover, glia help form the blood-brain-

barrier (BBB) which facilitates the compartmentalisation of the CNS from the 

periphery94–96. Due to this intimate link with the BBB, glia can dynamically 
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influence CNS microvasculature to regulate blood flow to regions of the brain in 

response to changes in energetic or nutrient requirements97,98 via the release of 

compounds such as 20-hydroxyeicosatetranoic acid98 and prostaglandins99.  

There are four predominant classes of glial cells, with many sub-classifications 

still being elucidated. Broadly speaking, glia can be sub-divided into four classes 

of cells which help to fulfil the aforementioned functions. Microglia are considered 

to principally be responsible for controlling the inflammatory response of the CNS 

and repairing damage100–104 – though this is influenced by other glial cells105 – 

and play a key role in synaptic pruning during CNS development106. Another 

subtype of glial cell, the oligodendrocytes, play a key role in myelinating 

neurons107–110 enabling rapid bidirectional neuronal communication throughout 

the brain, between the brain and the periphery, and influence complex behaviours 

such as fine motor skills111. Less is known of the third subtype, the ependymal 

cells (including tanycytes), though it is known that these cells help form the blood-

brain barrier of the ventricular and subventricular areas of the brain112,113 and may 

be involved with nutrient sensing114–116. While these various cell populations play 

indispensable roles in supporting the CNS parenchyma, they are not the focus of 

this thesis and so are not addressed in detail here.  

1.3: Astrocytes 

The remaining class of glial cell, astrocytes, are found throughout the brain and 

wider CNS tissue. These cells are typically defined by their largely stellate (‘star-

like’) morphology and projections of fine processes which form close associations 

with synapses80. Unlike the other classes of glial cells, in vivo there is no single 

clear universal indicator of astrocytes, possibly due in part to the structural and 

functional heterogeneity of these cells. Astrocytes in vivo are typically identified 

by their expression of glial fibrillary acidic protein (GFAP, a component of the 

cytoskeleton), S100 calcium-binding protein B (S100β), aldehyde 

dehydrogenase 1 family member L1 (ALDH1L1), and/or vimentin63,80,117–122. 

Expression of these proteins in astrocytes varies depending on brain region – for 

example, in the hypothalamus, 80% of astrocytes are GFAP immunoreactive, a 

marked increase compared to other brain regions80. In vitro, however, astrocytes 

can be more readily characterised by their immunoreactivity: astrocytes in vitro 

are typically GFAP positive, though other markers such as ALDH1L1, 
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extracellular amino acid transporters 1 and 2 (EAAT1, EAAT2), and S100β can 

be used to demarcate astrocytes in culture123,124.  

The fine processes extended by astrocytes help form an intercellular 

macrostructure with neurons termed the tripartite synapse. Through this 

structure, and the expression of receptors for various neurotransmitters such as 

glutamate123–129, γ-aminobutyric acid (GABA)130, and potassium-sensitive ATP 

(KATP) channels131–133, astrocytes are able to sense and respond to 

neurotransmission. Moreover, the tripartite synapse enables astrocytes to 

modulate neuronal activity through neurotransmitter release134–137. Alongside 

neurotransmitters, astrocytes secrete gliotransmitters, compounds which 

regulate the activity of neurons and other glial cells (Chapter 1.2.1). Among the 

gliotransmitters released by astrocytes, of increasing interest are products of 

cellular metabolism, notably, lactate and ATP.  

Indeed, lactate is increasingly being recognised as an important signalling 

molecule in the CNS. Previously considered to be merely an end product of 

glycolysis, recent work has highlighted a diverse number of circumstances in 

which lactate signalling in the CNS is crucial to maintaining brain health and 

normal functioning40–43,46–51. Most lactate in the CNS is derived from 

astrocytes30,46,80 and mature oligodendrocytes138. This is likely because these 

cells are more reliant on aerobic glycolysis (metabolism of glucose to produce 

lactate [a metabolite traditionally associated with anaerobic metabolism139] under 

normoxic conditions139,140) to meet their energetic requirements79,141–143 than 

neurons79,144,145 and microglia146, which are more reliant on OXPHOS. To 

facilitate their lactate production, alongside readily metabolising glucose 

absorbed from the blood, astrocytes also hold large glycogen stores, which are 

used to supplement lactate production from astrocytes in response to increased 

neuronal activity or low glucose availability147,148. This has been shown to support 

cognitive functions such as learning and memory formation148–151, highlighting the 

importance of astrocyte-derived lactate for maintaining CNS function. Meanwhile, 

astrocyte ATP secretion is facilitated by intracellular Ca2+-dependent and -

independent flux in response to stimuli such as neurotransmitter release, and is 

in turn associated with regulation of neuronal function80,152–155. This has been 

hypothesised to regulate whole organism behaviours such as food-seeking and 

resting in response changes to the energetic requirements of the brain152,156,157. 
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Astrocytes also release ATP in response to CNS insults and trauma, where ATP 

acts as a damage-associated molecular pattern19,20,152,154,158. Astrocytes detect 

ATP signalling via purinergic (P2) P2X and P2Y receptors152, thus ATP signalling 

has been suggested as a means by which astrocytes (or indeed glial cells more 

generally) can communicate intercellularly159–161.  

Astrocytes also provide structural and developmental support to the CNS. In 

conjunction with tanycytes and endothelial cells, astrocytes form the BBB80,95–

98,162–164. Through projections termed endfeet, astrocytes absorb nutrients (i.e., 

glucose, lipids, cholesterol, H2O, and inorganic ions) from the blood165,166. To 

facilitate this, astrocytes express various transporter proteins, such as glucose 

transporter 1166,167 (GLUT1), cluster of differentiation 36 (CD36), fatty acid binding 

proteins (FABPs)117,168,169, apolipoprotein E (ApoE)170–172, aquaporin-4165,166, and 

sodium/potassium ion transporters173,174. Nutrients can then subsequently be 

further distributed to other cells of the CNS to maintain homeostasis, or be 

metabolised by astrocytes. However, the relationship between astrocytes and the 

BBB extends beyond nutrient uptake: in response to fluctuations in neuronal 

activity or metabolic demand of the CNS tissue, astrocytes influence 

vasoconstriction and vasodilation of capillaries to modulate blood supply16,97,98. 

Astrocytes can promote vasoconstriction by modulating their secretion of 20-

hydroxyeicosatetranoic acid, an eicosanoid and potent vasoconstrictor98, 

whereas these cells may also promote vasodilation in response to hypoxia via 

the release of nitric oxide175,176. These effects have been touted as potential 

therapeutic targets for conditions where modulation of the fine control of the brain 

vasculature may prove beneficial. Furthermore, as constituents of the BBB, 

astrocytes are well positioned to sense and respond to circulating signalling 

molecules from the periphery, and CNS trauma or insult102,104,177. In response, 

astrocytes secrete a variety of pro- and anti-inflammatory compounds including 

cytokines, chemokines, and neurosteroids102,104,167,178–180. Moreover, astrocytes 

produce reactive oxygen species181,182 and exhibit phagocytic potential80,183–185, 

though this is not considered part of the typical astrocyte inflammatory response. 

In addition to this, astrocytes can participate in wound healing, migrating through 

tissue and undergoing profound morphological shifts thanks to their structural 

plasticity80,186. Many of these functions are reliant, at least in part, on the flexible 

and dynamic metabolic profile of astrocytes.  
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1.3.1: Metabolism in astrocytes 

The importance of astrocyte metabolism for maintaining CNS homeostasis, and 

how this may go awry in pathogenic states, is increasingly being appreciated. As 

outlined in Chapter 1.3, astrocytes are a key source of lactate in the CNS and 

this molecule fulfils various functions. Alongside regulating cognitive functions 

and neurodevelopment, astrocyte-derived lactate (secreted through 

monocarboxylate transporters) is thought to provide neurons with critical trophic 

support as part of the astrocyte-neuron lactate shuttle80,187. This hypothesis posits 

that astrocytes help meet the energetic costs of neuronal activity by upregulating 

glycolysis and secreting the lactate produced into the extracellular milieu187,188. 

This lactate is thought to be taken up by neurons so to alleviate the metabolic 

burden on these cells by permitting the conversion of lactate to pyruvate and its 

subsequent incorporation into the TCA cycle (Figure 1.1.2)187,188. However, the 

astrocyte-neuron lactate shuttle hypothesis remains controversial80 due to 

conflicting evidence – for example, alongside increases in astrocyte metabolism, 

a concomitant increase in neuronal glucose metabolism with increased neuronal 

activity has been reported189, suggesting that neuronal activity may not be 

primarily fuelled by astrocyte-derived lactate. In contrast, astrocyte-derived 

lactate has been shown to regulate mRNA translation in neurons150, suggesting 

that astrocyte-derived lactate is essential for at least some neuronal functions to 

take place following increased neuronal activity. Although the necessity of 

astrocyte-derived lactate for neuronal function remains an area of debate, the 

associations between astrocyte-derived lactate and cognitive functions (outlined 

in Chapter 1.3) nonetheless highlight the importance of astrocyte metabolism for 

proper CNS function147–151,190–194.  

Crucially, the function of astrocytic glycolysis extends beyond providing trophic 

support to neurons. Morphological plasticity is an energetically expensive 

process195 yet is central to many key astrocyte functions, including the regulation 

of synaptic plasticity and the response to CNS injury (Chapter 1.3). Astrocytic 

morphological plasticity is also a key factor under physiological conditions 

astrocytes where these cells notably modulate their fine processes in response 

to neuronal activity80,196. Rapid morphological plasticity in the face of enhanced 

neuronal activity places an energetic burden on astrocytes, which may be readily 

countered by the high glycolytic capacity of astrocytes, providing both rapid ATP 



37 
 

and pyruvate as a substrate for further mitochondrial respiration197. The glycolytic 

profile of astrocytes is facilitated by abundant expression of enzymes associated 

with glycolysis, such as various hexokinases (HKs) and the enzyme 6-

phosphofructo-2-kinase/fructose-2,6-biphosphatase 372,76. In particular, HKs 

exhibit a strong affinity for glucose (Michaelis constant [Km] = 0.3mM198), and 

catalyse one of the rate-limiting steps of glycolysis by phosphorylating glucose to 

form glucose-6-phosphate (Figure 1.1.1). Expression of 6-phosphofructo-2-

kinase type 3 in astrocytes promotes glycolysis during metabolic stress199. The 

importance of glycolysis for facilitating astrocyte functionality is further 

underscored by its regulation as part of the astrocyte inflammatory response 

(covered in detail in Chapter 1.3.3). Briefly, during this process astrocytes 

undergo rapid morphological shifts such as hypertrophy and extension of 

processes toward sites of insults or injury, alongside migration through the brain 

parenchyma to aid wound healing179,200–203. This may be readily facilitated by the 

glycolytic profile of these cells enabling rapid ATP provision. Thus, a 

predominantly more glycolytic metabolic profile of astrocytes may facilitate the 

rapid responses to environmental fluctuations and perturbations required to 

maintain CNS homeostasis.  

Although astrocytes are renowned for their glycolytic capacity, these cells are 

characterised by their metabolic flexibility. Indeed, astrocytes are readily able to 

metabolise a variety of substrates beyond glucose owing to their substantial 

expression of a variety of proteins involved with different metabolic 

pathways204,205. Notably, astrocytes express high levels of the rate-limiting 

enzyme of FAO, carnitine palmitoyltransferase 1a (CPT1a), relative to 

microglia206,207. FAO (discussed in detail in Chapter 1.3.1.1) is an important facet 

of astrocyte metabolism which helps fulfil various functions89,208–210. Astrocytic 

amino acid metabolism is also important: in the CNS, astrocytes are responsible 

for de novo synthesis of glutamate211 (a process controlled by pyruvate 

decarboxylase135), which is then shuttled to neurons to fuel glutamatergic 

neurotransmission212 a facet of astrocyte metabolism which further underscores 

key role of these cells in supporting the CNS. Excess glutamate can be taken up 

from the synaptic cleft by astrocytes and converted back into glutamine by 

glutamine synthetase213 where it may then be used to fuel astrocytic 
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metabolism214, be converted to glutamate135, or used to fuel the inflammatory 

responses of astrocytes, as occurs in the peripheral immune system215.  

Crucially, loss of astrocyte metabolic flexibility has been implicated in a variety of 

conditions that associate with neuroinflammation or neurodegeneration76,211,216–

218 (Chapter 1.3.3, 1.3.4; Figure 1.3.4), highlighting the importance of this aspect 

of astrocyte biology to maintaining CNS functionality.   

1.3.1.1: Fatty acid oxidation (FAO) in astrocytes 

In addition to glycolysis, astrocyte FAO is important for maintaining CNS health 

and function. A byproduct of neuronal activity is the accumulation of intracellular 

lipid droplets containing a mixture of free fatty acids (including long chain fatty 

acids)210,219, yet despite their predominant energetic reliance on OXPHOS 

neurons exhibit low levels of FAO activity209. This has speculatively been linked 

to the poorer ATP yield:oxygen ratio of FAO compared to a relatively more 

efficient process such as oxidative phosphorylation of glucose220. Astrocytes, 

however, are well-equipped to metabolise lipids. This is because astrocytes 

express the machinery required to take up and shuttle lipids intracellularly 

(ApoE171,221,222, CD36117, and FABPs169,223) and express CPT1a206,207 in relative 

abundance compared to neurons206 and microglia206,207. CPT1a catalyses the 

addition of the acyl group from acyl-coenzyme A (acyl-CoA) onto carnitine to 

facilitate mitochondrial import (the rate-limiting step of FAO; Figure 1.1.3.1)9,224, 

thereby permitting ample FAO to take place within astrocytes.  

Because lipids serve multiple roles within the cell such as the generation of 

eicosanoids225, formation of organelle membranes or post-translational 

modifications226, FAO activity in cells is usually maintained at a minimal level to 

conserve lipid levels. However, astrocyte FAO serves key functions in the CNS, 

thus this metabolic pathway exhibits relatively enhanced activity in these cells89. 

This is evidenced by the fact that as well as promoting neuronal survival through 

lipid shuttling, astrocyte FAO is crucial for maintaining cognitive faculties. Morant-

Ferrando et al.89 recently demonstrated that loss of FAO via selective CPT1a 

knockout in astrocytes induced increased abundance of long- and very-long 

chain fatty acids (such as palmitate [C16]). Moreover, this study found that 

astrocytes met approximately 35% of their metabolic requirements via FAO, and 

loss of astrocytic CPT1a worsened outcomes in behavioural assays of cognitive 

performance89. Separate bodies of evidence have demonstrated that, through an 
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as-yet unclear mechanism, prolonged exposure to these long- and very-long 

chain fatty acids is associated with cell death in the periphery227–230; thus 

astrocyte FAO capacity may also serve a neuroprotective function. Taken 

together, this combined body of evidence suggests that FAO is a tightly regulated 

and crucial process within astrocytes, and more widely demonstrates the 

importance of astrocyte metabolism for a variety of functions in the CNS beyond 

regulation of brain energy homeostasis. However, the mechanisms which 

regulate astrocyte metabolic flexibility, particularly regarding regulation of FAO, 

have yet to be fully elucidated. 

1.3.2: Calcium ion (Ca2+) signalling 

Calcium ion (Ca2+) signalling is an important ionic signalling mechanism in 

astrocytes which underlies many processes including cytoskeletal rearrangement 

and secretion of gliotransmitters80,231–233. For many years, due to the lack of overt 

electrical excitability observed in astrocytes, these and other glial cells were 

disregarded as unimportant for CNS functionality because of the prevailing view 

that electrical excitability governed the contribution of cells in the CNS to 

particular outcomes. In the 1990s, Ca2+ signalling in astrocytes was revealed to 

be an important ionic signalling mechanism by which astrocyte-astrocyte and 

astrocyte-glia communications were propagated and distributed80,231. Changes in 

astrocyte Ca2+ signalling may be facilitated by extracellular stimuli such as 

neurotransmitter binding231,232. Alongside this, astrocytes exhibit intracellular 

waves of Ca2+, though the functions of these waves remain unclear232. Thus, 

alongside regulation of metabolism and substrate utilisation, Ca2+ signalling – 

perhaps related to interplay between the endoplasmic reticulum (ER) and 

mitochondria234 – within these cells represents an important mechanism by which 

astrocytes maintain CNS homeostasis. As with many cells, this mechanism is 

closely linked to regulating cytoskeletal rearrangement235,236, possibly as a key 

facilitator of astrocytic responses to stimuli.  

1.3.3: Astrocyte reactivity 

As mentioned above, as part of their role in maintaining CNS homeostasis, 

astrocytes detect and respond to a variety of stimuli. This includes inflammatory 

stimuli arising from trauma or insult to the CNS20, CNS pathologies such as 
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Alzheimer’s disease218,237, or peripheral conditions associated with chronic low-

grade inflammation such as obesity14,238–241. Therefore, these inflammatory 

signals may originate from peripheral immune cells241,242, microglia104,243, or other 

astrocytes243,244. These signals are detected by astrocytes via a variety of 

receptors, including toll-like receptors (TLRs)245,246, various interleukin 

receptors247–249, the tumour necrosis factor (TNF) receptor (TNFR)250,251, and 

chemokine-axis-chemokine (CXC) receptors252,253. Activation of these receptors 

activates downstream signalling cascades, such as the Janus kinase-signal 

transducer and activator of transcription 3 (JAK-STAT3)254 or the nuclear factor 

kappa light chain enhancer of activated B cells (NFκB) pathways167,238,255. In turn 

this leads to secretion of pro-inflammatory (e.g., TNF167,243,245, IL-1β248,249,254 , 

complement proteins256,257) and anti-inflammatory (e.g., IL-4258, IL-10167) factors 

from astrocytes, alongside modulation of astrocyte metabolism141,167,181,255 

(Chapter 1.3.3.1) and reactive oxygen species production119,182,259,260.  

Astrocytes responding to inflammatory stimuli are colloquially said to become 

‘reactive’. This umbrella term reflects a spectrum of inflammatory responses in 

these highly complex cells, encompassing the potential for a wide variety of pro- 

and anti-inflammatory states261. These states are accompanied by the complex 

interplay of activation of inflammatory signalling pathways, morphological 

responses, Ca2+ signals, and metabolic changes (Chapter 1.3.4) which 

collectively preserve and restore CNS function104,119,261–264. Thus, this ‘reactivity’ 

is a key mechanism by which astrocytes support the CNS.  

1.3.3.1: Astrogliosis and CNS pathologies 

As outlined above, astrocyte ‘reactivity’ plays a key role in resolving CNS trauma 

and is essential for maintaining CNS physiology. However, during CNS 

pathologies, astrocytes may become chronically activated119,261,265. This chronic 

activation state is associated with various changes including marked upregulation 

of the cytoskeletal protein GFAP and hypertrophy (possibly linked to increased 

aquaporin-4 expression266–268), prolonged secretion of pro-inflammatory 

signalling molecules, and enhanced proliferation261,262,264,265,269. Termed 

‘astrogliosis’270,271, this phenomenon forms a part of the larger and more 

widespread response of glial cells to chronic inflammation known as 

‘gliosis’272,273. Astrogliosis is associated with disorders including chronic traumatic 

encephalopathy274, Alzheimer’s disease275, amyotrophic lateral sclerosis276,277, 
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stroke278–280 (ischaemic279 and haemorrhagic280), and brain cancers281. Thus, 

astrogliosis has been employed as a port-mortem indicator of various CNS 

pathologies270.  

Curiously, astrogliosis has recently been touted as the result of a prolonged and 

initially protective phenotype in vivo218. In this paradigm, astrocytes initially adopt 

a more inflamed phenotype to facilitate neuroprotective and homeostatic 

responses to inflammatory stimuli and CNS insult218,261. With continuous 

exposure to inflammatory stimuli, it is thought that astrocytes lose their 

homeostatic function and become ‘paralysed’ in a reactive state, leading to 

continuous inflammatory responses from these cells and CNS 

degeneration218,261. Through complex interplay with other cells of the CNS, 

particularly microglia, this may manifest as one of several pathologies centring 

around a key theme of chronic neuroinflammation and neurodegeneration218,261. 

It is as yet unclear whether astrogliosis is a causative mechanism of CNS 

pathology, or a correlative one270,282. Regardless, it is known that (in common with 

astrocyte reactivity141,167,181,255) astrogliosis results in substantial modulation of 

astrocyte functionality which has been linked to a metabolic shift in the 

CNS218,269,283.  

1.3.4: Metabolism in reactive astrocytes 

As indicated in Chapters 1.3.3 and 1.3.3.1, astrocyte reactivity is associated with 

modulation of astrocyte metabolism141,167,181,255 (Figure 1.3.4). The plethora of 

changes associated with astrocyte reactivity incur intense metabolic costs, which 

likely underlie the observed shifts in astrocyte metabolism. This possibility is 

supported by observations in peripheral immune cells and microglia. During 

short-term (acute) inflammatory responses (up to ~6h), peripheral 

macrophages41,284–286 and microglia207,287,288 become more reliant on glycolysis. 

This is reflected by increased glucose uptake, hexokinase-2 (HK2) activity and 

lactate production. In contrast, during the chronic inflammatory response (≥~6h), 

these cells become more reliant on FAO and oxidative phosphorylation of 

pyruvate as sources of ATP41,207,287,288. These bodies of evidence have 

contributed to the proposition that inflammation and metabolism are intricately 

linked processes; this relationship has been termed ‘immunometabolism’40,289,290.  
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Figure 1.3.4: Astrocyte inflammatory responses correlate with a metabolic shift.  

Upon inflammatory stimulation, astrocytes undergo a morphological shift (A). This includes 
morphological changes such as loss of fine processes and hypertrophy241,273. Increased GFAP 
expression, cytokine secretion and ROS production are also associated with the inflammatory 
responses of astrocytes117,167,241,270,291–293. Under extreme conditions, astrocytes may exhibit 
increased phagocytic potential184. These shifts are associated with a reduced ability of astrocytes 
to maintain homeostasis within the CNS parenchyma294, and the capacity to provide trophic 
support to neurons may be reduced261. Upon resolution of the insult to the CNS parenchyma, 
‘astrogliotic’-like astrocytes (red) return to a ‘normal’ physiological state (blue) with the reversal of 
many of these phenotypes. Crucially, the inflammatory responses of astrocytes are accompanied 
by a shift in their metabolic profile (B)167,255. Normally reliant on glycolysis with some detectable 
OXPHOS activity79,141–143, in the acute phase of inflammatory responses astrocytes become more 
reliant on glycolysis167,255. In chronic, long term inflammatory responses, astrocytes become more 
reliant on OXPHOS and less reliant on glycolysis to meet their bioenergetic requirements167,255. 
In chronic pathologies, ‘glia asthenia’ may occur as a result of prolonged astrogliosis218,261. Here, 
the astrocyte becomes paralysed in an inflamed state and cannot return to its ‘basal’ state. This 
may be due to continued pro-inflammatory stimulation, or an inhibited ability to resolve the 
inflammatory stimulus218,261. Alternatively, glial asthenia may prevent the resolution of the 
inflammatory stimulus. The mechanisms regulating the shifts in astrocyte metabolism during 
inflammatory responses remain unclear.  

OXPHOS: oxidative phosphorylation. AQP4: aquaporin-4. GFAP: glial fibrillary acidic protein. 
CNS: central nervous system. ROS: reactive oxygen species.  

Created with BioRender.com.  
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Similar trends been observed in astrocytes. Initial data in the early 2000s 

indicated that exposure to inflammatory stimuli modulates astrocyte 

metabolism295 suggesting that the trends observed in the periphery might be 

conserved in the CNS. A recent study from our laboratory group demonstrated 

that 3h stimulation of mouse primary astrocytes in vitro with lipopolysaccharide 

(LPS; an outer membrane component of many Gram-negative bacteria296 and 

potent inflammatory stimulus in mammalian cells297) was associated with 

increased glycolysis, whereas 24h stimulation of these cells with LPS reduced 

reliance on glycolysis and enhanced mitochondrial respiration in an NFκB-

dependent manner167. Supporting this, using a model of multiple sclerosis, Chao 

et al.255 demonstrated that reactive astrocytes exhibit reduced lactate secretion 

by inhibiting mitochondrial localisation of HK2 (required for its activity)255. 

Moreover, this study demonstrated that this contributed to reduced neuronal 

survival in an in vitro indirect co-culture system255. This trend has also been 

observed in astrocytes derived from rat neonates, suggesting functional 

conservation across species and indicating a role for modulation of astrocyte 

metabolism in astrocyte ‘reactivity’298. These findings correlate with those from a 

murine model of neurodegeneration: using ex vivo primary astrocytes from the 

5xFAD model of Alzheimer’s disease, Gijsel-Bonnello et al.299 highlighted 

significant reductions in the activity of the metabolic enzymes pyruvate kinase 

and glucose-6-phosphate dehydrogenase, as well as enhanced GFAP 

immunoreactivity and enhanced IL-1β secretion, suggesting these metabolic 

changes were linked to a ‘reactive’ phenotype. Furthermore, in vivo studies of 

neurodegenerative disorders have revealed an association between glucose 

uptake and astrocyte reactivity218, supporting this link.  

More generally, metabolic dysfunction in astrocytes also correlates with non-

pathological cognitive ageing (i.e. normative cognitive ageing300), possibly due to 

gradual accumulation of systemic inflammation301. Jiang and Cadenas302 

demonstrated that astrocytes in aged Sprague-Dawley rats (18 months) were 

more reliant on mitochondrial respiration of pyruvate than younger (7 months) 

counterparts, suggesting a reduced ability to provide trophic support to neurons 

is associated with aged astrocytes. Crucially, increased age was associated with 

increased H2O2 production (13 months compared to 7 months), nuclear 

translocation of NFκB (signifying activation) (elevated at 13 and 18 months 
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relative to 7 months) and increased reliance on mitochondrial respiration in 

response to cytokine stimulation (13 months)302. Thus, the clinical potential of 

targeting mitochondrial function in astrocytes likely extends beyond applications 

to neurodegenerative conditions, and may represent a tangible therapeutic target 

to reverse the cognitive decline associated with healthy ageing by restoring 

mitochondrial functionality in astrocytes.  

The chronic inflammation associated with systemic metabolic disorders such as 

obesity has also been associated with modulation of astrocyte metabolism and 

increased astrocyte ‘reactivity’. Indeed, caloric excess associated with high-fat 

diet (HFD) consumption for three days is sufficient to incur a reactive phenotype 

in astrocytes of the mouse hippocampus, indicated by enhanced GFAP 

expression and morphological alterations303. Chronic HFD feeding in mice is 

associated with the induction of a similar phenotype (enhanced GFAP 

immunoreactivity and hypertrophied astrocytes) on a larger scale14,241. This 

demonstrates that perturbations to systemic energy availability have a profound 

effect on astrocytes. A separate study showed that the hypothalamic inflammation 

associated with HFD-induced obesity is reliant upon NFκB signalling in murine 

astrocytes, demonstrating the key role astrocytes play in regulating CNS 

inflammatory responses238. Crucially, these astrocytes exhibit a shift in 

metabolism toward FAO, supporting the notion that metabolic state may influence 

the inflammatory response of these cells. Despite our increasing understanding 

of how inflammation modulates astrocyte metabolism and how the metabolic 

state of the whole organism may influence astrocyte reactivity, the mechanisms 

which regulate astrocyte metabolic flexibility during reactivity remain to be fully 

elucidated. 

Together, these data from both in vivo and in vitro studies indicate that cellular 

metabolism is a major determinant of astrocyte reactivity. Related studies from 

other immunocompetent cells indicate that modulation of astrocyte metabolism 

holds promise as a means of therapeutically alleviating astrocyte reactivity in a 

variety of pathological conditions and may have applications in preserving 

cognitive function during healthy ageing. However, the mechanisms which 

regulate astrocyte metabolic flexibility, and how these are affected during 

astrocyte reactivity, remain poorly understood. 
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1.4: Translocator protein 18kDa (TSPO) 

The mitochondrial translocator protein 18kDa (TSPO) is a small pentameric 

transmembrane domain protein found on the outer mitochondrial membrane 

(OMM) of mammalian cells304–306. There are two isoforms of TSPO in humans, 

termed TSPO1 (herein referred to as ‘TSPO’) and TSPO2. TSPO2 is truncated, 

does not localise to the OMM, and is not the subject of this thesis. In humans, the 

Tspo gene is encoded on Chromosome 22 at the q13.2 locus. First discovered in 

1977 as a binding site for benzodiazepines in the periphery307, TSPO was later 

determined to be near-ubiquitous among mammalian cells and tissues306,308–310. 

Since its discovery, TSPO has been linked to a variety of cellular functions 

including steroidogenesis308,311, inflammatory responses312–314, and regulation of 

cellular metabolism, and has thus been posited as a therapeutic target; however, 

there is currently no consensus on the ‘true’ function of TSPO due to variability 

between studies focussing on different tissues and types of cells.  

1.4.1: Evolution of TSPO 

The evolution of organelles is somewhat difficult to establish using the traditional 

paleontological techniques that are employed to study macrostructures found 

within multicellular organisms, since organelles generally do not fossilise well. 

However, advances in phylogenetic techniques and genetic lineage tracing have 

meant TSPO is known to exhibit a very great degree of genetic conservation. The 

bacterial analogue TspO is widely expressed in bacteria, such that only a single 

bacterial species has reported to be naturally TSPO deficient (Escherichia 

coli)315,316. TSPO analogues are similarly expressed in the fungal kingdom with 

Saccharomyces cerevisiae being the only recorded exception315,316. In animals 

and plants, TSPO is near-ubiquitous315,316 and at the time of writing there has 

been no report of complete endogenous TSPO deficiency in organisms of these 

kingdoms. In mammals, Tspo is expressed at some level in nearly every tissue315–

319, though according to one report the Syrian hamster does not express Tspo in 

its adrenal cortex320.  

The extent to which Tspo has been conserved perhaps indicates that TSPO plays 

a key role in cells. This notion is supported by evidence showing that the rat Tspo 

gene can functionally replace the TspO analogue in Rhodobacter sphaeroides, 

despite the gene sequences only being 35% homologous321. Further support for 
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this viewpoint stemmed from early observations that genetic ablation of TSPO in 

mice was lethal322,323, thus fuelling speculation that TSPO may be a requisite 

component for organismal development, hence explaining the extent to which 

TSPO is conserved. Later developments in genome editing technologies refuted 

this hypothesis since these more refined techniques did not coincide with 

conditional lethality324,325. Indeed, several strains of TSPO-deficient mice have 

been independently developed, with no overt adverse basal phenotype observed 

during development or adulthood324–328, suggesting that the presence of TSPO is 

not a prerequisite for life.  

1.4.2: Structure and function of TSPO 

The Tspo gene encodes 4 exons with an approximate amplicon length of 1075 

base pairs, allowing once introns have been spliced out during the transcription 

process. These exons are ultimately translated into a 169 amino acid sequence 

with a molecular weight of ~18kDa, consisting of five transmembrane domains 

(TMDs)329,330 (Figure 1.4.2.1 A). The TMDs are all α-helices331 which assemble 

into the order 1-2-5-4-3, forming a hydrophobic macrostructure (Figure 1.4.2.1 

A). Of notable interest is a region of TMD 5 encompassing amino acids 147 to 

159329,330, referred to as the cholesterol recognition/interaction amino acid 

consensus motif (CRAC motif, CRAC domain)329,330,332 (Figure 1.4.2.1 A, B). 

These studies revealed that, alongside cholesterol, the TSPO CRAC domain is 

intimately involved with the binding of endogenous and synthetic TSPO 

ligands329,330,332 (Chapter 1.4.6), and may have some involvement in the 

formation of protein complexes that include TSPO. Alongside cholesterol 

transport, TSPO has been linked to energetically expensive processes such as 

steroidogenesis. Combined findings from several reports demonstrate that TSPO 

and the steroidogenic acute regulatory protein (StAR) work in tandem to bind to 

cholesterol and facilitate its mitochondrial transfer as part of a wider complex 

involving the cytosolic proteins acyl-CoA binding domain containing 3 

(ACBD3)333, 14-3-3γ315 and 14-3-3ε315, and the intramitochondrial proteins 

cytochrome P450 family 11 subfamily A member 1 (CYP11A1) and ATPase family 

AAA domain containing 3a (ATAD3A)315. This may imply a role for TSPO as a 

regulator of inflammatory or metabolism: steroid biosynthesis is metabolically 

expensive334,335, and steroids such as glucocorticoids336–338 have 

immunomodulatory effects.  



47 
 

   

Figure 1.4.2.1: Structure of TSPO. 

A: transverse view of the 3-dimensional structure of TSPO. α-helices assemble into a pore-like 
structure on the outer mitochondrial membrane. The CRAC domain is indicated by the red band.  
B: transverse view of TSPO in open linear conformation showing transmembrane domains, with 
the CRAC domain of TMD5 highlighted by the red bracket. The CRAC domain (red band) is 
thought to facilitate ligand binding to TSPO. 

TSPO: translocator protein 18kDa. OMM: outer mitochondrial membrane. IMS: intermembrane 
space. CRAC: cholesterol recognition/interaction amino acid consensus. TMD: transmembrane 
domain.  

Created with BioRender.com. 
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In addition to potentially modulating steroidogenesis, TSPO has been separately 

linked to the regulation of inflammatory responses, which is particularly apparent 

in the CNS where TSPO deficiency has been observed to affect the immune 

functions of microglia339–341. Inflammatory functions directly linked to TSPO by 

these bodies of evidence include phagocytosis339,340 and cytokine release339,341. 

However, a putative link between TSPO and phagocytosis was first touted in 

neutrophils via an interaction with NAPDH oxidase 2 (NOX2)342 and further 

substantiated by work in microglia using co-immunoprecipitation343. In the same 

year, an interaction between TSPO and another NOX isoform (NOX1) was 

reported344. NOX activity is largely responsible for the oxidative burst seen 

following phagocytosis, which may explain the findings from other studies 

showing that TSPO-deficient microglia show impaired phagocytic potential339,340. 

A link between TSPO and regulation of inflammatory responses was further 

supported by evidence from a study suggesting that TSPO radioligands activate 

the nuclear factor erythroid 2-related factor 2 (NRF2) pathway (which works to 

protect cells from oxidative stress during inflammatory responses) in retinal 

pigment epithelial cells, while attenuating IL-1β, IL-8, and IL-6 release from these 

cells in response to inflammatory stimulation345. A separate study showed that 

TSPO ligands could reduce activation of the nucleotide-binding oligomerization 

domain-like receptor family pyrin domain containing 3 (NLRP3) ‘inflammasome’ 

(a complex linked to secretion of IL-1β and IL-18), as did TSPO ablation via 

transient knockdown346. In common with steroidogenesis, inflammatory 

responses are energetically costly processes, hinting that TSPO may play a role 

in regulating processes requiring metabolic dynamism or flexibility.  

TSPO is known to form a complex with the voltage-dependent anion channel 

(VDAC)347,348, another constituent of the OMM (Figure 1.4.2.2). The function of 

this interaction remains unclear, but this may play a role in the formation of a 

multi-unit protein complex known as the mitochondrial permeability transition 

pore (MPTP)349. The MPTP is a channel which allows the influx of small 

molecules (~≤1.5kDa) and cations, notably Ca2+, to the inner mitochondria349. 

Alongside VDAC, TSPO has been shown to form a complex with the adenine 

nucleotide transporter350 (ANT; involved with cellular metabolism and thought to 

be linked to export of intramitochondrial ATP56), further substantiating 

associations between TSPO and cellular metabolism. 
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Interestingly, alongside its various direct interactions with cytosolic and 

mitochondrial proteins, TSPO has been reported to undergo homo-

oligomerisation, forming polymers ranging from homodimers329,351–354 to 

polymers353,355 in a variety of model organisms from bacteria354 to mice332,353 and 

humans304,355. The true extent of TSPO oligomerisation and its effects on TSPO 

function have yet to be determined but remain an interesting potential avenue 

that may have therapeutic applications. As well as homo-oligomerisation, TSPO 

has also been proposed as a putative mediator of interactions between 

mitochondria and other organelles, notably the endoplasmic reticulum (ER). The 

ER is a major site of protein transport, and a role in cellular metabolism has also 

been touted, supporting the notion that TSPO also be involved with these 

processes (Chapter 1.4.3). The ER is also a major site of Ca2+ storage and has 

been linked to intramitochondrial transport of Ca2+ 356. Curiously, a link between 

TSPO and regulation of Ca2+ dynamics has been suggested from data in mouse 

embryonic fibroblasts357, neurons357 and tanycytes in vitro358, indicating that 

these mechanisms may also be present in other cell types. The body of work in 

tanycytes358 also linked TSPO to regulation of cellular energy levels, further 

substantiating this link. 

  



50 
 

    

Figure 1.4.2.2: Putative TSPO interactions. 

Schematic showing putative TSPO interactions. TSPO is thought to interact with ACBD3, 1-4-4γ, 
1-4-4ε, and StAR to facilitate mitochondrial import of cholesterol315,333. TSPO interacts with VDAC 
and ANT, possibly to facilitate mitochondrial ATP export via ANT and Ca2+ flux via VDAC, 
potentially via an interaction with the ER56,347–350,357,358. TSPO interacts with NOX1 and 2, possibly 
to promote ROS production during inflammatory responses342–344.  

TSPO: translocator protein 18kDa. ACBD3: acetyl-coenzyme A binding domain containing 3. 
StAR: steroidogenic acute regulatory protein. CPY11A1: cytochrome P450 family 11 subfamily A 
member 1. ATAD3A: ATPase family AAA domain containing 3a. VDAC: voltage dependent anion 
channel. ANT: adenine nucleotide transporter. ROS: reactive oxygen species. NOX1/2: 
nicotinamide adenine dinucleotide phosphate oxidase 1, 2. ER: endoplasmic reticulum. ATP: 
adenosine triphosphate. Chol.: cholesterol. OMM: outer mitochondrial membrane. IMS: 
intermembrane space. IMM: inner mitochondrial membrane. 

Created with BioRender.com. 
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1.4.3: TSPO: a regulator of cellular metabolism? 

TSPO was first implicated in the regulation of cellular metabolism in the 

prokaryote R. sphaeroides in 1997 by Yeliseev et al., who demonstrated a role 

for TSPO as an oxygen sensor in this organism321. In 2000, the TSPO homologue 

in Sinorhizobium meliloti was shown to regulate gene expression in response to 

osmotic stress, as well as deprivation of oxygen, nitrogen and carbon, further 

suggesting a role in metabolic regulation in prokaryotes359. Later, in 2015, Busch 

and Montgomery demonstrated that deletion of a TSPO homologue in Fremyella 

diplosiphon reduced growth under salt stress, and induced sensitivity to oxidative 

stress induced by methyl viologen stimulation360. Moreover, TSPO expression 

was increased in response to green light exposure – likely correlating with 

enhanced energy production in F. diplosiphon as it is a cyanobacterium. In the 

same year, TSPO homologue expression in Pseudomonas fluorescens was 

shown to be regulated in response to osmotic stress361. Thus, given the extent to 

which TSPO is conserved (outlined in Chapter 1.4.1), this lends credence to the 

postulate that TSPO may be conserved across eukaryotes primarily as a 

regulator of cellular metabolism following the evolution of mitochondria.  

This stance is further supported by evidence from plants, in which TSPO is also 

expressed. In Arabidopsis thaliana, expression of the Tspo gene homologue has 

been linked to salt stress362,363, and TSPO knockdown in this organism represses 

genes involved with the synthesis of tetrapyrroles, which are important for 

detoxification of reactive oxygen species362. Conversely, overexpression of TSPO 

in A. thaliana reduces ‘greening’ of these plants in the presence of light, 

suggesting that TSPO overexpression is detrimental to these organisms363. In 

chronic neuroinflammation, TSPO is overexpressed within the CNS; thus, this 

body of evidence may further substantiate a link to stress responses and hint at 

resulting changes to energy production. Moreover, in Physcomitrella patens, 

TSPO is linked to redox homeostasis by binding to haem and porphyrins364, and 

has been implicated in regulation of the oxidative burst in this organism364,365.  

In mammals, TSPO is linked to a wider range of apparently disparate functions, 

which are energetically expensive, suggesting that TSPO may be involved with 

regulating cellular energy homeostasis. The first direct evidence for TSPO in 

regulating cellular metabolism in mammals came in 2014 following the generation 



52 
 

of a complete TSPO knockout in mice324. This was closely followed by a study 

published in 2016 which showed that TSPO-deficient (TSPO-/-) Leydig cells have 

lower metabolic rates than TSPO-expressing (TSPO+/+) counterparts, are less 

reliant on aerobic glycolysis to meet their bioenergetic requirements, and derive 

much of their ATP generation from FAO366. TSPO-/- cells exhibited enhanced 

mRNA expression of the Cpt1a and Cd36 genes, supporting the idea that TSPO 

regulates substrate utilisation and metabolic rates in these cells. The metabolic 

consequences of TSPO overexpression were also examined, and it was reported 

that this resulted in reduced expression of Cpt1a, suggesting that TSPO acts as 

a metabolic regulator. Following this report, the authors of this paper challenged 

the existing paradigm that TSPO was a requisite element of steroidogenesis 

(having observed that TSPO deficiency did not significantly reduce progesterone 

production366), and postulated that TSPO might in fact act as a regulator of 

cellular metabolism across all cells and tissues where it is expressed367. In 2017, 

the group who had generated the global TSPO-/- mice further published another 

study which supported the hypothesis that TSPO acts as a regulator of cellular 

metabolism in mammals368. They observed that insertion of the TSPO gene into 

Jurkat cells (a T-cell line which naturally expresses little-to-no TSPO) via stable 

transfection resulted in increased mitochondrial ATP production, cell migration 

(an energetically expensive process), proliferation, and reduced K+ efflux368. Two 

years later, Milenkovic et al. published a report providing evidence that CRISPR-

Cas9 induced TSPO-/- primary microglia exhibited no change in steroidogenic 

activity, less negative mitochondrial membrane potential and reduced basal and 

maximal mitochondrial respiration, measured via extracellular flux analysis (EFA), 

which was rescued by restoring TSPO expression369.  

In 2020, Yao et al. demonstrated that murine TSPO-/- microglia exhibited reduced 

glycolysis339, while Fu et al. demonstrated that TSPO-/- GL261 (murine glioma) 

cells showed enhanced expression of GLUT1, HK2, lactate dehydrogenase, and 

the adenosine monophosphate activated protein kinase (AMPK) α subunit370. 

Meanwhile, Koganti and Selvaraj demonstrated enhancement of triglyceride 

metabolism in the adrenal cortex of the Syrian hamster, which exhibits low TSPO 

expression320. Thus, together, these studies highlight that TSPO acts as a key 

metabolic regulator in mammalian cells, though the precise effects of TSPO 

deficiency vary between the cell/tissue type in question. This suggests that TSPO 
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may play a key role in regulating the substrate preferences of cells where 

metabolic flexibility is crucial underlies many functions, such as in astrocytes.  

1.4.4: Expression throughout the CNS 

TSPO expression has been reported in the throughout the CNS, including the 

brain, spinal cord, and retina. Throughout these regions, TSPO expression has 

been reported in neurons371, NG2 cells331,372, astrocytes373, and microglia371,373. 

In the brain, TSPO is largely expressed in glial cells. TSPO immunoreactivity has 

been observed under basal conditions in a variety of brain regions including the 

cortex, choroid plexus, hippocampus, brainstem and cerebellum, as reported by 

Betlazar et al.374. This study attributed much of the basal TSPO expression to 

astrocytes, endothelial cells, and pericytes374. Moreover, recent reports have 

clarified that TSPO is constitutively expressed in neurons318,331, however 

neuronal TSPO expression is usually relatively low in comparison to glial cells. 

Despite this, it is known that neuronal TSPO expression positively correlates with 

enhanced neuronal activity318,331, an energetically expensive process219.  

1.4.5: Expression and function in glia 

Much knowledge of TSPO function in glial cells is derived from studies in 

microglia or glioma cells. This is due to the historical association of increased 

TSPO expression in microglia with chronic neuroinflammation and observations 

that TSPO expression increases in gliomas375.  

In 2019, Milenkovic et al. generated TSPO-/- microglia via CRISPR-Cas9-

mediated knockout and lentiviral-mediated knockdown369. This study found that 

TSPO deficiency induced by TSPO knockdown had no overt effects on 

mitochondrial metabolism (measured via EFA), however TSPO knockout cells 

showed deficiencies in mitochondrial respiration and ATP-linked oxygen use, 

measured using the same paradigm369. Moreover, mitochondrial membrane 

potential and the intracellular concentration of calcium ions ([Ca2+]i) were 

significantly increased versus wildtype controls, results which also were not 

mimicked by the TSPO knockdown369 suggesting this may be due to adaptations 

in the CRISPR model. Despite this, consistent metabolic shifts between the 

knockout and knockdown model suggest that TSPO plays a key role in regulating 

microglial cellular metabolism. The translational implications of this on 
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inflammatory function were assessed in 2020 by Yao et al., who used TSPO-/- 

primary murine microglia and BV-2 cells (a murine microglia line) and found that 

loss of TSPO reduced glycolysis, attenuated microglial phagocytosis, and 

diminished proinflammatory cytokine release in response to LPS stimulation339. 

Together, these studies suggest that TSPO may regulate cellular metabolism 

during energetically expensive processes such as inflammation. 

To date, there have been few studies interrogating the function of TSPO 

specifically within glioma using a TSPO-/- model. However, in 2020, Fu et al. 

published findings suggesting that TSPO worsens outcomes in glioma370. This 

study demonstrated enhanced proliferation and apoptosis in TSPO-/- cells. 

Moreover, parameters associated with cellular metabolism were modulated in 

TSPO-/- glioma: mitochondrial fragmentation was enhanced, indicating enhanced 

reliance on glycolysis, which was supported by EFA370. Glucose uptake and 

lactate secretion were also increased. In line with this, mitochondrial respiration 

(also assessed by EFA) was reduced, as was mitochondrial membrane potential 

and ATP production. Similar results were observed in stem-like GBM1B cells370. 

In line with work in primary microglia, this suggests that TSPO plays a key role in 

regulating cellular metabolism. This work is supported by studies using TSPO 

ligands: pharmacological manipulation of TSPO is typically associated with 

modulation of ROS production (an indicator of mitochondrial energy 

production)376–378. Complementing this, pharmacological manipulation of TSPO 

has been shown to modulate mitochondrial membrane potential and may 

modulate mitochondrial respiration (measured by EFA) and cytokine release in 

BV-2 microglia378,379. Although some of these bodies of work may not have 

specifically focussed on the effects of TSPO on cellular metabolism in glia/glioma 

cell lines, many of the functions studied require effective adaptations in cellular 

energy utilisation, such as inflammatory function and steroidogenesis, implying 

that TSPO may play a key role as a metabolic regulator in glial cells. However, 

glioma cell lines typically represent mixed cell populations380 that do not represent 

the physiology of non-cancerous glial cells381, therefore it is important to confirm 

results in a more physiologically relevant in vitro model. 

