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Abstract

Astrocytes with their specialised morphology are essential for brain homeostasis as

metabolic mediators between blood vessels and neurons. In neurodegenerative diseases

such as Alzheimer’s disease (AD), astrocytes adopt reactive profiles with molecular and

morphological changes that could lead to the impairment of their metabolic support and

impact disease progression. However, the underlying mechanisms of how the metabolic

function of human astrocytes is impaired by their morphological changes in AD are still

elusive. To address this challenge, we developed and applied a metabolic multiscale
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modelling approach integrating the dynamics of metabolic energy pathways and

physiological astrocyte morphologies acquired in human AD and age-matched control

brain samples. The results demonstrate that the complex cell shape and intracellular

organisation of energetic pathways determine the metabolic profile and support capacity

of astrocytes in health and AD conditions. Thus, our mechanistic approach indicates

the importance of spatial orchestration in metabolism and allows for the identification

of protective mechanisms against disease-associated metabolic impairments.

Author summary

Among the cells in our brain astrocytes are crucial to support neurons. Understanding

the role played by astrocytes in neurodegeneration is of the utmost importance. In

particular, the relationship between morphology and spatial metabolic arrangements

requires further investigation since astrocytes present morphological changes and

metabolic impairments in neurodegenerative diseases. We propose a computational

metabolic model for better understanding the interplay between these two aspects of

astrocytes. The model is solved in domains of increasing complexity from a

two-dimensional circular domain to three-dimensional human astrocytes. The findings

emphasise the importance of the spatial arrangement of metabolic reaction sites for the

metabolic dynamics, which is further emphasised in the intricate structures of

astrocytes where their morphological changes can be crucial for facilitating metabolic

dysfunctions in neurodegeneration.

Introduction 1

The human brain is the organ with the highest energy demands required to sustain the 2

high activity of neurons [1]. Astrocytes are multitasking glial cells directly contributing 3

to brain homeostasis and metabolism. By their complex architecture as star-like 4

branched cells, they are intermediate structures sitting between neurons and their 5

synapses, which they enwrap with their intricate processes, and the blood vessels, which 6

they contact with their endfeet. Based on this strategic positioning, astrocytes act as 7

metabolic supporters providing energy in the form of lactate (LAC) to neurons and 8
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modulating their activity [2, 3]. While it is known that astrocytes provide neurons with 9

lactate in high energetic demand, the hypothesis of astrocyte-neuron lactate shuttle 10

(ANSL) [2] is an open debate [4, 5]. Astrocytes are also known to respond to brain 11

“trauma” and drastically change in many brain diseases such as Alzheimer’s disease 12

(AD). In these situations, they engage reactive profiles with changes in morphology and 13

in their molecular program [6,7] like in AD where human astrocytes exhibit 14

overbranching and context-dependent hypertrophy [8–11]. In addition to morphological 15

changes, AD-associated astrocytes also exhibit metabolic dysfunctions [12–16], altering 16

their role as neuronal supporters, but the relation to morphology is not established. 17

The metabolic support function of astrocytes depends on sufficient LAC production 18

and efficient LAC export at the perisynapses as energy substrate for neurons [17] and 19

on sufficient availability of adenosine triphosphate (ATP) for its own metabolic 20

sustainability [18] requiring an ATP : ADP ratio at least larger than one [19]. 21

Furthermore, physiological conditions for functional astrocytes are characterised by an 22

approximate 10:1 ratio between LAC and pyruvate (PYR), the substrate for lactate 23

production and mitochondrial activity, further indicating their metabolic support 24

function [20]. Hence, astrocytes have to keep a balance between a LAC based 25

“altruistic” support mode and a more “egocentric” self-sustainability characterised by a 26

high ATP : ADP ratio. The mechanistic relationship between the observed 27

disease-related modifications in morphology and metabolic dysfunctions is still to be 28

characterised and whether morphology changes might represent a compensatory 29

mechanism remains elusive. 30

Here, we develop a general interdisciplinary approach to systematically investigate 31

the interplay between astrocytic morphology and energy metabolism in AD by a novel 32

spatiotemporal in silico model that allows for physiologically realistic simulations by 33

integrating complex morphologies obtained by high-resolution confocal microscopy and 34

thereby addresses the impossibility of appropriate in vivo human astrocyte studies. 35