1.4.5.1: TSPO in astrocytes 

Comparatively little is known about the role of TSPO in astrocytes. In 2005, Veiga 

et al. demonstrated that intracerebral LPS injection increased vimentin 
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expression (a marker of astrocyte reactivity) in cells of a stellate morphology, 

which was modulated by injection of TSPO ligands312. This provided evidence to 

suggest that TSPO expression in astrocytes correlated with astrocyte reactivity, 

and the Ellacott laboratory has previously published evidence demonstrating that 

inflamed astrocytes have altered metabolic profiles167, supporting well-

established linked between inflammation and metabolism from studies in the 

periphery289,382–390. Following this, an in vivo study in rats demonstrated that 

TSPO was upregulated in reactive astrocytes391, and in 2016 in vitro astrocytoma 

cells were used to demonstrate a putative role for TSPO in modulating cell 

metabolism during a TSPO ligand synthesis study377. Further, a related study 

from the same group demonstrated a putative link between TSPO and 

metabolism in C6 glioma cells, a human astrocytoma cell line (U87MG), and 

human primary astrocytes392. In 2020, Tournier et al. demonstrated that TSPO 

expression increases in astrocytes prior to microglia in a rat model of Alzheimer’s 

disease393. The same study found that this correlated with findings from samples 

of the temporal cortex of patients with Alzheimer’s disease393. Importantly, the 

early stages of Alzheimer’s disease correlate with a metabolic shift in the 

brain269,394, suggesting that this may contribute to a reduced capability for 

astrocytes to provide trophic support to neurons, and highlights the importance 

of understanding TSPO function in astrocytes. Moreover, this suggests that 

therapeutically modulating astrocytic TSPO may present a viable therapeutic 

target for the treatment of neurodegenerative conditions. Together, these studies 

show that TSPO plays a role in regulating energetically expensive processes in 

astrocytes. However, the role of TSPO in regulating the cellular metabolism of 

astrocytes has not yet been fully elucidated, thus further study is needed.  

1.4.6: TSPO ligands 

As implied throughout the preceding sections, TSPO is upregulated in many 

pathologies affecting the CNS. Indeed, upregulated TSPO expression has been 

observed in ischaemic395 and haemorrhagic stroke396,397; chronic traumatic 

encephalopathy398; traumatic brain injury399,400 ; Alzheimer’s disease288,393,401; 

Parkinson’s disease402; frontotemporal dementia403; obesity404; diabetes405; 

amyotrophic lateral sclerosis406; CNS infections407, and glioma370,408. Moreover, 

increased TSPO expression is employed in some clinics to monitor 

neuroinflammation409,410, and the potential therapeutic modulation of TSPO for a 
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range of disorders is currently being explored in a number of clinical 

trials406,411,412. 

Initial observations of upregulated TSPO expression during chronic inflammation 

led to attempts to develop ligands targeting TSPO for neuroimaging purposes. 

These attempts were largely successful, and led to the generation of two distinct 

TSPO ligands: the isoquinoline carboxamide PK-11195 (1-[2-chlorophenyl]-N-

methyl-N-[1-methylpropyl]-3-isoquinoline carboxamide) and the benzodiazepine 

derivative Ro5-4864 (4’-chlorodiazepam)305. These ligands were readily labelled 

for radioimaging, typically by the addition of tritium (3H), 11carbon (C) or 13C. In 

particular, PK-11195 was found to have extremely good binding affinity for TSPO, 

reported as dissociation constant (Kd), of 0.41-2nM413,414. Unfortunately, Ro5-

4864 did not share this property, and thus did not see widespread application305. 

Similarly, PK-11195 was not without its issues: despite its high affinity for TSPO, 

PK-11195 exhibited a great degree of non-specific binding due to its high 

lipophilicity305. This led to the development of second-generation TSPO ligands, 

such as N-acetyl-N-(2-methoxybenzyl)-2-phenoxy-5-pyridinamine (PBR-28) and 

N,N-diethyl-2-[2-(4-methoxyphenyl)-5,7-dimethylpyrazolo[1,5-α]pyrimidin-3-

yl]acetamide (DPA-713), which show strong TSPO binding potential (reported as 

inhibitory constant, Ki; Ki [PBR] = 2.17-55nM415,416, Ki [DPA-713] = 4.43nM409) and 

reduced non-specific binding in comparison to PK-11195 and Ro5-4864. 

Following the development of these compounds, TSPO ligands saw widespread 

preclinical use in attempts to determine TSPO functionality and the relationship 

between neurodegenerative disorders and TSPO expression. However, findings 

from these studies were mixed, and it later became apparent that this was 

because the binding of these ‘second-generation’ TSPO ligands was sensitive to 

a common genetic polymorphism (rs6971; discussed further below, Chapter 

1.4.6.1) affecting the CRAC domain of TSPO309,409,417.  

Recent efforts by synthetic chemists has led to the development of third-

generation TSPO ligands, such as N,N-dialkyl-2-phenylindol-3-ylglyoxylamide 

(PIGA)377,392,418 ligands, which exhibit many of the benefits of second-generation 

TSPO ligands with less sensitivity to the rs6971 polymorphism305,419–421. 

Unfortunately, these developments are indeed so recent that the usage of these 

ligands is typically limited to laboratories with the facilities and knowledge to 

synthesise them, limiting the widespread application of these ligands at the 
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present time. This means that, despite the limitations of first-generation TSPO 

ligands, the widespread commercial availability of these drugs means they 

continue to be used in preclinical studies to evaluate the efficacy of TSPO as a 

therapeutic target. Moreover, with the exception of a few ligands379, the specificity 

of many TSPO ligands from generations 1-3 have not been validated in TSPO 

deficient models367. 

Alongside synthetic ligands, the existence of endogenous ligands for TSPO has 

been evidenced. These include the protein diazepam binding inhibitor (DBI), also 

referred to as acyl-CoA binding protein (ACBP)422–424. This protein is implicated 

in the delivery of lipids to the mitochondria for FAO422–424, and thus may help 

explain the results reported by Tu et al. showing that TSPO regulates FAO in 

Leydig cells366. Other examples of proposed endogenous ligands include: 

tetrapyrroles425, including porphyrins426,427 such as haem308,343,428; 

cholesterol309,369,429, and phospholipase A2425 (in Naja naja425).  

Based on classic pharmacological terminology, for a long time TSPO ligands 

were separated into two main classes: ‘agonists’ or ‘antagonists’. While it was 

acknowledged that this nomenclature was imperfect because TSPO has no 

clearly defined downstream signalling cascade and does not act as a receptor 

(therefore cannot be agonised or antagonised in the traditional sense), these 

terms saw continued use because there was not an alternative which more 

accurately described their effects on TSPO function. More recently, the field has 

seen the adoption of new terms: ‘activator’ in place of ‘agonist’ (e.g. when 

discussing emapunil430,431), and ‘inhibitor’ in place of ‘antagonist’ (e.g. when 

discussing PK-11195432), as part of an effort to better describe the purported 

actions of TSPO ligands binding to their target. Unfortunately, this terminology 

remains imperfect, because TSPO (as yet) has no clearly defined downstream 

functions that may be ‘activated’ or ‘inhibited’. TSPO has been reported to be 

regulated by protein kinase A via a phosphorylation event433, which has not 

subsequently been further elucidated. Regulation of TSPO via post-translational 

modifications in this manner is not well-studied and further developments here 

may yield outputs that enable better application of pharmacological nomenclature 

to the study of TSPO.  
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1.4.6.1: The rs6971 polymorphism  

As mentioned briefly above, alongside poor understanding of the function of 

TSPO, attempts to therapeutically target TSPO in humans or human-derived 

tissues or cells have also been hindered by the presence of a common single 

nucleotide polymorphism (SNP) in the Tspo gene known as the rs6971 

polymorphism416. This polymorphism has been reported in human and murine 

models355,416. A SNP is a form of genetic mutation, wherein a nucleotide in a given 

sequence is substituted for another nucleotide, changing the resulting DNA 

sequence. For example, ‘guanine-adenine-cytosine’ may mutate to ‘thymine-

adenine-cytosine’. SNPs can result in three different potential outcomes. The first 

possible outcome are ‘silent’ mutations, where although the encoded nucleotide 

has changed, the resulting amino acid is unchanged. Alternatively, ‘missense’ 

mutations may occur. Here, the altered nucleotide sequence encodes a different 

amino acid, which alters the structure of the resulting amino acid chain and 

protein product. The final possible outcome is a ‘nonsense’ mutation, wherein no 

amino acid is encoded, instead, a ‘stop’ or ‘start’ signal for gene transcription and 

translation may be inappropriately introduced, resulting in protein truncation or 

elongation and loss of function.  

The rs6971 polymorphism is a missense mutation, resulting in Threonine (Thr) 

being substituted for Alanine (Ala) at amino acid (AA) 147 of the TSPO AA 

sequence (Ala147Thr)416,434. This stems from the substitution of ‘adenine-

cytosine-guanine’ (encoding Thr) for ‘guanine-cytosine-guanine’ (encoding Ala) 

at the corresponding codon. As Ala is a nonpolar AA and Thr is a polar AA, this 

has downstream effects on the secondary and tertiary structure of TSPO. These 

manifest as changes to a region of TSPO known as the cholesterol 

recognition/interaction amino acid consensus sequence (CRAC domain)416 

(Figure 1.4.2.1 B). The CRAC domain is a region of the fifth TSPO 

transmembrane domain (Figure 1.4.2.1 B) and has been suggested as a likely 

binding site for endogenous and synthetic TSPO ligands and interacting 

partners305,416. Recent evidence has suggested that the rs6971 polymorphism 

affects the formation of complexes involving TSPO347. The rs6971 polymorphism 

exhibits a high degree of prevalence: estimations suggest that up to 30% of the 

general population carry this polymorphism (Thr147), though this varies 

depending on ethnicity416,434. The prevalence of the rs6971 polymorphism has 
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also hindered attempts to study it – as the polymorphism is, arguably, a minor 

allele variant, cause-and-effect relationships are harder to determine than with 

SNPs associated with severe phenotypes. Moreover, until recently, phenotypes 

associated with the rs6971 polymorphism beyond insensitivity to second-

generation TSPO ligands had not been determined, however neoteric studies 

have suggested that rs6971 ‘status’ (homozygous major allele variant 

[Ala/Ala147], heterozygote [Ala/Thr147], and homozygous minor allele variant 

[Thr/Thr147]) positively correlates with the incidence of neuropsychiatric 

conditions such as major depressive disorder435,436, bipolar disorder437 and 

schizophrenia438,439. Alongside this, presence of the rs6971 polymorphism was 

recently shown to be a predictor of survivability in human males with 

glioblastoma440, suggesting that this polymorphism may promote subtle 

phenotypes in humans. Together these studies show that the rs6971 

polymorphism may be clinically relevant, though full the extent to which the 

polymorphism determines clinical outcomes across a variety of neurological 

conditions remains unclear.  

1.4.7: Beyond neuroimaging: TSPO as a therapeutic target in CNS disease 

As outlined in Chapter 1.4.6, from a historical perspective TSPO ligands had 

primarily been developed and optimised to facilitate neuroimaging in a variety of 

disorders, largely due to the association of increased TSPO expression in the 

CNS during conditions with a neuroinflammatory element. Therefore, in the last 

two decades, there has been increasing attraction to employing TSPO as a 

therapeutic target, largely for neurological conditions. This has been partly fuelled 

by various reports of anti-inflammatory properties of TSPO ligands377,441,442. 

Following early reports that TSPO ligands may be beneficial in promoting 

neuroprotective or neuro-regenerative effects443 or reducing ROS production and 

markers of apoptosis443, this avenue gained mounting attention throughout the 

2010s.  

In 2013, Barron et al.442 reported that the first-generation ligand, Ro5-4864, 

exerted anti-inflammatory effects in a mouse model of Alzheimer’s disease when 

applied via intraperitoneal injection442. This was closely followed by Daugherty et 

al.372 who demonstrated that the anxiolytic etifoxine was of benefit in a mouse 

model of multiple sclerosis; this study reported increased numbers of 
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oligodendrocyte precursor cells and reduced markers of microglial activation 

following intraperitoneal application of this compound372. These studies were 

followed by many others, demonstrating that TSPO ligands may offer therapeutic 

value to addressing neuronal damage and CNS inflammation in a variety of 

conditions including diabetes (currently in a Phase II clinical trial412), cancer347,370, 

tauopathies444, macular degeneration344, amyotrophic lateral sclerosis319,406, 

alongside psychiatric conditions such as major depressive disorder435,436,445 and 

anxiety disorders418,436, and peripheral disorders such as non-alcoholic fatty liver 

disease446.  

Despite these promising findings, studies regarding the therapeutic employment 

of TSPO are typically limited by at least two major factors. The first factor is that 

TSPO currently has no widely-accepted downstream functionality through which 

its activity can be measured367. Thus, the efficacy of TSPO ligands at activating 

or inhibiting TSPO in a clinically relevant manner are difficult to determine. 

Steroidogenesis is, arguably, the most well-researched function linked to TSPO, 

however this function remains a source of considerable 

controversy320,328,367,433,447,448. However, were a better-defined role for TSPO in 

regulating a cellular function to be determined, potential modulatory effects of 

these ligands could be interrogated using this output. A role for TSPO in 

steroidogenesis is not ideal for this, as not all cells generate steroids. A second 

factor is that many of these ligands have not yet been validated with TSPO-

deficient models, thus the specificity of these effects cannot be reliably 

ascertained367. Moreover, the development of TSPO ligands for the purposes of 

bioimaging has hindered attempts to more widely employ these ligands due to a 

poor understanding of their function beyond their pharmacokinetic and 

pharmacodynamic properties367.  

1.5: Summary, overarching hypothesis, and aims of this project 

To summarise, astrocytes play crucial roles as mediators of energy use within the 

CNS. Moreover, astrocyte metabolism is increasingly being appreciated as a 

mechanism that governs a variety of functions, including intercellular 

communication and inflammatory responses. Astrocytes undergo molecular and 

cellular changes during pathological states, and therefore represent tantalising 

therapeutic targets. The highly conserved 18kDa mitochondrial translocator 

protein, TSPO, is expressed at a low level in the CNS under physiological 
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conditions, while under pathological conditions levels of TSPO increase. 

Pathology-associated modulation of TSPO expression has historically been 

attributed to microglia, but mounting evidence suggests that this is conserved in 

astrocytes and may precede microglial increases in TSPO. TSPO has been 

implicated in a myriad of functions in mammals, all of which have changes in 

cellular metabolism as a common theme. The role TSPO plays in regulating 

astrocyte bioenergetics remains poorly understood, and enhancing our 

understanding of this may yield novel therapeutic applications of TSPO.  

Therefore, this thesis tests the overarching hypothesis that TSPO acts as a key 

regulator of astrocyte metabolism and inflammatory responses, by influencing 

astrocyte immunometabolism.  

This hypothesis was tested through the following aims: 

1. To characterise the effects of TSPO deficiency on astrocyte cellular 

metabolism under basal conditions. 

2. To evaluate the effect of TSPO deficiency on astrocyte bioenergetics 

following inflammatory stimulation, and assess any associated impact on 

the astrocyte inflammatory response. 

3. Determine whether a TSPO ligand can modulate astrocyte metabolism 

and recapitulate the metabolic phenotype of TSPO deficiency. 
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Chapter 2: Materials and Methods  

2.1: Materials 

Table 2.1.1: List of consumables 

Consumable Supplier Catalogue 

number 

0.2µM filter Sarstedt 83.1826.001 

100mm dish Sarstedt 83.9302 

20mL syringe Appleton Woods GS577 

2-deoxy-D-glucose Merck Millipore  D8375-5G 

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) 

Merck H0887-

100ML 

50mL syringe, Luer lock Appleton Woods GS586 

60mm dish Sarstedt 83.3901 

6-well plate Sarstedt 83.392 

70µM sterile cell strainer Fisher Scientific 11597522 

96 well plate (flat bottom) Starlab E2996-1600 

Acrylamide/Bisacrylamide 37.5:1, 30% Fisher Scientific 15484099 

Agarose Fisher Scientific 10688973 

Ammonium persulphate Merck Millipore  A3678 

Benzamidine Merck Millipore  12072 

Bio-Rad Protein Assay Dye Reagent 

Concentrate 

Bio-Rad 5000006 

BioTrace Nitrocellulose VWR 732-3031 

Bovine Serum Albumin (BSA), for 

biotechnology 

VWR 0332-100G 

Bovine Serum Albumin Fraction V, fatty 

acid free 

Merck Millipore  10775835001 

Bromophenol blue sodium salt Merck Millipore  B5525 

BstUI Fisher Scientific ER0921 

CaCl2 (calcium chloride) Merck C5670 

Cryovials Sarstedt 72.379 

Culture tubes VWR 211-0085 

Cuvettes Fisher Scientific 10412121 
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D-glucose Merck Millipore  G7021 

Dimethyl sulfoxide Merck Millipore  D2650-

5X5ML 

DreamTaq Hot Start Green Master Mix Fisher Scientific 15689374 

Dulbecco's Modified Eagle's Medium 

(Glucose Free) 

Fisher Scientific 11966-025 

DuoSet ELISA Ancillary Reagent Kit Bio-techne DY0008B 

Ethylene glycol-bis(2-aminoethylether)-

N,N,N′,N′-tetraacetic acid (EGTA) 

Merck Millipore  E0396-10G 

Ethylenediaminetetraacetic acid (EDTA) Merck Millipore  EDS-100G 

Etomoxir Merck Millipore  E1905-5MG 

ExoSAP-IT Fisher Scientific 78200.200.U

L 

Fatty acid free BSA (Fraction V) Roche 10775835001 

Fatty Acid Oxidation assay AssayGenie BR00001 

Fluoroshield mounting medium with DAPI Abcam AB104139-

20ML 

Foetal Bovine Serum, South American 

Origin 

Fisher Scientific 10270106 

Gelatine Merck Millipore  G-2500 

GelRed® Nucleic Acid Gel Stain, 

10,000XG 

Cambridge 

Bioscience 

88495 

Glycerol Merck Millipore  G5516-

100ML 

Glycine Melford G0709 

Glycolysis stress test Agilent 103020-100 

Hank's Balanced Salt Solution Fisher Scientific 11530476 

HCl (hydrochloric acid) Fisher Scientific J/4320/15 

High-Capacity RNA-to-cDNA Kit Fisher Scientific 10704217 

High glucose DMEM Merck Millipore  D5671 

Inoculating loops Fisher Scientific 15792105 

Intercept (TBS) Blocking Buffer Merck Millipore  16341908 

Kanamycin sulphate Merck Millipore  K4000 

KCl (potassium chloride) Merck Millipore  P5405 
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LB Broth Merck Millipore  L3022-250G 

LB Broth with agar Merck Millipore  L2897-250G 

L-glutamine (200mM) Fisher Scientific 11500626 

Lipofectamine 3000 Fisher Scientific 15292465 

Lipopolysaccharide Merck Millipore  L8274-10MG 

L-Lactate assay kit Cayman 

Chemical 

700510-96 

wells  

Methanol for HPLC, ≥99.9% Merck Millipore  34860-2.5L-M 

MgCl2•6H2O (Magnesium chloride 

hexahydrate) 

Merck Millipore  M2393 

MgSO4 (magnesium sulphate) Merck M2643 

Mitochondrial stress test Agilent 103015-100 

Mouse IL-1 beta/IL-1F2 DuoSet ELISA Bio-techne DY401-05 

Mouse IL-10 DuoSet ELISA Bio-techne DY417-05 

Mouse TNF-alpha DuoSet ELISA Bio-techne DY410-05 

Myc-trap agarose beads Proteintech yta-20 

Na4P2O7•10H2O (sodium pyrophosphate 

tetrabasic decahydrate) 

Merck Millipore  S6422 

NaCl (sodium chloride) Merck Millipore  S7653 

NaF (sodium fluoride) Merck Millipore  S7920 

NaH2PO4 (sodium dihydrogen phosphate) Merck RDD07 

NaOH (sodium hydroxide) Fisher Scientific S/4920/53 

NaVO4 (sodium orthovanadate) Merck Millipore  S6508 

Nonidet P40 substitute Merck Millipore  74385-1L 

Palmitate Merck Millipore  P0500 

PBR (TSPO) Human Tagged ORF Clone OriGene RC220107 

pCMV6-Entry Mammalian Expression 

Vector 

OriGene PS100001 

Penicillin Streptomycin solution Fisher Scientific 11528876 

Phenylmethylsulfonyl fluoride Merck Millipore  P7626 

Phosphate buffered saline tablets Fisher Scientific 10209252 

PK11195  Merck Millipore  5059810001 

Plasmid Midi Kit Qiagen 12143 

Plasmid Midi Kit (25) Qiagen 12143 
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Poly-L-lysine hydrobromide Merck Millipore  P1274-

100MG 

Ponceau S solution Merck Millipore  P7120 

Precision Plus Protein Dual Color 

Standards 

Bio-Rad 1610374 

Propidium iodide Merck Millipore  P4864-10ML 

Proteinase K (recombinant) Fisher Scientific 10181030 

RNase-free DNase set Qiagen 79254 

RNeasy Mini Kit Qiagen 74104 

RNeasy Plus Mini Kit Qiagen 74134 

Seahorse XF DMEM medium, pH 7.4 Agilent 103575-100 

Seahorse XFe96 FluxPak Agilent 102416-100 

Sodium dodecyl sulphate (SDS) Melford B2008 

Sodium pyruvate Merck Millipore  P2256-100G 

Stericup 38mm Merck SEPGU0538 

Stericup 45mm Merck SEPGU0545 

Sterile disposable scalpel Fisher Scientific 11798343 

Sucrose Melford S0809 

T25 flask Sarstedt 83.3910.002 

T75 flask Sarstedt 83.3911.002 

N,N,N′,N′-Tetramethylethylenediamine 

(TEMED) 

Merck Millipore  T7024 

Tris base Melford B2005 

Triton-X 100 VWR M143 

Trypsin 0.05% EDTA Fisher Scientific 11590626 

Trypsin from porcine pancreas (2.5% 

solution) 

Merck Millipore  T4549 

Tween-20 Merck Millipore  P2287 

β-mercaptoethanol Merck Millipore  M3148 

 

Table 2.1.2: List of general equipment 

Equipment Supplier 



66 
 

BD Accuri C6 Plus Flow 

Cytometer 

BD Biosciences 

Biospectrophotometer Eppendorf 

DM4000 B LED Fluorescent 

microscope 

Leica 

Fibre optical illuminator World Precision 

Instruments 

GelMAX Imager UVP 

Mini-PROTEAN Tetra system Bio-Rad 

Nanodrop 2000 Fisher Scientific 

Odyssey CLx LI-COR Biosciences 

PHERAstar FS microplate reader BMG Labtech 

Seahorse XFe96 Analyser Agilent 

SimpliAmp Thermocycler Applied Biosystems 

Sprout Mini Centrifuge Fisher Scientific 

TC20 Automated cell counter Bio-Rad 

 

Table 2.1.3: List of software and suppliers 

Software Distributor/Supplier 

BD C6Plus 
Software 

BD Biosciences 

Benchling Benchling 

Ensembl Ensembl 

Excel Microsoft 

FIJI Is Just ImageJ 
(FIJI) 

National Institutes for 
Health 

ImageStudio (v5.2) LI-COR Biosciences 

Inkscape Inkscape.org 

Leica Acquisition 
Suite X 

Leica 

MARS BMG Labtech 

PowerPoint Microsoft 

Primer3Plus Primer3 

Prism (v10.0.2) GraphPad 

SnapGene Viewer 
(v5.2.3) 

SnapGene (Dotmatics) 

UCSC in silico PCR University of California, 
Santa Cruz 

Visionworks Analytik Jena 
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Wave Analysis 
Software 

Agilent 

 

2.2: Methods 

2.2.1: Animal use and husbandry 

All animal studies were conducted in accordance with the UK Animals (Scientific 

Procedures) Act 1986 (ASPA) and study plans were approved by the institutional 

Animal Welfare and Ethical Review Body at the University of Exeter. Mice were 

group housed on a 12:12 light-dark cycle at 22 ± 2°C with ad libitum access to 

standard laboratory rodent diet (LabDiet [EU] Rodent diet 5LF2; LabDiet, London, 

UK) and water449. 

Mating pairs of TSPO heterozygote (+/-) (Tspotm1b(EUCOMM)Wtsi) mice were used to 

produce the homozygote knockout (TSPO-/-) and wildtype (TSPO+/+) littermate 

mice used in these studies326,449. Mice were crossed >7 generations onto a 

C57BL/6J background449.  

Offspring of both sexes were used in this study. 

2.2.2: Isolation of primary astrocytes 

Mouse primary astrocytes (MPAs) were collected using a modified version of the 

method published by Schildge et al.123,167. Briefly, on postnatal days 1-5, pups 

were euthanised by rapid decapitation and brains were removed from skulls. 

Following removal of the meninges, the cerebellum and occipital lobes were 

removed, and the cortices extracted by blunt dissection using forceps. 

Homogenised cortices were placed into 1mL Hank’s Balanced Salt Solution 

(Fisher Scientific) and manually disrupted using a scalpel. Dissected cortices 

were digested for 30 minutes in 0.5% (w/v; 0.5g/100mL) trypsin (Merck Millipore) 

and neutralised with an equal volume of 25mM glucose Dulbecco’s Modified 

Eagle’s Media (DMEM; Merck Millipore) supplemented with 10% (vol/vol) foetal 

bovine serum (FBS; Fisher Scientific), 8mM L-glutamine (Fisher Scientific) and 

2% (vol/vol, ~86.2U/mL) penicillin-streptomycin (Fisher Scientific). Following this, 

cortices were further disrupted by manual pipetting prior to filtration with a 70µM 

filter (Fisher Scientific). Digested brains were placed onto poly-L-lysine (PLL; 

4µg/mL; Merck Millipore) coated T25 flasks. The next day media was aspirated, 

and the cells washed with 0.01M phosphate buffered saline (PBS) before media 

was replaced. Thereafter the cells were washed with PBS and media replaced 
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every 2-3 days until confluent. To ensure sufficient cell numbers for assays, after 

genotyping, MPAs of the same TSPO genotype were pooled together into a T75 

and grown until confluent. TSPO+/+ and TSPO-/- MPAs, MPAs were frozen in 10% 

DMSO (vol/vol) in liquid nitrogen until use. Purity of astrocyte cultures was 

determined using immunocytochemistry for GFAP-immunoreactivity. The number 

of GFAP-immunoreactive astrocytes were determined by manual counting using 

the Cell Counter plugin for FIJI450. Primary antibody-free control coverslips were 

used to determine background fluorescence. Manual counting determined that 

astrocyte purity was ≥92% with a mean purity of 98.67 ± 1.61% across all 

coverslips counted (Figure 2.2.2). 

2.2.2.1: Immunocytochemistry 

Cells were seeded onto PLL-coated coverslips at 1x105 cells per coverslip. Cells 

were fixed in 1mL ice-cold 100% methanol (Merck Millipore) for 90 seconds on 

ice. Methanol was removed and the cells washed three times with 0.01M PBS. 

Non-specific binding was minimised by blocking in 5% normal donkey serum 

(NDS; diluted in 0.01M PBS [0.3% Triton X-100] [PBS-T]) for 15 minutes at RTP. 

Anti-GFAP was diluted in 1% NDS-PBST and applied overnight at 4°C. 

Coverslips were washed three times with PBS and secondary antibodies (1% 

NDS-PBST) applied for 1h in darkness. Secondary antibodies (Table 2.2.2.1) 

were removed and coverslips washed three times with PBS before air drying in 

darkness. Coverslips were mounted onto slides using Fluoroshield Mounting 

Medium with DAPI (Abcam) and imaged within 7 days using a DM4000 B LED 

Fluorescent microscope (Leica). Slides were stored at 4°C.  

Table 2.2.2.1: List of antibodies used for immunocytochemistry 

Target 
Host 

species 
Dilution 

Catalogue 

number 
Supplier 

GFAP Mouse 
1:1000, 1% NDS in 

PBST 
mab360 

Merck 

Millipore 

 

Mouse 

(AlexaFluor-488) 
Donkey 

1:500, 1% NDS in 

PBST 
A-21202 Invitrogen 
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 Figure 2.2.2: Confirmation of astrocyte purity. 

MPAs were seeded onto coverslips, fixed, and purity determined via GFAP-immunoreactivity. 
GFAP-positive cells were accepted as astrocytes, and GFAP-negative cells were accepted as 
other brain cells. Mean astrocyte purity was determined to be 98.67% by manual counting.  

A: Primary antibody-free negative control. B: GFAP staining. i: DAPI. ii: GFAP immunoreactivity. 
iii. Overlay. 

n=10 coverslips, 2-5 images per coverslip over 3-4 individual collections (total cells counted = 
3256). 
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2.2.3: Genotyping 

Upon euthanasia of pups a small tissue sample was collected per pup. Tissue 

was digested in PBND buffer (50mM KCl, 10mM Tris-HCl pH 8.0, 2.5mM MgCl2-

6H2O, 0.1mg/mL gelatine, 0.45% [vol/vol] Nonidet P40, 0.45% [vol/vol] Tween-

20) and 1% (vol/vol) Proteinase K (Fisher) for 5h at 55°C before enzymes were 

denatured by heating at 95°C for 10 minutes. DNA samples were loaded into a 

PCR reaction containing primers (Table 2.2.3) for TSPO and a LAR3 construct 

(LAR3 construct present only in TSPO-/-, TSPO+/- pups). PCR products were run 

on a 1.5% (w/vol) agarose gel and gels were scanned using a GelMax imager 

(UVP). TSPO genotype was determined by PCR product size. TSPO+/+ mice were 

determined by the presence of a single band at 188bp, TSPO-/- by a band at 

244bp, and TSPO+/- by both bands (Figure 2.2.3). 

 

Table 2.2.3: Primers used to genotype TSPO-/--line mice 

Primer name: Sequence (5’-3’): 

TSPO 5’ arm AGCAGAAGTAGGAAGAAGGTG 

TSPO 3’ arm GTCAACCCATCACTGCCTTCA 

LAR3 CAACGGGTTCTTCTGTTAGTCC 
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Figure 2.2.3: Example gel showing PCR products from TSPO-/--line mice. 

PCR products from tissue samples of TSPO-/--line pups. bp: base pairs. L: ladder. 1-10: 

sample numbers. WT: positive control for TSPO-expressing pup. KO: positive control for 

TSPO-deficient pup. Presence of 2 bands in a single lane indicated TSPO 

heterozygosity. -: negative control, double distilled H2O run in place of sample. 
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2.2.4: General cell culture 

All cell cultures were maintained in 25mM glucose DMEM (Merck Millipore) with 

10% (vol/vol) FBS (Fisher Scientific), 8mM L-glutamine (Fisher Scientific) and 2% 

(vol/vol; ~86.2U/mL) penicillin-streptomycin (Fisher Scientific). Cultures were 

maintained in humidified incubators at 37°C with 5% CO2.  

U373 astrocytoma cells were purchased from the European Collection of 

Authenticated Cell Cultures (U-373 MG [Uppsala] [ECACC 08061901])451 (U373 

cells). U373 cells that were not subject to previous genetic modification were 

maintained up to p30 for use in these studies. TSPO-/- and empty vector wildtype 

control U373 cells were p50-60. Though not ideal, this was unavoidable due to 

expanding single-cell colonies following genetic modification with the CRISPR-

Cas9 system. 

Cells were detached from surfaces for passaging (U373s, MPAs were not 

subcultured) or freezing (0.5% Trypsin-EDTA, Fisher Scientific) for 5 minutes at 

37°C (5% CO2). Trypsin was neutralised by the addition of 1 volume of serum-

containing media. Cells were centrifuged at 161xg for 5 minutes, before 

resuspending in media and cell counting (if seeding for experiments; Bio-Rad).  

The day before experiments, MPAs or U373 cells were trypsinised, counted, and 

seeded in DMEM (Fisher Scientific) with 7.5mM glucose (Merck Millipore), 10% 

(vol/vol) FBS, 8mM L-glutamine and 2% (vol/vol; ~86.2U/mL) penicillin-

streptomycin. On the day of experiments involving treatments, cells were cultured 

in serum-free DMEM (11966) supplemented with 2.5mM glucose for 2h before 

treatments were applied in the same media. When performing metabolic flux 

analyses or measuring metabolite production, XF DMEM (pH 7.4) (Agilent) 

supplemented with appropriate concentrations of glucose, sodium pyruvate, and 

L-glutamine for the assay used.  

2.2.5: Generation of TSPO-deficient U373 cells 

These cells were generated and validated via PCR, immunoblotting, and 

immunocytochemistry by Daisy Stewart as part of her Professional Training Year. 

TSPO+/+
 U373 cells transfected with noncoding guide RNAs (‘empty vectors’, EV) 

were maintained as passage-equivalent controls. This work was carried out under 

the supervision of Dr Josephine Robb and Dr Rosemary Bamford. Full methods 

are presented in449.  
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2.2.6: Bacterial transformations and plasmid extractions 

Plasmids (Myelocytomatosis oncogene [Myc]-tagged TSPO [‘TSPO-Myc’; 

OriGene]) or a porcine cytomegalovirus (pCMV) EV control (OriGene) were 

grown in chemically competent DH5α E. coli following transformation via heat 

shock. Briefly, DH5α E. coli were thawed on ice. 100ng of the relevant plasmid (1 

plasmid per tube of bacteria) was added and mixed with gentle agitation. The 

bacteria-plasmid mix was placed on ice for 10 minutes prior to incubation at 42°C 

for 50 seconds. Bacteria were immediately returned to ice for 2 minutes, then 

placed into 900µL lysogeny broth (LB) in a culture tube (VWR). Bacteria were 

incubated for 1h at in a 37°C non-CO2 incubator with gentle agitation (225rpm). 

Solution was centrifuged at 100xg and resuspended in 50µL LB broth. 

Resuspensions were inoculated via inoculating loop (Fisher Scientific) on hand-

cast LB agar 100mm dishes (Sarstedt) containing 25µg/mL kanamycin (Merck 

Millipore) to select successful transformants. Plates were incubated overnight at 

in a 37°C non-CO2 incubator. The next day, colonies were picked and added to 

5mL LB broth (25µg/mL kanamycin) in culture tubes and incubated for 5-8h at 

37°C in a non-CO2 incubator with gentle agitation (225rpm). Optical density at 

600nm (OD600) was monitored via cuvette and a biospectrophotometer 

(Eppendorf). When OD600 was between 0.3-1 arbitrary units (AU), a sample of 

this culture was diluted 1/500-1/1000 into 50-100mL LB broth (25µg/mL 

kanamycin) in a vented T75 flask and incubated at 37°C in a non-CO2 incubator 

with gentle agitation (225rpm) for 16-20h overnight. When OD600 was between 

2-3AU, cultures were transferred to 50mL tubes (Eppendorf) and centrifuged at 

4600xg at room temperature and pressure. Plasmids were isolated using a 

Plasmid Midi Kit (Qiagen). All centrifugation steps were carried out at 4600xg RTP 

with appropriate modifications to spin duration (step 1: 15 minutes; step 10: 35 

minutes; step 11: 15 minutes). Plasmids were allowed to air dry in a fume hood 

for 15 minutes before resuspension in 500µL Buffer TE (Qiagen). Plasmid 

concentration was quantified using a Nanodrop 2000 (Fisher Scientific). 

2.2.7: Transient transfection of U373 cells 

U373 cells were transiently transfected in 6-well plates with 2.5µg plasmid 

(TSPO-Myc or pCMV EV) per well using Lipofectamine 3000 (Fisher Scientific) 

according to the manufacturer’s specifications with minor modifications: 
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transfection complexes were made up using serum-free 25mM DMEM (Merck 

Millipore) with 8mM L-glutamine and 2% (vol/vol; ~86.2U/mL) penicillin-

streptomycin 10 minutes before use. Cells in DMEM (Fisher Scientific) with 

7.5mM glucose, 10% (vol/vol) FBS, 8mM L-glutamine and 2% (vol/vol; 

~86.2U/mL) penicillin-streptomycin were seeded directly into transfection 

complex mixes and left for 24h before cell lysates were harvested. 

2.2.8: Cell treatments 

Cells were seeded at a density of either 4x105 cells per well in 60mm dishes 

(Sarstedt) or 2.1x105 cells per well in 6 well plates (Sarstedt). Prior to treatment, 

cells were washed once with 0.01M PBS and incubated in serum-free 2.5mM 

glucose DMEM (Fisher Scientific) (‘assay media’) for 2h. Treatments were diluted 

to the appropriate concentrations in assay media immediately before application. 

2-deoxyglucose (2DG; Merck Millipore; reconstituted in double distilled H2O 

[ddH2O]) was diluted to 10mM (final ddH2O concentration was 2% [vol/vol]). 

Lipopolysaccharide from Escherichia coli (LPS; 026:B6; Merck Millipore; 

reconstituted in ddH2O) was diluted to a working concentration of 100ng/mL (final 

ddH2O concentration was 0.01% [vol/vol]). PK-11195 (Merck Millipore; 

reconstituted in 100% DMSO) was applied for 1h before use (final DMSO 

concentration was 0.01% [vol/vol]). Vehicle-treated control cells were incubated 

in an equal concentration of vehicle solution (0.01% or 2% ddH2O, or 0.1% 

DMSO). Where DMSO and ddH2O vehicles were used, vehicle groups were 

exposed to both an appropriate concentration of these compounds with inclusion 

of the alternative treatment in relevant groups (i.e., in Chapter 5, 2DG treatments 

were also exposed to 0.1% DMSO and PK-11195 treatments to 2% ddH2O). 

Where vehicle solutions of ranging concentrations were used (Chapter 4, 0.01% 

and 2% ddH2O), vehicle-treated groups were exposed to the greatest 

concentration of vehicle.  

2.2.9: Protein quantification 

Cell lysates were collected using modified radioimmunoprecipitation (RIPA) buffer 

(Table 2.2.9) and manual scraping. Collected lysates were frozen, thawed on ice, 

and centrifuged at 21,000xg for 20 minutes at 4°C. Protein content of supernatant 

was quantified via Bradford assay according to the manufacturer’s instructions 

(Bio-Rad). Briefly, 1 part Bradford reagent concentrate was diluted in 4 parts 

ddH2O to create a working stock. Working stocks were diluted immediately prior 
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to use. A standard curve was constructed using bovine serum albumin (BSA; 

1mg/ml; Fisher Scientific) in triplicate on a 96-well plate. Standard curves ranged 

from 0-3mg/ml in integers. For immunoblotting, 1µL of sample was added to wells 

in triplicate. For extracellular flux analysis, 20µL sample was added to the wells 

in triplicate. An equal volume of lysis buffer (modified RIPA buffer [immunoblotting 

and co-immunoprecipitations] or 50mM NaOH [extracellular flux analysis]) to 

sample was added to the standard curve. 200µL of working concentration 

Bradford reagent was added per well. Plates were shaken at 300rpm for 300 

seconds and absorbance was measured at 595nm using a Pherastar FS (BMG 

LABTECH).  

Table 2.2.9: Constitution of modified RIPA buffer 

Compound: Concentration (mM): 

Tris-HCl (pH 7.4) 25 

NaF 50 

NaCl 100 

EDTA (pH 8) 1 

EGTA (pH 8) 5 

Na4P2O7•10H2O 10 

Triton-X 100 1% 

Sucrose 269 

β-mercaptoethanol 0.014 

NaVO4 1 

Benzamidine 1 

Phenylmethylsulfonyl 

fluoride 
0.1 

 

 

2.2.10: Co-immunoprecipitations 

Co-immunoprecipitations (co-IPs) were performed using Myc-Trap agarose 

beads (Proteintech) according to the manufacturer’s specifications with minor 

modifications. For semiquantitative co-IPs, 68µg protein was loaded per reaction; 

for confirmatory co-IPs (Figure 3.4.14), protein was not quantified.  
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Briefly, beads were equilibrated in 500µL co-immunoprecipitation buffer (Table 

2.2.10) and centrifuged at 2500xg for 5 minutes at 4°C. This was repeated a total 

of 3 times. Cell lysate was diluted in 800µL co-IP buffer. 50µL diluted whole cell 

lysate was retained as the ‘input fraction’ for immunoblotting. The remainder was 

then incubated in 20µL equilibrated beads on a rotary mixer for 90 minutes at 

4°C. Following centrifugation to isolate the beads (2500xg for 5 minutes at 4°C), 

50µL supernatent was retained as the ‘unbound fraction’ for immunoblotting. 

Beads were washed three times in 500µL co-IP buffer and pelleted by 

centrifugation (2500xg for 5 minutes at 4°C). After the third centrifugation, 

supernatent was discarded and protein complexes eluted from the beads via the 

addition of 50µL 2X sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) sample buffer (Table 2.2.11.2) and boiling at 95°C for 10 minutes. 

Beads were pelleted by centrifuging at 2500xg for 5 minutes at 4°C to isolate the 

‘bound fraction’ for immunoblots.  

Table 2.2.10: Co-immunoprecipitation buffer 

Component: Final concentration 

(mM) 

Tris-HCl pH 7.5 10 

EDTA 0.5 

NaCl 150 

NaVO4 1 

Benzamidine 1 

Phenylmethylsulfonyl fluoride 0.1 

 

 

2.2.11: Immunoblotting 

Following sample quantification or co-immunoprecipitation, samples were run on 

hand-cast 15% (vol/vol) polyacrylamide gels. Resolving gel solutions were made 

up as described in Table 2.2.11.1, allowed to polymerise, and stacking gels were 

added to facilitate sample loading. In co-immunoprecipitation studies 20µL per 

fraction was loaded per well. For semi-quantifiable immunoblots, 10µg protein 

was loaded per well. 4X SDS-PAGE sample buffer (Table 2.2.11.2) was added to 

a final concentration of 1X to allow visualisation of samples and gel fronts. Gels 
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were run at 90V for 15 minutes, followed by 150V for 90 minutes. Gels were 

transferred onto nitrocellulose membranes via wet transfer at 100V for 70 

minutes. Membranes were blocked using Odyssey blocking buffer (Tris-buffered 

saline [TBS]) (Licor, UK) for 1h. Primary antibodies (Table 2.2.11.3) were applied 

overnight at 4°C or RTP for 1h. Membranes were washed 3 times in TBS (20mM 

Tris-HCl [pH 7.4], 152mM NaCl) with 0.05% (vol/vol) Tween-20 (TBS-T) before 

application of secondary antibodies (Table 2.2.11.3). Membranes were scanned 

using an Odyssey CLx scanner (Licor, UK). Bands for proteins of interest were 

normalized to expression of GAPDH and data expressed as fold change over 

control.  

Table 2.2.11.1: Hand-cast polyacrylamide gels 

Reagent 15% resolving gel 4% stacking 

ddH2O 2.3mL 2.8mL 

1.5M Tris-HCl (pH 8.8) 3.15mL - 

0.5M Tris-HCl (pH 6.8) - 1.25mL 

30% acrylamide 5.6mL 850µL 

10% SDS 110µL 50µL 

20% APS 55.4µL 50µL 

TEMED 11µL 5.35µL 

 

Table 2.2.11.2: 4X SDS-PAGE sample buffer 

Component Concentration 

Tris-HCl (pH 6.8) 125mM 

SDS 4% 

Glycerol 20% 

Bromophenol blue >1% 
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Table 2.2.11.3: List of antibodies used for immunoblotting 

Target 
Host 

species 
Dilution 

Catalogue 

number 
Supplier 

TSPO Rabbit 

1:1000, 2.5% 

(vol/vol) BSA in 

TBS-T (0.05%) 

ab109497 Abcam 

CPT1a Rabbit 

1:1000, 2.5% 

(vol/vol) BSA in 

TBS-T (0.05%) 

15184-1-

AP 
Proteintech 

GLUT1 Rabbit 

1:1000, 2.5% 

(vol/vol) BSA in 

TBS-T (0.05%) 

07-1401 
Merck 

Millipore 

HK2 Rabbit 

1:1000, 2.5% 

(vol/vol) BSA in 

TBS-T (0.05%) 

2867S 

Cell 

Signalling 

Technologies 

pNFκB (p65) 

(Ser536) 
Rabbit 

1:1000, 2.5% 

(vol/vol) BSA in 

TBS-T (0.05%) 

3033S 

Cell 

Signalling 

Technologies 

VDAC1 Rabbit 

1:1000, 2.5% 

(vol/vol) BSA in 

TBS-T (0.05%) 

ab15895 Abcam 

GAPDH Rabbit 

1:1000, 2.5% 

(vol/vol) BSA in 

TBS-T (0.05%) 

G9545 
Merck 

Millipore 

NFκB (p65) Mouse 

1:1000, 2.5% 

(vol/vol) BSA in 

TBS-T (0.05%) 

6956S 

Cell 

Signalling 

Technologies 

Myc-tag Mouse 

1:1000, 5% milk 

(vol/vol) in TBS-T 

(0.05%) 

66004-1-Ig Proteintech 

β-actin Mouse 

1:10,000, 5% milk 

(vol/vol) in TBS-T 

(0.05%) 

NB600-

501 
Novus 
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Mouse 

(AlexaFluor 

680) 

Goat 

1:10,000, 5% milk 

(vol/vol) in TBS-T 

(0.05%) 

A21057 Abcam 

Rabbit 

(DyLight 800 

Conjugated) 

Goat 

1:10,000, 5% milk 

(vol/vol) in TBS-T 

(0.05%) 

MX10 Rocklands 

 

2.2.12: Extracellular flux analysis 

Cells were seeded at a density of 4x104 cells per well in 96 well plates 20-24h 

prior to experimentation. The exception is the FAO stress test (Chapter 2.12.3), 

where 4x104 cells per well were seeded 48h prior to experimentation. XF DMEM 

was used for all metabolic flux assays. Media was supplemented as appropriate 

for the assay used: for basal measurements of cellular metabolism in the 

presence of glucose and the mitochondrial stress test (MST), XF DMEM was 

supplemented with 2.5mM glucose (Merck Millipore), 2.5mM sodium pyruvate 

(Merck Millipore), and 2mM L-glutamine (Fisher Scientific); for the glycolysis 

stress test, XF DMEM was supplemented with 2mM L-glutamine; for 

measurements of cellular metabolism in the absence of L-glutamine XF DMEM 

was supplemented with 2.5mM sodium pyruvate and 2.5mM glucose and for 

measurements of cellular metabolism in the absence of glucose XF DMEM was 

supplemented with 2.5mM sodium pyruvate and 2mM L-glutamine. Prior to the 

assay, cells were washed once with XF DMEM (containing supplements relevant 

to the test used), which was immediately aspirated and replaced with more fresh 

media XF DMEM of an appropriate composition for the assay used. Cells were 

placed into a humidified non-CO2 incubator at 37°C to ‘degas’ for 60 minutes 

immediately prior to the assays. This is to prevent acidification of media: because 

no CO2 is supplied, a concentration gradient forms which causes CO2 to diffuse 

out of the media. Following the degas period cells were placed into the XFe96 

bioanalyzer (Agilent) and assays commenced. Readings were taken over 3-

minute mix-measure cycles during the assay, with 3-4 measurements per cycle. 

A baseline read of 3-4 cycles was taken prior to any injections. 

2.2.12.1: Mitochondrial stress test (MST) 

The mitochondrial stress test was performed according to the manufacturer’s 

instructions (Agilent). As part of this paradigm, cells are first incubated in media 
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that is serum free but otherwise ‘substrate-replete’, containing 2.5mM glucose, 

2.5mM sodium pyruvate, and 2mM L-glutamine. The glucose concentration used 

in this thesis is physiologically relevant to the brain76,124. Following this incubation 

period, oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) are measured to provide approximate rates of mitochondrial and 

glycolytic respiration in the cells. Oligomycin (0.5µM, Complex V inhibitor) is first 

injected. Inhibition of mitochondrial Complex V (ATP synthase unit, Chapter 1) 

allows the determination of oxygen use linked to ATP production. Injection of 

FCCP (1µM, OXPHOS uncoupler) removes the H+ gradient between the 

mitochondrial matrix and intermembrane space, allowing maximum oxygen 

consumption to be measured. Finally, a mixture of rotenone and antimycin-A 

(0.5µM, Complex I and III) is injected. This inhibits the electron transport chain 

and therefore mitochondrial respiration, allowing one to make inferences 

regarding the contribution of other oxygen-consuming processes to the recorded 

OCR. Parameters of the MST were calculated as detailed in Table 2.2.12.1. 

Table 2.2.12.1: Calculations used for the mitochondrial stress test 

Parameter Equation 

Non-mitochondrial 

respiration 

Minimum rate measurement after 

rotenone/antimycin A injection 

Basal respiration (Last rate measurement before first injection) – 

(Non-mitochondrial respiration rate) 

Maximal respiration (Maximum rate measurement after FCCP 

injection) – (Non-mitochondrial respiration) 

H+ (proton) leak (Minimum rate measurement after oligomycin 

injection) – (Non-mitochondrial respiration) 

Mitochondria-linked ATP 

production 

(Last rate measurement before oligomycin 

injection) – (Minimum rate measurement after 

oligomycin injection) 
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Spare respiratory capacity (Maximal respiration) – (Basal respiration) 

Coupling efficiency (ATP production rate) / (Basal respiration rate) × 

100 

 

2.2.12.2: Glycolysis stress test 

The glycolysis stress test was used according to the manufacturer’s 

specifications. In this experimental paradigm, cells are first incubated in glucose- 

and sodium pyruvate-free media in the presence of L-glutamine for 1h, during the 

degas period. This starves the cells of glucose in order to measure non-glycolytic 

acidification. ‘Non-glycolytic acidification’ describes a parameter which 

encompasses any pH changes that are attributed to other processes involving H+ 

production, such as metabolism of fatty acids, or utilisation of intracellular 

glycogen stores. Following this, a supraphysiological glucose concentration 

(10mM) is injected to saturate the cells and promote glycolysis. Oligomycin (1µM) 

is then injected to inhibit ATP synthase and force the cells to rely mainly on 

aerobic glycolysis for fuel, before 2-deoxyglucose (50mM) is used to 

competitively inhibit hexokinase-2 (and other hexokinases), effectively stopping 

glycolysis. The post-2DG metabolism can then be used to confirm the accuracy 

of non-glycolytic acidification. Parameters of the glycolysis stress test were 

calculated as detailed in Table 2.2.12.2. 

Table 2.2.12.2: Calculations used for the glycolysis stress test 

Parameter Equation 

Glycolysis (Maximum ECAR measurement pre-oligomycin 

injection) - (Lowest rate after 2DG) 

Glycolytic capacity (Maximum ECAR measurement post-oligomycin 

injection) - (Lowest rate after 2DG) 

Glycolytic reserve (Glycolytic capacity) - (Glycolysis) 
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Non-glycolytic 

acidification 

Last ECAR measurement prior to glucose injection 

 

2.2.12.3: Fatty acid oxidation stress test 

This assay was performed on TSPO-/- MPAs by Dr Josephine Robb and is 

included in this thesis for completeness. A full account of the methods is given 

in449,452. Briefly, this assay is used to determine the contribution of FAO to meeting 

the metabolic demands of cells; i.e., how reliant cells are on fats as a metabolic 

substrate. This is achieved by ‘priming’ the cells for FAO by withdrawing glucose 

and supplying carnitine overnight in substrate-limited media (Table 2.2.12.3). 45 

minutes before the assay, substrate-limited media was replaced with FAO media 

(Table 2.2.12.3). 15 minutes before the assay, half the cells were treated with 

40µM etomoxir, an inhibitor of CPT1 function. This concentration was chosen to 

avoid off-target effects associated with higher concentrations of etomoxir382. By 

inhibiting FAO, one can calculate the proportion of OCR that can be attributed to 

this process. Immediately before running the assay, half of the etomoxir and 

control treated cells were treated with 200µM palmitate (Merck Millipore) 

(0.17mM bovine serum albumin [BSA] vehicle) or BSA vehicle (0.17mM, Roche). 

A MST was then performed to assess mitochondrial fatty acid oxidation. The 

calculations for basal and maximal FAO are shown in Table 2.2.12.3.  

Table 2.2.12.3: Media compositions and calculations used for the FAO 

stress test 

Component Concentration 

Substrate-limited media 

Glucose 0.5mM 

Glutamate 1mM 

Carnitine 0.5mM 

FBS 1% 

DMEM (Fisher Scientific) - 

FAO media 

NaCl 111mM 

KCl 4.7mM 
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CaCl2 1.25mM 

MgSO4 2mM 

NaH2PO4 1.2mM 

Glucose 2.5mM 

Carnitine 0.5mM 

HEPES 5mM 

Parameter name Calculation 

Basal FAO 

(Palmitate – etomoxir) – (palmitate + 

etomoxir) immediately before 

oligomycin injection 

Maximal FAO 

(Palmitate – etomoxir) – (palmitate + 

etomoxir) at highest OCR following 

FCCP injection 

 

2.2.12.4: Substrate reintroduction tests 

To interrogate the bioenergetic responses of TSPO-/- MPAs to the acute 

withdrawal and subsequent reintroduction of metabolic substrates, during the 

degas period cells were incubated in the absence of glucose or L-glutamine. The 

withdrawn metabolic substrate was reintroduced following a baseline read of 3-4 

cycles. A range of concentrations of L-glutamine (Table 2.2.12.4) and glucose 

(Table 2.2.12.5) were injected. XF DMEM (Agilent) was used during these 

assays. 
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Table 2.2.12.4: Media composition and injection concentrations used during 

L-glutamine reintroduction test 

Name of supplied 

substrates 

Concentration for 

duration of assay 

(mM) 

Injection of withdrawn 

substrate 

(concentration, µM) 

Glucose 2.5 
L-glutamine (0.1, 100, 

250, 500, 1000, 2500) + 

glucose (2.5mM) and 

sodium pyruvate (2mM) 
Sodium pyruvate 2.5 

Glucose and sodium pyruvate were included to avoid diluting these and 

confounding results. 

Table 2.2.12.5: Media composition and concentrations injected during 

glucose reintroduction test 

Name of supplied 

substrates 

Concentration for duration 

of assay (mM) 

Injection of withdrawn 

substrate 

(concentration, mM) 

L-glutamine 2 
Glucose (0.1, 0.5, 1, 

2.5, 5.5, 7.5) + L-

glutamine (2mM) and 

sodium pyruvate (2mM) 
Sodium pyruvate 2.5 

L-glutamine and sodium pyruvate were included to avoid diluting these and 

confounding results. 
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2.2.13: Quantification of extracellular lactate 

Cells were seeded at 2.1x105 cells per well in 6-well dishes. The next day, cells 

were washed once with XF DMEM (2.5mM sodium pyruvate, 2mM L-glutamine) 

± 2.5mM glucose and media immediately refreshed. Cells were incubated in a 

non-CO2 incubator at 37°C for 60 minutes. Media samples were taken and 

deproteinated according to the manufacturer’s instructions. Briefly, 1 volume of 

metaphosphoric acid (Cayman Chemical) was added to 1 volume of sample and 

incubated on ice for 5 minutes. Samples were centrifuged at 10,000xg for 5 

minutes at 4°C. 50µL potassium carbonate (Cayman Chemical) was added to 

neutralise the acid and samples were centrifuged at 10,000xg for 5 minutes at 

4°C to remove resulting salts. Supernatent was retained for L-lactate 

quantification using an L-lactate Assay Kit (Cayman Chemical), which included 

the metaphosphoric acid and potassium carbonate. The assay was performed 

according to the manufacturer’s specifications. Briefly, samples were incubated 

for 20 minutes with lactate dehydrogenase, producing pyruvate and NADH. 

NADH reacts with substrates in the kit to allow fluorometric measurements. L-

lactate standards were used to interpolate the lactate concentrations in samples. 

Samples and standards were run in duplicates to increase accuracy of results. 

Following incubation, fluorescence was measured at 535nm (excitation) and 

590nm (emission).  

2.2.14: FAO enzyme activity assay 

Cells were seeded at 1x106 cells per well in 100mm dishes. The next day, cells 

were washed once with XF DMEM (2.5mM sodium pyruvate, 2mM L-glutamine) 

± 2.5mM glucose to remove serum and media was immediately refreshed. Cells 

were immediately incubated in a non-CO2 incubator at 37°C for 60 minutes. Cell 

lysate was collected by manual scraping and centrifugation at 2000xg (5 minutes, 

4°C). The resulting pellet was washed once with ice-cold 0.01M PBS and cells 

lysed with 50µL ice-cold 1X Cell Lysis Solution (AssayGenie) via gentle pipetting. 

Lysate was left on ice for 5 minutes with regular agitation (gentle flicking) and a 

further 50µL ice-cold 1X Cell Lysis Solution added. Lysate was centrifuged at 

21,000xg for 5 minutes at 4°C to remove cellular debris. FAO enzyme activity was 

determined using the FAO Kit (AssayGenie) in a reaction where half the replicates 

are not supplied with FAO substrate (octanoyl-CoA). Because this reaction relies 

on lysed cells, mitochondrial import of fatty acids by CPT1a is bypassed and thus 
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FAO enzyme activity downstream of the rate-limiting step of FAO can be 

interpreted. The reaction was incubated for 360 minutes in a non-CO2 incubator 

at 37°C. Absorbance values at 492nm were measured. FAO activity values were 

calculated by subtracting control wells (no FAO substrate) from reaction wells 

(supplied with FAO substrate) and enzyme activity per µg protein calculated 

according to the manufacturer’s directions. 

2.2.15: Quantification of extracellular cytokine concentrations 

Following cell treatments, media samples were collected and centrifuged at 

21,000xg for 5 mins (4°C). For TNF enzyme-linked immunosorbent assays 

(ELISAs), 1 volume of sample was diluted in 1 volume of assay media. Samples 

were stored at -70°C until use. Concentrations of extracellular cytokines (TNF, IL-

10 [Bio-techne]) were quantified via DuoSet ELISAs (Bio-techne) according to the 

manufacturer’s specifications. Samples for ELISAs were run in duplicate. Known 

concentrations of the relevant cytokine were used to interpolate the unknown 

concentrations in samples via a 4-parameter logistic curve. 4-parameter logistic 

curves were interpreted using an online Four Parameter Logistic Curve analysis 

tool453.  

2.2.16: Cell viability assay 

Cells were seeded at 3.5x105 cells per well in 6 well plates (Sarstedt). Following 

24h treatments, a propidium iodide stain (Merck Millipore) was used to gauge cell 

viability using flow cytometry167,449,454. Propidium iodide accumulates in cells with 

disrupted membranes, providing an indication of cell death454. Briefly, at the end 

of treatment periods, media was collected into a centrifuge tube (Sarstedt). Cells 

were washed with PBS (also collected into a centrifuge tube) and detached via 

trypsinisation (Chapter 2.2.4). Trypsin was neutralised using flow cytometry 

buffer (Table 2.2.16) and cells pelleted via centrifugation (300xg, 5 minutes, 4°C). 

Supernatent was aspirated and cells were resuspended in flow cytometry buffer 

with propidium iodide (2µg/mL). Negative controls were not exposed to propidium 

iodide staining. Cells were incubated for 10 minutes on ice and cell viability 

quantified via flow cytometry (BD Accuri C6 Plus Flow Cytometer; BD 

Biosciences). Flow cytometry was run on the ‘fast’ setting, counting 10,000 

events per sample. Gating was set using the aforementioned propidium iodide-

free negative control, and a positive control for cell death was included by boiling 

cells at 55°C for 10 minutes.  
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Table 2.2.16: Flow cytometry buffer 

Component Final concentration 2mL stock: 

0.01M PBS - 1920µL 

FBS (100%) 2% (vol/vol) 40µL 

Propidium iodide stock 

solution (1mg/ml) 

20µg/mL  

(2% vol/vol; i.e. 20µL/mL) 

40µL 

If making negative control stain, exclude propidium iodide. 

2.2.17: Data handling and statistical analysis 

Raw data were processed using Microsoft Excel and statistical analyses were 

performed using GraphPad Prism (v10.0.2). Extracellular flux analysis data were 

normalized to protein content per well using Wave Analysis Software (Agilent) 

and exported to Prism. For immunoblots, raw data (intensity per band) was 

normalized to a housekeeping control (β-actin or GAPDH) and expressed as the 

proportion of the protein of interest to housekeeping control (denoted as [protein 

of interest]/[housekeeping control]). When determining protein phosphorylation 

levels, the normalised intensity of the phosphorylated protein was expressed as 

a ratio of (normalised intensity of phosphorylated protein):(normalised intensity of 

total protein).  

For all data sets, outliers were identified via the robust regression and outlier 

removal (ROUT) method (Q=1%). Outliers were removed from the dataset, and 

normality of data was then assessed using a D’Agostino & Pearson omnibus 

normality test (α=0.05). If data were determined to be non-parametric, a non-

parametric statistical test (i.e., Mann-Whitney test or Kruskal Wallis test) were 

used as appropriate. Parametric datasets were analysed using parametric 

statistical tests (i.e., an unpaired two-tailed t-test or one-way analysis of variance 

[ANOVA]). Non-parametric and parametric data consisting of multiple groups with 

multiple interventions (e.g., TSPO+/+, -/- MPAs ± LPS treatment) were analysed 

via a 2-way ANOVA. This is because at the time of analysis, Prism did not offer a 

mathematically reasonable non-parametric alternative to the 2-way ANOVA. For 

all statistical analyses, results were accepted as statistically significant if p<0.05.  
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Chapter 3: TSPO as a regulator of astrocyte metabolism 

A modified version of this chapter is published as part of: 

Regulation of astrocyte metabolism by mitochondrial translocator protein 

18kDa.  

Firth W, Robb JL, Stewart D, Pye KR, Bamford R, Oguro-Ando A, Beall C, Ellacott 

KLJ. BioRxiv preprint. doi: 10.1101/2023.09.29.560159. 

3.1: Introduction 

As outlined in Chapter 1, astrocytes are important for the sensing changes to the 

CNS microenvironment and maintaining CNS homeostasis20,80,102. By 

appropriately responding to environmental flux, astrocytes preserve the integrity 

and function of the CNS by altering blood flow80,97,98, increasing nutrient uptake 

from the blood to provide trophic support to neurons62,80, and managing 

inflammatory responses20,80,102,258. Changes to the ability of astrocytes to manage 

their bioenergetic state can, therefore, determine the timeliness, quality, and 

duration of the response to stimuli72. Prolonged exposure to harmful or noxious 

stimuli, such as chronic inflammation, can alter the metabolic phenotype of 

astrocytes102,167,258. For example, models of conditions such as diabetes – 

characterised by prolonged perturbations in the availability of metabolic 

substrates, i.e., glucose – have also been found to modulate astrocyte 

phenotypes76,455. This has been linked to altered mitochondrial substrate 

preferences in astrocytes76, which may have bearing on the ability of these cells 

to fulfil their critical roles by impeding the trophic support to neurons, and 

modulating the inflammatory states of astrocytes455. Together, these studies 

highlight the importance of astrocytes in regulating CNS microenvironment and 

underscore the cruciality of regulation of cellular metabolism to ensuring 

astrocytes can meet this function.  

TSPO, a protein known to regulate cellular metabolism in other 

cells321,339,340,358,366,368–370 which is expressed in astrocytes under basal 

conditions374,393,407,456, may play a role in regulating the cellular metabolism or 

bioenergetics of these cells. While changes to astrocytic TSPO expression 

correlating with a metabolic shift in the brain during Alzheimer’s disease have 

been reported393, the role TSPO plays in regulating the cellular metabolism of 

astrocytes remains unclear. Evidence for TSPO as a regulator of cellular 
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metabolism first emerged from prokaryotes in 1997321,367, with this body of work 

proposing that TSPO functioned as an oxygen sensor in unicellular organisms. 

The first direct evidence for TSPO as a regulator of mammalian cellular 

metabolism followed in 2015 through studies of oxygen consumption rate [OCR] 

in murine primary microglia in vitro324,367. A role for TSPO in regulating fatty acid 

oxidation (FAO) was first touted in 2005, when TSPO was found to be 

upregulated in the 3T3-L1 cells, which serve as a model of adipocyte 

differentiation457. In keeping with these findings, previous evidence from the 

Ellacott laboratory has shown that TSPO expression in brown and white adipose 

tissue is reduced in HFD-induced obese mice458. Obese organisms exhibit 

reduced FAO, thus this study supports459,460 the idea of a link between TSPO and 

fatty acid metabolism. In 2016, Tu et al.366 provided evidence showing that loss 

of TSPO reduced mitochondrial respiration (a proxy of oxygen consumption) in 

Leydig cells, further demonstrating that this was concomitant with an increase in 

the use of fatty acid oxidation (FAO) to sustain bioenergetic rates in these cells. 

In this study, TSPO deficiency was associated with increased expression of the 

carnitine palmitoyltransferase 1a (Cpt1a) gene, which encodes the rate-limiting 

enzyme of FAO366. This led to speculation that TSPO may regulate FAO via a 

mechanism involving CPT1a, though this remains unconfirmed367. FAO in 

astrocytes is crucial for maintaining neural health89,219 yet the mechanisms 

regulating this remain unclear; thus, a greater understanding of whether TSPO 

regulates FAO in these cells is required.   

TSPO expression in the CNS increases during chronic neuroinflammation and 

has been associated with a variety of pathological states. Hence, the question of 

TSPO functionality in glial cells, and the possible therapeutic targeting of TSPO, 

have recently gained attention. In 2020, Fu et al.370 demonstrated that a CRISPR-

Cas9 mediated TSPO knockout in GL261 murine glioma cells reduced 

mitochondrial respiratory complex 1 expression and mitochondrial-linked ATP 

production, while increasing glycolysis and expression of the gene encoding 

lactate dehydrogenase (LDH). However, recapitulation of this model using a short 

hairpin RNA vector in GBM1B human stem-like cells and U87MG human glioma 

cells showed differential effects on metabolism: mitochondrial respiration and 

mitochondrial-linked ATP production were reduced in U87MG cells, but glycolytic 

rate and capacity were increased in the cells. The differences in results from this 



90 
 

study may have been due to the different species used or may be due to the 

fundamental differences between a genetic knockout and knockdown of the 

protein. Conversely, in the same year, Yao et al.339 showed that TSPO-/- primary 

mouse microglia had reduced glycolysis and reduced mitochondrial function in 

vitro. In this model, phagocytosis and inflammatory responses – processes 

which, in the periphery, are well known to incur metabolic costs289 – were 

impaired. Together, these data show that TSPO plays a role in regulating cellular 

bioenergetics, though the implications of this for primary cells remain unclear.  

Thus, while links between increased TSPO expression in astrocytes and 

pathological state have been demonstrated393, the role TSPO plays in regulating 

astrocyte bioenergetics has not yet been studied comprehensively. Furthermore, 

the role of TSPO in regulating astrocyte bioenergetics is poorly understood 

compared to other cell types. As tight control of cellular bioenergetics is crucial to 

enable astrocytes to maintain CNS homeostasis, an improved understanding of 

the role TSPO plays in regulating astrocyte metabolism may provide valuable 

information about astrocyte functionality and the potential therapeutic 

applications and ramifications of targeting TSPO for the treatment of 

neuroinflammatory conditions. In this chapter, I will explore the role of TSPO as 

a regulator of astrocyte mitochondrial and glycolytic respiration. The effect of 

TSPO deficiency on the responses of astrocytes to the absence and 

reintroduction of metabolic substrates will be explored and I will present evidence 

of a role for TSPO in regulating FAO in astrocytes. 

3.2: Hypothesis 

In this chapter, I tested the hypothesis that loss of TSPO will attenuate 

mitochondrial respiration and enhance glycolysis in astrocytes. I further tested 

the hypothesis that TSPO-/- astrocytes will have enhanced fatty acid oxidation, 

and that – when present – TSPO regulates FAO in astrocytes via an interaction 

with CPT1a.  

3.3: Methods 

All methods used in this chapter are described in full in Chapter 2.  
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3.4: Results 

3.4.1: TSPO deficiency reduced basal mouse primary astrocyte (MPA) metabolism 

As outlined in Chapter 2, a germline TSPO knockout mouse strain (TSPO-/-) was 

employed to determine the role of TSPO in regulating primary astrocyte 

metabolism. I isolated astrocytes from the cortex of neonatal mice (p1-5) and 

used extracellular flux analysis to characterise the metabolic phenotype of these 

cells under basal conditions.  

Initially I sought to recapitulate the metabolic phenotype of TSPO-/- mouse primary 

astrocytes (MPA) reported (reduced mitochondrial respiration) by a previous 

member of the Ellacott laboratory as part of their PhD thesis452. I found that basal 

oxygen consumption rate (OCR) – a proxy for mitochondrial respiration – was 

reduced by 31.1% in TSPO-/- MPAs compared to TSPO+/+ MPA controls (Figure 

3.4.1 A, B; p<0.0001). Similarly, mean basal extracellular acidification rate 

(ECAR) was reduced by 38.8% (Figure 3.4.1 C, D; p<0.0001). These data 

showed that the basal metabolic rates of TSPO-/- MPAs were reduced compared 

to TSPO+/+ counterparts.
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Figure 3.4.1: TSPO deficiency reduced basal mouse primary astrocyte (MPA) metabolism.  

A: Oxygen consumption rate (OCR) of TSPO-/- MPAs and TSPO+/+ controls measured over time. 
B: OCR was significantly reduced in TSPO-/- MPAs. n=30-32 wells, data are pooled from across 
3 independent experiments. Unpaired t-test, p<0.0001. Datapoints were taken from time point 4 
of A. C: Extracellular acidification rate (ECAR) of TSPO-/- and TSPO+/+ MPAs measured over time. 
D: ECAR was significantly reduced in TSPO-/- MPAs. n=30-32 wells, data are pooled from across 
3 independent experiments. Unpaired t-test, p<0.0001. Datapoints were taken from time point 4 
of C.  

****p<0.0001. Data are displayed as mean ± standard error of the mean. 



93 
 

3.4.2: TSPO deficiency reduced mitochondrial respiration in MPAs 

Having established that TSPO deficiency reduced the basal bioenergetics of 

MPAs, I wanted to further interrogate any underlying changes to the mitochondrial 

function of TSPO-/- MPAs. During their doctoral studies, a previous student in our 

laboratory reported that TSPO-/- MPAs exhibited reduced mitochondrial 

respiration452. Thus, to confirm that I could recapitulate these results, and 

hypothesising that the reduction to basal bioenergetics I observed in Figure 3.4.1 

was due to the absence of TSPO impairing mitochondrial metabolism, I used the 

mitochondrial stress test (Agilent; Chapter 2.2.12.1; Figure 3.4.2 A) to further 

investigate changes to mitochondrial function, again via extracellular flux 

analysis. In line with my findings in Figure 3.4.1, basal mitochondrial respiration 

(OCR) was significantly reduced in TSPO-/- MPAs (Figure 3.4.2 C, p<0.01). 

Mitochondrial respiration linked to ATP production was similarly reduced in these 

cells (Figure 3.4.2 E, p<0.05). Although non-mitochondrial respiration (Figure 

3.4.2 B), maximal mitochondrial respiration (Figure 3.4.2 D), proton leak, 

coupling efficiency, and spare respiratory capacity (Figure 3.4.2 F-H) trended 

towards a reduction, these values failed to reach statistical significance in my 

hands. Despite this, the trend shown in these data recapitulates that reported by 

the previous doctoral student in our research group452.  
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Figure 3.4.2: TSPO deficiency reduced mitochondrial respiration in MPAs. A: The mitochondrial 
stress test paradigm was used to investigate changes to mitochondrial function in TSPO-/- MPAs. 
B: non-mitochondrial respiration was unchanged in TSPO-/- MPAs. n=14-16 wells from 1 
experiment. Unpaired t-test, p=0.4075. C: basal mitochondrial respiration was reduced in TSPO-

/- MPAs. n=14-16 wells from 1 experiment. Unpaired t-test, p=0.0077. D: maximal mitochondrial 
respiration was unchanged in TSPO-/- MPAs. n=14-16 wells from 1 experiment. Mann-Whitney 
test, p=0.1100. E: mitochondrial respiration-linked ATP production was significantly reduced in 
TSPO-/- MPAs. n=14-16 wells from 1 experiment. Unpaired t-test, p=0.0310. F: proton leak was 
unchanged in TSPO-/- MPAs. n=14-16 wells from 1 experiment. Unpaired t-test, p=0.1134. G: 
coupling efficiency was unchanged in TSPO-/- MPAs. n=14-16 wells from 1 experiment. Unpaired 
t-test, p=0.3610. H: SRC was unchanged in TSPO-/- MPAs. n=14-16 wells from 1 experiment.  
Mann-Whitney test, p=0.3079.  

ns: not significant, p>0.05. *p<0.05. **p<0.01. OCR: oxygen consumption rate. Oligo: oligomycin 
(0.5µM). FCCP: carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (1µM). R/AA: 
rotenone/antimycin-A (0.5µM). TSPO: translocator protein 18kDa. -/-: deficient/knockout. +/+: 
expressing/wildtype. 
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3.4.3: TSPO deficiency increased glycolysis in MPAs 

In vivo, astrocytes form the BBB alongside epithelial cells and tanycytes80. This 

enables astrocytes to control capillary vasodilation and vasoconstriction, and 

makes astrocytes well suited to nutrient uptake and distribution in order to provide 

trophic support for neurons80,98. As part of this trophic support, astrocytes break 

down glucose into lactate, which may be shuttled to neurons for oxidative 

phosphorylation, and can be secreted to act as a signalling molecule to other glial 

cells62. Resultantly, in vivo under non-pathological conditions astrocytes exhibit a 

predominantly glycolytic metabolic phenotype relative to neurons, being less 

reliant on oxidative phosphorylation. Evidence from glioma cells370 and primary 

microglia339,340 in culture has demonstrated that TSPO may play a role in 

regulating glycolysis; thus, I hypothesised that TSPO deficiency would impair the 

glycolytic metabolism of MPAs. I investigated this using the glycolysis stress test 

(see Chapter 2.2.12.2; Figure 3.4.3 A). I found that non-glycolytic acidification 

was significantly increased in TSPO-/- MPAs (Figure 3.4.3 B; p<0.0001). TSPO-/- 

MPAs exhibited increased glycolytic rate by a mean of 18.03% (Figure 3.4.3 C; 

p<0.0001). Further, glycolytic capacity was increased by a mean of 25.82% in 

TSPO-/- MPAs (Figure 3.4.3 D; p<0.0001), and mean glycolytic reserve was 

increased by 27.64% (Figure 3.4.3 E; p<0.0001). 
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Figure 3.4.3: TSPO deficiency increased glycolysis in MPAs.  

A: The glycolysis stress test paradigm was used to investigate changes to glycolytic metabolism 
in TSPO-/- MPAs. B: Non-glycolytic acidification was significantly increased in TSPO-/- MPAs. 
n=104-108 wells per genotype, data are pooled from across 3 independent experiments. 
Unpaired t-test, p<0.0001. C: Glycolytic rate was significantly increased in TSPO-/- MPAs. n=104-
108 wells per genotype, data are pooled from across 3 independent experiments. Mann-Whitney 
test, p<0.0001. D: Glycolytic capacity was significantly increased in TSPO-/- MPAs. n=104-108 
per genotype, data are pooled from across 3 independent experiments. Mann-Whitney test, 
p<0.0001. E: Glycolytic reserve was significantly increased in TSPO-/- MPAs. n=104-108 per 
genotype, data are pooled from across 3 independent experiments. Mann-Whitney test, 
p<0.0001.  

****p<0.0001. Data are displayed as mean ± standard error of the mean. 
ECAR: extracellular acidification rate. Gluc: glucose (10mM). Oligo: oligomycin (1µM). 2DG: 2-
deoxyglucose (50mM). TSPO: translocator protein 18kDa. -/-: deficient/knockout. +/+: 
expressing/wildtype. 
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3.4.4: TSPO deficiency reduced glycolytic rate, but increased glycolytic capacity, 

in U373 cells 

To confirm my seemingly unexpected finding that TSPO-/- MPAs exhibited 

increased glycolysis, I sought to repeat this finding in an independent cell model. 

Hypothesising that the glycolytic phenotype we observed in TSPO-/- MPAs would 

be conserved in another model, we made use of a CRISPR-Cas9-generated 

TSPO-/- U373-MG astrocytoma cell line451, generated by Daisy Stewart in our lab 

during her Professional Training Year in 2019. The data in this figure were 

generated by Dr Josephine L Robb, and are included in this thesis for 

completeness. The glycolysis stress test was again used here (Figure 3.4.4 A). 

In line with TSPO-/- MPAs, the non-glycolytic acidification from TSPO-/- U373 cells 

was significantly increased compared to TSPO+/+ controls (Figure 3.4.4 B; 

p<0.05). However, the increased glycolytic phenotype we observed TSPO-/- 

MPAs in Figure 3.4.3 was not conserved in TSPO-/- U373 cells. We found that 

U373 TSPO-/- cells exhibited a mean reduction in glycolytic rate of 26.46% 

(Figure 3.4.4 C, p<0.0001) and we observed no change in glycolytic capacity 

compared to U373 TSPO+/+ EV controls [transfected with noncoding guide RNA; 

see Chapter 2.2.5] (Figure 3.4.4 D; p=0.3776). Supporting our finding from MPAs 

(Figure 3.4.3 E) mean glycolytic reserve was increased by 72.95% in TSPO-/- 

U373s (Figure 3.4.4 E; p<0.0001). 
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Figure 3.4.4: TSPO deficiency reduced glycolytic rate, but increased glycolytic reserve, in 
U373 cells.  

A: The glycolysis stress test paradigm was used to investigate changes to glycolytic metabolism 
in TSPO-/- U373s. B: Non-glycolytic acidification was significantly increased in TSPO-/- U373s. 
n=46 wells per genotype, data are pooled from across 3 independent experiments. Unpaired t-
test, p=0.042. C: glycolytic rate was reduced in TSPO-/- U373s. n=46 wells per genotype, data 
are pooled from across 3 independent experiments. Mann-Whitney test, p<0.0001. D: TSPO-/- 
U373s showed no significant difference in glycolytic capacity. n=46 wells per genotype, data are 
pooled from across 3 independent experiments. Unpaired t-test, p=0.3776. E: glycolytic reserve 
was significantly increased in TSPO-/- U373s. n=46 wells per genotype, data are pooled from 
across 3 independent experiments. This data was generated by Dr Josephine L Robb and is 
included in this thesis for completeness. 

 ****p<0.0001. Data are displayed as mean ± standard error of the mean. 
ECAR: extracellular acidification rate. Gluc: glucose (10mM). Oligo: oligomycin (1µM). 2DG: 2-
deoxyglucose (50mM). TSPO: translocator protein 18kDa. -/-: deficient/knockout. +/+: 
expressing/wildtype. 
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3.4.5: TSPO-/- MPAs had a larger change in ECAR in response to 1000µM L-

glutamine injection 

Following the unexpected increase in glycolytic activity of TSPO-/- MPAs I 

observed in Figure 3.4.3, I wanted to further investigate any underlying changes 

to the bioenergetic preferences of these cells. In bacteria and plants, TSPO has 

been linked to nutrient sensing311,321,359–361,425, and in complex organisms, 

astrocytes play key roles in nutrient uptake and distribution (Chapter 1.3). Hence, 

I hypothesised that TSPO-/- MPAs may have altered nutrient sensing capabilities.  

The mitochondrial (Figure 3.4.2) and glycolysis stress tests (Figures 3.4.3, 3.4.4) 

interrogate different aspects of cellular metabolism in part due to the differential 

provision of substrates to the cells via the media, to promote the use of particular 

metabolic pathways. For example, the glycolysis stress test begins with a 

glucose-free incubation during the degas period, to starve the cells of glucose 

and force the cells to utilise remaining glycogen stores, followed by the 

reintroduction of a high concentration of glucose to encourage glycolytic 

metabolism. To ensure cell survival in this low glucose period, cells are 

supplemented with L-glutamine, which undergoes oxidative phosphorylation to 

provide energy. In contrast, the mitochondrial stress test provides the cells with a 

physiologically relevant glucose concentration (2.5mM), as well as sodium 

pyruvate and L-glutamine. Because glucose must undergo glycolysis to form 

pyruvate, sodium pyruvate supplementation enables continuous use of oxidative 

phosphorylation to avoid cell stress. Given that L-glutamine is the nutrient 

consistently supplemented to the cells between these assays, I next tested the 

hypothesis that the TSPO-/-
 MPAs would show no difference in the metabolic 

response to the reintroduction of L-glutamine, following 1h L-glutamine starvation 

during the degas period.  

For the majority of concentrations tested (Figure 3.4.5 A-L), I observed no 

significant difference in the metabolic response (ECAR, expressed here as 

change in ECAR [ΔECAR]) to the reintroduction of L-glutamine in TSPO-/- MPAs 

(Figure 3.4.5 A-H, K, L). In response to the reintroduction of 1000µM L-

glutamine, TSPO-/-
 MPAs showed a significantly increased metabolic response 

(ΔECAR) (Figure 3.4.5 I, J). However, this effect was not concentration-

dependent so likely indicates a spurious finding.   
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Figure 3.4.5: TSPO-/- MPAs had a larger change in ECAR in response to 1000µM L-glutamine 
injection. 

Following starvation of L-glutamine during the degas period, L-glutamine was reintroduced to 
TSPO+/+ and -/- MPAs following basal metabolism measurement, indicated by the dotted line in A, 
C, E, G, I, K. There was no significant difference in the change in ECAR observed following 
reintroduction of L-glutamine at 0.1 (A, B; unpaired t-test, p=0.2055), 100 (C, D; Mann-Whitney 
test, p=0.1178), 250 (E, F; Mann-Whitney test, p=0.8449), 500 (G, H; unpaired t-test, p=0.1502), 
or 2500µM L-glutamine (K, L; Mann-Whitney test, p=0.0562). TSPO-/- MPAs displayed an 
increased change in ECAR following 1000µM injection (I, J; Mann-Whitney test, p=0.0186). n=17-
18 wells per genotype, data are pooled from across 4 independent experiments. 

*p<0.05. Data are displayed as mean ± standard error of the mean. 
ECAR: extracellular acidification rate. L-glut: L-glutamine. TSPO: translocator protein 18kDa. -/-: 
deficient/knockout. +/+: expressing/wildtype. ΔECAR: change in ECAR.  
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3.4.6: TSPO-/- MPAs showed no difference in the change in OCR in response to L-

glutamine injection 

Because glutamine undergoes oxidative phosphorylation61 (Chapter 1.1.3.2), 

and I had previously observed reduced mitochondrial metabolism in TSPO-/- 

MPAs (Figure 3.4.2), I hypothesised that TSPO-/- MPAs would show a reduced 

change in OCR (ΔOCR) following L-glutamine reintroduction. However, in 

contrast with my hypothesis, TSPO-/- MPAs did not show any significant 

difference in ΔOCR induced by L-glutamine reintroduction at any of the test 

concentrations (Figure 3.4.6).  
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Figure 3.4.6: TSPO-/- MPAs showed no difference in the change in OCR in response to L-
glutamine injection. 

Following starvation of L-glutamine during the degas period, L-glutamine was reintroduced to 
TSPO+/+ and -/- MPAs following basal metabolism measurements, indicated by the dotted line in 
A, C, E, G, I, K. There was no significant difference in ΔOCR observed following reintroduction 
of L-glutamine at 0.1 (A, B; unpaired t-test, p=0.2225), 100 (C, D; unpaired t-test, p=0.0906), 250 
(E, F; unpaired t-test, p=0.0670), 500 (G, H; unpaired t-test, p=0.4359), 1000 (I, J; unpaired t-
test, p=0.9622) or 2500µM L-glutamine (K, L; Mann-Whitney test, p=0.2313). n=17-18 wells per 
genotype, data are pooled from across 4 independent experiments.  

Data are displayed as mean ± standard error of the mean. 
OCR: oxygen consumption rate. L-glut: L-glutamine. TSPO: translocator protein 18kDa. -/-: 
deficient/knockout. +/+: expressing/wildtype. ΔOCR: change in OCR. 
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3.4.7: TSPO-/- MPAs had a reduced change to ECAR in response to reintroduction 

of 1mM, 5.5mM, and 7.5mM glucose 

Glucose is the main fuel source for nearly every mammalian cell. In the CNS, 

astrocytes are responsible for absorbing glucose from the blood (Chapter 1). 

Lactate can serve either as trophic support for neurons, which are less glycolytic 

than astrocytes, or can act as an intercellular signalling molecule within the CNS 

(Chapter 1). In my previous experiments examining the glycolytic metabolism of 

TSPO-/- MPAs (Figure 3.4.3), a supraphysiological concentration of glucose 

(10mM) was injected to saturate the cells and promote glycolytic metabolism. 

Based on these data, which showed that TSPO-/-
 MPAs showed a greater 

increase in ECAR following the reintroduction of glucose after a 1h starvation 

period (glucopenia) (Figure 3.4.3 C), I hypothesised that the TSPO-/-
 MPAs would 

display a greater sensitivity to glucose reintroduction, as reflected in a larger 

change in ECAR (ΔECAR) in response to the reintroduction of glucose 

concentrations <10mM compared to TSPO+/+
 MPAs. Glucose concentration used 

ranged from 0.1mM (physiologically relevant [to the CNS76,124,461,462] low glucose 

condition) to 7.5mM (physiologically relevant [to the CNS461,462] high glucose 

condition).  

In contrast with my hypothesis, I observed no significant difference in ΔECAR 

induced by the reintroduction of glucose in TSPO-/- MPAs at 0.1 (Figure 3.4.7 A, 

B; p=0.1817), 0.5 (Figure 3.4.7 C, D; p=0.5385), or 2.5mM glucose (Figure 3.4.7 

G, H; p=0.4875). However, compared to TSPO+/+ cells, TSPO-/- MPAs showed an 

attenuated ECAR response following the reintroduction of 1mM ((Figure 3.4.7 E, 

F; p=0.0002), 5.5mM (Figure 3.4.7 I, J; p=0.0346), and 7.5mM glucose (Figure 

3.4.7 K, L; p=0.0287). 
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Figure 3.4.7: TSPO-/- MPAs had an attenuated change in ECAR following reintroduction of 
1mM, 5.5mM, and 7.5mM glucose. 

Following glucopenia during the degas period, glucose was reintroduced to TSPO+/+ and -/- MPAs 
following basal metabolism measurements (indicated by the dotted line in A, C, E, G, I, K). There 
was no significant difference in ΔECAR following injection of 0.1 (A, B; unpaired t-test, p=0.1817), 
0.5 (C, D; unpaired t-test, p=0.5385), or 2.5mM glucose (G, H; unpaired t-test, p=0.4875). 
Compared to TSPO+/+ cells, TSPO-/- MPAs showed a significantly reduced ΔECAR following 
reintroduction of 1 (E, F; unpaired t-test, p=0.0002), 5.5 (I, J; unpaired t-test, p=0.0346), and 
7.5mM glucose (K, L; Mann-Whitney test, p=0.0287).  

n=24 wells per genotype, data are pooled from across 4 independent experiments. 

 *p<0.05, ***p<0.001. Data are displayed as mean ± standard error of the mean. 

 
ECAR: extracellular acidification rate. TSPO: translocator protein 18kDa. -/-: deficient/knockout. 
+/+: expressing/wildtype. ΔECAR: change in ECAR. 



105 
 

3.4.8: OCR of TSPO-/- MPAs did not significantly change in response to glucose 

injection 

I next tested the hypothesis that, concomitant with the predicted increase in 

ECAR in response to the reintroduction of glucose (Figure 3.4.7), TSPO-/- MPAs 

would show a further reduction in OCR (ΔOCR) following reintroduction of 

glucose. 

Surprisingly, compared to TSPO+/+ cells, TSPO-/- MPAs showed no significant 

difference in ΔOCR following the reintroduction of glucose at concentrations 

ranging from 0.1-7.5mM (Figure 3.4.8, p>0.05).  
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Figure 3.4.8: OCR of TSPO-/- MPAs did not significantly change in response to glucose 
injection. 

Following glucopenia during the degas period, glucose was reintroduced to TSPO+/+ and -/- MPAs 
following basal metabolism measurements. There was no significant difference in ΔOCR following 
injection of 0.1 (A, B; unpaired t-test, p=0.1828), 0.5 (C, D; unpaired t-test, p=0.4108), 1 (E, F; 
unpaired t-test, p=0.0502), 2.5 (G, H; unpaired t-test, p=0.3419), 5.5 (I, J; unpaired t-test, 
p=0.2125), or 7.5mM glucose (K, L; unpaired t-test, p=0.2640).  

n=24 wells per genotype, data are pooled from across 4 independent experiments. 

 *p<0.05, ***p<0.001. Data are displayed as mean ± standard error of the mean. 

 
OCR: oxygen consumption rate. ΔOCR: change in OCR. TSPO: translocator protein 18kDa. -/-: 
deficient/knockout. +/+: expressing/wildtype.  
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3.4.9: TSPO-/-
 MPAs maintained metabolic rates in the absence of glucose 

Intrigued by the differences I observed in the responsiveness of TSPO-/- MPAs to 

the reintroduction of substrates following a 1h glucose-free period (Figure 3.4.5-

8) and by the unexpected results of the glycolysis stress test (Figure 3.4.3), I 

wanted to further characterise the metabolic responses of TSPO-/- MPAs to 

nutrient stress.  

My work examining the metabolic responses of TSPO-/- MPAs to the 

reintroduction of glucose (Figure 3.4.7, 8) led me to hypothesise that TSPO-/- 

MPAs utilised less glucose to maintain their bioenergetic rates. To investigate this 

hypothesis, I began by repeating the basal metabolism measurements under the 

initial conditions of the mitochondrial and glycolytic stress tests on the same 

Seahorse plate. This allowed me to generate data that was directly comparable. 

Using a 2-way ANOVA, I found no statistically significant effect of TSPO genotype 

on OCR (Figure 3.4.9 A, C; pgenotype=0.6373, F(1,58)=0.2246). However, I found 

that glucose concentration had a statistically significant effect on OCR 

(pglucose=0.0442, F(1,58)=4.232). Moreover, there was a statistically significant 

interaction between TSPO genotype and glucose (pinteraction=0.0034, 

F(1,58)=9.348). Similarly, I found no statistically significant effect of TSPO genotype 

on ECAR (B, D) (pgenotype=0.1640, F(1,58)=1.987). I found that there was a 

statistically significant effect of glucose concentration on ECAR (pglucose=0.0351, 

F(1,58)=4.654), and that there was a statistically significant interaction of these 

variables (pinteraction=0.0191, F(1,58)=5.186). 

Using post-hoc analyses, I found that, unlike TSPO+/+ MPAs – which reduced 

their basal metabolic rates in response to the absence of glucose and sodium 

pyruvate (glycolysis stress test basal media; Figure 3.4.9) – TSPO-/- MPAs 

showed no significant differences in their OCR (Figure 3.4.9 A; p=0.9823) or 

ECAR (Figure 3.4.9 B; p>0.9999) under these substrate-limited conditions.  
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Figure 3.4.9: TSPO-/- MPAs maintained the basal metabolic rate in the absence of glucose. 

To directly compare the differences in TSPO-/-
 MPA bioenergetics in the presence or absence of 

glucose and sodium pyruvate, both conditions were run on the same Seahorse plate.  

No statistically significant effect of TSPO genotype on OCR (A, C) was observed (pgenotype=0.6373, 
F(1,58)=0.2246). Glucose concentration significantly affected OCR (pglucose=0.0442, F(1,58)=4.232). 
There was a statistically significant interaction between these variables (pinteraction=0.0034, 
F(1,58)=9.348). n=14-16 wells per genotype from 1 experiment. 2-way ANOVA with Šídák’s multiple 
comparisons test.  

There was no statistically significant effect of TSPO genotype on ECAR (B, D) (pgenotype=0.1640, 
F(1,58)=1.987), however glucose concentration significantly affected ECAR (pglucose=0.0351, 
F(1,58)=4.654) and there was a statistically significant interaction of these variables 
(pinteraction=0.0191, F(1,58)=5.186). n=14-16 wells per genotype from 1 experiment. 2-way ANOVA 
with Šídák’s multiple comparisons test.  

Post-hoc analyses demonstrated that TSPO+/+ MPAs significantly reduced their OCR (A; 
p=0.0031) and ECAR (B; p=0.0103) in response to limited substrate availability, whereas TSPO-

/- MPAs showed no significant difference in OCR (A; p=0.9823) or ECAR under substrate limited 
conditions (B; p>0.9999).  

*p<0.05, **p<0.01, ns p>0.05. Data are displayed as mean ± standard error of the mean. 