Metabolic modelling has been extensively addressed in the literature at different levels 36

via detailed genome-scaled metabolic network models [21] or via targeted dynamic 37

models [22], including astrocytic metabolism [23–27]. All existing models neglect the 38

spatial dimensions as they describe the metabolic processes through ordinary differential 39

equations (ODEs). The underlying assumption that diffusion and reaction rates of 40
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metabolism are large enough to smear out spatial aspects are challenged by the complex 41

morphology of astrocytes and an increasing amount of evidence for relocation of 42

enzymes and other reaction sites in different conditions [28,29]. To include spatial 43

variations and geometric effects, we developed a metabolic model by means of a complex 44

reaction-diffusion system (RDS) in realistic three-dimensional (3D) morphologies 45

obtained from high-resolution confocal microscopy images of astrocytes in post mortem 46

brain samples of AD patients and age-matched control subjects [30]. The modelling 47

framework incorporates two essential astrocytic properties: 1) the main reactions of 48

glucose metabolism are spatially localised to reflect the heterogeneous distribution of 49

enzymes in the cell [28], and 2) the complex and context-dependent geometry of cells is 50

directly incorporated from high-resolution microscopy [10,31]. To address the resulting 51

computational challenges in solving the corresponding partial equations of the RDS in 52

realistic astrocytic morphologies with thin branches and regions of high curvature and 53

kinks, we adapted our previous approach [32] utilising the power of the cut finite 54

element method (CutFEM) [33,34] to disentangle the complex astrocytic geometries 55

from the mesh generation of finite-element methods and handle complex geometries as 56

independently of the mesh as possible. Compared to our previously proposed model, we 57

calibrated physiologically the parameters, investigated the spatial arrangements and 58

molecular diffusivity and include real astrocytic morphologies. 59

By this approach, our model paves the way to more physiological modelling of the 60

effect of astrocytic morphology in AD. Our framework is general and open-source and 61

can be used for other cell types characterised by high-resolution imaging. For model 62

establishment, we first performed simulations in simple two-dimensional (2D) 63

geometries and studied how metabolic dynamics are affected by the spatial arrangement 64

of reaction sites. The findings in 2D indicated the importance of the spatial component 65

and the diffusion limitation that arises from the competition between the corresponding 66

reaction centers for the metabolic substrates. Furthermore, the results highlighted the 67

fundamental role of mitochondrial organisation for the metabolic output of the system. 68

Based on these insights, we subsequently investigated spatiotemporal metabolic 69

dynamics in real 3D human astrocytic morphologies by our multiscale modelling 70

approach and demonstrate the potential of our framework to study metabolic 71

dysfunction in AD-related reactive morphology of astrocytes. 72
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Results 73

To investigate the potential mechanistic link between morphology and energy metabolic 74

activity, our model describes glucose metabolism by five main metabolic pathways 75

(Fig 1A). Our proposed model prioritises a simple description of the chemical reactions 76

to focus our study on the morphology and on the spatial component of the model. We 77

describe glycolysis via two subsequent pathways where the first represents the ATP 78

consuming and the second one the ATP producing reactions. The first pathway is 79

catalysed by a set of enzymes (hexokinase, phosphoglucose isomerase, phosphofructose 80

kinase and the fructose bisphosphate aldolase), which consume glucose (GLC) and ATP 81

to produce ADP and glyceraldehyde 3-phosphate (GLY). In the following, we describe 82

this pathway by a coarse-grained hexokinase (HXK) activity capturing the rate-limiting 83

step of the glycolysis. In the second lumped reaction, these metabolites are transformed 84

into ATP and pyruvate (PYR) by a second set of enzymes (glyceraldehyde phosphate 85

dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase, enolase and 86

pyruvate kinase), which we describe by the overall activity of the pyruvate kinase 87

(PYRK), catalysing the irreversible step in the second part of the glycolysis. The 88

generated PYR is subsequently metabolised into LAC by the lactate dehydrogenase 89

(LDH) or used by mitochondrial metabolism to generate ATP. The mitochondrial 90

metabolic activity of the Krebs cycle and oxidative phosphorylation is described by the 91

coarse-grained effective reaction Mito. Finally, another effective reaction (act) accounts 92

for various ATP-consuming processes associated with cellular activity. These metabolic 93

pathways are put into a spatial context by distributing the corresponding reaction 94

centers into a spatial domain. 95

Metabolic dynamics and reaction sites competition in 2D 96

domains 97

For model establishment and calibration, we first analyzed the effect of different spatial 98

arrangements of reaction sites on the metabolic profile in simple 2D geometries. For 99

this, we considered a circular domain and compared different configurations of reaction 100

locations. The diameter of the circular domain was set to 140µm as an average 101

diameter that contains a full astrocyte [35]. To reflect the metabolic flux from the 102
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endfeet towards the perisynapses at the neurons’ locations, we placed the entry of GLC 103

and the exit of LAC at opposing sides of the circle (Fig 1B) where the subregions are 104

defined as the intersection of a circle with a radius of 10µm and centers are located at 105

the origin for GLC and the antipodal point for LAC. The parameters used in the model 106

are shown in Table 1 and sensitivity analysis can be found in S1 in S1 Text. 107

In this simplified setup, we first assumed that a given reaction occurs around a 108

single location with a spatial extent of a Gaussian distribution with a width of 109

σ = 20.0µm except for the cellular activity. Biologically, cellular activity might also 110

vary spatially [2, 36], with a higher energy demand at the perisynapses where neuronal 111

activity induces higher cellular activity such as by neurotransmitter uptake. However, 112

here we mainly focus on the metabolic reactions and their spatial relevance. As a 113

control case (“Control”), all four reactions were located in the center of the circle as 114

shown in Fig 1C, mimicking a well-stirred condition. In a more complex enzyme 115

arrangement, we located the four reactions on the vertices of an equilateral triangle 116

inscribed inside the circle: one reaction is placed on the top vertex close to the LAC 117

exit, one reaction on the bottom right vertex and two reactions are placed on the 118

bottom left vertex. An example is shown as “Arrangement 1” in Fig 1B, where PYRK 119

and LDH are placed on top of each other, while HXK and Mito are on the top and 120

bottom right vertex, respectively. The choice of this setting is arbitrary and not 121

biologically relevant, with the only purpose of showing that the spatial arrangement of 122

reaction sites impacts the output of the system. 123

The resulting dynamics of the Arrangement 1 and the Control setup are shown in 124

Fig 1D where the average concentration dynamics inside the domain for each involved 125

metabolite are shown. As a reference, we also plotted the steady state concentrations 126

from Cloutier et al. [24], which was used to calibrate parameters of our model for which 127

no literature information was available (see Table 1). As expected, the Control 128

configuration leads to steady-state concentrations in agreement with Cloutier et al. 129

during an equilibrium period of ≈ 50s, with an exception for LAC which exhibits an 130

almost doubled level. By contrast, the arrangement of the enzyme sites in spatially 131

distributed configurations such as Arrangement 1 affects the metabolite levels of 132

interest. For example, the steady-state corresponding to Arrangement 1 is characterised 133

by concentrations of GLC, GLY, PYR and LAC that are approximately four, ten, two 134
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Model parameters
Parameter name Value Description Units Reference

DGLC 0.6E3 diffusion coefficient of glucose [µm2s−1] [37]
DATP 0.15E3 diffusion coefficient of ATP [µm2s−1] [38]
DADP 0.15E3 diffusion coefficient of ADP [µm2s−1] [38]
DGLY 0.51E3 diffusion coefficient of glyceraldehyde [µm2s−1] [39, 40]
DPYR 0.64E3 diffusion coefficient of pyruvate [µm2s−1] [39, 40]
DLAC 0.64E3 diffusion coefficient of lactate [µm2s−1] [39, 40]

GLC(t = 0) 0.0 initial concentration of glucose [mM]
ATP(t = 0) 1.6 initial concentration of ATP [mM] [24]
ADP(t = 0) 1.6 initial concentration of ADP [mM]
GLY(t = 0) 0.0 initial concentration of glyceraldehyde [mM]
PYR(t = 0) 0.0 initial concentration of pyruvate [mM]
LAC(t = 0) 0.0 initial concentration of lactate [mM]