OCR: oxygen consumption rate. ECAR: extracellular acidification rate. TSPO: translocator protein 
18kDa. -/-: deficient/knockout. +/+: expressing/wildtype. GST: glycolysis stress test. MST: 
mitochondrial stress test. 
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3.4.10: The bioenergetic response of U373s to no glucose conditions was 

unchanged by genotype 

Next, I wanted to address the earlier apparent incongruity of results between 

TSPO-/- MPAs and U373s, where glycolytic rate was increased in TSPO-/- MPAs 

(Figure 3.4.3) but reduced in U373s (Figure 3.4.4). Therefore, I followed up on 

the results of Figure 3.4.9 by repeating the experimental paradigm in TSPO-/- 

U373s. Here I tested the hypothesis that TSPO-/- U373s would reduce ECAR 

under no glucose conditions further than TSPO+/+ controls. Analysis using a 2-

way ANOVA showed a statistically significant effect of TSPO genotype on OCR 

(A, C) (pgenotype=0.0443, F(1,86)=4.169). I found that glucose concentration did not 

statistically significantly affect OCR (pglucose=0.0617, F(1,86)=3.586) though this 

was fractionally above the threshold of statistical significance (p=0.05). Moreover, 

using this method of analyses I found no statistically significant interaction of 

these variables (pinteraction=0.5970, F(1,86)=1.632). Unlike OCR, TSPO genotype 

had no statistically significant effect on ECAR (B, D) (pgenotype=0.1165, 

F(1,86)=2.515). In contrast, glucose concentration had a statistically significantly 

effect on this parameter (pglucose<0.0001, F(1,86)=168.1) though I detected no 

statistically significant interaction between these effects (pinteraction=0.2049, 

F(1,86)=1.632). Post-hoc testing confirmed that TSPO+/+ and -/- U373s showed no 

significant difference in OCR in response to substrate limited conditions (Figure 

3.4.10 A; p=0.4396 [TSPO+/+], p=0.9135 [TSPO-/-]). In contrast, the both TSPO+/+ 

and -/- U373s exhibited significantly reduced ECAR in response to no glucose 

conditions (Figure 3.4.10 B; p<0.0001 [both genotypes]). 
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Figure 3.4.10: TSPO-/- U373s increased OCR in response to no glucose conditions. 

To directly compare the differences in TSPO-/-
 U373 bioenergetics in the presence or absence 

of glucose and sodium pyruvate, both conditions were run on the same Seahorse plate.  

TSPO genotype significantly affected OCR (A, C) (pgenotype=0.0443, F(1,86)=4.169), however 
glucose concentration did not (pglucose=0.0617, F(1,86)=3.586). There was no statistically 
significant interaction of these effects (pinteraction=0.2049, F(1,86)=1.632). n=23 wells per 
genotype from 1 experiment. 2-way ANOVA with Šídák’s multiple comparisons test. 

TSPO genotype did not significantly affect ECAR (B, D) (pgenotype=0.1165, F(1,86)=2.515), 
however glucose concentration significantly affected this measure (pglucose<0.0001, 
F(1,86)=168.1). There was no statistically significant interaction between these effects 
(pinteraction=0.2049, F(1,86)=1.632). n=23 wells per genotype from 1 experiment. 2-way ANOVA 
with Šídák’s multiple comparisons test.  

Post-hoc analysis revealed that both TSPO+/+ U373s and TSPO-/- U373s showed no significant 
difference in OCR (A; p=0.4396 [TSPO+/+], p=0.9135 [TSPO-/-]) and reduced ECAR (B; 
p<0.0001 [both genotypes]) in response to limited substrate availability.  

****p<0.0001. Data are displayed as mean ± standard error of the mean. 

OCR: oxygen consumption rate. ECAR: extracellular acidification rate. TSPO: translocator 
protein 18kDa. -/-: deficient/knockout. +/+: expressing/wildtype. GST: glycolysis stress test. MST: 
mitochondrial stress test.  
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3.4.11: L-lactate secretion was reduced in TSPO-/- MPAs and U373s 

As a secondary experimental measure of glycolysis in these cells, I quantified the 

secretion of L-lactate, a product of glycolysis. Being the conjugate base of lactic 

acid, when secreted from cells L-lactate would acidify media, contributing to the 

changes in ECAR observed in our metabolic flux assays.  

I hypothesised that in line with the extracellular flux analysis data (Figures 3.4.9 

and 3.4.10), compared to TSPO+/+ MPAs, TSPO-/- MPAs would show reduced 

basal L-lactate secretion. I also tested the sub-hypothesis that L-lactate secretion 

from TSPO-/- MPAs would not be reduced further under no glucose conditions, 

and that TSPO-/- U373s would show no significant difference in L-lactate secretion 

compared to TSPO+/+ U373 controls.  

I found that the TSPO genotype of MPAs had a statistically significant effect on 

lactate secretion (Figure 3.4.11 A; pgenotype=0.0011, F(1,20)=14.55), alongside 

glucose concentration (pglucose<0.0001, F(1,20)=25.04). Moreover, I found that 

there was a statistically significant interaction (pinteraction=0.0322, F(1,20)=5.298) of 

these variables. Post-hoc analysis revealed that in the presence of glucose, 

TSPO-/- MPAs secreted a mean of 5.6% less L-lactate than TSPO+/+ controls 

(Figure 3.4.11 A; p=0.0020). In the absence of glucose, whereas TSPO+/+ MPAs 

reduced their L-lactate secretion by a mean of 6.7% (p=0.0003), L-lactate 

secretion was not altered in TSPO-/- MPAs (p=0.3549).  

However, in U373 cells (Figure 3.4.11 B), I found that TSPO genotype had no 

statistically significant effect on lactate secretion (pgenotype=0.2011, F(1,20)=1.748). 

In contrast, glucose concentration significantly affected lactate secretion from 

these cells (pglucose=0.00145, F(1,20)=7.159). Congruent with the MPAs, I found that 

there was a statistically significant interaction of these variables 

(pinteraction=0.0001, F(1,20)=21.84). Post-hoc tests revealed that mean L-lactate 

secretion was reduced by 19.4% in TSPO-/- U373s compared to TSPO+/+ EV 

controls (Figure 3.4.11 B; p=0.0024) under basal conditions. Further, unlike 

TSPO+/+ EV controls, which altered their L-lactate secretion in response to no 

glucose exposure (p=0.0003), L-lactate secretion in response to no glucose 

exposure was unchanged in TSPO-/- U373s (p=0.6805).  
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Figure 3.4.11: L-lactate secretion was reduced in TSPO-/- MPAs and U373s. 

A: Lactate secretion from TSPO-/- MPAs. TSPO genotype significantly affected lactate secretion 
(pgenotype=0.0011, F(1,20)=14.55), as did glucose concentration (pglucose<0.0001, F(1,20)=25.04), and 
there was a statistically significant interaction (pinteraction=0.0322, F(1,20)=5.298) of these variables. 
n=6 wells from 1 experiment, 2-way ANOVA with Šídák’s multiple comparisons test. Post-hoc 
analysis showed that TSPO-/- MPAs secreted significantly less L-lactate than +/+ controls 
(p=0.0020). Whereas TSPO+/+ MPAs reduced L-lactate secretion in response to no glucose 
conditions (p=0.0003), TSPO-/- MPAs showed no significant change in L-lactate secretion 
(p=0.3549).  

B: Lactate secretion from TSPO-/- U373s. TSPO genotype had no statistically significant effect on 
lactate secretion (pgenotype=0.2011, F(1,20)=1.748), however glucose concentration significantly 
affected this outcome (pglucose=0.00145, F(1,20)=7.159). There was a statistically significant 
interaction of these variables (pinteraction=0.0001, F(1,20)=21.84). Post-hoc analysis showed that 
TSPO-/- U373ssecreted significantly less L-lactate than +/+ controls (p=0.0024). Whereas TSPO+/+ 
U373s reduced L-lactate secretion in response to no glucose conditions (p=0.0003), TSPO-/- 
U373s showed no significant change in L-lactate secretion (p=0.6805). n=6 wells from 1 
experiment. 2-way ANOVA with Šídák’s multiple comparisons test.  

**p<0.01, ***p<0.001. Data are displayed as mean ± standard error of the mean. 
MPAs: mouse primary astrocytes. U373s: U373-MG astrocytoma cells. TSPO: translocator 
protein 18kDa. -/-: deficient/knockout. +/+: expressing/wildtype.  



113 
 

3.4.12: Basal and maximal fatty acid oxidation were increased in TSPO-/- MPAs 

As I observed that TSPO-/- astrocytes were able to maintain their metabolic 

parameters (albeit at a lower basal metabolism) in the absence of glucose, I 

proposed that this may have been due to TSPO-/- astrocytes being more readily 

able to utilise other metabolic substrates than TSPO+/+ controls. In other cell types 

also capable of fatty acid metabolism and steroidogenesis, loss of TSPO can 

increase FAO366, and overexpression of TSPO is linked to reduced expression of 

genes involved with FAO366. Hence, I hypothesised that TSPO-/- astrocytes were 

meeting their bioenergetic requirements through enhanced fatty acid metabolism. 

The extracellular flux analysis data in this section was generated by Dr Josephine 

L Robb, and is included in this thesis for completeness. 

The fatty acid oxidation stress test (FAOST; Chapter 2.2.12.3; Figure 3.4.12 A) 

showed that mean basal FAO was increased by 240.94% in TSPO-/- MPAs 

(Figure 3.4.12 B, p=0.0308) compared with TSPO+/+ MPAs. This suggested that 

lipids constituted a greater proportion of the substrates used to maintain basal 

metabolic rates in TSPO-/- MPAs compared to TSPO+/+ MPAs. By sequentially 

injecting the same compounds used in the MST paradigm, we were able to 

estimate maximal FAO, which provides an estimation of the contribution of FAO 

to the ability of cells to resolve metabolic stress and found that maximal FAO was 

enhanced in TSPO-/- MPAs (Figure 3.4.12 C, p=0.0004). Together these data 

suggest that loss of TSPO increased the contribution of fatty acids to the 

metabolism of MPAs, which may explain how the TSPO-/- astrocytes were better 

able to maintain their OCR and ECAR in the absence of glucose (Figure 3.4.11). 
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Figure 3.4.12: Basal and maximal fatty acid oxidation were increased in TSPO-/- MPAs. 

A: The fatty acid oxidation stress test, which was used to measure FAO in TSPO-/- MPAs. B: 
Basal FAO was significantly increased in TSPO-/- MPAs. n=22-24 wells per genotype, data are 
pooled from across 2 independent experiments. Unpaired t-test, p=0.0308. C: Maximal FAO was 
significantly increased in TSPO-/- MPAs. n=22-24 wells per genotype, data are pooled from across 
2 independent experiments. Mann-Whitney test, p=0.0004. 

 *p<0.05, ***p<0.001. Data are displayed as mean ± standard error of the mean. 

OCR: oxygen consumption rate. FAO: fatty acid oxidation. Oligo: oligomycin (0.5µM). FCCP: 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (1µM). R/AA: rotenone/antimycin-A 
(0.5µM). Eto: etomoxir (40µM). C16: palmitate (200µM). TSPO: translocator protein 18kDa. -/-: 
deficient/knockout. +/+: expressing/wildtype. This data was generated by Dr Josephine L Robb and 
is included for completeness.  
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3.4.13: Fatty acid oxidation enzyme activity downstream of CPT1a was unchanged 

in TSPO-/- U373s 

In peripheral cells, TSPO deficiency has been reported to increase expression of 

enzymes involved with fatty acid metabolism366. However, the effect of TSPO 

deficiency on the activity of enzymes involved with FAO has not yet been 

explored. The data in Figure 3.4.12 suggests that TSPO regulates FAO in 

astrocytes, hence, I next tested the hypothesis that TSPO was regulating the 

activity of enzymes involved with FAO within the mitochondria, and downstream 

of CPT1a, the rate-limiting enzyme of FAO. Unfortunately, due to poor protein 

yield from TSPO-/- MPAs, I could only utilise this methodology in TSPO-/- U373s. 

This assay (AssayGenie, Chapter 2.2.14) utilises homogenised whole cell 

protein extracts to bypass the need for carnitylation and mitochondrial import of 

acyl-CoA (Figure 1.1.3.1). Octanoyl-CoA is added to cell lysate along with a 

tetrazolium salt. In the presence of NADH (produced by FAO; Figure 1.1.3.1), the 

salt is reduced to formazan, and absorption is read at 492nm (Chapter 2.2.14). 

This assay thus measures the activity of various enzymes involved with the 

intramitochondrial FAO pathway downstream of CPT1a (Figure 1.1.3.1). 

Although FAO enzyme activity trended towards an increase in TSPO-/- U373s, 

this data failed to reach statistical significance (Figure 3.4.13, p=0.5991). To 

better understand the activities of specific enzymes involved with FAO (Figure 

1.1.3.1), I could have included inhibitors of FAO enzymes (such as CI 976, an 

inhibitor of acyl-CoA cholesterol acyltransferases463) to determine upregulation of 

activity of specific enzymes instead of the generic method applied here, though I 

did not proceed with this due to limited sample availability.   
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Figure 3.4.13: Fatty acid oxidation enzyme activity downstream of CPT1a was unchanged 
in TSPO-/- U373s. 

Activity of enzymes involved with FAO, downstream of CPT1a, in TSPO-/- U373s compared to 
TSPO+/+ controls. Data trended towards an increase, but failed to reach statistical significance. 

n=4-5 from 3 independent experiments. Unpaired t-test, p=0.5991. 

  
FAO: fatty acid oxidation. ns: not significant (p>0.05). TSPO: translocator protein 18kDa. -/-: 
deficient/knockout. +/+: expressing/wildtype. CPT1a: carnitine palmitoyltransferase 1a. 
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3.4.14: TSPO formed a complex with CPT1a in U373 astrocytoma cells 

Having established that loss of TSPO increased FAO in astrocytes (Figure 

3.4.12) I wanted to begin to explore the potential underlying mechanism. 

Carnitine palmitoyltransferase 1a (CPT1a) is a constituent of the outer 

mitochondrial membrane and is the rate-limiting enzyme of fatty acid metabolism 

(Figure 1.1.3.1)58,206,464. Previous work has established that CPT1a forms a 

complex with another constituent of the outer mitochondrial membrane, voltage-

dependent anion channel (VDAC465). VDAC is known to form complexes with 

TSPO315,347,428,466, but the existence of a complex between TSPO and CPT1a has 

not yet been experimentally confirmed. The data suggesting that TSPO 

deficiency increases FAO in astrocytes supports a potential role of TSPO in 

regulating FAO via a complex with CPT1a. To investigate the hypothesis that 

TSPO formed a complex with CPT1a, I transiently transfected U373 cells naïve 

to previous genetic modification with a Myc-DDK tagged TSPO construct (here 

termed TSPO-Myc). Co-immunoprecipitation (Chapter 2.2.10) was used to 

identify TSPO-containing complexes via a pulldown using anti-Myc bound 

agarose beads. Using this method, I established that TSPO forms a complex with 

the key FAO regulator CPT1a (Figure 3.4.14, n=4 independent 

immunoprecipitations). This represents a potential mechanism through which 

TSPO may regulate FAO in astrocytes. 
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Figure 3.4.14: TSPO formed a complex with CPT1a in U373 astrocytoma cells. 

Immunoblot of co-immunoprecipitation products confirming the existence of an interaction 
between TSPO and CPT1a in U373 astrocytoma cells. U373 cells naïve to previous genetic 
modification were transiently transfected with a Myc-tagged TSPO construct. TSPO-Myc 
containing complexes were isolated via Myc-tagged agarose beads. Immunoblots for Myc, 
CPT1a and VDAC1 were used to confirm existence of complexes.  

n=4 independent immunoprecipitations. 

kDa: kilodaltons. L: ladder. I: input fraction (cell lysate). UB: unbound fraction (supernatent). B: 
bound fraction (eluate). CPT1a: carnitine palmitoyltransferase 1a. VDAC1: voltage dependent 
anion channel 1. TSPO-Myc: Myc-tagged translocator protein (18kDa) construct. 



119 
 

3.5: Discussion 

In this chapter, I have demonstrated that TSPO deficiency changes astrocyte 

metabolism. Table 3.5 provides an outline of the key findings of this chapter. Loss 

of TSPO reduced basal metabolism in MPAs and reduced the contribution of 

glucose-based oxidative phosphorylation to maintaining astrocyte metabolism. 

TSPO-/- MPAs secreted less lactate than wildtype controls, and unlike wildtype 

controls lactate secretion was not affected by glucopenia. I propose that this may 

be due to an increased contribution of FAO to maintaining the bioenergetic rates 

of TSPO-/- MPAs. Using transiently transfected U373 astrocytoma cells, I have 

provided potential mechanistic evidence for this finding in the form of a protein 

complex between TSPO and the rate-limiting enzyme of fatty acid oxidation, 

CPT1a.   
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Cell: Genotype: Output: 

 Basal 

OCR 

Basal 

ECAR 

Mito 

resp 

Glyco 

(high 

gluc) 

Glyco 

(phys rel 

gluc) 

BR (± glucose) Lactate Lactate (± 

glucose) 

Basal 

FAO 

Maximal 

FAO 

MPA 
+/+ - - - - - 

Modulated 

OCR, ECAR 
- Modulated - - 

-/- ↓ ↓ ↓ ↑ ↓ Unresponsive ↓ Unchanged ↑ ↑ 

U373 

+/+ - - - - - ↓ECAR - Modulated - - 

-/- - - - ↑ - ↓ECAR ↓ Unchanged 
No 

change452 

No 

change452 

Table 3.5.1: Summary table outlining results from this chapter. 

OCR: oxygen consumption rate. ECAR: extracellular acidification rate. Mito resp: mitochondrial respiration. Glyco: glycolysis. Gluc: glucose. Phys rel: physiologically 
relevant (to the brain). BR: bioenergetic rate. FAO: fatty acid oxidation. MPA: mouse primary astrocyte. U373: U373 astrocytoma cell line.  
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3.5.1: TSPO deficiency modulates astrocyte metabolism 

The effect of TSPO deficiency on cellular metabolism has been well-

characterised in the periphery, with a particular focus on the adrenals320,327, 

androgen-secreting cells366, and recent work in hepatocytes446. In mouse MA-10 

Leydig cells, TSPO deficiency has been shown to increase rates of FAO and 

expression of the Cpt1a and Hadha genes, while overexpression of TSPO was 

shown to reduce expression of these genes366. This implies a role for TSPO in 

regulating FAO. However, with the exception of a reduction in mitochondrial spare 

capacity TSPO deficiency had no significant effect on rates of mitochondrial 

metabolism in these cells366. In the adrenal glands of Syrian hamsters, a 

correlation between low TSPO expression and high triglyceride metabolism was 

recently touted320. A separate body of work in hepatocytes demonstrated 

enhanced availability of free fatty acids in the liver of TSPO-/- animals446, 

suggesting enhanced lipid metabolism, though this was accompanied by 

accumulation of lipid droplets and cholesterol. Together these data suggest that 

in the periphery TSPO plays a role in FAO. However, a similar role for TSPO in 

the CNS has not yet been reported. Tournier et al.456 recently (August 2023) 

showed that overexpression of TSPO in the rat C6 glioma cell line increased 

mitochondrial density and ROS production, suggesting that TSPO is, at the very 

least, an important regulator of energy use in astrocyte-like cells. Though this 

work was published after my doctoral studies began in 2020, it supports the data 

I have presented in this chapter. In published literature concerning microglia, a 

role for TSPO in regulating FAO remains unclear, however, recent work in these 

cells has demonstrated that TSPO regulates glycolysis (measured using the 

glycolysis stress test)339,340, and evidence from TSPO-deficient glioma cell lines 

suggests that TSPO regulates oxidative phosphorylation and glycolysis 

(measured using the glycolysis and mitochondrial stress tests)370. It should be 

noted that CPT1a expression (relative to astrocytes) is poor in microglia206,207,287, 

which may explain why a link between TSPO and FAO remains unclear in these 

cells. Together, these data suggest that although TSPO is expressed in a variety 

of mammalian cells, the function of TSPO may be at least partially determined by 

the type of cell in question.  
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The data I have provided here, summarised in Table 3.5.1, are supportive of a 

role for TSPO in regulating cellular metabolism of astrocytes. Using primary 

astrocytes isolated from germline TSPO-/- mouse neonates, I have provided 

evidence that TSPO regulates astrocyte metabolism. Firstly, I have shown that 

loss of TSPO reduced the basal OCR (a proxy of mitochondrial respiration) and 

ECAR (a proxy of glycolysis) in these cells (Figure 3.4.1). This supported data 

from existing literature from other cell types339,340,366,370 and independently 

recapitulated a finding first reported by another doctoral student in our research 

group452. This implies that TSPO plays an important role in regulating astrocyte 

bioenergetics, and shows that these prior results can be independently 

reproduced in my hands.  

Whereas data from mouse primary microglia suggests that germline TSPO 

deficiency inhibits glycolytic metabolism339, my experiments using the same 

paradigm show the opposite effect in TSPO-/- astrocytes (increased glycolysis 

[Figure 3.4.3], in line with Fairley et al. [February 2023, primary microglia]340). 

However, in my hands this effect was constrained to a supraphysiological 

concentration of glucose (10mM). When I reintroduced glucose concentrations 

that were more physiologically relevant to the CNS, I found that TSPO-/- 

astrocytes were less responsive than TSPO+/+ controls in response to 1mM, 

5.5mM and 7.5mM glucose (Figure 3.4.7). This suggests that the glycolytic rate 

of TSPO-/- MPAs is reduced under normal conditions, and correlates with the data 

I present in Figure 3.4.1 showing that TSPO deficiency reduces ECAR in the 

presence of glucose. I also investigated the metabolic responses of TSPO-/- 

MPAs to the reintroduction of L-glutamine, an amino acid. However, I did not 

observe any significant differences in the metabolic response of TSPO-/- MPAs 

any of the concentrations tested, bar one (1000µM) (Figure 3.4.7). Crucially, I 

observed no difference in the metabolic response of these cells to reintroduction 

of 2500µM (2.5mM) L-glutamine, i.e., the concentration used during the 

mitochondrial and glycolysis stress tests.    

In support of this argument, I have also presented data herein on L-lactate 

secretion from TSPO-/- MPAs, showing that it is reduced under basal conditions 

and did not change significantly in response to glucopenic conditions (Figure 

3.4.11). I investigated L-lactate production due to the observation that the ECAR 

and OCR values of TSPO-/- MPAs did not change significantly in response to 
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glucopenia (Figure 3.4.9). Glycolysis is generally accepted as being the main 

contributor to any change in ECAR, as assessed using EFA, due to the volume 

of H+ produced by this process. However, I must acknowledge that other cellular 

processes (such as FAO467) also produce H+ and may contribute to the 

acidification of media. Cells in vitro typically secrete lactate into the surrounding 

media, hence ECAR provides a proxy for glycolytic activity. Astrocytes – both in 

vivo and in vitro – secrete lactate for a variety of purposes ranging from providing 

trophic support to neurons to acting as a gliotransmitter37,62,72,192,468,469, so 

assessment of L-lactate secretion from these cells has the potential to provide 

insights into a range of processes. For example, reduced L-lactate secretion from 

TSPO-/- MPAs may provide an indication of changes in the ability of these 

astrocytes to fulfil their vital functions in vivo; such as a reduced ability to provide 

trophic support to neurons. In the intact animal, this may manifest as altered 

outcomes in paradigms designed to interrogate behaviour or cognition, which to 

my knowledge have not yet been examined in TSPO-/- mice. This is pertinent, 

because astrocyte-specific CPT1a-deficient mice were recently shown to have 

cognitive deficits89, suggesting that fine regulation of astrocytic FAO during 

neurodevelopment is crucial for healthy CNS functionality in adulthood.  

In isolation, the data I present in Figure 3.4.11 cannot be used to draw inferences 

about the metabolic profiles of the TSPO-/- MPAs. This is because I examined 

only secretion of L-lactate, which was achieved by quantifying the L-lactate 

concentration in cell culture media. The possibility remains that TSPO-/- MPAs 

may simply be secreting less lactate than their wildtype counterparts, but their 

overall lactate production is unaltered; my work did not examine intracellular L-

lactate stores and therefore I cannot address this possibility based on Figure 

3.4.11 alone. Additionally, the L-lactate data I present here are in contrast with 

the recently published findings from Fairley et al. (February 2023)340, who 

demonstrated that TSPO deficiency enhances glycolysis and lactate secretion 

from microglia340. However, it is important to note that microglia exhibit a different 

developmental lineage470 and gene expression profile from astrocytes: notably, 

microglia express little-to-no CPT1a206. While FAO occurs in microglia, this 

occurs at a lower rate than astrocytes471 and is possibly reflective of the relative 

reduction in CPT1a expression. This may partially explain the similarity of mouse 

primary microglia and astrocytes to the reintroduction of glucose following 
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glucopenia (Figure 3.4.3, Fairley et al.340 [February 2023]) and yet the difference 

in lactate secretion between these cell types (Figure 3.4.11, Fairley et al.340), as 

enhanced FAO at the expense of glucose metabolism in astrocytes would reduce 

lactate secretion and overall lactate production. Furthermore, Fairley et al. do not 

explicitly state the glucose concentration at which their lactate measurements 

were made. If these took place at high glucose concentrations (relative to brain, 

~5mM), this may also explain the divergence in observations regarding lactate 

secretion from these cells. 

Complementing my L-lactate data, in Figure 3.4.9 I present evidence that albeit 

maintained at a lower level (Figure 3.4.1), the OCR of TSPO-/- MPAs does not 

significantly change in the absence of glucose. Crucially, OCR of TSPO+/+ MPAs 

under glucopenia is reduced, suggesting that there is reduced availability of 

metabolic substrates to undergo mitochondrial respiration. This is important as 

lactate can be converted to pyruvate, which is then imported to the mitochondria 

and used as a substrate for the tricarboxylic acid (TCA) cycle (Figure 1.1.1, 

1.1.2). The TCA cycle consumes oxygen to fuel ATP production (Figure 1.1.2). 

This consumption of oxygen translates as increased OCR. One could anticipate, 

therefore, that were TSPO-/- MPAs meeting their bioenergetic requirements 

through this mechanism, withdrawal of glucose would be met by a concomitant 

increase in OCR, which I did not observe. Given that glucose is unavailable as a 

metabolic substrate, lactate cannot be generated in this paradigm and no 

concomitant increase in OCR was observed in TSPO-/- MPAs (Figure 3.4.9). 

Thus, taken together, these data support the notion that TSPO-/- MPAs meet their 

bioenergetic requirements through preferential metabolism of alternative 

substrates.  

3.5.2: Regulation of FAO in astrocytes by TSPO 

As outlined in Chapter 3.5.1, there is evidence from the existing literature 

demonstrating that TSPO deficiency enhances FAO in Leydig cells366. Moreover, 

enhanced triglyceride metabolism has been demonstrated in the adrenal glands 

of the Syrian hamster, which naturally express low levels of TSPO320. In 

hepatocytes, TSPO deficiency is associated with increased free fatty acid 

availability (indicating enhanced FAO)446. Based on this I hypothesised that a 

similar mechanism was at play in TSPO-/- astrocytes. I then confirmed that FAO 
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provided a greater contribution towards the bioenergetic requirements of TSPO-

/- MPAs compared to wildtype controls under basal conditions (Figure 3.4.12). 

Furthermore, when an energy stress was simulated via FCCP injection, these 

cells were more reliant on FAO to meet the increased energetic demand (Figure 

3.4.12). When I interrogated the activity of enzymes associated with FAO 

downstream of CPT1a (using lysed cell extracts, enabling one to bypass the need 

for mitochondrial import of FAO substrates), I found there was no statistically 

significant change in FAO-associated enzyme activity (Figure 3.4.13). This 

supports a role for TSPO in regulating FAO via CPT1a. Due to technical 

difficulties involving the efficacy of the lysis buffer used and thus low protein yield, 

this finding was limited by a small and inconsistent sample size (n=4-5) and would 

benefit from further optimisation and repetition to confirm these results. In a 

variety of cells, TSPO ligands have been demonstrated to modulate cellular 

bioenergetics and inflammatory responses472. Despite the issues associated with 

these ligands (Chapter 1.4.6), this may suggest that TSPO ligands modulate 

cellular metabolism to promote an anti-inflammatory phenotype346,377,378 or a 

phenotype biased towards the resolution of inflammatory stimuli. In the periphery, 

such a phenotype has been associated with FAO (though FAO is also associated 

with pro-inflammatory phenotypes, and is associated with pro- and anti-

inflammatory phenotypes in astrocytes)41,207,287,288, perhaps suggesting that 

TSPO ligands promote FAO by modulating its interaction with CPT1a (Figure 

3.4.13). Indeed, in vivo, administration of the TSPO ligand Ro5-4864 via 

intraperitoneal injection in a mouse model of tauopathy has been associated with 

reduced microglial activation444, which may have been mediated, at least in part, 

by promoting a resolutory phenotype in astrocytes potentially ameliorating 

activation of the complement pathway in microglia (a hypothesis which remains 

to be explored in this context)257,473,474.  

In support of the hypothesis that TSPO influences astrocytic FAO via CPT1a, by 

transiently transfecting U373 cells naïve to previous genetic modification with a 

Myc-tagged TSPO plasmid (TSPO-Myc), I was able to demonstrate that TSPO 

forms a protein complex with CPT1a, the rate-limiting enzyme of fatty acid 

oxidation (Figure 3.4.14). The TSPO-Myc construct interacted with the 

endogenous CPT1a, supporting an earlier finding of a TSPO-CPT1a protein 

complex established using endogenous protein by another member of the 
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Ellacott lab452. Usually, in energy-replete conditions, CPT1a activity is suppressed 

by malonyl-coenzyme A (malonyl-CoA), preventing the mitochondrial import of 

FAO substrates in the form of acyl-CoA via CPT1a and thus inhibiting FAO. 

Besides this mechanism, regulation of CPT1a activity remains unclear. This 

provides an exciting avenue for further studies, as these data suggest that TSPO 

may regulate CPT1a activity. This could be explored using more sensitive 

techniques such as immunoprecipitation-mass spectrometry to further validate 

the TSPO-CPT1a interaction, and any effect of a TSPO-CPT1a complex on the 

structure of these two proteins could be established via X-ray crystallography. If 

structural alterations as a result of this complex are not found, phosphorylation 

arrays and arrays for other post-translational modifications could be employed to 

elucidate the mechanism by which the TSPO-CPT1a interaction regulates FAO. 

These studies could then interrogate the effect of modulating the TSPO-CPT1a 

interaction under a variety of stimuli ranging from nutrient stresses (deficits and 

excesses) to cellular responses to inflammation in disease states to further 

elucidate the function of this interaction. The results of these investigations may 

hold sway over the proposed therapeutic employment of TSPO during chronic 

inflammatory conditions: CPT1a modulation is an attractive therapeutic target for 

a variety of disorders58,89,382,460,464,475,476. Furthermore, should TSPO truly act as 

a modulator of CPT1a activity, chronic pharmacological inhibition or activation of 

TSPO to treat one condition (and its downstream effects on cellular metabolism, 

substrate preferences, and CPT1a activity) may place patients at risk of 

developing unforeseen complications or comorbidities. Particularly crucial here 

would be the use of TSPO inhibition to treat chronic inflammatory conditions given 

the recently-established critical role of CPT1a in regulating cognition89.  

3.5.3: Limitations of this chapter 

The data I have presented in this chapter support the argument that TSPO-/- 

astrocytes are less reliant on glucose metabolism and more reliant on FAO. 

Moreover, I demonstrate that the bioenergetic rates of and metabolic 

intermediates produced by TSPO-/- MPAs are not modulated by glucopenia 

(Figures 3.4.9, 11), suggesting impaired glucose sensing or reliance in these 

cells. However, my work did not examine changes in the activity or expression of 

proteins or enzymes involved with regulation of cellular energy production 

associated with TSPO deficiency. Therefore, I cannot comment on a mechanism 
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by which the ‘glucose-sensing’ ability of these astrocytes may have become 

impaired. However, I would postulate that this may be due to deficits in energy-

sensing mechanisms. Indeed, a role for adenosine monophosphate-activated 

protein kinase (AMPK, a key cellular energy sensor9) in regulating TSPO 

expression has been postulated358,477, and this may well present a mechanism 

by which TSPO facilitates cellular responses to variations in nutrient availability. 

Furthermore, in this chapter, I did not examine the expression of transporter 

proteins associated with metabolite uptake such as glucose transporter 1 

(GLUT1), extracellular amino acid transporters and sodium-coupled neutral 

amino acid transporters. Thus, in this chapter, I cannot account for any variation 

in the expression of these membrane transporter proteins in TSPO-/- MPAs. 

Reduced expression of these key transporter proteins would result in a reduced 

ability to take up metabolic substrates. This may explain the reduced metabolic 

rates of TSPO-/- MPAs, as well as the lack of a metabolic response to the no 

glucose conditions (though this is well accounted for by the data presented in 

Figures 3.4.11, 12). Future studies could investigate this possibility by employing 

immunocytochemistry for these transport proteins, which could be quantified to 

determine changes in expression level and localisation. Like extracellular 

receptors, transport proteins on the cell surface membrane may be endocytosed 

and stored in vesicles. Enhanced receptor internalisation in this manner may 

mean that there is no net change in membrane transporter expression, but a 

reduction in the availability of these transporters to take up metabolic substrates.  

Additionally, this chapter did not pursue any potential mechanism by which TSPO 

may influence the availability of lipids for mitochondrial import and thus FAO. In 

hepatocytes, TSPO deficiency has been associated with enhanced lipid droplet 

and FFA accumulation, together implying greater lipid metabolism in these 

cells446. One can therefore form the hypothesis that TSPO may regulate FAO via 

both formation of a complex with CPT1a (Figure 3.4.14), and by regulating lipid 

droplet-mitochondria interactions. Lipid droplets ‘dock’ on the OMM to facilitate 

the import of fatty acids for FAO, through mechanisms that remain unclear. This 

may occur via the formation of an interaction between acyl-CoA binding protein 

(ACBP), TSPO, and CPT1a. ACBP is regarded as a TSPO ligand313,423,430,478,479, 

but the function of the TSPO-ACBP interaction remains unclear. Crucially, ACBP 

is implicated in regulating FAO423,480,481. Therefore, it is plausible that TSPO 
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exerts its regulatory effects on FAO in astrocytes not only via an interaction with 

CPT1a, but also by modulating lipid droplet-mitochondria interactions.   

3.5.3.1: Bioenergetic phenotypes were different between cell types 

The extracellular flux analysis data generated using the CRISPR-Cas9 TSPO-/- 

and TSPO+/+ EV control U373 cells were not always congruent with the data I 

generated using MPAs. It is worth nothing that the data in Figure 3.4.4 was not 

generated by myself, and was included in this body of work for completeness. 

Therefore, the possibility of slight technical differences between experimenters 

exists, which may have contributed to the slightly different results obtained. 

However, because a similar incongruity can be observed in Figure 3.4.10, I argue 

that it is more likely that these differences are more likely to be due to fundamental 

differences in the bioenergetics between U373 astrocytoma cells and MPAs. 

U373 cells were isolated from a donor with an aggressive glioblastoma 

(astrocytoma) and are therefore cancerous in nature. This has inherent 

implications for the bioenergetics of these cells, as cancer cells have long been 

known to have different bioenergetic requirements from non-cancerous cells, 

typically exemplified by an increased reliance on glycolysis and reduced 

utilisation of oxidative phosphorylation for energy production482–484. This may well 

explain the enhanced glycolytic reserve I observed in TSPO-/- U373s (Figure 

3.4.4). 

In primary microglia, TSPO was recently demonstrated to regulate mitochondrial 

hexokinase 2 (HK2) localisation340. Mitochondrial HK2 localisation is associated 

with enhanced glycolysis, and this was diminished in TSPO-/- microglia340; 

therefore, TSPO+/+ U373s may have been better able to metabolise glucose due 

to this reason, potentially explaining the reduced glycolytic rate I observed in 

TSPO-/- U373s. This is reinforced by the enhanced glycolytic reserve of these 

cells as glycolytic reserve is an indicator of how capably cells can use glycolysis 

to meet ATP demands during energy stress485. Thus, the enhanced glycolytic 

reserve I reported in TSPO-/- U373 cells may similarly be explained as being a 

product of the lower initial rate of glycolysis in these cells, and is potentially linked 

to the enhanced maximal FAO in TSPO-/- MPAs reported later in this chapter 

(Figure 3.4.12).  

The phenotype of enhanced glycolytic reserve in U373 astrocytoma cells may 

also explain the finding that basal FAO was significantly increased in TSPO-/- 
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MPAs but not U373 cells452. This notion is supported by the congruence of L-

lactate secretion by TSPO-/- U373 cells and MPAs (Figure 3.4.11 C, D): despite 

differences in the bioenergetic profiles of these cell types, when measuring 

metabolite secretion I found that TSPO deficiency in both U373 cells and MPAs 

significantly reduced L-lactate secretion, and that this was not further modulated 

by withdrawal of glucose in TSPO-/- U373 cells and MPAs. However, the 

difference in the bioenergetic responses of these cells to glucopenia must be 

acknowledged: TSPO-/- MPAs do not modulate their OCR or ECAR in response 

to glucopenia, whereas the response of TSPO-/- U373s did not differ from their 

TSPO+/+ controls (Figure 3.4.9, 10). I argue that this difference could be attributed 

to inherent differences between the bioenergetics of U373 cells and MPAs, and 

is likely not indicative of a difference in TSPO functionality between models.  

Despite these limitations, I have reinforced my extracellular flux analyses using 

metabolite assays and enzyme activity assays. Furthermore, I have 

independently recapitulated data demonstrating a potential mechanistic basis for 

the role of TSPO in regulating the bioenergetics of astrocytes, which may explain 

the reduced bioenergetic rate and increased contribution of FAO to meeting the 

bioenergetic requirements of TSPO-/- astrocytes.  

3.6: Conclusion 

In conclusion, here I have demonstrated that TSPO plays a key role in regulating 

astrocyte bioenergetics. I have shown that loss of TSPO changes sensitivity to 

glucose, a key metabolic substrate and the progenitor of lactate, which is an 

important signalling molecule in the CNS. Moreover, I have shown that TSPO-/- 

MPAs are more reliant on FAO to meet their bioenergetic requirements, and 

propose that, when expressed, TSPO may regulate FAO via an interaction with 

CPT1a. This may have important bearing on the ability of TSPO-/- astrocytes to 

respond to inflammatory stimuli, or to regulate their metabolism in the presence 

of additional stresses, such as inflammatory stimuli.  
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Chapter 4: Regulation of astrocyte immunometabolism 

by TSPO 

A modified version of this chapter is published as part of: 

Regulation of astrocyte metabolism by mitochondrial translocator protein 

18kDa.  

Firth W, Robb JL, Stewart D, Pye KR, Bamford R, Oguro-Ando A, Beall C, Ellacott 

KLJ. BioRxiv preprint. doi: 10.1101/2023.09.29.560159. 

4.1: Introduction 

Astrocytes play critical roles in maintaining CNS homeostasis. While this includes 

providing metabolic support to the brain parenchyma, astrocytes are also 

important players during the CNS inflammatory response80,104,105,261. Due to their 

intimate relationship with the BBB, astrocytes are among the first glial cells to 

sense peripheral inflammation, secreting cytokines to initiate a wider 

inflammatory response in the CNS (Chapter 1.3.3). During traumatic brain 

injuries, such as stroke, astrocytes migrate to the wound site alongside microglia 

and participate in the formation of the glial scars to ‘wall off’ the damaged area 

and prevent the spread of damaging stimuli20,80,102,186,258,486. At the same time, 

astrocytes are important for phagocytosing debris, dead or irreparably damaged 

neurons80,105,186,486, as well as facilitating the growth of new neurites and neo-

synaptogenesis to overcome neuronal loss incurred by CNS damage20,186,486. 

Furthermore, astrocytes play key roles in regulating neuronal activity via the 

secretion of gliotransmitters such as ATP, D-serine, and glutamate20,80,97,98,102, 

which, as outlined in Chapter 1.3, serve to modulate neuronal activity and 

facilitate intercellular communication; these molecules can promote or inhibit 

important various processes including myelination, a process critical for 

appropriate CNS communication and development, and wound 

healing63,80,102,107,186,258,486. Thus, astrocyte reactivity plays a key role in various 

facets of the CNS inflammatory response.  

During chronic inflammation, glial cells (particularly microglia and astrocytes) are 

known to undergo a process called ‘gliosis’, in the case of astrocytes, astrogliosis 

(Chapter 1.3.3.1)20,80,163,261,313. Broadly speaking, gliosis is a state of chronic glial 

cell activation, which may or may not be irreversible80,261. Studies in peripheral 
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immune cells have highlighted that inflammation is a metabolically expensive 

process289,382–385. Thus, the ability of cells to meet the metabolic demands of 

inflammation – and therefore keep fuelling it to prolong and resolve their 

responses as necessary – is being increasingly appreciated for a wider array of 

cell types289,382–384. The term ‘immunometabolism’ describes the metabolic 

changes that accompany an inflammatory response in a variety of cells289,290. 

While the importance of immunometabolism to the CNS inflammatory response 

is a developing area of understanding, changes to the metabolic state of the brain 

are known to accompany many CNS pathologies167,207,255,287,382,487. In vitro 

studies demonstrate that inflammatory stimulation modulates the metabolic 

phenotype of microglia and astrocytes339,340,488–491. Indeed, the Ellacott laboratory 

have previously shown that astrocytes have distinct metabolic phenotypes 

following exposure to acute or chronic inflammatory stimulation167. Importantly, 

studies in macrophages have revealed that exposure to chronic inflammatory 

stimuli results in metabolic adaptations in these cells43,390,492–497, and similar 

mechanisms are thought to be at play in glial cells290. 

Alongside widespread gliosis, chronic neuroinflammation (i.e., 

neuroinflammation present for weeks, months, or years) is typically accompanied 

by an increase in TSPO expression314,316,319,498,499, such that radiolabelled TSPO 

ligands are employed in some clinics as an imaging biomarkers to monitor the 

progression of neuroinflammatory and neurodegenerative 

conditions410,415,472,500,501 (Chapter 1.4.6). However, it is worth noting that some 

bodies of evidence from in vivo studies have also reported an increase in TSPO 

levels following an acute proinflammatory stimulus (i.e., neuroinflammation 

present for approximately 1 day)501; a notable example is a recent study 

examining Zika virus infection in a murine model502 (published in 2023). In this 

study the median reported survival time post-infection was only 8 days502, which 

may suggest that the severity of the inflammatory stimulus influences the extent 

of TSPO upregulation within a given timeframe. The study attributed the 

increases in CNS TSPO expression to microglia and infiltrating peripheral 

immune cells, a phenomenon which occurs following significant disruption of the 

BBB (which may be considered a correlate of severe CNS conditions503)502. One 

may thus posit that more extreme proinflammatory stimuli that exhibit greater 

cytotoxicity accompanied by significant upregulation of TSPO within a 
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comparatively short timeframe (e.g., a few hours) in vitro. Furthermore, increased 

TSPO expression is widely reported in gliomas, a form of brain cancer311,375,498,504.  

Due to microglia traditionally being regarded as the principle immune cells of the 

CNS, elevated TSPO expression observed in various pathologies was initially 

attributed to these cells, with little regard for other TSPO-expressing glia such as 

tanycytes358 and astrocytes373,374. The function of TSPO in microglia is thus 

currently better understood than in other glial cell types. Indeed, recent studies 

have characterised the role of TSPO in microglia via germline genetic 

ablation339,340 or pharmacological inhibition of TSPO378,379,397,505–508, but the role 

played by TSPO during the inflammatory responses of astrocytes remains less 

clear. To date, few studies have directly examined this in astrocytes in vitro. One 

recent example (published in August 2023, following the initiation of my doctoral 

work in 2020) was focused on examining the pathways which lead to enhanced 

TSPO expression during inflammation and the potential contribution made by 

enhanced TSPO expression in regulating astrocyte reactivity using astrocytoma 

cells456. Despite being informative, studies in cell lines do not always recapitulate 

physiologically relevant healthy astrocytes381, therefore it would be important to 

investigate whether similar mechanisms are at play in primary astrocyte cultures. 

Furthermore, as astrocytes, like microglia, can undergo an inflammatory 

response167, it is likely that TSPO plays a role in regulating the inflammatory 

responses of both microglia and astrocytes.   

As I have shown that TSPO acts as a metabolic regulator in mouse primary 

astrocytes (MPAs) (Chapter 3), I postulated that TSPO plays a role in regulating 

energy use during the MPA response to inflammation. Data from our group has 

previously shown that acute and chronic exposure to an inflammatory stimulus 

differentially alters the metabolic phenotype of astrocytes: following acute 

inflammatory stimulation with lipopolysaccharide (LPS), astrocytes are more 

glycolytic, and following chronic inflammatory stimulation with LPS the cells 

become more reliant on oxidative phosphorylation to meet their bioenergetic 

needs167. Crucially, this study showed that pharmacological inhibition of the 

nuclear factor kappa B (NFκB) pathway attenuated the metabolic response of 

astrocytes to LPS stimulation167. Often predominantly regarded as a master 

regulator of cellular inflammatory responses, NFκB plays important roles 

regulating other processes including metabolism and cancer509–511. Moreover, 
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evidence suggests that the NFκB and TSPO may bidirectionally regulate each 

other512,513. A study of TSPO deficiency in MA-10 Leydig cells increases Nfκb1 

gene expression and reduces Rel (an NFκB subunit) gene expression512, and a 

separate body of work in the C20 microglial cell line showed that the Tspo gene 

contains a promoter binding sequence for NFκB513. This suggests that NFκB may 

actively upregulate TSPO during the inflammatory response, and that this may 

represent a mechanism through which cells meet the metabolic costs of 

inflammatory responses. However, the consequences of TSPO deficiency to 

NFκB signalling in astrocytes remains poorly understood. 

Therefore, in this chapter, I postulated that alongside its impact on metabolic 

flexibility, TSPO deficiency will impair activation of NFκB, a key regulator of the 

inflammatory response, and alter cytokine release from MPAs. Towards testing 

this possibility, I characterised expression of proteins and enzymes involved with 

metabolism in TSPO-/- MPAs, as well as the bioenergetics of TSPO-/- MPAs, in 

the presence and absence of the inflammatory stimulus LPS. I used LPS as a 

pro-inflammatory stimulus due to its well-known potent activation of an 

inflammatory response in various mammalian cells167,514,515, thus enabling me to 

rapidly induce an inflammatory response in vitro. Despite this, I must 

acknowledge that LPS is a bacterial endotoxin and thus best recapitulates the 

inflammatory response of astrocytes to CNS infection. Whilst this does provoke 

an inflammatory response from these cells, this may differ in subtleties from the 

inflammatory response associated with chronic low-grade inflammation seen in 

various neurodegenerative conditions104. Such a model could have been 

achieved with a tumour necrosis factor, complement component 1 subcomponent 

q, and interleukin 1α cocktail104 as an alternative means of investigating this 

hypothesis. However, I chose to use LPS as this was a model previously validated 

in our laboratory167 and due to the advantages of its utilisation explored above.   

4.2: Hypothesis 

In this chapter, I test the overarching hypothesis that loss of TSPO will attenuate 

NFκB phosphorylation and cytokine release from MPAs in response to LPS 

treatment, and that TSPO-/- MPAs will have a reduced bioenergetic response to 

LPS treatment. 



134 
 

4.3: Methods 

Any variations in methods from the general methodology listed in Chapter 2 are 

outlined here.  

4.3.1: Use of C57BL/6J primary astrocytes 

C57BL/6J primary astrocytes were isolated and cultured as described in Chapter 

2.2.2. Mating pairs of wildtype C57BL/6J mice were used to generate the pups. 

Animals were housed under ASPA as described in Chapter 2.2.1. Offspring of 

both sexes were used in these studies. Data from these mice are presented in 

Figures 4.4.1-6.  

4.4: Results 

4.4.1: Validation of the inflammatory model used 

The Ellacott lab has previously shown that LPS stimulation of MPA cultures 

induces a shift in MPA metabolism167. Acute (3h) LPS stimulation was shown to 

enhance glycolysis, whereas chronic (24h) LPS stimulation was shown to 

increase OXPHOS and reduce expression of glucose transporter 1167. This study 

was performed using fraction V fatty acid- and endotoxin-free bovine serum 

albumin as an LPS carrier167. In attempting to recapitulate the results and 

methodology the Ellacott lab previously published in 2020167 using a new stock 

of fatty-acid free bovine serum albumin (FAF-BSA) as a vehicle for LPS 

treatments, I found that the MPA metabolic phenotype of the FAF-BSA vehicle-

treated cells was not as anticipated. The same catalogue number had been 

ordered, but due to animal-derived products being finite in nature the same lot 

number we had previously used was unavailable. After weeks of unexpected 

results, I postulated that the FAF-BSA might be the cause of this, and that it might 

be possible to remove this from the treatment paradigm. Studies using LPS as 

an inflammatory stimulus in peripheral immune cells (and as it later transpired, 

astrocytoma cells456) typically do not conjugate LPS to a carrier compound such 

as BSA516–520. In these protocols, LPS is reconstituted in water or media and 

diluted in media to a working concentration, and the effects compared to ‘control’ 

cells incubated in media (± vehicle) alone. Thus, I postulated that the same 

treatment paradigm might be appropriate for MPAs. Therefore, I stimulated cells 

with either LPS (100ng/mL) or 0.1-10% FAF-BSA (both diluted in treatment 

media) for 24h and measured secretion of tumour necrosis factor (TNF) in 

response to these treatments via ELISA (Chapter 2.2.15). The previous studies 
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from our group used 0.017mM BSA vehicle as a carrier for LPS167, and 0.01% 

BSA is approximately equal to 0.017mM (actual molarity: 0.015mM). TNF is a 

pro-inflammatory cytokine521, and therefore in this context served as an indicator 

of whether these treatments induced an inflammatory response from MPAs. To 

maintain as much consistency as possible with the protocol previously published 

by our lab167, MPAs used to assess this were isolated from wildtype C57BL/6J 

mice, not the TSPO-/- strain.  

Using ELISAs (Chapter 2.2.15), I found that both FAF-BSA and LPS induced 

TNF secretion from MPAs (Figure 4.4.1 A; p=0.0364 [LPS v control], p=0.0113 

[0.01% FAF-BSA v control], p=0.0130 [1% FAF-BSA v control], p=0.0245 [10% 

FAF-BSA v control]). From this I concluded that this FAF-BSA was unsuitable as 

a vehicle for my experiments using LPS. Because each BSA lot is isolated from 

a different animal, the quality of the BSA likely depends on the health of the animal 

at the time of isolation. Therefore in the animal of origin, low-level infections that 

may not yet have reached a symptomatic stage, or chronic inflammation through 

an undetected health condition, may impact the quality of the BSA. Another 

possible cause of the issues with the BSA vehicle may also have been 

manufacturing issues or deviations from standard protocols, as BSA variability is 

a well known yet poorly reported issue in life sciences522,523. Thus, I next 

investigated the possibility of using LPS (100ng/mL, diluted in treatment media) 

alone as an inflammatory treatment protocol for MPAs. I had already ascertained 

that 24h LPS treatment in the absence of BSA vehicle is sufficient to induce 

secretion of TNF from MPAs (Figure 4.4.1 A), therefore I quantified activation of 

NFκB (p65 subunit) via phosphorylation at amino acid residue Ser536 as a 

secondary measurement of an inflammatory response to LPS treatment in the 

absence of BSA vehicle (Figure 4.4.1 B-D) using immunoblotting (Chapter 

2.2.11). I found that 24h treatment with LPS was sufficient to induce NFκB 

phosphorylation in MPAs (Figure 4.4.1 D; p=0.0075), supporting the TNF ELISA 

results.  
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Figure 4.4.1: Validation of the inflammatory model used. 

MPAs isolated from C57BL/6J neonates were stimulated with either lipopolysaccharide (LPS; 
100ng/mL) or 0.1-10% fatty acid-free bovine serum albumin (BSA) for 24h. A: both LPS 
(p=0.0364) and BSA (0.1%: p=0.0113; 1%: p=0.0130; 10%: p=0.0245) elicited TNF secretion from 
C57BL/6J MPAs, as measured by ELISA. n=2 wells from 1 experiment, one-way ANOVA with 
Dunnett’s multiple comparisons test. B, C: representative immunoblots showing induction of 
NFκB signalling by 24h LPS stimulated in C57BL/6J MPAs. D: quantification of NFκB 
phosphorylation expressed as the ratio of phosphorylated NFκB:total NFκB levels. 24h LPS 
stimulation induced NFκB phosphorylation (p=0.0075). n=5 plates from 2 independent 
experiments, unpaired t-test.  

*p<0.05, **p<0.01. Data are displayed as mean ± standard error of the mean. 

TNF: tumour necrosis factor. kDa: kilodaltons. L: ladder. LPS: lipopolysaccharide. BSA: fatty-acid 
free bovine serum albumin. ELISA: enzyme-linked immunosorbent assay. NFκB: nuclear factor 
kappa B. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. TSPO: translocator protein 
18kDa. Ctrl: vehicle-treated control group (0.01% vol/vol ddH2O). 
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4.4.2: 3h LPS stimulation did not modulate TSPO expression 

Increased expression of TSPO in response to inflammatory stimuli has been 

reported in both primary microglia339,340,371 and glioma cell lines371,456. Indeed, a 

recent study (August 2023) by Tournier et al. using rat C6 glioma cells (an 

astrocyte cell model) showed that LPS stimulation led to increased binding of the 

TSPO ligand [125I]CLINDE, which was attenuated by inhibition of the 

STAT/extracellular signal-related kinases (ERK) pathways456. These data 

suggest that TSPO plays a role in cellular responses to chronic inflammatory 

stimuli.  

While TSPO expression has predominantly been examined in the context of 

chronic inflammation313,458,524, it has been linked to acute inflammation in some 

studies501,502; therefore, I wanted to confirm in my hands whether 3h LPS 

treatment would be sufficient to increase TSPO expression. Our lab has 

previously demonstrated that inflammatory stimulation of MPAs induces a 

metabolic shift167. Therefore, as a control for metabolic flux that may be 

associated with a change in TSPO expression, I included 2-deoxyglucose (2DG; 

10mM) treatments and immunoblots for glucose transporter 1 (GLUT1) 

expression to investigate a potential shift in glucose uptake in response to 

metabolic stress. I found that, following 3h LPS stimulation, NFκB 

phosphorylation was significantly increased in LPS-stimulated MPAs (Figure 

4.4.2 A-C; p<0.0001), suggesting that the MPAs were responding to the 

inflammatory stimulus. NFκB phosphorylation was unchanged in response to 3h 

2DG treatment (Figure 4.4.2 A-C; p=0.3910). TSPO expression was unchanged 

in C57BL/6J MPAs in response to 3h LPS (Figure 4.4.2 B, D; p=0.9984) or 2DG 

treatment (Figure 4.4.2 B, D; p=0.4655). I confirmed that glucose transporter 1 

(GLUT1) expression was unchanged by LPS (Figure 4.4.2 B, E; p=0.6030) or 

2DG treatment (Figure 4.4.2 B, E; p=0.0764) suggesting that this paradigm 

induces a similar inflammatory phenotype to the previously published protocol 

from our research team167. 
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Figure 4.4.2: 3h LPS stimulation did not modulate TSPO expression. 

A, B: representative immunoblots following 3h lipopolysaccharide (LPS; 100ng/mL) or 2-
deoxyglucose (2-DG; 10mM) stimulation of MPAs. C: NFκB phosphorylation (lower band 
quantified as indicated by white arrow in A) was significantly increased by 3h LPS treatment 
(p<0.0001) but not 2DG treatment (p=0.3910). n=6 dishes from 2 independent experiments, one-
way ANOVA with Dunnett’s multiple comparisons test. D: Neither 3h LPS stimulation (p=0.9984) 
nor 2DG stimulation (p=0.4655) altered TSPO expression. n=6 dishes from 2 independent 
experiments, one-way ANOVA with Dunnett’s multiple comparisons test. E: GLUT1 expression 
was unchanged by 3h LPS treatment (p=0.6030) or 2DG (p=0.0764). n=5 dishes from 2 
independent experiments, one-way ANOVA with Dunnett’s multiple comparisons test.  

****p<0.0001. Data are displayed as mean ± standard error of the mean. 

kDa: kilodaltons. L: ladder. LPS: lipopolysaccharide. 2DG: 2-deoxyglucose. NFκB: nuclear factor 
kappa B. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. TSPO: translocator protein 
18kDa. Ctrl: control group exposed to highest concentration of vehicle (2% vol/vol ddH2O). 
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4.4.3: 3h LPS stimulation did not alter MPA bioenergetics 

Having shown that 3h LPS stimulation had not induced a change in TSPO or 

GLUT1 expression, I wanted to confirm the corresponding metabolic phenotype 

of MPAs in response to this treatment paradigm. Hence, based on prior data from 

our research group, I tested the hypothesis that 3h LPS stimulation would 

increase extracellular acidification rate (ECAR) in MPAs without altering oxygen 

consumption rate (OCR). 2DG treatments (10mM) were included as a positive 

control for a metabolic shift in MPAs. 2DG is phosphorylated by hexokinase 2 

(HK2) to form 2-deoxyglucose-6-phosphate (2DG6P), which cannot undergo 

further metabolism and thus inhibits glycolysis525,526. As glycolysis is regarded as 

the main contributor to ECAR527, 2DG treatment should thus reduce ECAR and 

provide a positive control for a shift in the bioenergetic state of the cells.  

3h LPS treatment did not significantly reduce the OCR of MPAs (Figure 4.4.3 A, 

C; p=0.9996), and unexpectedly in contrast to my hypothesis I did not see a 

concomitant increase in the ECAR of MPAs (Figure 4.4.3 B, D; p=0.5914). 3h 

2DG treatment significantly reduced MPA OCR (Figure 4.4.3 A, C; p<0.0001) 

and ECAR (Figure 4.4.3 B, D; p<0.0001), confirming a metabolic shift in MPAs.  
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Figure 4.4.3: 3h LPS stimulation did not alter MPA bioenergetics. 

OCR (A) and ECAR (B) traces following 3h lipopolysaccharide (LPS; 100ng/mL) or 2-
deoxyglucose (2DG; 10mM) treatment. C: quantification of A. 3h LPS stimulation had no effect 
on OCR of MPAs (p=0.9996). 3h 2DG treatment significantly reduced MPA OCR (p<0.0001). n=46 
wells per treatment, data are pooled from across 3 independent experiments. One-way ANOVA 
with Dunnett’s multiple comparisons test. D: quantification of B. 3h LPS treatment had no effect 
on ECAR of MPAs (p=0.5914). 3h 2DG treatment significantly reduced MPA ECAR (p<0.0001). 
n=46 wells per treatment, data are pooled from across 3 independent experiments. Kruskal-Wallis 
test with Dunn’s multiple comparisons test.  

ns p>0.05, ****p<0.0001. Data are displayed as mean ± standard error of the mean. 

OCR: oxygen consumption rate. ECAR: extracellular acidification rate. Ctrl: control group 
exposed to highest concentration of vehicle (2% vol/vol ddH2O). 

 



141 
 

4.4.4: 24h LPS stimulation increased TSPO expression 

CNS TSPO expression is upregulated in many disorders with an element of 

chronic neuroinflammation, such that TSPO is used some in clinics to track 

neuroinflammation levels via positron emission tomography410. Studies in glioma 

cell lines370,371,456 and primary glial cell cultures339,340,371,444 have demonstrated 

that this effect is conserved in vitro. As TSPO has been linked to inflammatory 

responses, I wanted to determine if chronic inflammatory stimulation of MPAs 

with LPS would recapitulate this upregulation of TSPO, with a view to using this 

treatment paradigm to investigate the immunometabolic phenotype of TSPO-/- 

MPAs. Thus, the aim of this section was to evaluate the effects of 24h LPS 

treatment on TSPO expression in astrocytes.  

I began by determining the effect of chronic LPS stimulation on the expression of 

the glycolytic enzyme glyceraldehye-3-phosphate dehydrogenase (GAPDH), 

which I used as the loading control for my immunoblotting experiments. 

Concerned that alterations in the metabolic phenotype of the cells may in turn 

modulate GAPDH expression, I first validated the use of GAPDH as a loading 

control for experiments involving chronic inflammatory stimulation by using β-

actin as a secondary control. I found that GAPDH expression did not change in 

response to 24h LPS (Figure 4.4.4 A-C; p=0.5618) nor 24h 2DG treatment 

(Figure 4.4.4 A-C; p=0.8650), therefore I proceeded to use GAPDH to normalise 

these data. I then quantified NFκB phosphorylation to reinforce the findings 

presented in Figure 4.4.1 and found that NFκB phosphorylation was significantly 

upregulated in MPAs after 24h LPS treatment (Figure 4.4.4 A, B, D; p<0.0001) 

but not 2DG treatment (Figure 4.4.4 A, B, D; p=0.7103). Finally, I tested the 

hypothesis that 24h LPS stimulation would increase TSPO expression in MPAs 

and found that TSPO expression was increased by 24h LPS stimulation (Figure 

4.4.4 A, E; p=0.0477) but not 2DG treatment (Figure 4.4.4 A, E; p=0.9839). 



142 
 

  

Figure 4.4.4: 24h LPS stimulation increased TSPO expression. 

A, B: representative immunoblots showing the effect of 24h lipopolysaccharide (LPS; 100ng/mL) 
or 2-deoxyglucose (2DG; 10mM) treatment on expression of proteins of interest in MPAs. C: 24h 
stimulation with LPS or 2DG had no effect on GAPDH expression (p=0.5618 [LPS], p=0.8650 
[2DG]). n=6 dishes from 2 independent experiments. One-way ANOVA with Dunnett’s multiple 
comparisons test. D: 24h LPS treatment significantly increased NFκB phosphorylation in MPAs 
(p<0.0001) but 2DG treatment did not (p=0.7103). n=6 dishes from 2 independent experiments. 
One-way ANOVA with Dunnett’s multiple comparisons test. E: 24h LPS treatment significantly 
increased TSPO expression in MPAs (p=0.0477), whereas 2DG treatment did not (p=0.9839). 
n=6 dishes from 2 independent experiments. One-way ANOVA with Dunnett’s multiple 
comparisons test.  

*p<0.05, ****p<0.0001. Data are displayed as mean ± standard error of the mean. 

kDa: kilodaltons. L: ladder. LPS: lipopolysaccharide. 2DG: 2-deoxyglucose. NFκB: nuclear factor 
kappa B. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. TSPO: translocator protein 
18kDa. Ctrl: control group exposed to highest concentration of vehicle (2% vol/vol ddH2O). 
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4.4.5: 24h LPS stimulation increased MPA OCR and ECAR  

Having confirmed that TSPO expression increased in MPAs in response to 24h 

LPS treatment, I next wanted to ascertain that the metabolic shift in astrocytes 

following chronic exposure to proinflammatory stimulation previously reported by 

the Ellacott lab was conserved in my treatment paradigm167. 2DG was again 

included as a positive control for a shift in the bioenergetic state of the cells.  

I found that 24h LPS stimulation using my treatment paradigm increased the OCR 

of MPAs (Figure 4.4.5 A, C; p<0.0001). However, in contrast to previously 

published data167, I also found that 24h LPS stimulation increased MPA ECAR 

(Figure 4.4.5 B, D; p=0.0141).  

The positive control, 24h 2DG treatment significantly reduced OCR (Figure 4.4.5 

A, C; p=0.0479) and ECAR (Figure 4.4.5 B, D; p<0.0001), confirming the ability 

of these cells to undergo a metabolic shift.   
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Figure 4.4.5: 24h LPS stimulation increased MPA OCR and ECAR. 

OCR (A) and ECAR (B) of MPAs stimulated for 24h with lipopolysaccharide (LPS; 100ng/mL) or 
2-deoxyglucose (2DG; 10mM). C: quantification of A. 24h stimulation with LPS increased OCR 
in MPAs (p<0.0001), while 2DG reduced OCR (p=0.0479). n=46 wells, data are pooled from 
across 3 experiments. One-way ANOVA with Dunnett’s multiple comparisons test. D: 
quantification of B. 24h LPS treatment significantly increased ECAR in MPAs (p=0.0141), while 
2DG treatment reduced ECAR (p<0.0001). n=46 wells, data are pooled from across 3 
experiments. One-way ANOVA with Dunnett’s multiple comparisons test.  

*p<0.05, ****p<0.0001. Data are displayed as mean ± standard error of the mean. 

OCR: oxygen consumption rate. ECAR: extracellular acidification rate. LPS: lipopolysaccharide. 
2DG: 2-deoxyglucose. Ctrl: control group exposed to highest concentration of vehicle (2% vol/vol 
ddH2O). 
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4.4.6: 24h LPS stimulation did not reduce cell viability 

To confirm that the metabolic phenotypes I observed in Figures 4.4.4-5 were not 

solely due to cell death following chronic LPS or 2DG stimulation, I measured cell 

viability via propidium iodide uptake (Chapter 2.2.16). Propidium iodide 

accumulates in cells with disrupted membranes, allowing one to differentiate 

between alive and dead/dying cells454. 
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Figure 4.4.6: 24h LPS stimulation did not reduce cell viability. 

Cells were stimulated with lipopolysaccharide (LPS; 100ng/mL) or 2-deoxyglucose (2DG; 10mM) 
for 24h and viability measured via propidium iodide (2µg/mL) uptake and flow cytometry. Settings 
used for gating flow cytometry for cell viability assay, measured by propidium iodide uptake, and 
example data. A: Negative control data used to gate experiment. Counts from Q1LL were deemed 
to be debris and excluded from counts. B: Example positive control data (MPAs boiled at 55°C 
for 10 minutes) to confirm validity of gating. C: Example data from control treated MPAs. D: 
Example data from 24h LPS stimulated MPAs. E: Example data from 24h 2DG stimulated MPAs. 
F: Cell viability data showing that 24h LPS stimulation did not significantly change MPA viability 
(p=0.6306 v control). 24h 2DG stimulation significantly reduced MPA viability (p=0.0030 v control).  

n=2 dishes from 1 experiment, one-way ANOVA with Tukey’s multiple comparison’s test. 
**p<0.01. Ctrl: control group exposed to highest concentration of vehicle (2% vol/vol ddH2O). 
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4.4.7: TSPO deficiency altered the temporal release profile of TNF from 

MPAs 

Early in this chapter (Chapter 4.4.2-5), I provide evidence that TSPO expression 

in astrocytes correlates with the metabolic and inflammatory state of cells in vitro. 

Given the intense metabolic cost of fuelling an inflammatory response, which I 

have shown to be conserved in MPAs, changes to cells’ ability to utilise metabolic 

substrates may impact their inflammatory response. In Chapter 3 I provided 

evidence that TSPO acts as a regulator of cellular metabolism, and that loss of 

TSPO alters fuel preference in MPAs, wherein the MPAs become more reliant on 

fats to meet their bioenergetic requirements.  

Studies in the peripheral immune system have demonstrated that chronic 

inflammation leads to a similar metabolic shift to the data I have reported in MPAs: 

an increased reliance on mitochondrially-mediated OXPHOS and FAO. In 

macrophages and other peripheral immune cells, this has been linked to an “M2-

like” phenotype, wherein the cell is hypothesised to be fulfilling a reparative or 

protective role in the resolution of inflammation289,386–390. Similarly to 

macrophages, different phenotypes associated with inflammation have been 

reported in brain immune competent cells, including astrocytes, where under 

certain conditions they adopt a more proinflammatory and 

neurotoxic20,80,104,105,163,261,455, or anti-inflammatory and 

phagocytic/neuroprotective phenotypes80,179,237,258,261,528,529. Therefore, I 

postulated that the increased reliance on FAO I observed in TSPO-/- MPAs 

(Figure 3.4.12) might result in an altered inflammatory phenotype of the cells by 

reducing the pro-inflammatory response. To test this hypothesis, I stimulated 

TSPO-/- MPAs with LPS for 3 or 24h and measured TNF secretion.  

Analysis via a 2-way ANOVA (variables: TSPO genotype and LPS stimulation) 

revealed that TSPO genotype (pgenotype<0.0001, F(1,16)=141.2) and 3h LPS 

stimulation (pLPS=0.0007, F(1,16)=17.41) had statistically significant effects on TNF 

secretion and there was a statistically significant interaction between these 

variables (pinteraction=0.0007, F(1,16)=17.41). The statistically significant effects of 

TSPO genotype (pgenotype=0.0102, F(1,20)=8.038) and LPS stimulation 

(pLPS<0.0001, F(1,20)=91.97) were maintained after 24h treatment, as was the 

statistically significant interaction (pinteraction=0.0102, F(1,20)=8.038). Using post-

hoc analyses I found that, following 3h LPS stimulation, TSPO-/- MPAs released 
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significantly less TNF than TSPO+/+ controls (Figure 4.4.7 A, p=0.0001), whereas 

following 24h LPS stimulation TNF release was significantly enhanced in TSPO-

/- MPAs (Figure 4.4.7 B, p=0.0035).  

Hypothesising that I would see reduced secretion of interleukin-1β, an early-

phase inflammatory cytokine released by astrocytes164,254, I attempted to 

measure IL-1β secretion from the same samples, but could not detect it using an 

ELISA following either 3h or 24h LPS stimulation (data not shown). 
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Figure 4.4.7: TSPO deficiency altered the temporal release profile of TNF from MPAs. 

TSPO-/- MPAs and wildtype controls were stimulated with lipopolysaccharide (LPS; 100ng/mL) for 
3h or 24h and TNF secretion quantified. A: TNF release from TSPO-/- MPAs following 3h LPS 
stimulation. n=5 dishes from 2 independent experiments, 2-way ANOVA with Šídák’s multiple 
comparisons test. Both TSPO genotype (pgenotype<0.0001, F(1,16)=141.2) and LPS stimulation 
(pLPS=0.0007, F(1,16)=17.41) had statistically significant effects on TNF secretion. There was a 
statistically significant interaction of these variables (pinteraction=0.0007, F(1,16)=17.41). Post-hoc 
analysis revealed that TNF secretion from TSPO-/- MPAs was significantly reduced compared to 
TSPO+/+ controls in response to 3h LPS stimulation (p=0.0001). B: TNF release from TSPO-/- 
MPAs was significantly increased compared to TSPO+/+ controls in response to 24h LPS 
stimulation (p=0.0035). n=5 dishes from 2 independent experiments, 2-way ANOVA with Šídák’s 
multiple comparisons test. Both TSPO genotype (pgenotype=0.0102, F(1,20)=8.038) and LPS 
stimulation (pLPS<0.0001, F(1,20)=91.97) had statistically significant effects on TNF secretion, and 
there was a statistically significant interaction (pinteraction=0.0102, F(1,20)=8.038). The statistically 
significant effects of TSPO genotype (pgenotype=0.0102, F(1,20)=8.038) and LPS stimulation 
(pLPS<0.0001, F(1,20)=91.97) were maintained at 24h, as was the statistically significant interaction 
(pinteraction=0.0102, F(1,20)=8.038). 

**p<0.01. ***p<0.001. ****p<0.0001. Data are displayed as mean ± standard error of the mean. 

TNF: tumour necrosis factor. Ctrl: vehicle-treated control (0.01% ddH2O).  
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4.4.8: NFκB phosphorylation in TSPO-/- MPAs following 3h LPS stimulation 

was unchanged compared to TSPO+/+ controls 

Having observed that TNF secretion from TSPO-/- MPAs was reduced following 

3h LPS inflammation (Figure 4.4.7 A), I postulated that this finding may be due 

to altered activity of inflammatory signalling pathways in astrocytes.  

Pharmacological evidence using TSPO ligands suggests that modulation of 

TSPO activity impacts NFκB signalling530. Along with the STAT family of 

proteins531, the NFκB signalling pathway is a key regulator of cellular 

inflammatory responses, as well as cellular metabolism and growth509,511. 

Moreover, the Ellacott lab have previously shown that altering NFκB signalling is 

sufficient to regulate the immunometabolic responses of MPAs167. Alongside this, 

the NFκB and STAT pathways have been linked to regulation of TSPO expression 

in separate studies441,530,532. In the case of NFκB, this regulation occurs via a 

promoter domain in Tspo513. Furthermore, TSPO deficiency has been shown to 

affect NFκB and Stat1 gene expression via retrograde signalling during a study 

where TSPO was knocked out of Leydig cells512. This suggests a potentially 

bidirectional relationship, possibly a feedback or feed-forward loop between 

these proteins. However, the mechanism underlying this remains unclear. Given 

the importance of the NFκB response to astrocyte immunometabolism167, and my 

results suggesting that loss of TSPO modulates cytokine release from MPAs 

(Figure 4.4.7), I hypothesised that loss of TSPO was associated with reduced 

LPS-induced NFκB phosphorylation.  

As I had previously shown that loss of TSPO alters the bioenergetic parameters 

of MPAs (Chapter 3), to ensure accurate quantification of immunoblots, I wanted 

to ascertain that if GAPDH expression were modulated by TSPO deficiency, and 

whether this was impacted by a potentially altered inflammatory response. Using 

a 2-way ANOVA, I found that neither TSPO genotype (pgenotype=0.8707, 

F(1,19)=0.02722) nor LPS stimulation had a statistically significant effect on 

GAPDH expression (pLPS=0.6334, F(1,19)=0.2350). Moreover, I did not observe a 

statistically significant interaction between these variables (pinteraction=0.1721, 

F(1,19)=2.014). Post-hoc analysis confirmed that TSPO deficiency did not have an 

effect on GAPDH expression in MPAs (Figure 4.4.8 A-C, p=0.8691). Hence, I 

continued to use GAPDH as a loading control. 
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Next, I wanted to confirm whether TSPO deficiency affected NFκB protein 

expression (Figure 4.4.8 A, D). Neither TSPO genotype (pgenotype=0.1949) nor 

LPS stimulation (pLPS=0.4697) had a statistically significant effect on NFκB 

expression. No statistically significant interaction between these variables was 

observed (pinteraction=0.2374). Post hoc analysis confirmed that total NFκB 

expression was unchanged between control-treated TSPO-/- and TSPO+/+ MPAs 

(p=0.9998) or in LPS-stimulated MPAs (p=0.9861).   

I next tested the hypothesis that the observed attenuated TNF release from 

TSPO-/- MPAs following 3h LPS treatment was due to reduced NFκB 

phosphorylation. While there was no statistically significant effect of TSPO 

genotype on NFκB phosphorylation (pgenotype=0.3408, F(1,19)=0.9547), 3h LPS 

stimulation significantly affected this parameter (pLPS<0.0001, F(1,19)=41.25). 

However, there was no statistically significant interaction between these variables 

(pinteraction=0.1829, F(1,19)=1.911). Using post-hoc analyses, I found that, while 3h 

LPS stimulation increased NFκB phosphorylation in both TSPO+/+
 (Figure 4.4.8 

A, B, E; p=0.0002) and TSPO-/- MPAs (Figure 4.4.8 A, B, E; p=0.0093), there 

was no significant difference in NFκB phosphorylation between TSPO+/+ and 

TSPO-/- MPAs (Figure 4.4.8 A, B, E; p=0.4812). In line with my findings from 

C57BL/6J MPAs, TSPO expression in TSPO+/+
 MPAs was not affected by 3h LPS 

stimulation (Figure 4.4.8 B, F; p=0.7137).  
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Figure 4.4.8: NFκB phosphorylation in TSPO-/- MPAs following 3h LPS stimulation was 
unchanged compared to TSPO+/+ controls. 

TSPO+/+ and TSPO-/- MPAs were stimulated with lipopolysaccharide (LPS; 100ng/mL) for 3h and 
NFκB phosphorylation quantified. A: representative immunoblot showing B-actin and total NFκB 
p65 expression. B: representative immunoblot showing GAPDH, TSPO, and phospho-NFκB p65 
(Ser536) expression. TSPO-/- MPAs did not express TSPO. C: quantification of B. n=5-6 dishes 
from 3 independent experiments, 2-way ANOVA with Šídák’s multiple comparisons test. TSPO 
genotype had no statistically significant effect on GAPDH expression (pgenotype=0.8707, 
F(1,19)=0.02722). LPS stimulation did not have a statistically significant effect on GAPDH 
expression (pLPS=0.6334, F(1,19)=0.2350). I did not observe a statistically significant interaction of 
these variables (pinteraction=0.1721, F(1,19)=2.014). Post-hoc analysis confirmed that GAPDH 
expression was unchanged between control-treated TSPO-/- and wildtype control MPAs 
(p=0.8691) or in LPS-stimulated MPAs (p=0.9403). D: quantification of total NFκB expression. 
n=6 dishes from 3 independent experiments, 2-way ANOVA with Šídák’s multiple comparisons 
test. No statistically significant effect of TSPO genotype (pgenotype=0.1949) or LPS stimulation 
(pLPS=0.4697) was observed. No statistically significant interaction of these variables was 
observed (pinteraction=0.2374). Post hoc analysis confirmed that total NFκB expression was 
unchanged between control-treated TSPO-/- and TSPO+/+ MPAs (p=0.9998) or in LPS-stimulated 
MPAs (p=0.9861). E: quantification of NFκB phosphorylation. n=5-6 dishes from 3 independent 
experiments, 2-way ANOVA with Šídák’s multiple comparisons test. No statistically significant 
effect of TSPO genotype on NFκB phosphorylation (pgenotype=0.3408, F(1,19)=0.9547) was 
observed. 3h LPS stimulation significantly affected this parameter (pLPS<0.0001, F(1,19)=41.25). 
There was no statistically significant interaction between these variables (p interaction=0.1829, 
F(1,19)=1.911). Post-hoc analysis revealed that 3h LPS treatment increased NFκB phosphorylation 
in both genotypes (p=0.0002 [TSPO+/+], p=0.0093 [TSPO-/-]). NFκB activation was unchanged in 
TSPO-/- MPAs stimulated with 3h LPS compared to TSPO+/+ controls (p=0.4812). F: 3h LPS 
treatment did not affect TSPO expression in wildtype controls (p=0.7137). n=6 dishes from 3 
independent experiments, unpaired t-test.  

**p<0.01, ***p<0.001. Data are presented as mean ± standard error of the mean. kDa: kilodaltons. 
L: ladder. Ctrl: vehicle-treated control (0.01% ddH2O). NFκB: nuclear factor kappa B. GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase. TSPO: translocator protein 18kDa.  
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4.4.9: GLUT1 and CPT1a expression were not modulated by 3h LPS 

stimulation in either genotype 

Glucose transporter 1 (GLUT1) is a transporter protein found on the cell 

membrane, which facilitates the uptake of glucose from the bloodstream to fuel 

downstream metabolism or to be stored as glycogen. In Chapter 3, I showed that 

TSPO-/- MPAs were less responsive to the reintroduction of 1mM and 5.5mM 

glucose: physiologically relevant low-euglycaemic and hyperglycaemic glucose 

conditions relative to the brain. Furthermore, as the metabolic response of 

astrocytes to acute inflammatory stimulation relies heavily on glycolysis167, I 

tested the hypothesis that the reduced secretion of TNF from TSPO-/- MPAs 

observed was due to altered expression of GLUT1 in these cells, either under 

basal conditions or in response to 3h LPS stimulation. 

In contrast to my expectations, I observed no statistically significant effect of 

TSPO genotype (Figure 4.4.9 A, B; pgenotype=0.8707, F(1,19)=0.02722) nor of 3h 

LPS stimulation on GLUT1 expression in MPAs (Figure 4.4.9 A, B; pLPS=0.6334, 

F(1,19)=0.2350). No statistically significant interaction of these variables was 

observed (Figure 4.4.9 A, B; pinteraction=0.1721, F(1,19)=2.014). Post-hoc analysis 

confirmed that GLUT1 expression was unchanged by in TSPO-/- MPAs compared 

to TSPO+/+ controls (Figure 4.4.9 A, B; control-treated TSPO+/+ v control-treated 

TSPO-/-, p=0.9571). Moreover, GLUT1 expression in both TSPO+/+ and TSPO-/- 

MPAs did not change in response to 3h LPS stimulation (Figure 4.4.9 A, B; 

p>0.9999 [TSPO+/+], p=0.7871 [TSPO-/-]).  

In Chapter 3 I observed that TSPO-/- MPAs were more reliant on FAO to meet 

their basal bioenergetic requirements (Figure 3.4.12). Carnitine 

palmitoyltransferase 1a (CPT1a) is the rate-limiting enzyme of FAO, and in 2016 

Tu et al. demonstrated that TSPO deficiency increases Cpt1a gene expression in 

Leydig cells366. I wanted to determine whether this translated to increased CPT1a 

expression in TSPO-/- MPAs under basal conditions. Following my observation 

that TSPO-/-
 MPAs secreted less TNF in response to 3h LPS stimulation, I 

hypothesised that this may be explained by either a change to basal CPT1a 

expression, or further enhanced CPT1a expression following 3h LPS stimulation 

– thereby facilitating further FAO, and delaying the proinflammatory response of 

TSPO-/- MPAs.  
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I observed no statistically significant effect of TSPO genotype (Figure 4.4.9 A, C; 

pgenotype=0.6950, F(1,20)=0.1582) nor of 3h LPS stimulation on CPT1a expression 

in MPAs (Figure 4.4.9 A, C; pLPS=0.5721, F(1,20)=0.33). No statistically significant 

interaction of these variables was observed (Figure 4.4.9 A, C; pinteraction=0.8628, 

F(1,20)=0.003066). Post-hoc analysis confirmed that CPT1a expression was 

unchanged between TSPO genotypes (Figure 4.4.9 A, C; control-treated 

TSPO+/+ v control-treated TSPO-/-, p=0.9986), and that CPT1a expression in 

TSPO-/- MPAs did not change in response to 3h LPS stimulation (Figure 4.4.9 A, 

C; p=0.9919 [TSPO+/+ control v LPS], p=0.9508 [TSPO-/- control v LPS]). 
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Figure 4.4.9: GLUT1 and CPT1a expression were not modulated by 3h LPS stimulation in 
either genotype. 

TSPO+/+ and TSPO-/- MPAs were stimulated with lipopolysaccharide (LPS; 100ng/mL) for 3h, and 
expression of GLUT1 and CPT1a quantified via immunoblotting. A: representative immunoblot 
showing GLUT1, GAPDH, and TSPO expression. TSPO-/- MPAs did not express TSPO. B: 
GLUT1 expression was not affected by genotype (pgenotype=0.8707, F(1,19)=0.02722) or LPS 
stimulation (pLPS=0.6334, F(1,19)=0.2350). No interaction of these variables was observed 
(pinteraction=0.1721, F(1,19)=2.014). n=6 dishes from 3 independent experiments. 2-way ANOVA with 
Tukey’s multiple comparisons test. Post-hoc analysis confirmed that GLUT expression was 
unchanged in control-treated TSPO-/- MPAs compared to TSPO+/+ controls (p=0.9571) and was 
not affected by 3h LPS stimulation (p>0.9999 [TSPO+/+], p=0.7871 [TSPO-/-]. C: representative 
immunoblot showing CPT1a expression. D: CPT1a expression was not affected by genotype 
(pgenotype=0.6950, F(1,20)=0.1582) or LPS stimulation (pLPS=0.5721, F(1,20)=0.33). No statistically 
significant interaction between these variables was observed (pinteraction=0.8628, F(1,20)=0.003066). 
n=6 dishes from 3 independent experiments, 2-way ANOVA with Tukey’s multiple comparisons 
test. Post-hoc analysis confirmed that CPT1a expression was unchanged in control-treated 
TSPO-/- MPAs compared to TSPO+/+ controls (p=0.9986) and was not affected by 3h LPS 
stimulation (p=0.9919 [TSPO+/+ - LPS v TSPO+/+ + LPS], p=0.9508 [TSPO-/- - LPS v TSPO-/- + 
LPS]).  

Data are presented as mean ± standard error of the mean.  

kDa: kilodaltons. L: ladder. Ctrl: control. LPS: lipopolysaccharide. GLUT1: glucose transporter 1. 
CPT1a: carnitine palmitoyltransferase 1a. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. 
TSPO: translocator protein 18kDa. 
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4.4.10: NFκB phosphorylation in TSPO-/- MPAs following 24h LPS 

stimulation was unchanged compared to TSPO+/+ controls 

Existing evidence in the literature suggests that TSPO and NFκB may 

bidirectionally regulate each other512,513, and in Chapter 3 I provided evidence to 

suggest that TSPO deficiency alters the metabolic state of astrocytes, increasing 

FAO and inducing metabolic insensitivity to glucopenia (Figure 3.4.9, 11, 12). In 

peripheral macrophages, enhanced FAO is associated with an anti-inflammatory 

phenotype289,384,385,389,493. Thus, I postulated that enhanced FAO in TSPO-/- MPAs 

may underlie the altered temporal release profile of TNF I reported in Figure 

4.4.7. I hypothesised that this may be due to a compensatory mechanism in 

TSPO-/- MPAs, such as enhanced NFκB phosphorylation following 24h LPS 

stimulation.  

First, I confirmed that, in TSPO+/+ MPAs, 24h LPS stimulation increased TSPO 

expression as expected (Figure 4.4.10 B, D; p=0.0493) and observed previously 

(Figure 4.4.4). Next I confirmed that neither genotype nor 24h LPS stimulation 

affected NFκB expression (Figure 4.4.10 A, E; pgenotype=0.3660, pLPS=0.6043) 

and that these variables did not show a statistically significant interaction 

(pinteraction=0.7637). This was further supported by post-hoc analysis (p=0.9711 

[TSPO+/+ - LPS v TSPO-/- - LPS]; p=0.8204 [TSPO+/+ + LPS v TSPO-/- + LPS]). I 

then tested the hypothesis that NFκB phosphorylation would be enhanced in 

TSPO-/- MPAs following 24h LPS stimulation. Via a 2-way ANOVA, I observed no 

statistically significant effect of genotype on NFκB phosphorylation (Figure 4.4.10 

A, B, F; pgenotype=0.9731, F(1,19)=0.001168). In contrast, 24h LPS stimulation had 

a statistically significant effect on NFκB phosphorylation (pLPS p<0.0001, 

F(1,19)=25.52). However, there was no evidence of a statistically significant 

interaction between these variables (pinteraction=0.5738, F(1,19)=0.3276). Post-hoc 

analysis indicated that NFκB phosphorylation in TSPO-/- MPAs was not reduced 

following 24h LPS treatment compared to equivalently treated TSPO+/+ controls 

(p=0.9986). 
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Figure 4.4.10: NFκB phosphorylation in TSPO-/- MPAs following 24h LPS stimulation was 
unchanged compared to TSPO+/+ controls. 

A, B: representative immunoblots showing expression of proteins of interest in TSPO-/- and +/+ 
MPAs ± 24h stimulation with lipopolysaccharide (LPS; 100ng/mL). C: There was no statistically 
significant effect of TSPO genotype (A-C; pgenotype=0.7502, F(1,20)=0.1042) or of 24h LPS 
stimulation (A-C; pLPS=0.5908, F(1,20)=0.2986) on GAPDH expression. There was no statistically 
significant interaction between these variables (A-C; pinteraction=0.2439, F(1,20)=1.442). n=6 dishes 
from 3 independent experiments, 2-way ANOVA with Šídák’s multiple comparisons test. Post-hoc 
analysis confirmed that GAPDH expression was not altered by TSPO deletion or 24h LPS 
stimulation (p=0.7069 [TSPO+/+, -/- - LPS]; p=0.9663 [TSPO+/+ + LPS], p=0.6125 [TSPO-/- + LPS]). 
D: TSPO expression in TSPO+/+ MPAs was increased by 24h LPS stimulation (p=0.0493). n=6 
dishes from 3 independent experiments, unpaired t-test. E: There was no statistically significant 
effect of TSPO genotype (pgenotype=0.3660) or 24h LPS stimulation (pLPS=0.6043) on NFκB 
expression. There was no statistically significant interaction of these variables (pinteraction=0.7637). 
Post-hoc analysis reinforced this (p=0.9711 TSPO+/+ - LPS v TSPO-/- - LPS; p=0.8204 TSPO+/+ + 
LPS v TSPO-/- + LPS). F: NFκB phosphorylation was not significantly affected by TSPO genotype 
(A, B, F; pgenotype=0.9731, F(1,19)=0.001168). 24h LPS stimulation had a statistically significant 
effect on NFκB phosphorylation (A, B, F; pLPS p<0.0001, F(1,19)=25.52). There was no evidence of 
a statistically significant interaction between these variables (pinteraction=0.5738, F(1,19)=0.3276). 
Post-hoc analysis found that NFκB phosphorylation in TSPO-/- MPAs was not reduced compared 
to TSPO+/+ controls by 24h LPS stimulation (p=0.9986). n=5-6 dishes from 3 independent 
experiments, 2-way ANOVA with Šídák’s multiple comparisons test.  

*p<0.05, **p<0.01. Data are displayed as mean ± standard error of the mean. 

kDa: kilodaltons. L: ladder. LPS: lipopolysaccharide. NFκB: nuclear factor kappa B. GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase. TSPO: translocator protein 18kDa.Ctrl: vehicle-
treated control (0.01% ddH2O). 
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4.4.11: HK2 expression was altered by 24h LPS stimulation but not by TSPO 

genotype 

Studies in glioma cell lines and primary microglia have linked TSPO to expression 

and function of hexokinase 2 (HK2), a key glycolytic enzyme340,370. HK2 catalyses 

one of the rate-limiting steps of glucose metabolism38,526,533 and is therefore an 

enzyme important for regulating cellular bioenergetics. Because the initiation of 

a proinflammatory response in astrocytes is linked to increased glycolysis167, I 

postulated that the increased basal FAO I had observed in TSPO-/- MPAs might 

impede the switch to glycolysis required to respond rapidly to proinflammatory 

stimulation.  

As I had showed TSPO-/- MPAs to be more reliant on FAO (Chapter 3), I 

hypothesised that TSPO-/- MPAs would display reduced HK2 expression 

compared to TSPO+/+ control cells. I also hypothesised that, because chronic 

inflammatory stimulation promotes mitochondrial respiration over glycolysis, HK2 

expression in TSPO-/- cells would not be modulated by 24h LPS stimulation. I 

investigated this via immunoblotting, to allow semi-quantification of protein levels, 

though I could not investigate the functionality or activity of HK2 with this method.  

There was no statistically significant effect of TSPO genotype on HK2 expression 

(Figure 4.4.11 A-C; pgenotype=0.7600, F(1,20)=0.09589), however, 24h LPS 

stimulation significantly increased HK2 levels (Figure 4.4.11 A-C; pLPS=0.0025, 

F(1,20)=11.90). There was no statistically significant interaction between TSPO 

genotype and LPS stimulation on HK2 levels (Figure 4.4.11 A-C; 

pinteraction=0.6544, F(1,20)=0.2065). Post-hoc analyses confirmed that there was no 

significant difference in basal HK2 expression in TSPO-/- MPAs compared to 

TSPO+/+ controls (Figure 4.4.11 A-C; p>0.9999). I also found that there was no 

significant difference in HK2 expression between TSPO+/+ and -/- MPAs following 

24h LPS stimulation (Figure 4.4.11 B, C; p=0.9956, TSPO+/+ + LPS v TSPO-/- + 

LPS). However, contrary to my hypothesis I observed modest trends towards an 

increase in HK2 expression following 24h LPS stimulation (Figure 4.4.11 B, C; 

p=0.0702 [TSPO+/+ - LPS v TSPO+/+ + LPS], p=0.2503 [TSPO-/- - LPS v TSPO-/- 

+ LPS]), although this did not reach statistical significance in either genotype.  
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Figure 4.4.11: HK2 expression was altered by 24h LPS stimulation but not by TSPO 
genotype. 

A, B: representative immunoblots showing expression of proteins of interest in TSPO-/- and +/+ 
MPAs ± 24h stimulation with lipopolysaccharide (LPS; 100ng/mL). C: basal HK2 expression was 
not statistically significantly affected by TSPO genotype (pgenotype=0.7600, F(1,20)=0.09589). 24h 
LPS stimulation significantly modulated HK2 expression (pLPS=0.0025, F(1,20)=11.90), however 
there was no statistically significant interaction of these variables (pinteraction=0.6544, 
F(1,20)=0.2065). n=6 dishes from 3 independent experiments. 2-way ANOVA with Šídák’s multiple 
comparisons test. Post-hoc analysis confirmed that HK2 expression was not statistically 
significantly altered by TSPO deletion (p>0.9999, TSPO+/+ v TSPO-/-). 24h LPS stimulation did 
not lead to a statistically significant increase in HK2 expression in TSPO+/+ (p=0.0702, TSPO+/+ - 
LPS v TSPO+/+ + LPS) or TSPO-/- MPAs (p=0.2503 TSPO-/- - LPS v TSPO-/- + LPS).  