Jin 0.048 influx of glucose [mMs−1] [24]
Jout 0.0969 degradation term of lactate [s−1] [24]
KHXK 6.19E − 02 reaction rate of hexokinase [(mM)−2s−1] [24]
KPYRK 1.92 reaction rate of pyruvate kinase [(mM)−2s−1] [24]
KMito 8.13E − 02 reaction rate of mitochondria activity [(mM)−28s−1] [24]
Kact 1.69E − 01 reaction rate of cellular activity [s−1] [24]
KLDH 7.19E − 01 reaction rate of lactate dehydrogenase [s−1] [24]

Table 1. Model parameters

and three times higher compared to the well-mixed condition described by ODEs in 135

Cloutier et al., respectively. 136

The steady-state solutions of Arrangement 1 indicate the necessity of the species to 137

diffuse inside the domain and reach the corresponding enzyme sites: GLC needs to 138

diffuse into the other part of the domain to act as a substrate for HXK, and the 139

produced GLY needs to reach the PYRK to be metabolised into PYR. The reactions 140

are thereby diffusion-limited and the system reaches the steady state before consuming 141

more GLY. Finally, the increased LAC level for Arrangement 1 in relation to the 142

Control is caused by the co-localisation of PYRK and LDH where produced PYR is 143

directly metabolised into LAC whereas in the Control, Mito and PYRK compete for 144

PYR as substrate. 145

146

To investigate systematically the effect of co-localisation and/or proximity of 147

reaction centers to GLC influx or LAC efflux, we considered all possible location 148

configurations for the four reactions on the vertices of the triangle (Fig 1B). Considering 149

the colocalisation of two reactions in the left-bottom vertex leads to twelve possible 150

location configurations (Fig 2A and 2C). As a first attempt to address slightly more 151

complex morphologies, we studied the twelve arrangements within a two-dimensional 152

star shape (Fig 2B) as a simplified version of an astrocyte. This setup allows for 153
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Fig 1. Spatial arrangement of metabolism has an impact on cellular
metabolite concentrations.
A: GLC enters the cytosol of the cell and takes part in glycolysis whose effective
kinetics is captured by the two reactions HXK and PYRK. The products of glycolysis
are subsequently consumed by the LDH reaction for generating LAC, by the act
reaction describing ATP consumption due to cellular activity, and by mitochondria
where the effective reaction Mito produces ATP from PYR through the Krebs cycle and
oxidative phosphorylation. B: (left) Generic configuration to investigate the effect of
metabolite transport on the output of metabolism in a 2D circular domain. The color
map highlights the position of the reaction sites (defined by∑

i G(xi, σi) i = {HXK,PYRK,Mito,LDH}), which are located on the vertices of an
equilateral triangle. Two reaction sites are colocalised at the bottom left corner. (Right)
Position of the reaction sites in Arrangement 1: HXK on the top close to the efflux of
LAC, PYRK and LDH colocalised close to the GLC influx, and Mito on the last vertex.
C: Control scenario: all reaction sites are located in the center. D: Dynamics of the
average concentration of each species in Arrangement 1 and Control, compared with the
steady-state values from Cloutier et al. [24]
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comparable results between the two domains since molecules have to pass similar 154

distances between the subregions where GLC enters and the subregion where LAC is 155

exported. Reaction sites were located analogously at the three vertices of an equilateral 156

triangle within the star. As in the circular setup, we placed two reaction sites colocalised 157

closer to the influx of GLC, and one reaction site at each of the remaining vertices. 158

Fig 2D shows the steady-state and spatially averaged concentration of each species 159

of interest for the twelve possible configurations of the circular (left columns) and the 160

star domain (right columns) where the maximum and minimum values for each species 161

are highlighted in red and blue, respectively. Simulations performed in both domains 162

exhibit similar trends. The species that are affected the most by the different spatial 163

arrangement are GLC, GLY and PYR for the co-localisation of the reaction sites 164