Data are displayed as mean ± standard error of the mean. 

kDa: kilodaltons. L: ladder. LPS: lipopolysaccharide. HK2: hexokinase 2. TSPO: translocator 
protein 18kDa. Ctrl: vehicle-treated control (0.01% ddH2O). 
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4.4.12: Modulatory effects of 24h LPS stimulation on GLUT1 expression 

were not genotype-dependent 

Reduced GLUT1 expression in astrocytes has been demonstrated during chronic 

inflammation167, whereas increased GLUT1 expression has been reported in 

TSPO-/- murine glioma cells370. I wanted to investigate whether GLUT1 

expression was increased in TSPO-/- MPAs under basal conditions, and how this 

was impacted by exposure to chronic inflammatory stimulation. Therefore, I 

hypothesised that basal GLUT1 would be increased in TSPO-/- MPAs, and that 

GLUT1 expression would not be reduced in these cells in response to 24h LPS 

stimulation (thus prolonging the proinflammatory phenotype associated with 

enhanced glycolysis), postulating that this may explain the shift in TNF release in 

response to LPS treatment I had observed (Figure 4.4.7).  

GLUT1 expression (Figure 4.4.12 A) was not statistically significantly altered by 

TSPO genotype (Figure 4.4.12 B; pgenotype=0.5249, F(1,20)=0.4188), however 24h 

LPS stimulation significantly reduced GLUT1 expression (Figure 4.4.12 B; 

pLPS<0.0001, F(1,20)=89.35). I did not observe a statistically significant interaction 

between these variables (Figure 4.4.12 B; pinteraction=0.3435, F(1,20)=0.9143). 

Post-hoc analyses confirmed that GLUT1 expression was not significantly 

reduced in control-treated TSPO-/- MPAs in comparison to control-treated 

TSPO+/+ MPAs (Figure 4.4.12 B; p=0.8440). Post hoc analyses indicated a 

statistically significant reduction in GLUT1 expression induced by 24h LPS 

stimulation in both genotypes (Figure 4.4.12 B; p<0.0001 [TSPO+/+ - LPS v 

TSPO+/+ + LPS], [TSPO-/- - LPS v TSPO-/- + LPS]), and confirmed that there was 

no significant difference in GLUT1 expression in TSPO-/- MPAs compared to 

TSPO+/+ controls following 24h LPS stimulation (Figure 4.4.12 B; p>0.9999; 

TSPO+/+ + LPS v TSPO-/- + LPS). 
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Figure 4.4.12: 24h LPS stimulation but not TSPO genotype significantly reduced GLUT1 
expression. 

A: representative immunoblots showing expression of proteins of interest in TSPO-/- and +/+ MPAs 
± 24h stimulation with lipopolysaccharide (LPS; 100ng/mL). B: GLUT1 expression was not 
statistically significantly altered by TSPO genotype (pgenotype=0.5249, F(1,20)=0.4188). 24h LPS 
stimulation significantly altered GLUT1 expression (pLPS<0.0001, F(1,20)=89.35). I did not observe 
a statistically significant interaction of these variables (pinteraction=0.3435, F(1,20)=0.9143). n=6 
dishes from 3 independent experiments. 2-way ANOVA with Šídák’s multiple comparisons test. 
Post-hoc testing confirmed that basal GLUT1 expression was not altered by TSPO deletion 
(p=0.8440, TSPO+/+ v TSPO-/- [both control]). 24h LPS stimulation reduced GLUT1 expression in 
TSPO-/- and TSPO+/+ MPAs (p<0.0001 [both; TSPO+/+ - LPS v TSPO+/+ + LPS; TSPO-/- - LPS v 
TSPO-/- + LPS]). TSPO deficiency did not affect GLUT1 ablation in response to 24 LPS stimulation 
(p>0.9999; TSPO+/+ + LPS v TSPO-/- + LPS).  

****p<0.0001. Data are displayed as mean ± standard error of the mean. 

kDa: kilodaltons. L: ladder. LPS: lipopolysaccharide. GLUT1: glucose transporter 1. TSPO: 
translocator protein 18kDa. Ctrl: vehicle-treated control (0.01% ddH2O).  
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4.4.13: CPT1a expression was modulated by TSPO genotype but not 24h 

LPS stimulation 

Although I had shown that CPT1a expression was not modulated in TSPO-/- 

MPAs under basal conditions or following 3h LPS stimulation, I wanted to 

examine if there were changes to CPT1a expression following 24h LPS 

stimulation. In Figure 4.4.7, I showed that TNF secretion from TSPO-/- MPAs is 

significantly enhanced following 24h LPS stimulation. This is suggestive of an 

enhanced proinflammatory response, which is associated with enhanced 

glycolysis in astrocytes167. Therefore, I hypothesised that following 24h LPS 

stimulation, CPT1a expression would be significantly reduced in TSPO-/- MPAs. 

Using a 2-way ANOVA, I found that CPT1a expression was significantly affected 

by genotype (Figure 4.4.13 A, B; pgenotype=0.0165, F(1,20)=6.848), but not 24h LPS 

treatment (pLPS=0.2485, F(1,20)=1.413). Moreover, there was no statistically 

significant interaction of these variables (pinteraction=0.8470, F(1,20)=0.03820). Post-

hoc analyses indicated that that there was no significant difference in CPT1a 

expression in vehicle treated TSPO-/- MPAs compared to equivalently treated 

TSPO+/+ controls (p=0.3437). CPT1a expression was reduced in 24h LPS-

stimulated MPAs of both genotypes, although this did not reach statistical 

significance (p=0.8950 [TSPO+/+ - LPS v TSPO+/+ + LPS], p=0.7630 [TSPO-/- - 

LPS v TSPO-/- + LPS]). Furthermore, I found that there was no significant 

difference in CPT1a expression between 24h LPS stimulated TSPO+/+ and -/- 

MPAs (p=0.2253 [TSPO+/+ + LPS v TSPO-/-+ LPS]).  
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Figure 4.4.13: CPT1a expression was not modulated by 24h LPS stimulation in either TSPO 
genotype. 

A: Representative immunoblot showing CPT1a, B-actin, GAPDH, and TSPO expression ± 24h 
stimulation with lipopolysaccharide (LPS; 100ng/mL). B: quantification of immunoblot in A. TSPO 
genotype significantly affected CPT1a expression (pgenotype=0.0165, F(1,20)=6.848). 24h LPS 
stimulation had no statistically significant effect on CPT1a expression (pLPS=0.2485, F(1,20)=1.413). 
No significant interaction was observed between these variables (pinteraction=0.8470, 
F(1,20)=0.03820). n=6 dishes from 3 independent experiments. 2-way ANOVA with Tukey’s multiple 
comparisons test. Post-hoc testing revealed that CPT1a expression was unchanged when 
comparing TSPO-/- MPAs to TSPO+/+ controls (p=0.3437). CPT1a expression did not change in 
response to 24h LPS treatment in either TSPO+/+ and TSPO-/- MPAs (p=0.8950 [TSPO+/+ - LPS v 
TSPO+/+ + LPS], p=0.7630 [TSPO-/- - LPS v TSPO-/- + LPS]. Relative to 24h LPS-stimulated 
TSPO+/+ MPAs, CPT1a expression in TSPO-/- was unchanged by 24h LPS stimulation (p=0.2253 
[TSPO+/+ + LPS v TSPO-/- + LPS]). 

Data are displayed as mean ± standard error of the mean. 

kDa: kilodaltons. L: ladder. Ctrl: control. LPS: lipopolysaccharide. CPT1a: carnitine 
palmitoyltransferase 1a. TSPO: translocator protein 18kDa. Ctrl: vehicle-treated control (0.01% 
ddH2O). 
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4.4.14: 24h LPS stimulation significantly increased IL-10 secretion from 

TSPO-/- MPAs but not TSPO+/+ controls 

 As I had observed no significant differences in NFκB phosphorylation or 

expression of proteins associated with metabolism following LPS stimulation of 

TSPO-/- MPAs compared with TSPO+/+ MPAs, I postulated that the altered 

temporal profile of TNF release from TSPO-/- MPAs following LPS stimulation 

(Figure 4.4.7) might be explained by enhanced secretion of anti-inflammatory 

cytokines. FAO is associated with a reparative phenotype, including secretion of 

anti-inflammatory cytokines such as interleukin-10 (IL-10) which is released 

during wound healing in the periphery and the CNS534–536. Therefore, to test this 

hypothesis, I measured IL-10 secretion from the same samples used to produce 

Figure 4.4.7. 

Using a 2-way ANOVA, I found that there was no statistically significant effect of 

TSPO genotype on IL-10 secretion (Figure 4.4.14; pgenotype=0.1733, F(1,19)=2.002) 

while 24h LPS stimulation significantly increased IL-10 secretion (pLPS<0.0001, 

F(1,19)=27.66). There was a significant interaction of these two variables 

(pinteraction=0.0452, F(1,19)=4.594). Post-hoc comparisons showed that there was 

no significant difference in basal IL-10 secretion between TSPO+/+ and TSPO-/- 

MPAs (p=0.9970 [TSPO+/+ - LPS v TSPO-/- - LPS]). Following 24h LPS 

stimulation, IL-10 secretion from TSPO+/+ MPAs increased but failed to reach 

statistical significance (p=0.2385 [TSPO+/+ - LPS v TSPO+/+ + LPS]). In contrast, 

IL-10 secretion was significantly increased following 24h LPS stimulation of 

TSPO-/- MPAs (p=0.0002 [TSPO-/- - LPS v TSPO-/- + LPS]). However, there was 

no significant difference in 24h LPS-induced IL-10 secretion between genotypes 

(p=0.1056 [TSPO+/++ LPS v TSPO-/- + LPS]).  
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Figure 4.4.14: 24h LPS stimulation significantly increased IL-10 secretion from TSPO-/- 
MPAs but not TSPO+/+ controls. 

IL-10 secretion from TSPO+/+ or -/- MPAs ± 24h lipopolysaccharide (LPS; 100ng/mL) stimulation 
was quantified via ELISA. There was no statistically significant effect of TSPO genotype on IL-10 
secretion (pgenotype=0.1733, F(1,19)=2.002). 24h LPS stimulation significantly modulated IL-10 
secretion (pLPS<0.0001, F(1,19)=27.66), and there was a significant interaction of these two 
variables (pinteraction=0.0452, F(1,19)=4.594). n=5-6 dishes from 2 independent experiments, 2-way 
ANOVA with Šídák’s multiple comparisons test. Post-hoc analyses showed that there was no 
significant difference in IL-10 secretion following 24h LPS stimulation from TSPO+/+ MPAs 
(p=0.2385 [TSPO+/+ - LPS v TSPO+/+ + LPS]), however IL-10 secretion from TSPO-/- MPAs was 
significantly increased following 24h LPS stimulation (p=0.0002 [TSPO-/- - LPS v TSPO-/- + LPS]). 
There was no statistically significant difference in IL-10 secretion between genotypes following 
24h LPS stimulation (p=0.1056 (TSPO+/+ + LPS v TSPO-/- + LPS)).  

***p<0.001. Data are displayed as mean ± standard error of the mean. 

Ctrl: control. LPS: lipopolysaccharide. TSPO: translocator protein 18kDa. IL-10: interleukin-10. 
Ctrl: vehicle-treated control (0.01% ddH2O) 
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4.4.15: The metabolic phenotype of TSPO-/- MPAs in response to 3h LPS 

stimulation was consistent with TSPO+/+ controls 

Having determined that the altered TNF secretion profile from TSPO-/- MPAs in 

response to 3h LPS stimulation was not due to altered NFκB phosphorylation 

(Figure 4.4.8) or expression of proteins involved in regulating utilisation of 

metabolic substrates (Figure 4.4.9), I next wanted to ascertain if the reduced 

basal metabolism and increased FAO utilisation of TSPO-/- MPAs (Chapter 3) 

was the potential causal factor. There was a significant effect of TSPO genotype 

on OCR (Figure 4.4.15 A, B; pgenotype<0.0001, F(1,66)=18.45), whereas 3h LPS 

stimulation had no significant effect on OCR (Figure 4.4.15 A, B; pLPS=0.5396, 

F(1,66)=0.3802) and there was no significant interaction between these variables 

(Figure 4.4.15 A, B; pinteraction=0.2579, F(1,66)=1.3002). Post-hoc analyses showed 

that 3h LPS stimulation did not significantly increase the OCR of TSPO+/+ (Figure 

4.4.15 A, B; p=0.6612) or TSPO-/- MPAs (Figure 4.4.15 A, B; p=0.9769). OCR of 

LPS-stimulated TSPO-/- MPAs was significantly reduced compared to the OCR of 

LPS-stimulated TSPO+/+ controls (Figure 4.4.15 A, B; p=0.0013).  

There was a significant effect of TSPO genotype on ECAR (Figure 4.4.15 C, D; 

pgenotype=0.0019, F(1,64)=10.51), however ECAR was not significantly affected by 

3h LPS stimulation (Figure 4.4.15 C, D; pLPS=0.7230, F(1,20)=0.1259). There was 

no significant interaction between these variables (Figure 4.4.15 C, D; 

pinteraction=0.6427, F(1,64)=0.2173). Post-hoc analyses showed that 3h LPS 

stimulation did not increase the ECAR of TSPO-/- MPAs (Figure 4.4.15 C, D; 

p=0.9146) or TSPO+/+ controls (Figure 4.4.15 C, D; p=0.9999).  
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Figure 4.4.15: The metabolic phenotype of TSPO-/- MPAs in response to 3h LPS stimulation 
was consistent with TSPO+/+ controls. 

A: XY graph showing the effect of 3h lipopolysaccharide (LPS; 100ng/mL) LPS treatment on 
TSPO-/- MPA oxygen consumption rate (OCR) compared to TSPO+/+ controls. B: TSPO genotype 
significantly affected OCR (pgenotype<0.0001, F(1,66)=18.45), whereas 3h LPS stimulation did not 
(pLPS=0.5396, F(1,66)=0.3802). There was no significant interaction of these variables 
(pinteraction=0.2579, F(1,66)=1.3002). n=8-10 wells per group, pooled data from 2 independent 
experiments. 2-way ANOVA with Tukey’s multiple comparisons test. Post-hoc analyses showed 
that 3h LPS stimulation did not significantly increase the OCR of TSPO+/+ MPAs (p=0.6612) or 
TSPO-/- MPAs (p=0.9769). OCR of 3h LPS-stimulated TSPO-/- MPAs was significantly reduced 
compared to the OCR of 3h LPS-stimulated TSPO+/+ controls (p=0.0013). C: XY graph showing 
the effect of 3h LPS stimulation on TSPO-/- MPA extracellular acidification rate (ECAR) compared 
to TSPO+/+ controls. D: TSPO genotype significantly affected ECAR (pgenotype=0.0019, 
F(1,64)=10.51), however 3h LPS stimulation had no significant effect (pLPS=0.7230, F(1,20)=0.1259). 
There was no significant interaction of these variables (pinteraction=0.6427, F(1,64)=0.2173). n=8-10 
per group, pooled data from across 2 independent experiments. 2-way ANOVA with Tukey’s 
multiple comparisons test. Post-hoc analyses showed that 3h LPS stimulation did not increase 
the ECAR of TSPO-/- MPAs (p=0.9146) or TSPO+/+ controls (p=0.9999).  

**p<0.001. Data are displayed as mean ± standard error of the mean.  

Ctrl: vehicle-treated control (0.1% dH2O). 
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4.4.16: The metabolic response to 24h LPS stimulation was conserved in 

TSPO-/- MPAs 

As I had observed that the TSPO-/- MPAs were, under physiologically relevant 

glucose conditions, less reliant on mitochondrial metabolism and exhibited 

reduced ECAR while meeting more of their bioenergetic requirements via FAO 

(Chapter 3), I postulated that this may manifest as an attenuated or delayed 

metabolic response to inflammatory stimulation. I reasoned that, if my 

postulations were correct, following 24h LPS stimulation TSPO-/- MPAs would 

exhibit enhanced OCR relative to LPS-stimulated TSPO+/+ controls and that this 

may explain the enhanced TNF (relative to TSPO+/+ MPAs, Figure 4.4.6) and IL-

10 secretion (relative to unstimulated TSPO-/- MPAs, Figure 4.4.14) I had 

observed. Predicting that the bioenergetic rates of TSPO-/- MPAs would be 

significantly increased compared to TSPO+/+ controls following 24h LPS 

stimulation, I repeated the 24h LPS treatment paradigm.  

There was no statistically significant effect of TSPO genotype on OCR (Figure 

4.4.16 A, B; pgenotype=0.4897, F(1,78)=0.4818). 24h LPS stimulation had a 

statistically significant effect on OCR (Figure 4.4.16 A, B; pLPS<0.0001, 

F(1,78)=52.35), however there was no statistically significant interaction between 

TSPO genotype and 24h LPS treatment (Figure 4.4.16 A, B; pinteraction=0.0844, 

F(1,78)=3.055). Post-hoc analyses revealed that 24h LPS stimulation increased the 

OCR (Figure 4.4.16 A, B) of TSPO+/+ and TSPO-/- MPAs (p=0.003 [TSPO+/+ - 

LPS v TSPO+/+ + LPS], p<0.0001 [TSPO-/- - LPS v TSPO+/+ + LPS]), but, in 

contrast to my expectations, there was no significant difference in the OCR of 

TSPO+/+ and TSPO-/- MPAs following 24h LPS stimulation (Figure 4.4.16 B; 

p=0.8658).  

Similarly, there was no statistically significant effect of TSPO genotype on ECAR 

(Figure 4.4.16 C, D; pgenotype=0.5445, F(1,78)=0.3704) and 24h LPS stimulation 

had a statistically significant effect on ECAR (Figure 4.4.16 C, D; pLPS<0.0001, 

F(1,78)=28.89). I observed no statistically significant interaction of these variables 

(Figure 4.4.16 C, D; pinteraction=0.4141, F(1,78)=0.6742). The ECAR of TSPO+/+ and 

TSPO-/- MPAs was similarly increased by 24h LPS stimulation (Figure 4.4.16 C, 

D; p=0.0189 [TSPO+/+], p<0.0001 [TSPO-/-]), and there was no significant 

difference between the ECAR values of 24h LPS stimulated TSPO+/+ and TSPO-

/- MPAs (Figure 4.4.16 C, D; p=0.7204).  
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  Figure 4.4.16: The metabolic response to 24h LPS stimulation was conserved in TSPO-/- 

MPAs. 

A: XY graph showing the effect of 24h lipopolysaccharide (LPS; 100ng/mL) treatment on TSPO-

/- MPA OCR compared to wildtype controls. B: TSPO genotype had no significant effect on oxygen 
consumption rate (OCR) (pgenotype=0.4897, F(1,78)=0.4818). 24h LPS stimulation significantly 
affected OCR (pLPS<0.0001, F(1,78)=52.35), however there was no significant interaction between 
these variables (pinteraction=0.0844, F(1,78)=3.055). n=15-24 per group, pooled data from across 2 
independent experiments. 2-way ANOVA with Tukey’s multiple comparisons test. Post-hoc 
analyses showed that LPS stimulation significantly increased the OCR of TSPO+/+ MPAs 
(p=0.003) and TSPO-/- MPAs (p<0.0001). There was no significant difference in OCR of TSPO-/- 
MPAs compared to LPS-stimulated wildtype controls (p=0.8658). C: XY graph showing the effect 
of 24h LPS treatment on TSPO-/- MPA extracellular acidification rate (ECAR) compared to 
wildtype controls. D: TSPO genotype had no significant effect on ECAR (pgenotype=0.5445, 
F(1,78)=0.3704). 24h LPS stimulation significantly affected ECAR (pLPS<0.0001, F(1,78)=28.89). No 
significant interaction was observed (pinteraction=0.4141, F(1,78)=0.6742). n=15-24 per group, pooled 
data from across 2 independent experiments. 2-way ANOVA with Tukey’s multiple comparisons 
test. Post-hoc analyses showed that 24h LPS stimulation significantly increased the ECAR of 
TSPO-/- MPAs (p<0.0001) and wildtype controls (p=0.0189). There was no significant difference 
between LPS-stimulated TSPO-/- MPAs and wildtype controls (p=0.7204).  

*p<0.05, **p<0.01, ****p<0.0001. Data are expressed as mean ± standard error of the mean.  

Ctrl: vehicle-treated control (0.01% ddH2O). 
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4.5: Discussion 

Here I have shown that loss of TSPO from astrocytes does not affect basal 

expression of key metabolic proteins such as GAPDH, GLUT1, HK2, and CPT1a. 

I reported that changes to the expression of these proteins are either unaltered 

by exposure to acute (3h) or chronic (24h) inflammatory stimulation (100ng/mL 

LPS), or in the case of GLUT1 that any alterations in response to inflammatory 

stimulation are unchanged by TSPO+/+ genotype. I have further shown that in my 

hands chronic inflammatory stimulation does not result in reduced NFκB 

phosphorylation in TSPO-/- MPAs, despite evidence in the literature indicating that 

TSPO regulates NFκB expression and activity512,513. Despite this, TSPO-/- MPAs 

exhibited an altered cytokine release profile following LPS stimulation: TNF 

release was reduced following 3h LPS stimulation whereas it was enhanced at 

24h, and 24h LPS-induced IL-10 release was significantly impacted by TSPO 

genotype. The altered cytokine release profile did not appear to be explained by 

the altered metabolic phenotype of TSPO-/- MPAs, because the metabolic 

response to inflammatory stimulation was conserved in these cells and was not 

significantly different from TSPO+/+ controls.   

4.5.1: TSPO expression during inflammation correlates with a metabolic 

shift in astrocytes 

In this chapter, I have shown that TSPO expression is upregulated in MPAs 

stimulated with LPS for 24h (100ng/mL; Figure 4.4.4, 10) but not 3h (Figure 

4.4.2, 8). Interestingly, this correlated with the metabolic profile of the cells in 

response to LPS stimulation: at 3h, LPS stimulation did not significantly modulate 

astrocyte metabolism (Figure 4.4.3), whereas at 24h LPS treatment significantly 

increased the OCR and ECAR of MPAs (Figure 4.4.5). This indicates that TSPO 

expression may increase to help meet the metabolic demands imposed by 

inflammatory responses. I did not anticipate that 24h LPS treatment would 

increase the ECAR of the cells, as previous evidence from our lab suggests that 

24h LPS treatment reduces glycolysis (thus ECAR) in MPAs167. However, the 

methods used differed between the two studies. The evidence I have presented 

here indicates that following 24h LPS stimulation, MPAs are more dependent on 

mitochondrial respiration (OCR). While I did not measure lactate secretion from 

the cells, I would suggest that the enhanced ECAR observed may be due to 

increased lactate production (caused by enhanced aerobic glycolysis), indicating 
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that the cells are maximally utilising mitochondrial respiration, although I did not 

investigate this directly. Alternatively, the enhanced ECAR may stem from FAO, 

which produces protons and cannot be distinguished from glycolysis via 

extracellular flux analysis alone. Regardless, the correlation between a metabolic 

shift and enhanced TSPO expression following 24h LPS stimulation 

complements findings in a recent study in rat C6 glioma cells (an astrocytoma 

model, published in August 2023)456. This study suggested that TSPO 

overexpression may mediate LPS-induced astrocyte reactivity456. In their study 

Tournier et al. stimulated C6 cells overnight with a ‘sublethal’ dose of LPS much 

higher than mine (10µg/mL), and determined that this increased TSPO 

expression in the C6 cells via a ligand binding saturation curve and Tspo mRNA 

analysis456. While they do not state the precise timepoint used, an overnight 

treatment is likely to be temporally closer to 24h than 3h, and concurs with the 

data I have presented here in Figure 4.4.2-5. Furthermore, this supports the idea 

that increased TSPO expression correlates with an enhanced metabolic burden 

on the cells. The authors of the study also showed that increased TSPO 

expression augmented mitochondrial density and oxidation rate456. This is 

indicative of a potential shift in cellular metabolism and lends further support to 

the evidence I have presented in Figures 4.4.2-5. Moreover, this reinforces the 

previous study from our lab which demonstrated that chronic inflammatory 

stimulation of astrocytes promotes mitochondrial respiration167. Building on this, 

Tournier et al. demonstrate that overexpression of TSPO via transfection 

recapitulates the findings from LPS treatment (increased mitochondrial oxidation 

rate), supporting the notion that enhanced mitochondrial respiration is regulated 

by TSPO expression, as was hinted at by Tu et al. in 2016 using Leydig cells366. 

The work of Tournier et al. also examined the upstream regulation of TSPO 

expression in astrocytes in response to chronic inflammation, demonstrating the 

involvement of the STAT3 and ERK pathways, in line with other existing bodies 

of evidence512,513,532. This complements the body of work I have presented here, 

which attempted to unpick how TSPO regulates immunometabolic responses in 

astrocytes. Both STAT3 and NFκB have been touted as regulators of TSPO 

expression, and evidence suggests a potentially bidirectional relationship 

between TSPO and the NFκB signalling pathway441,512,513,530,532. This implies that 

TSPO expression regulates, and is regulated by, the inflammatory state of 
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astrocytes. However, I observed no difference in NFκB phosphorylation in TSPO-

/- MPAs in response to either acute or chronic inflammatory stimulation (Figure 

4.4.8, 10), suggesting that in my model TSPO is potentially not using this 

mechanism and mediates effects on NFκB through mechanisms I have not 

explored here345,346,512. However, alongside regulating cellular inflammatory 

responses, STAT3 and NFκB act as cellular survival signals by promoting growth 

and regulating cellular metabolism. Therefore, it is possible that these proteins 

may regulate TSPO to provide metabolic support for inflammatory responses, 

without TSPO directly participating in the inflammatory response. 

Though I did not observe any significant difference in NFκB phosphorylation in 

TSPO-/- MPAs, I did observe an altered temporal release profile for TNF from 

these cells (Figure 4.4.7). Alongside this, compared to vehicle treated controls, 

24h LPS stimulation of TSPO-/- MPAs significantly increased IL-10 secretion from 

these cells, an effect not observed in the equivalently treated TSPO+/+ cells 

(Figure 4.4.14). This suggests that the mechanisms by which TSPO regulates 

the inflammatory responses of astrocytes may not involve NFκB. It is plausible 

that as part of the STAT3 signalling pathway, there are downstream targets 

regulated in part by TSPO that become impaired during TSPO deficiency which I 

have not accounted for here. Though my work has not examined the effect of 

pharmacologically inhibiting TSPO on astrocyte inflammatory responses, 

Tournier et al. provide evidence to suggest that pharmacological inhibition of 

TSPO via FEPPA – a TSPO inhibitor – inhibits the response of astrocytes to 

inflammation, in-keeping with my findings suggesting inhibited cytokine release 

from astrocytes in response to inflammatory stimulation (Figure 4.4.5, 11). Thus, 

my findings and the work of Tournier et al. support a role for TSPO as a regulator 

of astrocyte inflammatory responses.  

4.5.2: TSPO and astrocyte immunometabolism 

Studies in microglia have revealed that TSPO deficiency modulates the metabolic 

response to inflammation in these cells, though the precise manifestations of this 

remain unclear339,340. Building on work from Milenkovic et al., which demonstrated 

reduced respiration and mitochondrial membrane potential in TSPO-/- microglia369 

(supporting previous work from Tu et al. in Leydig cells366), independent studies 

from Yao et al.339 (published in 2020) and Fairley et al.340 (published in 2023) 

have reinforced the notion that TSPO-/- microglia exhibit altered cellular 
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immunometabolism. While both studies observed altered mitochondrial 

respiration in TSPO-/- microglia, Yao et al. propose that TSPO deficiency 

attenuates glycolysis339, whereas Fairley et al. propose that TSPO deficiency 

promotes glycolysis in microglia340. Both studies, however, observed 

considerable modulation of facets of the microglial inflammatory response. Yao 

et al. reported that TSPO deficiency in these cells downregulates messenger 

RNA expression of pro-inflammatory cytokines, and reduces phagocytosis by 

these cells339. Moreover, Yao et al. found that TSPO deficiency significantly 

attenuated the glycolytic response of the microglia to LPS stimulation. This was 

complemented by Fairley et al., who found that transcription of genes associated 

with the inflammatory response and phagocytosis were downregulated in TSPO-

/- microglia, which manifested as reduced phagocytic activity340. Together these 

findings support a role for TSPO regulating the immunometabolic responses of 

microglia. As astrocytes are participatory units of the CNS immune response, 

TSPO may play a similar role in these cells. However, the mechanisms through 

which TSPO regulates the immunometabolic responses of astrocytes are likely 

distinct due to functional, developmental and transcriptomic differences between 

microglia206,537 and astrocytes206,538. 

The data I have presented in Chapter 3 suggests that loss of TSPO increases 

astrocyte FAO and reduces glycolysis at physiologically relevant brain glucose 

concentrations. Therefore, I postulated that loss of TSPO may impede the 

astrocyte response to inflammatory stimulation, perhaps through enhanced 

reliance on FAO. This was supported by an altered temporal release profile of 

TNF from TSPO-/- MPAs in response to LPS stimulation (Figure 4.4.7), which 

correlated with the altered metabolic phenotype of these cells (greater reliance 

on FAO, Figure 3.4.12). However, I did not observe a concomitant temporal shift 

in the metabolic responses of TSPO-/- MPAs in response to LPS stimulation 

(measured by extracellular flux analyses [Figure 4.4.15, 16]). This suggests that 

TSPO deficiency does not attenuate the metabolic response of these cells to 

inflammatory stimulation.  

In support of my extracellular flux analysis data, I investigated the possibility that 

expression of proteins linked to metabolism may be differentially modulated by 

LPS treatment in TSPO-/- MPAs compared to equivalently treated TSPO+/+ 

controls. Existing literature from other cells suggests that TSPO deficiency alters 
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the expression of genes encoding proteins and enzymes associated with 

metabolism such as Hk2, Glut1, Cpt1a, and others366,370. These proteins play key 

roles in regulating cellular metabolism and/or metabolic pathways, and 

expression of these proteins is known to be modulated during chronic 

inflammation39,167,475,476,526,533. HK239,526,533 and CPT1a475,476 expression are 

increased during chronic inflammation, whereas GLUT1167 expression is 

reduced. Thus, I wanted to investigate any potential changes to the expression 

of these proteins following inflammatory stimulation in TSPO-/- cells. 

In contrast with existing literature, I found that HK2 expression was not impacted 

by TSPO genotype (Figure 4.4.11) and 24h LPS induced changes in HK2 

expression in TSPO-/- MPAs consistent with TSPO+/+ controls (Figure 4.4.11). 

HK2 expression in TSPO+/+ + 24h LPS cells was considerably closer to statistical 

significance than in TSPO-/- + 24h LPS (Figure 4.4.11). This may hint at a 

metabolic adaptation to chronic inflammatory stimuli in astrocytes that is 

attenuated by TSPO deficiency. Alternatively, this may reflect differences in TSPO 

function between cell types or limitations associated with semiquantitative 

analysis of immunoblots. However, additional studies and increased experimental 

replicates would be required to clarify this. 

Similarly, GLUT1 levels were unchanged by TSPO genotype in MPAs, but were 

modulated in response to 24h LPS, indicating a shift away from glycolysis. Due 

to basal GLUT1 levels being unchanged in TSPO-/- MPAs compared to TSPO+/+ 

cells, the observed reduction in glucose usage in TSPO-/- cells to meet basal 

bioenergetic demand (Chapter 3, Figure 3.4.12) may instead be mediated by 

altered GLUT1 activity or localisation, i.e., increased internalisation leading to 

reduce glucose uptake. However, I did not directly examine GLUT1 expression 

using immunocytochemistry, and therefore can only speculate as to the 

localisation of these transporter proteins. 

While CPT1a expression was significantly impacted by TSPO genotype (Figure 

4.4.13, pgenotype=0.0165, F(1,20)=6.848), I only observed this during experiments 

involving 24h LPS stimulation. In contrast, during 3h LPS stimulation experiments 

(Figure 4.4.9, pLPS=0.6950, F(1,20) = 0.1582) I observed no effect of TSPO 

genotype on CPT1a expression, casting doubt on this finding. While increases in 

Cpt1a mRNA expression have been reported in TSPO-/- Leydig cells and the 

adrenals of Syrian hamsters (which naturally express little TSPO)320,366, however, 
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changes in mRNA level do not always translate to changes in protein 

expression539–543 and characterisation of CPT1a protein expression in TSPO-/- 

astrocytes was to my knowledge previously unreported. It is plausible that my 

findings may be an artefact of the treatment paradigm used. For example, during 

3h LPS treatments, which took place under serum-free conditions, the cells were 

deprived of lipids from serum for an acute period, and so may not have yet 

modulated protein expression in response to environmental stimulation. During 

24h LPS stimulation, the cells were deprived of lipids from serum for a longer 

period (26h in total – 2h serum-free acclimatisation and 24h treatment [0% 

serum]), thus expression of proteins such as CPT1a (not required in an 

environment with limited lipid supply) may undergo ubiquitination and subsequent 

proteolytic degradation, though additional studies would be needed to ascertain 

this. As I have previously shown that TSPO forms a complex with CPT1a 

(Chapter 3), loss of this complex may alter CPT1a activity, resulting in increased 

basal FAO. 

Thus, my data suggest that TSPO may modulate the immunometabolic 

responses of astrocytes through an alternative mechanism to direct metabolic 

regulation, possibly via altered mitochondrial fission:fusion dynamics. A recent 

study in hepatocytes has demonstrated that enhanced FAO is associated with 

enhanced mitochondrial fusion544, while a separate study, also in hepatocytes, 

demonstrated that TSPO deficiency alters mitochondrial morphology and 

promotes accumulation of FFAs and lipid droplets in these cells446. This 

correlation suggests that TSPO may be involved in regulating mitochondrial 

dynamics as has been speculated on in the existing literature407. While I have not 

directly examined the fission:fusion state of mitochondria in TSPO-/- MPAs this 

would be an interesting area for future study. Indeed, TSPO deficiency in GL261 

cells has been shown to modulate expression of proteins which regulate 

mitochondrial fission and fusion370. This has led to TSPO being touted as a 

potential regulator of mitochondrial fission407, presenting a mechanism by which 

the effects of TSPO deficiency on mitochondrial fission:fusion states reported in 

refs.370,446,544 may manifest. Alongside this, TSPO has been implicated in 

mitochondria-ER interactions343, so a similar role in regulating mitochondria-

mitochondria interactions such as fission or fusion is not outside the realms of 

possibility.  
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Alongside metabolic regulation, TSPO has been touted as a regulator of Ca2+ 

dynamics in tanycytes358 and microglia545. As outlined in Chapter 1.3.2, Ca2+ 

signalling is an important mechanism for signal transduction as well as 

intracellular and intercellular signalling in astrocytes. Mitochondria are a key hub 

of Ca2+ flux356 in virtually all mammalian cells, alongside other organelles such as 

the ER546. Moreover, Ca2+ signalling is an important mediator of structural 

plasticity in cells, typically underlying many of the cytoskeletal rearrangements 

required to respond to stimuli547. Therefore, it is plausible that altered Ca2+ 

dynamics in TSPO-/- astrocytes may underlie the temporal shift in cytokine 

release. Though the precise mechanisms of cytokine release have not yet been 

fully elucidated, it is commonly accepted that this involves some degree of 

cytoskeletal rearrangement548,549. NFκB has been linked to Ca2+ signalling509,550–

552. Although I did not observe any modulation of LPS-induced NFκB 

phosphorylation in TSPO-deficient MPAs, Ca2+-dependent intracellular NFκB 

dynamics (such as nuclear translocation) may have been impaired and thus 

explain the difference in the temporal profile of cytokine release (Figure 4.4.7) in 

the absence of an altered metabolic phenotype (Figure 4.4.15, 16). Alternatively, 

TSPO deficiency may attenuate the Ca2+ dynamics linked to cytokine release: 

suppression of Ca2+ signalling has been shown to inhibit release of cytokines 

including TNF553,554, thus may present an exciting alternative avenue through 

which TSPO regulates astrocyte immunometabolism. Indeed, Ca2+ signalling is 

critical for exocytosis of vesicles and their contents, as well as for facilitating 

morphological changes and signalling pathways critical for inflammatory 

responses80,546. This may be linked to altered mitochondrial dynamics reported in 

TSPO-/- cells in the existing literature358,545 and may be particularly pertinent in 

astrocytes given the importance of Ca2+ signalling for astrocyte 

functionality63,80,555 (Chapter 1.3.2). Moreover, this may represent conservation 

of astrocyte pan-reactivity in TSPO deficient cells, but reflect an impeded ability 

to take on more ‘niche’ intermediate reactive states104,261. The potential role of 

Ca2+
 signalling in this could be explored via Fura-2 imaging in TSPO-/- MPAs ± 3 

or 24h LPS stimulation. Alternatively, TSPO deficiency may have temporally 

delayed cytokine release from MPAs in response to LPS stimulation by 

modulating steroid production or responses. Steroids are renowned for their 

immunomodulatory qualities556,557 and TSPO has been linked to steroid 

production, though this evidence base is mixed327,328,372,558. Moreover, astrocytes 
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express glucocorticoid receptors559, and glucocorticoids have potent anti-

inflammatory effects337. TSPO deficiency was recently shown to have no 

statistically significant effect on the majority of an organism-wide ‘steroidome’ 

(examining steroid production)560; however, this recent (2023) study relied on bulk 

tissue analysis and did not elucidate cell-specific effects which may have been 

detected by single-cell techniques. Moreover, this study focussed on steroid 

production, not release or modulation of mechanisms of action. It is conceivable, 

therefore, that the modulatory effects of TSPO deficiency on the production, 

release, or action of steroids from astrocytes specifically may contribute to the 

altered TNF release profile I reported in this chapter. 

Thus, together, enzyme activity assays, measures of steroid 

production/response, characterisation of transporter protein localisation, and 

characterisation of mitochondrial and Ca2+ dynamics in TSPO-/- astrocytes ± LPS 

present exciting avenues for future studies. 

4.5.3: Limitations and future directions 

A key limitation of this chapter is that although much of the data presented here 

indicates that there is a correlation between the metabolic changes associated 

with TSPO deficiency in astrocytes and the inflammatory responses of these 

cells, further studies are needed to elucidate any causality in this relationship. 

While I have investigated the bioenergetic responses of TSPO-/- MPAs to LPS 

stimulation and reinforced this via immunoblotting, my work did not explore the 

molecular mechanisms that may regulate the bioenergetic state of TSPO-/- MPAs 

upstream of the mitochondria. In particular, adenosine monophosphate (AMP) 

activated protein kinase (AMPK) – a master energy sensor and regulator in 

mammalian cells – has been linked to regulation of TSPO expression with respect 

to cellular bioenergetics358,370,532. AMPK serves as a sensor for ATP levels: when 

the ratio of AMP outweighs ATP, the usually-inactive AMPK becomes activated 

via phosphorylation9. Through this, AMPK phosphorylates and inactivates acetyl-

coenzyme A carboxylase (ACC)9. ACC is typically active in cells, promoting 

biogenesis of membranes and proteins, and anabolism – synthesis of fatty acids 

and glycogen stores9,561. When inactivated, catabolic processes – autophagy, 

mitophagy, glycolysis, FAO – are upregulated to restore energy balance in the 

cells9,561. It would be intriguing to explore AMPK and ACC activation states under 

basal conditions in TSPO-/- MPAs, as well as in response to acute and chronic 
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inflammatory stimulation. Indeed, I would hypothesise that TSPO-/- MPAs would 

ordinarily exhibit greater AMPK activation and ACC inactivation, as was reported 

in tanycytes by Kim et al.358. Furthermore, TSPO ligands have been linked to 

modulation of AMPK activity358,472,477,562, which may represent a feedback 

mechanism through which AMPK and TSPO reciprocally regulate each other. 

This has the potential to serve as a fruitful avenue for further investigation in 

future studies.  

I have shown that TSPO deficiency modulates the temporal release profile of 

TNF, and that TSPO-/- MPAs release significantly more IL-10 in response to 24h 

LPS stimulation whereas TSPO+/+ do not. However, I only examined changes to 

the secretion profile of one cytokine (TNF) at two timepoints, and of a different 

cytokine (IL-10) at one timepoint. Moreover, I only examined the consequences 

of exposure to a single concentration of LPS. A cytokine array panel could be 

used to more comprehensively identify changes in cytokine secretion caused by 

TSPO deficiency and could be paired with a wider range of LPS concentrations, 

inflammatory stimuli, and timepoints to provide a more holistic picture. 

Additionally, despite my examination of NFκB phosphorylation in TSPO-/- MPAs 

in response to inflammatory stimulation, my work did not extend to examine 

changes to the STAT3/ERK axis upstream of TSPO456,532. My work focussed on 

NFκB activity due to an interest in the modulation of inflammatory outputs 

associated with TSPO deficiency (as TSPO has been reported to regulate NFκB 

activity in a potentially bidirectional relationship512,513) rather than the 

mechanisms which regulate TSPO; however, due to the fact that both LPS-

stimulated TSPO+/+ and TSPO-/- MPAs showed similar levels of NFκB 

phosphorylation, it is possible that STAT3 activity underlies the phenotypes 

observed. Alternatively, as inflammatory responses are evolutionary well-

conserved processes, it is likely that redundant mechanisms exist that bypass 

TSPO, particularly as absence of TSPO expression does not preclude an 

inflammatory response. Indeed, it may well be that TSPO helps to determine the 

overall directionality (e.g., A1/A2 phenotype) of reactive astrocytes, rather than 

regulating astrocyte pan-reactivity. This may be linked to modulation of calcium 

signalling that may underlie the cytoskeletal rearrangement that forms a key part 

of mediating astrocyte reactivity563. This could be explored in future by combining 

TSPO deficiency with pharmacological inhibition of the ERK, STAT3 and NFκB 
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pathways. The effect on the reactivity of TSPO-/- MPAs to inflammatory potential 

could be explored, potentially employing proteomic and metabolomic techniques 

with the aim of unveiling a wealth of information regarding the role of TSPO in 

regulating astrocyte immunometabolism. This may be exciting when combined 

with a screen of astrocyte reactivity, beyond and including GFAP expression, in 

vivo – particularly if combined with phenotypic study of TSPO-/- mice ± LPS. For 

example, germline CPT1a ablation was recently linked to cognitive impairments 

in a murine model, suggesting that regulation of FAO is critical for neural 

development89. Exploring the effect of potentially upregulated FAO in vivo via 

targeted TSPO deletion may also be beneficial. As FAO is a tightly-regulated 

process, I would hypothesise that a similar phenotype to the aforementioned 

study89 would arise.  

4.6: Conclusion 

In this chapter, I have shown that TSPO deficiency regulates the ability of 

astrocytes to respond to an inflammatory stimulus by temporally altering the 

release profile of TNF and may alter the release profile of IL-10. Importantly, this 

is not due to a change in the bioenergetic response of TSPO-/- MPAs to 3h or 24h 

LPS stimulation. This suggests that any immunomodulatory effects of TSPO are 

not hindered by the altered metabolic phenotype of TSPO-/- MPAs I described in 

Chapter 3. More widely, these data suggest that TSPO may alter the directionality 

of astrocyte inflammatory responses, potentially by affecting the structural 

plasticity of astrocytes by modulating Ca2+ signalling, though further analysis is 

needed to determine the mechanism by which this occurs. 
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Chapter 5: Pharmacological inhibition of TSPO in 

astrocytes 

5.1: Introduction 

Due to its associations with various heterogeneous functions, including regulation 

of cellular energy metabolism339,340,366,367,369,370, steroidogenesis311,316,317, haem 

synthesis308,428, cholesterol metabolism311,472 and inflammation345,367,393,507,562,564, 

and correlations with a variety of neuroinflammatory341,342,393,565,566 and 

psychiatric conditions319,435,437,438,567,568, TSPO has garnered attention as an 

attractive therapeutic target for the treatment of a wide range of disorders. For 

example, therapeutic modulation of TSPO has been explored in clinical trials 

concerning amyotrophic lateral sclerosis (Phase 2, 3)406 and diabetic 

neuropathy412, and multiple sclerosis411. These trials demonstrate that TSPO 

holds promise as an avenue for therapeutic application beyond acting as a 

neuroimaging biomarker319,347,375,391,444,498,500,569, which to date has been the main 

clinical use of TSPO ligands. Thus, the prospect of pharmacologically targeting 

TSPO in the CNS for therapeutic purposes is rapidly gaining attention.  

Though a strong understanding of the pharmacokinetics of many TSPO ligands 

have been elucidated376,413,414,416,445,498,570,571, a limiting feature of the majority of 

studies focussing on pharmacological modulation of TSPO is that most TSPO 

ligands have not been validated for off-target effects using a TSPO-deficient 

model (whether that be a germline knockout, CRISPR-Cas9-mediated knockout, 

or transient knockdown)367. This means that so-called ‘off-target effects’, i.e., 

results arising from ligands binding to other receptors or proteins than their 

expected receptor or protein, in this case TSPO, cannot or have not always been 

fully accounted for. This may explain the variation in findings that have been 

reported and likely have hindered our understanding of the function of the protein 

and the use of TSPO as a therapeutic target. Moreover, despite the strong 

understanding of the binding affinities of a variety of TSPO ligands, there is much 

disparity in the concentrations of TSPO ligands applied between studies 

focussing on the same model systems, likely due to a comparatively poorer 

understanding of the wider pharmacokinetic properties of these compounds. 

While an experiment using isolated mitochondrial preparations understandably 

requires a lower concentration of ligands than an intraperitoneal injection of 
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TSPO ligands into an animal, the concentrations of ligands applied within 

experimental systems (i.e., comparing experiments using mitochondrial isolations 

to experiments using mitochondrial isolations) are also inconsistent367, which 

confounds interpretation of results and may explain heterogeneity of findings 

between studies.  

Attempts have been made to categorise TSPO ligands by their effects, using 

pharmacological concepts such as agonist/antagonist nomenclature (Chapter 

1.4.6)373,379,436,445. However, the current lack of consensus regarding the function 

of TSPO in mammalian cells that may be modulated by these ligands (Chapter 

1.4.6) means that this terminology may not accurately apply. Recent attempts 

have been made to classify TSPO ligands as ‘activators’ or ‘inhibitors’, however, 

these are similarly hindered by the issue of TSPO not yet having had a clearly 

defined downstream mechanism or signalling cascade through which the effects 

of these ligands can be monitored.  

Furthermore, as outlined in Chapter 1.4.6.1, attempts to therapeutically target 

TSPO in humans or human-derived tissues or cells have also been hindered by 

the presence of a common mutation in the TSPO gene known as the rs6971 

polymorphism416. This polymorphism has been reported in human and murine 

models355,416 and results in the Alanine (Ala) at amino acid 147 of the TSPO 

sequence being replaced by Threonine (Thr) (Ala147Thr)416,434. This affects the 

structure of a region of TSPO termed the cholesterol recognition/interaction 

amino acid consensus sequence (CRAC domain) (Figure 1.4.2.1). This region is 

found on the fifth TSPO transmembrane domain and has been suggested as a 

likely binding site for endogenous and synthetic TSPO ligands and interacting 

partners305,416. The rs6971 polymorphism exhibits a high degree of prevalence: 

estimates suggest that up to 30% of the general population carry this 

polymorphism, though this varies depending on ethnicity416,434. Moreover, a 

relationship between rs6971 ‘status’ and incidence of neuropsychiatric conditions 

such as major depressive disorder435,436, bipolar disorder437 and 

schizophrenia438,439 has been established, and the rs6971 polymorphism was 

recently shown to be a predictor of survivability in human males with 

glioblastoma440. Together these studies show that the rs6971 polymorphism may 

have clinical relevance, though the extent of this remains unclear.   
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Crucially, the effects of the rs6971 polymorphism on the structure of the TSPO 

CRAC domain have been linked to altering the binding affinity of TSPO ligands. 

Binding of first-generation TSPO ligands (i.e., PK-11195 and Ro5-4864) does not 

appear to be sensitive to the rs6971 polymorphism305,419,420 (Chapter 1.4.6). 

However, these first-generation ligands typically exhibit several drawbacks 

including high non-specific binding (due to high lipophilicity) and poor binding 

affinity (notably Ro5-4864)305,367,479,562. This led to the development of second-

generation TSPO ligands (such as PBR-28 and DPA-713). These ligands have 

greater TSPO affinity and reduced non-specific binding compared to first-

generation TSPO ligands, but were found to be sensitive to the rs6971 

polymorphism305,419,420. Recent efforts by synthetic chemists have led to the 

development of third-generation TSPO ligands such as N,N-dialkyl-2-

phenylindol-3-ylglyoxylamide (PIGA) ligands377,392,418, among other ligands such 

as ER-176419 and GE-180419 (derivatives of PK-11195). These ligands exhibit 

many of the benefits of second-generation TSPO ligands with less sensitivity to 

the rs6971 polymorphism305,419–421. However, the usage of these ligands is 

typically limited to laboratories with the facilities and knowledge to synthesise 

them, limiting the widespread application of these ligands at the present time. 

This means that, despite the limitations of first-generation TSPO ligands, the 

widespread commercial availability of these compounds means that they 

continue to be used in preclinical studies to evaluate the efficacy of TSPO as a 

therapeutic target. It must be emphasised that the rs6971 polymorphism is not 

the only TSPO polymorphism – a second mutation, rs6972, results in a similar 

missense mutation downstream of the CRAC motif, resulting in the mutation of 

arginine (Arg) 162 into histidine (His) (Arg162His). The rs6972 polymorphism 

affects the C-terminus of TSPO, and being downstream of the CRAC domain 

(composed of AAs 147-159; Chapter 1.4.2) is not thought to affect TSPO ligand 

binding. Therefore, the understanding of the potential clinical consequences of 

the rs6972 polymorphism remain poorly understood at present, though a study in 

2001 reported that there was no correlation between either rs6971 or rs6972 

genotype with bipolar disorder or major depressive disorder in a sample of 

Japanese participants572. Similarly, it is unknown whether the binding affinity of 

TSPO ligands is consistent across all possible TSPO variants, as several other 

TSPO SNPs have been reported330,355. As rs6971 has been reported to have 

clinical relevance, and is situated in the CRAC domain of TSPO (purported to be 
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a crucial site for TSPO ligand binding), this polymorphism has received the most 

attention and is the focus of this chapter.  

Despite these limitations of TSPO ligands, there remains much interest in 

pharmacological modulation of TSPO in glial cells for the treatment of 

neuroinflammatory conditions. Studies examining the effects of TSPO ligands in 

a variety of disease models in vivo imply that pharmacological modulation of 

TSPO via ‘activators’ or ‘inhibitors’ has anti-inflammatory effects that may be 

therapeutically beneficial312,430,442,507,524,573. These are supported by similarly 

promising results from studies in glial cells (particularly microglia) in 

vitro371,441,506,513,574,575. Together, these data show that regardless of the 

activator/inhibitor classification of the TSPO ligands used, pharmacological 

modulation of TSPO is a promising therapeutic target targeting microglial 

activation during neuroinflammation. Overall, these studies suggest that 

pharmacological modulation of TSPO represents a potential therapeutic target for 

a variety of neuroinflammatory conditions. 

However, results pertaining to the effects of TSPO ligands specifically on 

astrocytes are more limited. In 2007, Veiga et al. noted that LPS-induced 

astrocyte reactivity was not ameliorated by PK-11195 or Ro5-4864 administration, 

suggesting that astrocytic TSPO may not serve as a valid therapeutic target312. 

In contrast, in 2016, Lee et al. demonstrated that TSPO ligands reduced 

proinflammatory cytokine release from astrocytes in vitro576. More recently 

(August 2023) Tournier et al. demonstrated that application of the TSPO ligand 

N-(2-(2-fluoroethoxy)benzyl)-N-(4-phenoxypyridin-3-yl)acetamide (FEPPA) was 

sufficient to ameliorate LPS-induced ROS production from C6 glioma cells in 

vitro, suggesting that pharmacological modulation of TSPO may be sufficient to 

reduce astrocyte reactivity456. However, this study observed no change to ATP 

production, so the effects of pharmacological modulation of TSPO on astrocyte 

metabolism remain unclear. Importantly, earlier evidence from the same group 

suggested that changes to expression of TSPO in astrocytes precedes that in 

microglia during Alzheimer’s disease393, raising the possibility this may also occur 

in other neurological disorders associated with increased TSPO expression.  

While promising, the effects of many of these TSPO ligands remain unvalidated 

in TSPO-deficient lines, so the specificity of these effects cannot always be fully 

accounted for. Moreover, a key limitation of much of the existing literature is that 
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these studies tend to indirectly draw inferences about changes to cellular 

metabolism induced by pharmacological modulation of TSPO by measuring other 

processes, such as steroidogenesis or the pro-/anti-inflammatory proclivity of 

these cells. Studies directly interrogating metabolic parameters (enzyme activity, 

metabolite production, bioenergetics) can be found within the literature, but the 

effect of TSPO ligands on these parameters remains unclear.  

Therefore, in this chapter, I wanted to investigate the hypothesis that 

pharmacological inhibition of TSPO in astrocytes would recapitulate the 

bioenergetic phenotype of TSPO-/- astrocytes. To contextualise the findings, I 

characterised the rs6971 genotype of my model systems: U373 astrocytoma cells 

and mouse primary astrocytes (MPAs). I then attempted to elucidate the effects 

of pharmacological inhibition of TSPO on protein complexes involving TSPO. 

5.2: Hypothesis 

The overarching hypothesis that I aimed to test in this chapter was that 

pharmacological inhibition of TSPO using PK-11195 would recapitulate the 

bioenergetic phenotype of TSPO-/- astrocytes (Chapter 3).  

I also tested the sub-hypothesis that given the importance of the TSPO CRAC 

domain in both ligand binding and protein-protein interactions, 1h pre-treatment 

with TSPO inhibitor PK-11195 would inhibit the TSPO-CPT1a interaction I 

established in Chapter 3.  

5.3: Methods 

5.3.1: Design of PCR primers specific for the rs6971 locus of the Tspo gene in mice 

and humans 

PCR primers for the human and mouse Tspo gene were designed in silico using 

a variety of software (Table 2.1.3). Ensembl577 was used to choose reference 

sequences for the human (h) and mouse (Ms) Tspo genes (h: Tspo-203 

[ENST00000396265, CCDS33661], Ms: Tspo-201 [ENSMUST00000047419, 

CCDS27705]). Reference transcripts were chosen because they contained the 

expected number of transcription products for the Tspo gene. The appropriate 

complementary DNA (cDNA) reference transcript was then imported to 

Benchling578. While genomic DNA reference transcripts may also have been 

imported, as I was interested in determining the genotype of the TSPO product, 
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cDNA was chosen. Furthermore, cDNA primer design is more straightforward: 

because the target DNA has already undergone splicing to remove introns, exon-

exon boundaries can be targeted to more easily distinguish cDNA from any 

contaminating gDNA579.  

Once the cDNA reference sequence had been imported to Benchling, the 

nucleotides of interest in the transcript were identified using the NCBI reference 

sequence tool434. A surrounding region of interest (ROI), encompassing ~150bp 

upstream and downstream of the ROI, was selected for primer design. This ROI 

was imported to Primer3Plus online software580, to automatically generate 

proposed primer sequences. Primers were selected based on melting and 

annealing temperatures (Tm, Ta) and % guanine-cytosine content. Potential 

primer sequences were imported to Benchling to annotate the ROI and confirm 

expected product size. Following this, the UCSC in silico PCR tool581 was used 

to select final primer sequences that were specific to human or mouse Tspo and 

did not produce transcripts from other genes. Primer sequences that bound 

≥100bp up/downstream from the ROI were selected. Selected primer sequences 

were synthesised by Integrated DNA Technologies (UK) and shipped as 25nmol 

stocks under standard desalting. See Table 5.3.1.1 for primer sequence details 

and expected product sizes. Lyophilised primer stocks were briefly (<10 second) 

centrifuged using a benchtop centrifuge (Sprout Mini Centrifuge, Fisher Scientific 

UK) before reconstitution in 100µL ddH2O to yield a 100µM stock solution. Prior 

to use, stocks were diluted to a working concentration of 10µM in ddH2O. PCR 

reactions were prepared using the reagents outlined in Chapter 2. RNA was 

extracted from MPAs using an RNeasy mini kit (Qiagen) and contaminating 

genomic DNA removed using an RNase-free DNase kit (Qiagen), both according 

to the manufacturer’s recommendations. RNA was extracted from U373 cells 

using an RNeasy Mini Plus Kit (Qiagen) according to the manufacturer’s 

recommendations. MPA and U373 RNA was eluted in 20µL RNase-free water 

and quantified using a Nanodrop 2000 spectrophotometer (Fisher). RNA was 

converted to cDNA using a High-Capacity RNA-to-cDNA kit (Fisher). 1µL cDNA 

(converted from RNA at 1µg/µL) was loaded per reaction. Table 5.3.1.2 outlines 

the PCR reaction settings used to produce these amplicons. Positive control 

primers targeting human and mouse Gapdh and Gfap genes were used to 

confirm successful amplifications. These primer sets (product sizes: 221 base 
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pairs [bp] [human Gapdh], 222bp [human Gfap], 302 [mouse Gapdh], 303 [mouse 

Gfap]) were designed by Asmaa Al-khalidi during her doctoral studies and were 

kindly donated for use as positive controls.  

Table 5.3.1.1: Primers used to genotype the human and mouse Tspo rs6971 

locus 

Species Primer Name Sequence (5’–3’) 
Product 

size (bp) 

Human hTspo forward CCTTGGTGGATCTCCTGCT 
241 

Human hTspo reverse ACAAGCGTGATGGCACCT 

Human Gapdh forward AGCTGAACGGGAAGCTCAC 
221 

Human Gapdh reverse GTCAAAGGTGGAGGAGTGGG 

Human 
BstUI Gapdh 

forward 
AGTCCATGCCATCACTGCC 

201 

Human 
BstUI Gapdh 

reverse 
TCCACCACTGACACGTTGG 

Human Gfap forward TGATGGAGCTCAATGACCGC 
222 

Human Gfap reverse CCTGTGCCAGATTGTCCCTC 

Mouse 
MsTspo 

forward 
GCCGATCTTCTGCTTGTCAG 

275 

Mouse 
MsTspo 

reverse 
GTAGACCAGCAGGCCCAATG 

Mouse Gapdh forward CCATGACAACTTTGGCATTG 
302 

Mouse Gapdh reverse CCTGCTTCACCACCTTCTTG 

Mouse Gfap forward TGGAGCTCAATGACCGSTTT 
303 

Mouse Gfap reverse CCTGTCTATACGCAGCCAGG 

 

Table 5.3.1.2: Settings used for human and mouse Tspo PCR 

Temperature (°C) Time (seconds) No. cycles 

95 180 1 

95 30 

35 58 30 

72 60 
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72 120 1 

 

5.3.2: Sequencing PCR products 

PCR samples were ‘cleaned’ – i.e., remaining nucleotides and primers 

hydrolysed – using ExoSAP-IT (catalogue # 78200, Fisher Scientific, UK) 

according to the manufacturer’s instructions. Briefly, 5µL of PCR product was 

mixed with 2µL ExoSAP-IT and incubated at 37°C for 15 minutes. Samples were 

then heated to 80°C for 15 minutes to inactivate enzymes. PCR products and 

10nM primer stocks were sent to Genewiz for Sanger sequencing. Sequences 

were analysed using SnapGene Viewer (version 5.2.3).  

All other methods used in this chapter are outlined in Chapter 2.   
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5.4: Results 

5.4.1: U373 astrocytoma cells have the rs6971 polymorphism 

To establish the Tspo variant expressed by U373 astrocytoma cells, following 

PCR, amplicons were loaded onto a 1.5% agarose gel (Chapter 2) for gel 

electrophoresis to confirm expression of Tspo cDNA surrounding the rs6971 locus 

(Figure 5.4.1 A). To establish the absence of DNA contaminants in reverse 

transcription reactions, samples from negative control reactions (PCR reactions 

containing no cDNA) were loaded onto gels (Figure 5.4.1 A, column 7-9). 

Transcripts for the Gapdh and Gfap genes were included as positive controls for 

the PCR reaction, as well as a template-free ddH2O control as a second negative 

control for the PCR reaction. Following this, I purified the PCR products (Chapter 

5.3.1 A) for sequencing, which was carried out by Genewiz. I found that at the 

ROI, ‘ACG’ (adenine-cytosine-guanine) was encoded instead of ‘GCG’ (guanine-

cytosine-guanine) (Figure 5.4.1 B). This signified that the U373 astrocytoma cell 

Tspo gene encoded Thr at amino acid 147 instead of Ala and were therefore 

carriers of the rs6971 polymorphism. However, when examining the 

chromatograph data for these sequences, I observed a small uncalled peak which 

straddled the border of two of these nucleotides of interest (Figure 5.4.1 C, black 

arrow). My curiosity was piqued because this peak matched the colour denoting 

a guanine peak, which implied the existence of either a small amount of genetic 

divergence in the U373 astrocytoma cell sample, or contamination in the products 

sent for sequencing. To confirm the rs6971 genotype of the U373 astrocytoma 

cells, I therefore employed a restriction digest approach as a secondary method 

of verification. This involves inducing cleavage of the DNA amplicon at a region 

of interest using a bacterially-derived endonuclease. The selected endonuclease 

– BstUI (Fisher Scientific) – cleaves DNA sequences at guanine-cytosine 

borders. Hence, digestion of the PCR products with this enzyme would determine 

if the U373 astrocytoma cells contained a genetically divergent population at the 

rs6971 locus. Restriction digest of the PCR products revealed that U373 

astrocytoma cells did not contain such a population of cells (no cleavage at a 

guanine-cytosine border occurred) and were therefore carriers of the rs6971 

polymorphism (Figure 5.4.1 D).  
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Figure 5.4.1: U373 astrocytoma cells have the rs6971 polymorphism.  

A: 1.5% (w/v) agarose gel showing Tspo PCR amplicons for cDNA extracted from U373 astrocytoma cells. 
B: example transcript sequence for Tspo PCR amplicon from A. C: chromatograph data for transcript 
sequence from B. Nucleotide of interest is shown in the black circle. Arrow denotes peak of interest. D: 2% 
(w/v) agarose gel showing products of restriction digest ± BstUI restriction endonuclease. Each reaction 
was run ± endonuclease with a positive control amplicon (i.e., an amplicon containing a region that could 
be cleaved by the endonuclease) included to confirm enzymatic activity.  

n=3 independent RNA extractions from separate flasks of cells. 

bp: base pairs. L: ladder. TSPO: translocator protein 18kDa. GAPDH: glyceraldehyde-3-phosphate 
dehydrogenase. GFAP: glial fibrillary acidic protein. 1-9: PCR reaction replicate numbers. 1-3: Tspo 
amplicons. 4: Gapdh amplicon. 5: Gfap amplicon. 7-9: reverse transcription controls. -: ddH2O 
contamination control. 1C: [replicate number] control reaction (no enzyme). 1D: [replicate number] 
digestion reaction (enzyme present). -1: negative control; GAPDH amplicon from A that did not contain a 
cleavage site for BstUI. +C: GAPDH amplicon that contained a cleavage site for BstUI, reaction took place 
without addition of BstUI enzyme. +D: GAPDH amplicon that contained a cleavage site for BstUI, rection 
took place in the presence of the BstUI enzyme. This served as a positive control reaction. -: template-free 
control. W: ddH2O control. BstUI: restriction endonuclease. w/v: weight/volume. 

Gapdh and Gfap primers used in A, and C (+C) were designed by Asmaa Al-khalidi during her doctoral 
studies.  
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5.4.2: C57BL/6J MPA Tspo encodes 147Ala 

Having established that U373 cells contained the rs6971 polymorphism, I next 

wanted to ascertain whether the same was true in C57BL/6J mouse primary 

astrocytes (MPAs). I therefore employed the same methodology that I had used 

in Chapter 5.4.1, and isolated RNA from C57BL/6J MPAs before cDNA 

conversion and PCR analysis. Firstly, I confirmed that the C57BL/6J MPAs 

expressed a region of the Tspo gene corresponding to the rs6971 locus (Figure 

5.4.2 A). As before, these PCR products were ‘cleaned’, and sent for sequencing. 

I found that the C57BL/6J MPAs expressed ‘guanine-cytosine-cytosine’ (GCC) at 

the syntenic locus for rs6971, thus encoded Ala at amino acid 147 (Figure 5.4.2 

B). Absence of ambiguous peaks in the chromatograph files confirmed the 

specificity of this result (Figure 5.4.2 C).  
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Figure 5.4.2: C57BL/6J MPA Tspo encodes 147Ala. 

A: 1.5% (w/v) agarose gel showing Tspo PCR amplicons for cDNA extracted from C57BL/6J 
MPAs. B: example transcript sequence for PCR amplicon from A. C: chromatograph data for 
transcript sequence from B. Nucleotide of interest is highlighted in blue. 

n=3 independent RNA extractions from separate flasks of cells, over 3 independent collections of 
MPAs. 

bp: base pairs. 1-8: PCR amplicons. 1-3: Tspo PCR amplicon. 4-6: negative controls for reverse 
transcription. 7: Gapdh positive control. 8: Gfap positive control. -: ddH2O contamination control. 
TSPO: translocator protein 18kDa. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. 
GFAP: glial fibrillary acidic protein. MPA: mouse primary astrocyte. cDNA: complementary 
deoxyribonucleic acid. PCR: polymerase chain reaction.  

Gapdh and Gfap primers used in A were designed by Asmaa Al-khalidi during her doctoral 
studies.  
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5.4.3: TSPO+/+ MPA Tspo encodes 147Ala 

Next, I wanted to confirm the rs6971 genotype of TSPO+/+ MPAs. This was 

because these mice were initially established on a C57BL/6N background, a 

strain which has a slightly different genetic background from the C57BL/6J mice 

that these mice were later backcrossed onto.  

As before, I confirmed that TSPO+/+ MPAs expressed a region of TSPO syntenic 

to the rs6971 locus via PCR (Figure 5.4.3 A). I then sent the PCR amplicons for 

sequencing and found that the sequence encoded at the region of interest was 

the same as for C57BL/6J MPAs, being guanine-cytosine-cytosine and thus 

encoding Ala at the Tspo147 locus (Figure 5.4.3 B). Examination of the 

chromatograph data showed clear peaks, with no ambiguous peaks, confirming 

the validity of this result (Figure 5.4.3 C).   
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Figure 5.4.3: TSPO+/+ MPA Tspo encodes 147Ala. 

A: 1.5% (w/v) agarose gel showing PCR amplicons for cDNA extracted from C57BL/6N TSPO+/+ 
MPAs. B: example transcript sequence for PCR amplicon from A. C: chromatograph data for 
transcript sequence from B. Nucleotide of interest is highlighted in blue. 

bp: base pairs. 1-6: PCR amplicons. 1,2: Tspo amplicons. 3,4: negative controls for reverse 
transcription. 5: Gapdh positive control. 6: Gfap positive control. -: ddH2O contamination control. 
TSPO: translocator protein 18kDa. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. 
GFAP: glial fibrillary acidic protein. MPA: mouse primary astrocyte. cDNA: complementary 
deoxyribonucleic acid. PCR: polymerase chain reaction. w/v: weight/volume. 

n=2 independent RNA extractions from separate flasks of cells, over 2 independent collections of 
MPAs.  

Gapdh and Gfap primers used in A were designed by Asmaa Al-khalidi during her doctoral 
studies.  

 



194 
 

5.4.4: PK-11195 pre-treatment did not inhibit TSPO+/+ MPA bioenergetics 

A previous doctoral student in the Ellacott laboratory generated preliminary data 

indicating that pharmacological inhibition of TSPO in C57BL/6J MPAs by applying 

25nM PK-11195 (0.1% DMSO vehicle, 1h pre-treatment) significantly increased 

the basal ECAR and OCR of these cells without altering uptake of 

tetramethylrhodamine ester, a dye which indicates the mitochondrial membrane 

potential of the cells, or affecting glucose uptake452. The student also found that, 

in TSPO+/+ U373 astrocytoma cells, the same concentration of PK-11195 applied 

for 1h significantly increased ECAR. Crucially, no effect was observed in TSPO-/- 

U373s452.  

I first sought to investigate whether I could recapitulate these data, and extend 

this to assess the metabolic effects of pharmacological TSPO inhibition in MPAs. 

I repeated their experimental paradigm with TSPO+/+ and TSPO-/- MPAs using the 

same concentration range of PK-11195: 0, 5, 10, 25nM PK-11195, 0.1% DMSO 

vehicle, applied for 1h. The effect of genotype on OCR previously observed 

(Chapter 3.4.1) was conserved (Figure 5.4.4 A; pgenotype<0.0001, F(1,198)=31.5). 

In contrast to my expectations, I observed no overall effect of PK-11195 on the 

OCR of MPAs of either TSPO genotype (Figure 5.4.4 A; (pdrug=0.3878, 

F(5,198)=1.053) nor evidence of an interaction between genotype and PK-11195 

concentration (Figure 5.4.4 A; pinteraction=0.3069, F (5,198)=1.208). However, post-

hoc analyses revealed that the OCR of TSPO-/- MPAs treated with 5 and 10nM 

PK-11195 were significantly increased compared to equivalently treated TSPO+/+ 

controls.   

Similarly, the previously observed (Chapter 3.4.1) effect of genotype on ECAR 

was conserved (pgenotype=0.0006, F(1,207)=12.11), and PK-11195 concentration had 

a significant effect on ECAR (pdrug=0.0397, F(5,207)=2.382). I found no evidence of 

an interaction between genotype and PK-11195 concentration (pinteraction=0.1265, 

F(5,207)=1.742). Post-hoc analyses did not reveal any additional statistically 

significant effects. 
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Figure 5.4.4: PK-11195 pre-treatment did not inhibit TSPO+/+ MPA bioenergetics. 

A: OCR of TSPO-/- MPAs and wildtype controls following 1h pre-treatment with PK-11195 (0.1% 
DMSO vehicle) at a range of concentrations from 0.5-25nM. There was an effect of genotype on 
OCR (pgenotype<0.0001, F(1,198)=31.5, though no effect of PK-11195 on this output (pdrug=0.3878, 
F(5,198)=1.053), nor evidence of an interaction between genotype and PK-11195 concentration 
(pinteraction=0.3069, F (5,198)=1.208). n=16-18 wells per concentration, data were pooled from across 
3 independent experiments. 2-way ANOVA with Šídák’s multiple comparisons test. Post-hoc 
analyses showed that PK-11195 did not significantly affect TSPO+/+ or TSPO-/- MPA bioenergetics 
(p>0.05), except following 5 and 10nM treatments (p<0.05). B: ECAR of TSPO-/- MPAs and 
wildtype controls following 1h pre-treatment with PK-11195 at a range of concentrations from 0.5-
25nM. There was an effect of genotype on ECAR (pgenotype=0.0006, F(1,207)=12.11), and PK-11195 
treatment also had a significant effect on ECAR (pdrug=0.0397, F(5,207)=2.382). There was no 
evidence of an interaction between genotype and PK-11195 concentration (pinteraction=0.1265, 
F(5,207)=1.742). n=16-18 wells per concentration, data are pooled from across 3 independent 
experiments. 2-way ANOVA with Šídák’s multiple comparisons test. Post-hoc analyses showed 
that ECAR of TSPO-/- was not significantly different to wildtype controls regardless of 
concentration (p>0.05).  

*p<0.05. Data are displayed as mean ± standard error of the mean. 

OCR: oxygen consumption rate. ECAR: extracellular acidification rate.  

V = vehicle (0.1% dimethyl sulfoxide [DMSO]). TSPO: translocator protein 18kDa. MPA: mouse 
primary astrocytes. 
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5.4.5: PK-11195 pre-treatment did not inhibit TSPO+/+ U373 bioenergetics 

Finding that PK-11195 pre-treatment did not significantly reduce the metabolic 

rates of TSPO+/+ MPAs, I next repeated this experiment in using TSPO-/- U373 

astrocytoma cells and empty vector-transfected TSPO+/+ controls using a wider 

range of PK-11195 concentrations.  

Unexpectedly, the previously observed effect of genotype on OCR (Figure 

3.4.10) was not conserved (pgenotype=0.4776, F(1,176)=0.5065), however PK-11195 

concentration significantly affected OCR (pdrug=0.0064, F(6,176)=3.109). No 

interaction was observed between these variables (pinteraction=0.1216, 

F(6,176)=1.708). Post-hoc testing indicated that there was no significant difference 

in OCR at any of the concentrations of PK-11195 used (Figure 5.4.5 A, p>0.05), 

though 1pM PK-11195 trended towards a significant increase in TSPO+/+ U373 

OCR (p=0.0629).  

Similarly, there was no effect of genotype on ECAR (Figure 5.4.5 B, 

pgenotype=0.9379, F(1,174)=0.006088). In contrast to OCR, PK-11195 concentration 

did not affect ECAR (pdrug=0.0522, F(6,174)=2.130), though this was just above the 

threshold for significance. No interaction was observed (pinteraction=0.1560, 

F(6,174)=1.578). 
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Figure 5.4.5: PK-11195 pre-treatment did not inhibit TSPO+/+ U373 bioenergetics. 

A: OCR of TSPO-/- U373 astrocytoma cells and wildtype controls following 1h pre-treatment 
with PK-11195 (0.1% DMSO vehicle). 2-way ANOVA with Šídák’s multiple comparisons test. 
There was no effect of genotype on OCR (pgenotype=0.4776, F(1,176)=0.5065), however PK-
11195 concentration significantly affected OCR (pdrug=0.0064, F(6,176)=3.109). No interaction 
was observed between these variables (pinteraction=0.1216, F(6,176)=1.708). n=14-16 wells per 
concentration. Data are pooled from across 3 independent experiments. Post-hoc analysis 
revealed that there was no significant difference in OCR at any of the concentrations used 
compared to vehicle-treated controls (p>0.05). B: ECAR of TSPO-/- U373 astrocytoma cells 
and wildtype controls following 1h pre-treatment with PK-11195. 2-way ANOVA with Šídák’s 
multiple comparisons test. There was no effect of genotype on ECAR (pgenotype=0.9379, 
F(1,174)=0.006088). PK-11195 concentration did not significantly affect ECAR (pdrug=0.0522, 
F(6,174)=2.130). No interaction was observed (pinteraction=0.1560, F(6,174)=1.578). n=14-16 wells 
per concentration. Data were pooled from across 3 independent experiments. Post-hoc 
analysis revealed that there was no significant difference in ECAR at any of the 
concentrations used compared to vehicle-treated controls (p>0.05).  

Data are displayed as mean ± standard error of the mean. 

OCR: oxygen consumption rate. ECAR: extracellular acidification rate. 

V = vehicle (0.1% dimethyl sulfoxide [DMSO]). 
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5.4.6: Transfection of U373 astrocytoma cells with a tagged TSPO construct did 

not modulate expression of key proteins and enzymes 

Having established that, in my hands, PK-11195 treatment had no significant 

effect on astrocyte bioenergetics, I wanted to investigate the effect of treatment 

with this drug on the TSPO-CPT1a complex I reported in Chapter 3. Modulation 

of other cellular functions, such as steroidogenesis, have been reported following 

treatment of whole cells with 100nM PK-11195. Therefore, despite observing no 

effect on the basal bioenergetics of U373 astrocytoma cells treated with this PK-

11195 concentration (Figure 5.4.5), I treated U373 astrocytoma cells with this 

concentration. As I had not observed an effect of PK-11195 concentration on 

astrocyte bioenergetics, I included 2-deoxyglucose (2DG) treatments as a 

positive control for metabolic manipulation.  

I used the TSPO-Myc transfection paradigm I employed in Chapter 3 to examine 

the TSPO-CPT1a interaction. Cells were treated for 1h either with vehicle, 10mM 

2DG, or 100nM PK-11195. To ensure that any effect I may have observed on the 

TSPO-CPT1a interaction was due to a change in the interaction and not due to 

altered protein expression. I first determined whether the plasmid type (TSPO-

Myc or EV) was affecting GAPDH function via a 2-way ANOVA. There was no 

effect of plasmid (pplasmid=0.8969, F(1,28)=0.01909) or drug treatment 

(pdrug=0.6915, F(2,28)=0.3737) on GAPDH expression nor was there an interaction 

between these variables (pinteraction=0.9368, F(2,28)=0.06225). Using pairwise 

comparisons, I determined that 2DG and PK-11195 treatment did not significantly 

reduce GAPDH expression in TSPO-Myc or EV-transfected cells (Figure 5.4.6 

B, p>0.05) relative to vehicle-treated controls. This finding supported the use of 

GAPDH expression as a loading control for the immunoblots. 

I next determined the effect of 2DG and PK-11195 treatment on endogenous 

TSPO expression. There was no effect of plasmid type (pplasmid=0.5558, 

F(2,27)=0.7177) or drug treatment (pdrug=0.7054, F(2,27)=0.3536) nor was there an 

interaction between these variables (pinteraction=0.5558, F(2,27)=0.6004). Post-hoc 

analysis revealed that compared to vehicle-treated cells, endogenous TSPO-

expression was unaffected by either treatment (Figure 5.4.6 C, p>0.05). Similarly, 

CPT1a expression was unchanged by plasmid type (pplasmid=0.5492, 

F(1,29)=0.3673) or drug treatment (pdrug=0.9295, F(2,27)=0.07329), and there was 
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no interaction between these variables (pinteraction=0.9191, F(2,29)=0.08466). Post-

hoc analysis revealed that compared to vehicle-treated controls, CPT1a 

expression was unaffected by either 2DG or PK-11195 treatment (Figure 5.4.6 

D, p>0.05). Myc [TSPO-Myc] expression was unaffected by 2DG (Figure 5.4.6 

E, p=0.9946) or PK-11195 treatment (p=0.9335).  
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Figure 5.4.6: Transfection of U373 astrocytoma cells with a Myc-tagged TSPO construct 
did not modulate expression of key proteins and enzymes. 

A: Representative immunoblot showing expression of Myc, CPT1a, GAPDH, TSPO, and Myc 
[TSPO-Myc] ± 1h 2-deoxyglucose (2DG; 10mM, 2% ddH2O)) or PK-11195 (100nM, 0.1% DMSO) 
treatment. B: quantification of A showing no change in GAPDH expression (p>0.05). n=6 
replicates from 3 independent experiments, 2-way ANOVA with Šídák’s multiple comparisons test. 
There was no effect of plasmid (pplasmid=0.8969, F(1,28)=0.01909) or treatment (pdrug=0.6915, 
F(2,28)=0.3737) on GAPDH expression nor was there an interaction between these variables 
(pinteraction=0.9368, F(2,28)=0.06225). C: quantification of A showing no change in endogenous 
TSPO expression (p>0.05). n=6 replicates from 3 independent experiments, 2-way ANOVA with 
Šídák’s multiple comparisons test. TSPO expression was unchanged by plasmid type 
(pplasmid=0.5558, F(2,27)=0.7177) or treatment (pdrug=0.7054, F(2,27)=0.3536) nor was there an 
interaction between these variables (pinteraction=0.5558, F(2,27)=0.6004). D: quantification of A 
showing no change in CPT1a expression. n=6 replicates from 3 independent experiments, 2-way 
ANOVA with Šídák’s multiple comparisons test. CPT1a expression was unchanged by plasmid 
type (pplasmid=0.5492, F(1,29)=0.3673) or drug treatment (pdrug=0.9295, F(2,27)=0.07329), and there 
was no interaction between these variables (pinteraction=0.9191, F(2,29)=0.08466). E: quantification 
of A showing no change in TSPO-Myc expression (p=0.9946 (2DG), p=0.9335 (PK-11195). n=6 
replicates from 3 independent experiments, one-way ANOVA.  

L: ladder: kDa: kildodaltons. TSPO: translocator protein 18kDa. CPT1a: carnitine 
palmitoyltransferase 1a. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. TSPO-Myc: 
Myc-tagged TSPO construct. EV: empty vector. V = vehicle (0.1% dimethyl sulfoxide [DMSO], 2% 
ddH2O).  
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5.4.7: Pharmacological inhibition of cellular metabolism and TSPO activity in U373 

astrocytoma cells may alter TSPO protein complex stoichiometry 

Having established that neither 1h 2DG nor PK-11195 treatment significantly 

modulated expression of TSPO-Myc or CPT1a, this gave me confidence that any 

change I may see in subsequent co-immunoprecipitations (co-IPs) would be due 

to changes in the formation of the TSPO-CPT1a complex, so I proceeded to 

repeat the co-IP paradigm I established in Chapter 3. Firstly, I confirmed that I 

could again demonstrate the TSPO-CPT1a interaction (Figure 5.4.7). I found that 

2DG treatment modulated the amount of TSPO-Myc pulled down, with no 

apparent difference being made to the level of CPT1a in the complex. Treatment 

with PK-11195, reduced the amount of TSPO and CPT1a that co-

immunoprecipitated. It must be noted however that unfortunately formal semi-

quantification of this result was not possible, so this remains preliminary and 

subjective. 
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Figure 5.4.7: Pharmacological inhibition of cellular metabolism and TSPO activity in U373 
astrocytoma cells may alter TSPO protein complex stoichiometry. 

Immunoblot of co-immunoprecipitation (co-IP) products, showing co-IP of TSPO-Myc and CPT1a. 
While this interaction was conserved throughout treatment protocols, I observed a reduction in 
the intensity of the TSPO-Myc band following 2-deoxyglucose (2DG; 10mM [ddH2O]) treatment 
(fifth column from the left), and a reduction in the intensity of both the CPT1a and TSPO-Myc 
bands following PK-11195 treatment (0.1% DMSO) (rightmost column). Co-IP specificity was 
confirmed using an empty vector plasmid.  

Representative immunoblot of treatments. n=3 independent immunoprecipitations. 

L: ladder: kDa: kildodaltons. CPT1a: carnitine palmitoyltransferase 1a. TSPO-Myc: Myc-tagged 
TSPO construct. EV: empty vector. V: vehicle (0.1% dimethyl sulfoxide [DMSO], 2% ddH2O). 
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5.5: Discussion 

In this chapter, I have characterised the rs6971 genotype of U373 astrocytoma 

cells which were found to carry the SNP (Thr147). In contrast, I found that 

C57BL/6J MPAs and TSPO+/+ MPAs encoded Ala147 at the syntenic locus, thus 

do not carry the polymorphism. I found that 1h PK-11195 pre-treatment did not 

significantly reduce TSPO+/+ astrocyte bioenergetics in MPAs or U373s. However, 

in MPAs, there was a significant difference in the OCR of TSPO-/- and TSPO+/+ 

cells following 5 and 10nM PK-11195 pre-treatment, though this was not 

significantly different from vehicle-treated controls, so should be interpreted with 

caution. Transfecting GM-naïve U373 cells with a tagged TSPO plasmid did not 

affect expression of GAPDH or CPT1a, nor did 1h PK-11195 (100nM) pre-

treatment affect expression of these proteins or TSPO (Myc-tagged or 

endogenous). I found that 1h pre-treatment with 2DG (10mM) or PK-11195 

(100nM) modulated the results of the TSPO-CPT1a co-immunoprecipitation I 

reported in Chapter 3.  

5.5.1: Pharmacological modulation of TSPO and astrocyte bioenergetics 

Various studies in the existing literature339,340,358,366–368,428,472, and work I have 

presented in Chapters 3 and 4, demonstrate that TSPO plays a role in regulating 

cellular metabolism and bioenergetics. However, these bodies of work have relied 

upon genetic modulation of TSPO expression339,340,366,369 to determine the 

resulting effects on cellular metabolism. Many studies, including my own work, 

have relied upon organisms with germline TSPO deficiency324,339,340,366, which 

may result in adaptions/compensation within cells. Other studies have employed 

transient knockdown of TSPO, facilitated by small interfering RNAs358,530. 

Pharmacological modulation (activation or inhibition) of TSPO, which better 

addresses therapeutic potential of targeting this protein, may lead to 

fundamentally different outcomes compared to the genetic models, though the 

magnitude of these differences remains unclear. Crucially, to date many studies 

using TSPO ligands have failed to account for off-target effects by comparing 

their results to a TSPO-deficient model to ensure that the compounds at the 

concentrations used do not affect the measured output in the TSPO-deficient 

models367. 
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Using TSPO-/- MPAs and TSPO+/+ controls, I showed that 1h PK-11195 pre-

treatment did not significantly affect the basal OCR (Figure 5.4.4 A) or ECAR 

(Figure 5.4.4 B) (proxies of respiration and glycolysis respectively) compared to 

vehicle-treated controls. Though pairwise comparisons revealed no significant 

difference between the bioenergetic rates of vehicle-treated TSPO-/- and TSPO+/+ 

MPAs, the previous effect of genotype on these parameters I observed in 

Chapter 3 was conserved, supporting the validity of these findings. This is in 

contrast to evidence generated by a previous student in the Ellacott group, who 

found that 1h 25nM PK-11195 pre-treatment was sufficient to increase the OCR 

and ECAR of C57BL/6J MPAs452. I observed no significant effect of PK-11195 

pre-treatment on TSPO+/+ MPA bioenergetics compared to vehicle-treated cells 

at any concentration (Figure 5.4.4 A, B). Similarly, I observed no effect of PK-

11195 pre-treatment on the basal bioenergetics of TSPO-/- cells, which served as 

a negative control in this assay. These results contrast with existing literature: in 

2020, Fu et al. showed that PK-11195 pre-treatment reduced the basal 

mitochondrial respiration of GL261 glioma cells (measured using the 

mitochondrial stress test) and increased glycolysis (measured via the glycolysis 

stress test)370. However, this study did not control for off-target effects of PK-

11195 using TSPO-/- controls nor state the concentration of PK-11195 used during 

this study, so additional controls are needed to increase certainty that these 

results are directly caused by pharmacological modulation of TSPO.  

In support of my data generated in MPAs, I repeated the PK-11195 treatment 

paradigm in U373 astrocytoma cells and used a wider range of PK-11195 

concentrations from 1pM to 1µM (Figure 5.4.5). This was an attempt to generate 

a sigmoidal concentration-response curve, from which I could then derive 

pharmacokinetic values (such as the inhibitory constant, IC50) for whole-cell 

metabolic experiments. However, congruent with my work in MPAs, I observed 

no significant effect of PK-11195 on U373 astrocytoma cell bioenergetics 

compared to DMSO vehicle control (Figure 5.4.5 A, B). As such, unfortunately 

pharmacokinetic parameters could not be derived from these data. I found it 

curious that I observed no effect of TSPO genotype on the basal bioenergetics of 

U373 astrocytoma cells, which I would hesitantly attribute to the DMSO vehicle. 

As with the TSPO-/- MPAs, I did not include a vehicle-free control group and thus 

do not have any experimental evidence for any effect of DMSO on cellular 
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bioenergetics. As the difference in bioenergetics in the TSPO+/+ and -/- MPAs was 

conserved even in the presence of the DMSO control, this is unlikely but still 

possible. Together, my bioenergetics data suggest that PK-11195 pre-treatment 

at the concentrations tested has no effect on astrocyte bioenergetics, but the loss 

of the genotype effect in the U373 cells does potentially call into question the 

reliability of these data. 

PK-11195 has been shown to reduce cell migration, an energy-intensive process. 

In a study using Jurkat cells, which naturally express little-to-no TSPO, Liu et al. 

demonstrated using a chemotaxis assay that PK-11195 (100nM) reduced motility 

of cells transfected with a TSPO-containing plasmid368. These effects were 

significantly diminished in cells transfected with a control plasmid, as well as 

wildtype cells, suggesting that PK-11195 exerts TSPO-specific effects on cellular 

functions368. This may be linked to altered bioenergetics in PK-11195-treated 

cells, as explored by Fu et al. in 2020370. This study showed that PK-11195 pre-

treatment promoted glycolysis and reduced mitochondrial respiration in glioma 

cells. As glycolysis is a less energy-efficient form of metabolism than 

mitochondrial respiration (Chapter 1.1.1, 1.1.2), this may explain the reduced 

motility effects observed by Liu et al. In contrast to Fu et al. my bioenergetics 

assays (Figure 5.4.4, 5.4.5) only examined the metabolic rates of PK-11195-

treated TSPO+/+ and TSPO-/- MPAs and U373 astrocytoma cells under basal 

conditions. It may have been beneficial to include additional assays to further 

evaluate energetics, such as the mitochondrial stress test or glycolysis stress 

test. Alternatively, I could have examined changes to metabolite production, such 

as lactate. This may well have revealed changes to cellular bioenergetics in PK-

11195-treated astrocytes that I am unable to account for with the data presented 

here.  

An alternative class of TSPO ligand that could have been employed for this study 

are the third generation N,N-dialkyl-2-phenylindol-3-ylglyoxylamide (PIGA) 

compounds (Chapter 1.4.6). These ligands have been shown to increase 

pregnenolone synthesis in rat C6 and human U87MG glioma cells392. Although 

the subject of some debate, steroidogenesis is a purported TSPO function, but is 

also a metabolically expensive process. Da Pozzo et al. demonstrated that the 

oxidative state of astrocytes (a measure of astrocyte functionality) correlates with 

steroidogenesis392, though they did not compare these findings directly and did 
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not confirm the absence of off-target effects using a TSPO-deficient model. A 

future study could investigate the effect of PIGA ligands on astrocyte 

bioenergetics using metabolic flux assays combined with a TSPO-deficient model 

to account for off-target effects.  

5.5.2: TSPO protein complex stoichiometry in response to metabolic state  

In Chapter 3, I demonstrated that TSPO deficiency increased fatty acid oxidation 

(FAO) in astrocytes and confirmed that TSPO forms a protein complex containing 

carnitine palmitoyltransferase 1a (CPT1a). Among other endogenous and 

synthetic TSPO ligands, PK-11195 is thought to bind to the CRAC domain of 

TSPO. The CRAC domain is thought to be intimately involved with TSPO ligand 

binding329,332,429, and has been implicated in regulating the formation of protein 

complexes involving TSPO304,308,347,466, thus the modulation of these complexes 

may manifest as changes in cellular metabolism. Although PK-11195 pre-

treatment did not alter astrocyte basal bioenergetics in my hands, 100nM PK-

11195 has previously been reported to have effects on parameters related to 

cellular metabolism367,368,379. Using co-immunoprecipitations (co-IPs), I attempted 

to characterise the mechanism by which pharmacological TSPO inhibition might 

modulate cellular metabolism. Perturbation of astrocyte metabolism with 10mM 

2DG treatment and inhibition of TSPO with 100nM PK-11195 both modestly 

reduced the intensity of TSPO-Myc I was able to immunoprecipitate, and PK-

11195 modestly reduced the intensity of the CPT1a band in the co-IP. This is 

suggestive of a shift in TSPO protein complex stoichiometry. However, these 

experiments were limited – lacking a suitable loading control - so I could not 

employ semi-quantitative densitometry to reinforce my results. Thus, my 

interpretation of these data is preliminary and highly subjective. Future studies 

could employ techniques with greater sensitivity (such as immunoprecipitation-

mass spectrometry or displacement assays) to quantify fluctuations to this 

interaction.   

As outlined in Chapter 1.4.2, TSPO has a rich and varied interactome, with 

reported interacting partners including the voltage-dependent anion channel 

(VDAC)347,472, adenine nucleotide transporter (ANT)426, hexokinase-2 

(HK2)340,347, steroidogenic acute regulatory protein (StAR)447, 14-3-3 theta347, and 

translocase of the outer mitochondrial membrane complex subunit 20 
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(TOMM20)347, among others. The function of TSPO in the context of these 

interactions remains unclear. Interestingly, alongside these heterogeneous 

complexes, TSPO has been reported to undergo homo-oligomerisation in a 

variety of model organisms from bacteria354 to murine332,353 and human cells304,355 

(Chapter 1.4.2). TSPO oligomerisation has been touted as a mechanism which 

regulates TSPO function355. A study investigating TSPO dynamics reported that 

monomeric TSPO readily dimerises and the authors suggest that this might 

represent a mechanism controlling TSPO functionality351. Further evidence 

suggests that TSPO oligomerisation may determine interactions between the 

different transmembrane domains of TSPO and availability of ligand binding 

sites351,353,355. By interacting with the different transmembrane domains of TSPO, 

and thus impacting stoichiometry, TSPO ligands may influence the binding or 

formation of homo- and hetero-oligomers involving TSPO351,355. Altered TSPO 

stoichiometry may be a determinant of the interactions and functionality of TSPO. 

The reduction in TSPO-Myc immunoprecipitate I observed following 1h 2DG or 

PK-11195 treatment in Figure 5.4.7 might thus indicate a splitting of TSPO 

oligomers into monomers, which would explain the reduced intensity of this band. 

Given that there was no obvious reduction in CPT1a immunoprecipitate following 

2DG treatment, this may represent TSPO monomers being recruited into other 

complexes that I was unable to detect. As 2DG treatment competitively inhibits 

glycolysis, this may, therefore, represent a mechanism by which CPT1a activity 

increases in response to a metabolic perturbation and supports the hypothesis 

that TSPO ordinarily inhibits CPT1a function.  