HXK-PYRK (Location 6 and 9) and PYRK-LDH (Location 1 and 4) which led to low 165

level of GLY or PYR, respectively. In the Control, where all the reaction sites overlap 166

in the center of the domain, the system is more efficient with low levels of GLC, GLY 167

and PYR, and a medium value of LAC. Although LAC shows differences depending on 168

the location of the reaction sites, the changes are less significant due to the efflux which 169

reduces LAC steady-state concentrations. Interestingly, the star-shape domain exhibits 170

the highest values of LAC pointing to the importance of morphologies with branches 171

and higher complexity. Since cellular activity is assumed to occur homogeneously inside 172

the domains, variability in ATP and ADP levels across the setups are rather small 173

confirmed by the [ATP] : [ADP] ratio with a variance between all the simulations of 174

0.005 (mM2) (Fig 2E). 175

Overall, this in silico experiments emphasise the variable output of the metabolic 176

RDS as a function of the intracellular spatial organisation of reaction sites. To further 177

investigate this effect, we next modelled the effect of enzyme distributions in more 178

detail. 179

180
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Fig 2. Spatial organisation and competition between reaction sites affect
the metabolic activity of the system.
A: Spatial setting of simulations performed in a 2D circle. GLC enters along one side,
and on the diametrically opposite side, LAC is exported. Each of the three symbols is
associated with one (diamond and spade) or two (club) reactions. B: The spatial setting
of simulations performed in the star shape. The reaction sites are located analogously to
the circle domain with the same distance between the GLC entry vertex and the LAC
efflux/degradation. C: Table of the 12 possible configurations corresponding to the
allocation of one reaction site to diamond and spade vertices, and two colocalised
reaction sites at the club vertex. D: Spatially averaged steady-state concentrations of
each species for the circle (left in black) and the star (right in grey) E: Spatially
averaged steady state ATP : ADP ratio for simulations in a circular (left in black) and
star-like geometry (right in grey).
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Uniform and polarised distribution of reaction sites in a 181

rectangular domain 182

Based on the establishment of the spatiotemporal metabolic model for one reaction 183

center for each pathway reaction, we next explored the effect of inhomogeneous 184

distributions of reaction centers on the metabolic state of the cell. For this purpose, we 185

considered for each metabolic reaction ten distinct reaction sites with a smaller spatial 186

extent (σ = 1.0µm), while conserving the overall metabolically activity. To mimic the 187

morphology of astrocytic branches, the shape of the RDS domain was chosen as a 188

two-dimensional rectangle of dimension [0, l]× [0, L], with width l = 4µm and a length 189

L = 140µm [35] where GLC enters from the bottom left corner of the rectangle (origin) 190

and LAC exits from the top right corner. We considered two types of cellular 191

organisation: one where the reaction sites are uniformly distributed inside the domain 192

and the extreme opposite setting of a polarised cell where some reactions occur 193

predominantly at one of the extremities of the cell. The polarised cells are a set of 194

configurations representing an extreme enzymatic setting, which might not be 195

physiologically relevant but allows us to isolate and test a mechanistic hypothesis. In 196

other words, using extreme (and hence rather arbitrary) configurations is a way to 197

validate a mechanism while avoiding the perturbations attributed to competing 198

processes. To ensure the robustness of the findings, the two settings were compared by 199

ensemble simulations of 200 distinct realisations of each setting. For the uniform cells, 200

the coordinates of the 10 reaction sites of each type were randomly selected from a 201

uniform distribution that covers the rectangular domain. realisations of polarised cells 202

were generated either by normal distributions (N (m,σ′), where m and σ′ denote the 203

mean and standard deviation, respectively) or by log-normal (logN (m,σ′)) 204

distributions. Fig 3A shows the position of the reaction sites along the y coordinate of 205

the 200 realisations and Fig 3B exemplifies enzyme distributions for a given cell for each 206

setting. The different strategies for polarised cells lead to a certain probability for 207

mitochondria localisation in the upper part of the domain for the “Polarised” 208

configuration but not for the “Polarised logN (2)” configuration (Fig 3A). These 209

settings allow for investigating the competition between the Mito and LDH reactions for 210

their shared substrate PYR (S2 in S1 Text). In fact, the two kinds of polarised cells 211
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have been chosen to investigate the effect of different mitochondria locations. The 212

glycolytic reactions are close to the influx to mimic the most efficient consumption of 213

the glucose entering the cell, while the lactate dehydrogenase located on the opposite 214

side of the domain allows the investigation of how the substrate pyruvate diffuses inside 215

the domain and encounters first the Mito and then the LDH reactions. 216

217

To assess the effect of the different spatial arrangements, the steady state 218

concentration of the 200 realisations, for the three different configurations, were 219

compared statistically (Fig 3C) including T-test and Wilcoxon-Mann-Whitney with 220