Similarly, PK-11195 treatment reduced the immunoprecipitation of TSPO-Myc 

and CPT1a compared to vehicle-treated cells. PK-11195 binding has been 

reported to alter the structure of TSPO351. These findings, therefore, might 

indicate disruption of TSPO oligomers and TSPO-CPT1a complexes. In this way, 

CPT1a would no longer be bound to TSPO, and therefore no longer inhibited by 

it; if TSPO indeed acts as an inhibitor of CPT1a function. However, this all remains 

highly speculative, hindered by the fact that the co-IP studies I have presented 

here are not quantifiable because I lacked a suitable loading control for 

densitometric analysis. Thus, further studies could incorporate more sensitive 

techniques such as immunoprecipitation-mass spectrometry to more sensitively 

detect and characterise TSPO complexes in astrocytes under basal conditions 
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and following TSPO inhibition. Metabolomics assays could be combined with this 

to provide a measure of any corresponding shift in the metabolic phenotype of 

these astrocytes to provide inferences regarding the implications of 

pharmacologically modulating TSPO activity on cellular metabolism.  

5.5.3: The effect of rs6971 genotype on choice of TSPO ligand for these studies 

The rs6971 polymorphism is known to modulate the binding affinity of ligands for 

TSPO305,416,479,504,582,583. Therefore, the importance of determining the presence 

of the rs6971 polymorphism of human-derived biomaterials (cell lines, or primary 

blood and tissue samples) is becoming increasingly recognised and 

commonplace in studies focussing on pharmacological modulation of 

TSPO309,416,437. The modulatory effects of the rs6971 polymorphism on TSPO 

ligand pharmacokinetics were first noted with the advent of second-generation 

TSPO ligands305,419–421, which were primarily used as neuroimaging markers to 

monitor neuroinflammation in a variety of disorders in clinical and preclinical 

settings305,419,420. Beyond this, the clinical importance of the rs6971 polymorphism 

was not recognised until the recent associations between presence of this 

polymorphism and susceptibility to neuropsychiatric conditions314,330,347 including 

bipolar disorder437,567 and schizophrenia319,438,568; suggesting that this 

polymorphism is clinically relevant beyond determining the choice of ligand for 

neuroimaging purposes.  

Relevant to the work I have presented here, the rs6971 polymorphism is a major 

determinant of ligand selection in studies concerning the pharmacological 

modulation of TSPO using human-derived models305,416,419–421. Because the 

U373 astrocytoma cells were homozygous carriers of rs6971 (Figure 5.4.1), thus 

rendering second-generation ligands unsuitable, the choice of ligands I could 

employ for these studies was limited to either widely commercially-available first-

generation TSPO ligands (insensitive to the polymorphism but with issues 

concerning stability and non-specific binding305,419–421), or the more recent 

innovations of third-generation TSPO ligands (insensitive to the polymorphism, 

more stable than first-generation ligands, and greater specificity and 

sensitivity305,419–421) with more limited commercial availability. Because I had 

found that both the C57BL/6J and TSPO+/+ MPAs encoded Ala at TSPO AA 147, 

while the U373 astrocytoma cells encoded Thr at this locus, I elected to first utilise 
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the ‘classic’ first-generation TSPO ligand PK-11195, which would be unaffected 

by the presence of the rs6971 polymorphism, to carry out the initial 

characterisation of any effects of pharmacologically inhibiting TSPO on astrocyte 

metabolism.  

Though, ultimately, I was only able to carry out studies investigating 

pharmacological modulation of TSPO utilising PK-11195 and not later-generation 

TSPO ligands, these findings have value: future work studying TSPO functionality 

in U373 cells may benefit from the results of my genotyping analysis. Importantly, 

the effects of the rs6971 polymorphism span beyond determining ligand choice: 

a recent study from Asih et al. using co-immunoprecipitations demonstrated that 

the complexes formed by TSPO are modulated by this polymorphism347
 

(published in May 2022, after I had begun my work in September 2020). While 

work has demonstrated that this modulates treatment choices and susceptibility 

to psychiatric conditions319,435–438,445,567,568, the bearing of these changes on 

neuroinflammatory conditions remain unclear.  

5.6: Conclusion 

To conclude, here I have presented evidence regarding the rs6971 genotype of 

a human astrocytoma cell line and C57BL/6J mice, which may have implications 

for future studies regarding pharmacological manipulation of TSPO in astrocytes. 

I could not replicate previous studies showing that PK-11195 application 

modulated parameters of cellular metabolism in primary astrocytes or an 

astrocytoma model, but I have supported these findings using a TSPO-deficient 

model to control for off-target effects. Moreover, I confirmed that acute (1h) PK-

11195 treatment does not affect the expression of key metabolic enzymes or 

proteins such as GAPDH, CPT1a, and TSPO. I have provided evidence that 

pharmacological inhibition of TSPO and metabolic perturbations in astrocytes 

achieve similar but distinct effects on the TSPO-CPT1a protein complex, which 

may hold implications for the wider functioning of TSPO and the potential function 

of TSPO as a regulator of cellular metabolism.   
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Chapter 6: General discussion 

6.1: Statement of key findings and contribution to knowledge 

The first aim of this thesis was to examine the role of TSPO in regulating astrocyte 

metabolism. In Chapter 3 I explored this concept and found that TSPO deficiency 

reduced astrocyte bioenergetic rates while promoting FAO in these cells 

(Chapter 3), without influencing the expression of key proteins associated with 

metabolism (Chapter 4). I also found that TSPO forms a protein complex with 

CPT1a in U373 cells (Chapter 3), potentially providing a mechanistic basis for 

these findings. The second aim of this thesis was to evaluate the effect of TSPO 

deficiency on the metabolic responses of astrocytes to inflammatory stimulation. 

In Chapter 4, I showed that TSPO deficiency in MPAs modulated neither the 

metabolic response to LPS stimulation nor NFκB phosphorylation in response to 

this stimulus, yet temporally modulated TNF secretion following LPS stimulation. 

The third and final aim of this thesis was to determine whether a TSPO ligand 

can recapitulate the metabolic phenotype of TSPO deficiency in astrocytes. While 

I was unable to determine any significant shift in astrocyte bioenergetics, in 

Chapter 5 I report that TSPO ligands may modulate the stoichiometry of TSPO 

and thus influence the protein complexes it forms. This chapter will examine these 

findings in the wider context of the CNS under physiological and 

pathophysiological conditions. The limitations of the methods employed 

throughout this thesis will be discussed, and questions that remain to be 

answered during future research will be highlighted.  

6.1.1: TSPO as a regulator of astrocyte metabolism  

Collectively, the data in this thesis provide evidence that TSPO is important for 

regulating metabolic flexibility in astrocytes. In Chapter 3, I demonstrated that 

TSPO deficiency in MPAs reduces the contribution of aerobic glycolysis to 

mitochondrial respiration (Figure 3.4.2, 7, 11) and increases the contribution of 

fatty acid oxidation (FAO) to meeting ATP demand in these cells (Figure 3.4.12). 

In support of these data, I later showed that the expression profiles of the key 

metabolic proteins hexokinase 2 (HK2), glucose transporter 1 (GLUT1), and 

carnitine palmitoyltransferase 1a (CPT1a) were unchanged in TSPO-deficient 

astrocytes (Figure 4.4.9, 11-13), except in the case of CPT1a following 24h 

serum starvation (Figure 4.4.13). Considered together, these data are in contrast 

with existing published evidence suggesting that TSPO deficiency regulates the 
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mRNA levels of genes encoding these proteins320,339,366,370. In addition to 

transcriptional regulation, the activity of these proteins is also modulated by 

localisation340,584 and/or substrate availability206,224,561, which I did not examine 

and thus cannot account for. Despite this, the notion that TSPO acts as a 

metabolic regulator in astrocytes complements existing bodies of evidence. For 

example, links between TSPO and cellular metabolism have previously been 

drawn from studies in peripheral cells and tissues (Leydig cells366, 

hepatocytes446, adrenal cortices320) as well as microglia339,340,369, tanycytes358 

and glioma cell lines370,376,377,456. Importantly, the evidence reported in some 

neural cells340,446,456 were published after I had begun my doctoral studies in 2020 

(2021446, 2023340,456) and thus could not have informed the initial hypotheses. 

Tournier et al.456 recently provided further evidence in support of the data 

presented in this thesis when they implied that TSPO expression may correlate 

with a metabolic shift during astrocyte reactivity using C6 astrocytoma cells.  

Collectively, these data support a wider role for TSPO in regulating the dynamics 

and/or activity of proteins associated with metabolism and include the TSPO-

CPT1a interaction I report in Chapter 3. Thus, based on my findings and these 

published bodies of evidence, I propose that TSPO may affect the metabolic 

flexibility of astrocytes as part of a regulatory protein complex influencing the 

activity of different metabolic pathways, particularly glycolysis and fatty acid 

oxidation. This is supported by the recently-reported TSPO-HK2340 interaction in 

microglia (published in February 2023 by Fairley et al.340). As TSPO exhibits 

extensive genetic conservation I would speculate that a TSPO-HK2 relationship 

is also present in astrocytes and may partially underlie the metabolic plasticity of 

these cells. Moreover, the results I generated using TSPO-/- MPAs using the 

glycolysis stress test paradigm (Figure 3.4.3) are supportive of this possibility. 

However, the results from Fairley et al. 340 showing enhanced glycolysis in TSPO-

/- microglia are in contrast with the results from Yao et al.339, who in 2020 

demonstrated that TSPO deficiency impairs glycolysis in microglia under basal 

conditions; thus, the role TSPO plays in regulating glycolysis remains to be fully 

clarified. Importantly, these separate bodies of work do not clearly state the 

glucose concentrations under which the experiments were performed, which may 

influence their observations. However, the data I have presented in this thesis 

correlates with the findings of both studies when considered within distinct 
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contexts: reintroduction of physiologically relevant and supraphysiological 

glucose concentrations. I would argue that this reinforces the importance of fully 

reporting compositions of cell culture media, which once accounted for may 

provide a clearer picture of the potentially state-dependent function TSPO plays 

in regulating glycolysis.  

A role for TSPO in regulating cellular metabolism may explain the previously-

established existence of TSPO-VDAC347,348 and TSPO-ANT56,350 interactions. 

Existing studies in the literature have suggested that a TSPO-VDAC-ANT 

complex may facilitate the mitochondrial permeability transition pore (MPTP). The 

MPTP is formed during cellular or mitochondrial stress; thus, potentially 

explaining the association between TSPO and stress responses in a variety of 

models361–363. However, this may better be supported by a role for TSPO in 

regulating ATP import/export to/from the mitochondria in response to the 

energetic needs of the cell. Moreover, because ATP is critical for a myriad of 

cellular processes, it is plausible that compensatory mechanisms exist to facilitate 

ATP transport in the absence of TSPO. This may explain a report suggesting that 

TSPO deficiency does not modulate cellular ATP levels366.  

Independently, HK2 and VDAC585 and CPT1a and VDAC464,465,586 have been 

reported to interact. Coupled with the data I presented in Chapter 3 this implies 

that TSPO may form part of a TSPO-VDAC-ANT-HK2-CPT1a metabolic 

regulatory ‘supercomplex’ that facilitates state-dependent control of cellular 

metabolism (Figure 6.1.1). During an ‘energy replete’ state, TSPO may help 

promote glycolysis over FAO in astrocytes, whereas during a prolonged ‘energy 

deficit’ or period of heightened energetic requirements, TSPO may help promote 

FAO over glycolysis to facilitate greater ATP production (Chapter 1.1.3.1). This 

may explain why TSPO-/- astrocytes derive more of their energy from FAO 

(Figure 3.4.12). A theoretical model for how the role of TSPO in this complex may 

be modulated via cellular energy-sensing mechanisms is described in more detail 

in Chapter 6.3.1 below. This ‘supercomplex’ may explain how TSPO deficiency 

modulates cellular metabolism but does not ablate it, which suggests that TSPO 

is a dispensable member of the complex that may help refine cellular energy use. 

Importantly, it remains unclear whether these protein-protein interactions occur 

directly or indirectly, thus the order of interactions presented in Figure 6.1.1 are 

hypothetical. Another key question that remains is the order of these interactions 
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in the metabolic regulatory ‘supercomplex’. Future studies could employ 

techniques such as co-immunoprecipitation-mass spectrometry587, weak affinity 

chromatography587, fluorescence resonance energy transfer587, two- or three-

dimensional SDS-PAGE587, density gradients587, site-directed mutagenesis588, or 

proteomic analyses587,589,590 to discern the order of interactions and whether they 

are direct or indirect. In addition, the potential effects of post-translational 

modifications in regulating the constitution of this ‘supercomplex’ may prove to be 

a fruitful avenue for investigation590.  

This proposition provides a possible explanation for the reduced ECAR and OCR 

I report in the basal metabolism studies (Figure 3.4.1), suggesting that TSPO 

deficiency attenuates import of the products of aerobic glycolysis to the 

mitochondria of MPAs. This may imply that loss of TSPO impacts activity of 

mitochondrial pyruvate carrier (MPC), potentially via its known interaction with 

VDAC (Figure 1.1.2). Crucially, the precise mechanisms regulating the activity of 

the MPC remain unclear591,592 providing an interesting avenue for further 

exploration. I must emphasise that this is pure speculation, as I have presented 

no evidence to support the existence of a TSPO-MPC protein complex in 

astrocytes in this thesis. Similarly, because of the role of the MPC in amino acid 

metabolism593,594, this may hint at a role for TSPO in this process, a notion that is 

potentially supported by the data I have presented. In Chapter 3, I did not 

observe any significant differences in the metabolic response of TSPO-/- MPAs to 

the reintroduction of L-glutamine apart from a greater reduction in ECAR following 

injection of 1000µM L-glutamine. This suggests that TSPO may regulate the 

import of amino acids to the mitochondria for downstream metabolism, or 

potentially the metabolism of amino acids, though I must reinforce that this is a 

single finding from a single tested concentration of a single amino acid and so 

must be regarded with caution. Thus, it would be beneficial to explore this further 

with a wider variety of amino acids and at a wider range of concentrations, as well 

as exploring possible protein-protein complexes between TSPO and proteins 

associated with amino acid metabolism.  

Future studies could advance our understanding of the effects of TSPO ligands 

on these protein-protein complexes. Considering the attraction of TSPO as a 

therapeutic target, this would be beneficial knowledge. I attempted to examine 
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this via co-immunoprecipitations in Chapter 5, however my attempts were 

hindered by technical issues when immunoblotting the samples generated.  
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Figure 6.1.1: A proposed model for TSPO as a state-dependent regulator of astrocyte 
metabolism. 

Hypothetical figure proposing how TSPO may regulate metabolic flexibility in astrocytes by 
inhibiting key proteins of various metabolic pathways in different energetic states. During an 
‘energy replete’ state, astrocytes derive much of their energy from glycolysis. TSPO may work to 
supress CPT1a function (Figure 3.4.12, 14) and facilitate mitochondrial localisation of HK2340. 
During an energy deficit or period of heightened energy requirements, TSPO may suppress 
glycolysis by modulating mitochondrial localisation of HK2340 and promoting FAO to increase ATP 
generation. In TSPO-/- MPAs, CPT1a can freely associate with the complex, reducing HK2 activity 
and increasing the contribution of FAO to cellular metabolism (Figure 3.4.12, 14).   

Created with BioRender.com. 

OMM: Outer mitochondrial membrane. IMS: intermembrane space. IMM: inner mitochondrial 
membrane. TSPO: translocator protein 18kDa. CPT1a: carnitine palmitoyltransferase 1a. HK2: 
hexokinase 2. MPC: mitochondrial pyruvate carrier. FAO: fatty acid oxidation. TCA: tricarboxylic 
acid cycle. ETC: electron transport chain. ATP: adenosine triphosphate. VDAC: voltage 
dependent anion channel. ANT: adenine nucleotide transporter. G6P: glucose-6-phosphate. 
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6.1.2: Altered temporal profile of LPS-induced cytokine release in TSPO-/- 

MPAs  

TSPO has been posited as a regulator of inflammatory 

responses339,340,573,595,343,344,372,378,397,444,505,508 and Nfkb gene expression512,513 

which together indicate that TSPO might regulate inflammatory responses via 

NFκB. My data do not support this notion: in Chapter 4 I observed no statistically 

significant impact of TSPO genotype on NFκB protein expression. Moreover, I did 

not observe any statistically significant differences in NFκB phosphorylation at the 

Ser536 residue in response to LPS stimulation (Figure 4.4.8, 10), suggesting that 

TSPO does not mediate the cellular inflammatory responses of astrocytes via this 

mechanism. Collectively, existing evidence posits that TSPO regulates cellular 

inflammatory responses by modulating cellular 

metabolism306,339,574,595,340,347,358,368,369,428,524,573. In contrast to this line of thought, 

I did not observe any statistically significant effects of TSPO deficiency on the 

metabolic response of MPAs to 3h or 24h LPS stimulation (Figure 4.4.15, 16), 

suggesting that this is not the case. Although I had previously determined that 

TSPO-/- MPAs have altered metabolic substrate preferences, the data that I have 

presented lead me to conclude that in astrocytes this change to basal cellular 

metabolism does not impede the metabolic plasticity required to fuel an 

inflammatory response, at least following 3 or 24h LPS stimulation. This may be 

explained by the finding that TSPO-/- MPAs met a greater proportion of their 

bioenergetic requirements through FAO (Figure 3.4.12) – for example, it is 

possible that rates of FAO increased to meet the metabolic demand placed on 

these cells incurred by LPS stimulation.  

Despite seeing no change in NFκB phosphorylation or cellular bioenergetics, I 

observed that TSPO deficiency modulated the temporal release profile of TNF in 

response to LPS stimulation (Figure 4.4.7). This suggests that alongside 

modulating cellular metabolism, TSPO may somehow regulate cytokine release. 

One mechanism by which this may occur could be through regulation of the Ca2+ 

signalling required for cytokine release596,597. Links between TSPO and regulation 

of cellular Ca2+ flux have been drawn in other cell types357,358. Release of TNF is 

indirectly mediated by Ca2+ flux (Figure 6.1.2). Briefly, under basal conditions 

TNF is stored as a larger structure termed pro-TNF598–600. Following inflammatory 

stimulation, pro-TNF is rapidly cleaved by a disintegrin and metalloprotease 17 
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(ADAM17), producing TNF598–600 which is replenished by JAK/STAT and NFκB-

mediated translation of the Tnf gene518,601,602. Importantly, ADAM17 is activated 

via the mitogen activated protein kinase (MAPK) pathway603,604, which has 

previously been linked to regulation of TSPO expression304,456,472,532 and is itself 

regulated by Ca2+ signalling605–607. Thus, altered Ca2+ dynamics in TSPO-/- 

astrocytes might explain temporal modulations in TNF release (Figure 6.1.2). 

Moreover, TSPO has been linked to NLRP3 inflammasome formation in 

microglia342,343,345,346. Inflammasomes form a part of astrocyte inflammatory 

responses608–610, are strongly linked to Ca2+ signalling548,611–614 and indirectly 

influence TNF secretion615; therefore, modulation of Ca2+ signalling via TSPO 

deficiency may impair inflammasome activation in these cells and thus explain 

the modulated temporal release profile of TNF in TSPO-/- MPAs (Figure 6.1.2).  

Importantly, although I did not investigate any potential effects of PK-11195 

treatment on the calcium dynamics of MPAs, existing evidence in the literature 

suggests that pharmacological modulation of TSPO has downstream effects on 

these cellular inflammatory responses, reinforcing the concept of TSPO as an 

inflammatory mediator312,391,397,430,441,506,508,513. Moreover, TSPO ligands379 

including PK-11195616 have been reported to modulate Ca2+
 signalling, 

suggesting that TSPO is involved in this process. Therefore, modulation of Ca2+ 

dynamics by TSPO may underlie the effects of TSPO ligands on inflammatory 

responses. Future studies could focus on ascertaining whether pharmacological 

inhibition of TSPO recapitulates the published effects of TSPO deficiency on the 

Ca2+ dynamics of these cells ± LPS stimulation, though PK-11195 has been 

reported to induce Ca2+-associated apoptosis616. This would offer insight into the 

downstream processes manipulated by PK-11195 and potentially contribute to a 

wider consensus on TSPO functionality, thus providing an intriguing avenue for 

further study.  
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Figure 6.1.2: TSPO may regulate inflammatory responses by influencing Ca2+ flux. 

Schematic outlining how TSPO might affect TNF secretion from astrocytes. In TSPO+/+
 astrocytes, 

MAPK is rapidly activated in response to an inflammatory stimulus. This leads to concomitant 
activation of ADAM17603,604 and increased cytosolic Ca2+ levels605–607, which contribute to NLRP3 
inflammasome formation548,611–614. ADAM17 cleaves pro-TNF, producing TNF. Activation of the 
NLRP3 inflammasome indirectly increases ADAM17 activity and TNF production615. In TSPO-/-

 

astrocytes or following pharmacological inhibition of TSPO, VDAC-dependent349 mitochondrial 
Ca2+ release may be impinged, impeding NLRP3 inflammasome formation and/or ADAM17 
activation, thus temporally modulating but not ablating TNF secretion (Figure 4.4.7).  

Created with BioRender.com.  

TSPO: translocator protein 18kDa. +/+: expressing. -/-: deficient. TNF: tumour necrosis factor. 
MAPK: mitogen-activated protein kinase. ADAM17: a disintegrin and metalloprotease 17. NLRP3:  
Nod-like receptor family pyrin domain containing 3. ECM: extracellular matrix. OXPHOS: 
oxidative phosphorylation. FAO: fatty acid oxidation. VDAC: voltage dependent anion channel. 
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6.2: General limitations 

While the limitations pertinent to each chapter have been highlighted in the 

relevant discussion section, there are overarching limitations that apply to this 

body of work, which will be discussed below.  

6.2.1: The models of TSPO deficiency used 

The TSPO-/- MPAs used in this body of work were isolated from animals that were 

germline deficient, i.e., TSPO had never been present in any of these organisms. 

While germline genetic ablation is a useful method of studying gene/protein 

function, the deficits induced by germline deficiencies are often mitigated by 

compensatory mechanisms617,618. It is therefore likely that the TSPO-/- MPAs 

exhibited adaptations that may have influenced the results. If it had been 

available to us, an alternative model, such as an inducible TSPO knockout, may 

have been a better tool to study the functionality of this protein. This would have 

simplified the workflow and allowed MPAs to be isolated in bulk, and TSPO 

deficiency induced post-isolation by incubation with the appropriate trigger (e.g., 

tamoxifen619,620). However, inducible knockouts come with the caveat that 

complete ablation of the gene is not guaranteed621,622. As an alternative, a 

transient knockdown could have been employed. However, the drawback of this 

technique is that it would need to be repeated between every experiment, and 

therefore there may be day-to-day variation in efficiency that is difficult to account 

for.  

The TSPO-/- U373 cells were generated by Daisy Stewart using CRISPR-Cas9 

technology during her Professional Training Year, which took place in our 

research group. While the CRISPR-Cas9 system is widely used, it is not without 

its limitations. Notably, off-target effects are a major concern, despite attempts to 

minimise these622–625. Though the TSPO-/- U373s were validated using 

immunocytochemistry, PCR, and immunoblotting to confirm TSPO deficiency, it 

is possible that off-target cleavage of other genes occurred which was not 

accounted for by these methods of validation. Moreover, the single colony 

selection and expansion following CRISPR-Cas9 utilisation hugely increases the 

passage number of the cells. This poses the inherent risk of phenotypic drift within 

the population626–628. TSPO+/+ control cells transfected with an empty vector 

plasmid were equivalently maintained to account for this, but it nonetheless 
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remains possible that the phenotype of these cells does not accurately reflect 

those of the (slightly) more physiologically relevant cells that have not been 

cultured on plasticware for an extended period. This technical limitation may have 

been overcome using a transient TSPO knockdown, perhaps mediated by 

siRNAs, however this would need to be repeated as part of every experimental 

protocol that made use of these cells. Species differences, mouse vs human, may 

also potentially account for differences in the metabolic profile of TSPO-/- MPAs 

and U373s. Finally, U373 cells are an astrocytoma (brain cancer) cell line and 

therefore, these cells do not accurately represent the non-pathological 

physiological state of astrocytes381. However, increased TSPO expression is 

clinically associated with gliomas, thus the findings from these cells may be of 

relevance when considering this pathological state375,629.  

6.2.2: Reliance on metabolic flux analyses 

While this thesis has provided insight into the role of TSPO in regulating astrocyte 

bioenergetics, the main means by which this was assessed was through 

extracellular flux analysis (EFA). EFA is a well-recognised and widely-employed 

means of gauging cellular bioenergetics and therefore the metabolic state of 

cells630–632. However, EFA is inherently reliant on proxies of cellular metabolism, 

such as oxygen consumption rate (OCR) as a proxy for mitochondrial 

respiration633,634 and acidification of the culture media (extracellular acidification 

rate; ECAR) for glycolysis631,635,636. Although these processes are widely 

recognised as major contributors to these outputs, they nonetheless remain 

simplified proxies for an extremely complex interplay of various cellular pathways. 

Importantly, EFA alone struggles to distinguish between the contributions made 

by various metabolic pathways to OCR and ECAR, though this may be somewhat 

elucidated through careful employment of selective inhibitory agents to discern 

the contribution of a particular pathway within a given context (for example, the 

fatty acid oxidation stress test). While I have reinforced the results of EFA where 

possible by measuring concentrations of metabolic products (i.e., lactate 

secretion), alternative measurements such as glucose uptake or pyruvate 

production assays could have been employed to provide a more holistic insight 

into the metabolic changes underlying any change in EFA results. As an 

alternative secondary measure of cellular metabolism, enzyme activity assays 

could have been employed in place of characterising total expression of these 
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proteins via immunoblotting. Similarly, interrogation of changes to pathways 

involved in energy homeostasis, such as phosphorylation of the key energy 

sensor AMPK or its target ACC, could have been employed to provide more direct 

interrogations of the metabolic consequences that may arise from TSPO 

deficiency or pharmacological inhibition of TSPO. Future studies could employ 

these more varied techniques to further support the findings from EFA, which 

provides a valuable and accessible insight into cellular bioenergetics.  

6.2.3: Limitations of in vitro methodology 

All the work presented in this thesis is derived from study of ex vivo MPAs or 

astrocytoma cells, which were maintained in vitro using a two-dimensional 

plasticware-based culture system. While MPAs have greater physiological 

relevance than astrocytoma cells, a key and widely-recognised limitation of the 

two-dimensional cell culture methodology employed within this thesis is that the 

astrocytes are unable to assume a physiologically relevant morphology, instead 

becoming more morphologically fibrotic and reminiscent of gliotic or reactive 

astrocytes637. The fibrotic and arguably gliotic phenotype of these cells is 

exacerbated by the inclusion of sera in the culture media to support cell growth637. 

Sera is known to increase expression of GFAP in astrocytes, a marker of 

astrocyte reactivity in vivo. Removal of sera from two-dimensional astrocyte 

cultures has been demonstrated to reduce GFAP expression and the fibrotic 

morphology of astrocytes637. Moreover, the morphology of astrocytes in two-

dimensional culture is not reflective of their state in the intact animal. In vivo, 

astrocytes exhibit a complex stellate morphology characterised by the extension 

of various processes to facilitate intercellular interactions80,637. Thus, a three-

dimensional culture system could have been employed to facilitate this more 

physiologically relevant morphology, perhaps through the use of a hydrogel or 

organoid system637,638. While this does not eliminate the limiting factor of a cellular 

monoculture, this would at the very least encourage the astrocytes to adopt a 

more physiologically relevant morphology. Future studies of astrocyte 

functionality in vitro could certainly explore using these techniques, which are 

becoming increasingly popular in existing literature. If a three-dimensional culture 

system is not feasible, a neuronal co-culture model could be employed to 

determine any change to the ability of astrocytes to provide homeostatic or 

metabolic support to neurons. Alternatively, an acute brain slice culture system 
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could be used to examine the functionality of these astrocytes more holistically in 

a native environment.  

6.3: Outstanding questions 

This thesis has presented evidence supporting a role for TSPO in regulating the 

cellular bioenergetics of astrocytes, in addition to a potential role in influencing 

cytokine release from these cells. Alongside these key findings, intriguing 

questions have been raised, presenting exciting avenues for further study which 

are outlined below.  

6.3.1: How is TSPO regulated? 

Despite decades of widespread interest, our knowledge of how TSPO 

function/activity is regulated remains extremely limited. Existing evidence in the 

literature suggests that TSPO may be regulated via a phosphorylation 

event315,433,532,639,640, however the precise residue this occurs at remains to be 

determined. TSPO phosphorylation was reported in mice in 1994315,640 and 

2010315,532. In 2014, TSPO was shown to undergo phosphorylation by protein 

kinase A (PKA) in rat hypothalamic astrocytes following stimulation with 

oestradiol433, which was later independently recapitulated using brain 

homogenate639. PKA is activated in response to increased cyclic AMP (cAMP) 

concentrations641,642, with a variety of associated downstream effects including 

steroidogenesis433,643, FAO644,645, and gluconeogenesis641,646,647; alongside other 

signalling mechanisms such as Ca2+ flux648–650. Similarly, in tanycytes and 

microglia, TSPO deficiency has been linked to modulation of Ca2+ signalling357,358, 

and alongside the evidence presented in this thesis, a role for TSPO in regulating 

cellular metabolism is emerging in the published 

literature304,315,320,357,358,366,368,370,446. Thus, these functions may be regulated by 

PKA signalling. Importantly, the effects of PKA signalling on cellular metabolism 

are similar to the observations I reported in TSPO-/- MPAs (Chapter 3), implying 

that PKA signalling may indeed regulate TSPO activity in astrocytes in response 

to cellular energy levels (Figure 6.3.1).  

Notably, the downstream effects of the PKA pathway on cellular energy use are 

not dissimilar to those of AMPK, a master energy regulator which is 

phosphorylated in response to low ATP levels9,72. This suggests that either AMPK 

or PKA may regulate TSPO activity to maintain cellular ATP levels. Moreover, 
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AMPK indirectly regulates FAO, and thus might inhibit TSPO to facilitate greater 

CPT1a activity. Importantly, the mechanisms regulating CPT1a activity are poorly 

understood, but are currently accepted as being related to malonyl-CoA 

production. When AMPK is active, it rapidly phosphorylates (inactivates) acetyl-

CoA carboxylase9,561. This prevents conversion of acetyl-CoA to malonyl-CoA. 

Malonyl-CoA inhibits CPT1a function, thus inhibition of acetyl-CoA carboxylase 

allows acyl-CoAs to undergo FAO following mitochondrial import, which is 

mediated via CPT1a58,206,224,561,651 (Figure 1.1.3.1). Similarly to PKA, AMPK 

activation promotes other processes associated with ATP generation and energy 

expenditure, such as glycolysis8,9,72. In addition to activation in response to low 

ATP, AMPK can also undergo phosphorylation from calcium/calmodulin-

dependent protein kinase kinase 28 (CaMKKβ), which has also linked to energy 

homeostasis and Ca2+ signalling8,652,653. TSPO has been posited as a regulator 

of AMPK subunit gene expression370, and PK-11195 has been linked to AMPK 

activation477, which substantiates a link between these proteins. Thus, alongside 

PKA, AMPK may also regulate TSPO activity via phosphorylation in response to 

fluctuations in cellular energy levels.  

Importantly, aside from limiting substrate availability (and thus turnover rate), 

regulation of the activity of proteins such as CPT1a and MPC are poorly 

understood. In this thesis I have presented evidence to suggest that TSPO may 

control FAO via a complex with CPT1a. As TSPO-deficient astrocytes have 

increased FAO capacity, this implies that TSPO may somehow inhibit CPT1a 

function. Therefore, regulation of TSPO activity via phosphorylation represents a 

tangible mechanism by which TSPO may regulate cellular energy use. This is in 

line with some extremely recent observations of TSPO function: in early 2023, 

TSPO was shown to regulate mitochondrial localisation of HK2340, thus governing 

the activity of this enzyme. This body of evidence supports the argument that 

TSPO may regulate the activity of mitochondrial proteins to effect changes on 

cellular metabolism, which I propose may be mediated by via these protein-

protein complexes (Figure 6.1.1). Furthermore, I suggest that activity of TSPO 

may in turn be regulated by a phosphorylation event potentially mediated by PKA 

and/or AMPK in response to cellular energy deficits (Figure 6.3.1), providing a 

mechanistic basis for dynamic control of cellular metabolism via TSPO.  
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Figure 6.3.1: Theoretical mechanisms regulating TSPO activity and their potential effects 
on TSPO-containing complexes. 

Schematic outlining how TSPO activity may be regulated by the metabolism-associated kinases 
AMPK and PKA. Following activation of AMPK8,9,72,652,653 or PKA641,642 during an energy deficit or 
period of heightened energetic requirements, TSPO may be the subject of an AMPK-mediated 
(speculative) or PKA-mediated (previously confirmed433) phosphorylation event. Here, TSPO is 
phosphorylated at one residue in response to an AMPK/PKA activation, promoting mitochondrial 
localisation of HK2 and the MPC to facilitate aerobic glycolysis. Persistent TSPO phosphorylation 
leads to gradual conformational changes/phosphorylation of an alternative residue, promoting 
CPT1a recruitment to the complex in place of HK2 and MPC. Thus, a gradual increase in FAO-
based ATP production in the longer term may be observed. Modulation of VDAC- and ANT-
containing complexes may affect mitochondrial Ca2+ efflux.  

Black dotted arrows indicate speculative processes. Red dotted arrows and more transparent 
icons indicate potential conformational changes, or movement of proteins in and out of a complex. 
This may also be seen as representing a three-dimensional shift in the complex to promote one 
process (FAO) over another (glycolysis). Created with BioRender.com.  

AMP: adenosine monophosphate. ATP: adenosine triphosphate. AMPK: AMP-activate protein 
kinase. CaMKKβ: calcium/calmodulin-dependent protein kinase kinase β. PKA: protein kinase A. 
cAMP: cyclic AMP. TSPO: translocator protein 18kDa. Pi: inorganic phosphate. CPT1a: carnitine 
palmitoyltransferase 1a. HK2: hexokinase 2. MPC: mitochondrial pyruvate carrier. VDAC: voltage-
dependent anion channel. ANT: adenine nucleotide transporter. OMM/IMM: outer/inner 
mitochondrial matrix. FAO: fatty acid oxidation. 
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6.3.2: Does TSPO regulate calcium signalling in astrocytes? 

Another outstanding question is the mechanism by which TSPO deficiency 

temporally modulates TNF secretion (Figure 4.4.7). As discussed in Chapter 6.3, 

this may suggest a wider role for TSPO as an influencer of astrocyte [Ca2+]i, a 

key regulatory mechanism underlying the secretion of various molecules from 

astrocytes and other cells. In microglia and tanycytes, TSPO has been linked to 

Ca2+ signalling357,358; however, whether this mechanism is conserved in 

astrocytes remains unclear. Modulation of this key mechanism may provide 

insight into the function of TSPO protein complexes reported in the existing 

literature, such as with VDAC1, which remains consistently reported but 

functionally poorly understood357,428,438,654. This may also represent a means by 

which TSPO may affect mitochondrial parameters such as fission:fusion status, 

which were not examined in this thesis. Existing work in the literature has linked 

TSPO to regulating these processes through mechanisms which remain 

unclear448,655. Elucidating this is pertinent when one considers the increasing 

recognition of distinct subclasses of astrocytes, which fulfil myriad functions within 

the CNS parenchyma80,656–658. Published literature has proposed that the function 

of TSPO likely varies depending on the physiological context357,358: the particular 

type of cell and/or stimulus being interrogated. Therefore, in a population of cells 

functionally and phenotypically diverse as astrocytes, it is crucial to ascertain any 

sub-type and/or state-dependent differences in TSPO functionality if TSPO is to 

be therapeutically manipulated; particularly bearing in mind the recent revelation 

that in at least one pathophysiological context393 astrocytes are among the first 

classes of cells to upregulate TSPO expression.  

For future studies, genetically encoded calcium indicators may provide an 

accessible route to studying this in vivo, particularly if coupled with a TSPO-

deficient model and a chemogenetic switch to provide dynamic control over the 

activity of calcium channels. However, this is likely to pose logistical challenges, 

which may be better accounted for in an ex vivo model such as acute slice culture 

or a three-dimensional cell co-culture. This could then be coupled with genetically 

encoded Ca2+ sensors or more traditional fluorometric methods to interrogate 

Ca2+ signalling. Regardless of the outcomes of these studies, an improved 

knowledge of the role of TSPO in regulating cellular metabolism and its relation 

to the inflammatory state of the astrocyte, and an enhanced understanding of the 
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role TSPO plays in regulating cellular Ca2+ dynamics, may thus help unify two 

apparently distinct functions of TSPO.   

6.3.3: What comes first in situ: the metabolic shift, or the inflammatory stimulus? 

The body of work presented here has examined the role of TSPO in regulating 

astrocyte metabolism and in regulating the expression of proteins associated with 

cellular metabolism in the context of an inflammatory stimulus. However, the 

precise order of events, and thus the function of TSPO in astrocytes, remains 

somewhat unclear. As existing evidence and this thesis attempt to highlight, 

inflammatory responses and metabolic shifts are not distinct cellular 

processes255,289,290,384,389,493,533,659 and are closely interlinked, likely bidirectional, 

parameters40,167,289,290,659. In vivo, TSPO expression increases during chronic 

neuroinflammation317,444,501,574,660. Whether this is in response to the increased 

metabolic demand placed on the CNS parenchyma or because TSPO is a key 

regulator of the inflammatory response remains unclear. However, evidence 

published in 2020 suggested that TSPO expression increases in astrocytes prior 

to microglia during Alzheimer’s disease393, and in 2023 the same group 

demonstrated that TSPO is regulated by the STAT3/ERK pathway in response to 

inflammatory signalling, and may regulate cellular metabolism in astrocytes456. 

While this valuable study further substantiates a link between TSPO and 

immunometabolism, this body of evidence was published well into my doctoral 

studies (August 2023) and therefore could not have informed any of my 

experimental procedures. Moreover, the findings of this published study were 

derived from the C6 astrocytoma cell lines, which like U373 cells, do not 

accurately represent primary astrocytes (Chapter 6.2.1). Nonetheless, this 

indicates TSPO may primarily regulate cellular metabolism, and subsequently 

affects energetically expensive immune responses associated with mitochondria 

(reactive oxygen species production, inflammasome activation, Ca2+ 

homeostasis), thus supporting the findings I have presented in this thesis. 

Crucially, astrocytes play key roles in providing trophic support to neurons and 

the wider brain parenchyma, which may help drive the inflammatory responses 

aimed to resolve the origin of CNS trauma. This could be investigated using 

murine models that allow dynamic control of TSPO expression. This could be 

achieved via astrocyte-specific reporters (for example, GFAP-, ALDH1L1-, or 

S100β-linked genetic manipulation), or targeted TSPO ablation at various points 
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throughout disease pathology in various models. By linking TSPO expression to 

reporter genes, one may be able to discern between different astrocyte subtypes 

(for example, cortical compared to brainstem or hypothalamic) and the function 

of TSPO within these distinct populations of cells.   

6.3.4: Are these outputs truly modulated by TSPO ligands? 

Much effort has been made to decode the therapeutic potential of TSPO ligands, 

with the end goal typically being to employ these ligands as an adjunct to the 

treatment of various conditions associated with a neuroinflammatory element. 

However, as discussed in Chapter 5, the ligand specificity and lack of consensus 

regarding downstream functions regulated by TSPO has hindered this. Whilst 

more recent studies have endeavoured to account for potential off-target effects 

of TSPO ligands using TSPO-/- models379, a more holistic understanding of 

TSPO-associated functions reinforced by findings from a variety of studies 

encompassing stable and transient TSPO deficiency may first be beneficial and 

could be addressed via a meta-analysis. Considering that the potential for 

therapeutic employment of TSPO ligands is being explored in clinical trials for 

neurodegenerative conditions406,411,412, and given the promising neuroprotective 

effects of TSPO ligands in multiple preclinical models397,399,430,442,444,595, this may 

prove to be a fruitful and highly impactful endeavour. Reports of the rs6971 TSPO 

variant being adversely associated with bipolar disorder (tentatively linked to 

aberrant modulation of hypothalamic-pituitary-adrenal axis and increased cortisol 

secretion437) and major depressive disorder435,436 (through an as-yet-unknown 

mechanism) further suggest that despite historical limitations, TSPO still holds 

promise as a therapeutic target. In this thesis I have presented evidence for 

TSPO as a modulator of cellular metabolism in astrocytes, which is congruent 

with findings from microglia339,340 and cells of the periphery366,446. Moreover, 

cellular metabolism is gaining appeal as a therapeutic target for various 

conditions77,661–663. The evidence I have presented herein concerning the role of 

TSPO as a metabolic regulator is an interesting parallel with the modulated 

steroidogenesis observed in studies of bipolar disorder, as steroidogenesis is a 

metabolically expensive process and potentially suggests that the rs6971 

polymorphism may alter cellular metabolism. To the best of my knowledge this 

interesting hypothesis has yet to be investigated and could be tackled through 

the use of patient-derived stem cells to accurately determine the effect of TSPO 
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variants on cellular metabolism in a variety of clinically relevant in vitro settings 

(with the aforementioned caveats of 2-dimensional cell culture, Chapter 6.2.3), 

which could then inform clinical trials in neuropsychiatric and neurodegenerative 

conditions to more accurately inform the validity of TSPO as a therapeutic target. 

Inclusion of appropriate age-matched controls would be vital for maximum 

research output from these studies, in addition to consistent sampling between 

studies to build an accurate picture of the therapeutic potential of pharmacological 

TSPO manipulation. Following this, the dedicated development of TSPO ligands 

designed to modulate specific functions beyond serving as bioimaging markers 

is likely required to therapeutically target TSPO. Accounting for any off-target 

effects of these ligands in both in vivo and in vitro studies will certainly yield 

greater insight into the true therapeutic potential and functionality of TSPO in a 

variety of cells. Studying apparently widely conserved functions of TSPO, such 

as regulating cellular metabolism, in this manner may thus be of benefit for a 

variety of conditions. Holistic and high-throughput techniques, such as cytokine 

array panels, metabolomics, single-cell/nucleus RNA sequencing, and 

proteomics could yield a wealth of data regarding the functionality of TSPO in a 

variety of cells, including astrocytes. Correlates could then be drawn with patient 

samples to investigate the potential role of TSPO variants in modulating 

developmental risk or therapeutic outcomes in a variety of conditions. In sum, this 

approach may help to elucidate the true therapeutic potential of, and any inherent 

risks associated with, pharmacologically modulating TSPO.   
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6.4: Conclusions and future directions 

In this thesis, I have used models of TSPO deficiency (MPAs and U373 cells) to 

characterise the potential role of TSPO in regulating cellular metabolism. 

Crucially, I have demonstrated that absence of TSPO reduces the bioenergetic 

rates of astrocytes; a finding which is explained by an increased contribution of 

FAO to maintaining the metabolism of these cells. Furthermore, I have 

independently recapitulated evidence demonstrating that TSPO forms a protein 

complex with CPT1a, the rate-limiting enzyme of FAO, in astrocytoma cells. 

Contrary to my expectations, TSPO deficiency did not appear to affect the 

metabolic response of MPAs to LPS stimulation. Whilst I did not observe any 

regulatory effect of TSPO deficiency on proteins associated with metabolism, I 

found that ablation of TSPO temporally modulated the release of TNF following 

LPS stimulation. This implies that TSPO may serve multiple roles in MPAs. 

Finally, I presented evidence suggesting that pharmacological inhibition of TSPO 

does not appear to modulate astrocyte bioenergetics but may modulate the 

stoichiometry of TSPO protein complexes. Potential directions for future studies 

include: characterisation of Ca2+ dynamics in TSPO-/- astrocytes of a variety of 

subtypes (e.g., cortical vs hypothalamic astrocytes); interrogation of enzymatic 

function in TSPO-/- astrocytes, such as HK2 or enzymes associated with FAO, or 

metabolomics arrays, to support the bioenergetics data presented here; 

immunocytochemistry examining the mitochondrial dynamics and/or lipid droplet 

distributions in TSPO-/- MPAs; and, validation of a wider array of TSPO ligands in 

conjunction with a TSPO-/- model to account for off-target effects, with the 

intention of providing a consensus on readily measurable downstream functions 

potentially impacted by TSPO that may serve as viable therapeutic targets. These 

studies could include a wide variety of inflammatory stimuli and timepoints to 

provide a more holistic overview of TSPO function in a physiological and 

pathophysiological context.  
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Appendix 

Appendix 1: Regulation of astrocyte metabolism by mitochondrial 

translocator protein. 

Firth W, Robb JL, Stewart D, Pye KR, Bamford R, Oguro-Ando A, Beall C, Ellacott 

KLJ. BioRxiv preprint (2023).  

doi: 10.1101/2023.09.29.560159. 

Abstract: The mitochondrial translocator protein 18kDa (TSPO) has been linked 

to a variety of functions from steroidogenesis to regulation of cellular metabolism 

and is an attractive therapeutic target for chronic CNS inflammation. Studies in 

the periphery using Leydig cells and hepatocytes, as well as work in microglia, 

indicate that the function of TSPO may vary between cells depending on their 

specialised roles. Astrocytes are critical for providing trophic and metabolic 

support in the brain as part of their role in maintaining brain homeostasis. Recent 

work has highlighted that TSPO expression increases in astrocytes under 

inflamed conditions and may drive astrocyte reactivity. However, relatively little is 

known about the role TSPO plays in regulating astrocyte metabolism and whether 

this protein is involved in immunometabolic processes in these cells. Using 

TSPO-deficient (TSPO-/-) mouse primary astrocytes in vitro (MPAs) and a human 

astrocytoma cell line (U373 cells), we performed metabolic flux analyses. We 

found that loss of TSPO reduced basal astrocyte respiration and increased the 

bioenergetic response to glucose reintroduction following glucopenia, while 

increasing fatty acid oxidation (FAO). Lactate production was significantly 

reduced in TSPO-/- astrocytes. Co-immunoprecipitation studies in U373 cells 

revealed that TSPO forms a complex with carnitine palmitoyltransferase 1a, 

which presents a mechanism wherein TSPO may regulate FAO in astrocytes. 

Compared to TSPO+/+ cells, inflammation induced by 3h lipopolysaccharide 

(LPS) stimulation of TSPO-/- MPAs revealed attenuated tumour necrosis factor 

release, which was enhanced in TSPO-/- MPAs at 24h LPS stimulation. Together 

these data suggest that while TSPO acts as a regulator of metabolic flexibility in 

astrocytes, loss of TSPO does not appear to modulate the metabolic response of 

astrocytes to inflammation, at least in response to the stimulus/time course used 

in this study. 
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