Holm-Bonferroni compensation (the corresponding table is shown in S3 in S1 Text). 221

The p-value results show that only GLY for the uniform and polarised cell, and PYR 222

for the two polarised configurations are not significantly impacted by the spatial 223

arrangements where GLY exhibits a high p−value only in the t-test (0.093) but not in 224

the non-parametric one. This finding is consistent with the similar average of the 225

steady-state concentration but the distinct underlying distribution (Fig 3C). For PYR, 226

the distributions for the two polarised cells exhibit a similar range (Fig 3C). However, 227

since the two polarised cells only differ by the distribution of mitochondria it is expected 228

that the distribution of PYR is similar because it is produced in PYRK reaction. 229

In general, the polarised cells consume more GLC than the uniform distributed ones, 230

which is consistent with the fact that the reaction HXK is closer to the influx. GLY is 231

present at a very low level for all configurations as also shown in the significance test. 232

Interestingly, PYR and LAC differ strongly in polarised cells compared to the uniform 233

setting with a higher level in PYR caused by faster metabolising of GLC by the HXK 234

and subsequent PYRK reactions. On the other hand, LAC levels are higher for the 235

uniform cells since in polarised cells PYR reaches the more distant LDH reaction only 236

by the amount which has not been consumed by the closer located Mito reactions. The 237

resulting LAC : PYR concentration ratios for the cells with uniformly distributed 238

enzymes respect the physiological constraints, whereas polarised cells exhibit ratios 239

below one indicating an unphysiological or diseased state. 240

The corresponding ATP and ADP concentrations show a rather low variability for 241

the uniform configuration with higher ATP and lower ADP concentrations (Fig 3C) 242
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Fig 3. The steady-state level of metabolites is affected by the polarised
distribution of enzymes within cells.
A: Distribution of the reaction sites along the y-axis of the rectangular domain where
the data are stacked on top of each other for visibility: HXK in light blue, PYRK in
dark blue, LDH in green and Mito in dark red (top panel). In the Uniform setting, the
reacting sites are uniformly distributed along the y-axis. In the Polarised settings, HXK,
PYRK and LDH are spread unevenly over the domain with the first two located close
to the origin and the latest close to the top of the domain. Mito reaction sites are
distributed in the following way: 6 of them are normally distributed and colocated in
the same area as HXK and PYRK, and 4 of them are uniformly located in the upper
part of the domain (middle panel). In the Polarised logN (2) setting, mitochondria are
located in the domain according to a log-normal distribution (bottom panel). B:
Examples of Uniform, Polarised and Polarised logN (2) distributions for the less
energised cell where mitochondrial production is the most affected by polarisation. C:
Box plot of the average steady-state concentration of each species for the Uniform,
Polarised and Polarised logN (2) distributions. (The mean and median of each box are
signed in red and blue, respectively.)
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compared to the polarised cells. Interestingly, the Polarised logN (2) configuration 243

exhibits a very wide range for both concentrations with significantly different average 244

values also in comparison with the Polarised configuration. Since the only significant 245

difference between the Polarised and Polarised logN (2) configurations lies in the 246

distribution of mitochondria inside the domain (red bars in middle and bottom panels 247

of Fig 3A), we conclude that the difference in the cellular energetic state can only be 248

attributed to the location of mitochondria within the cell. Furthermore, the ATP : ADP 249

ratio for the three cellular configurations (Fig 4A) confirms that the Polarised logN (2) 250

realisations cover an ATP : ADP ratio range from unhealthy (ratio < 1) to healthy 251

(ratio ≥ 1). 252

The impact of the configurations on the metabolic activity and in particular with a 253

focus on the “altruistic” behaviour producing more LAC or an “egocentric” strategy 254

producing more ATP, can be visualised by the relationship between LAC and the 255

ATP : ADP ratio (Fig 4B). We found two distinct clusters formed by uniform and 256

polarised cells, where the uniform cells display a co-existing egoistic and altruistic mode 257

characterised by high ATP and LAC concentrations for self-sustainability and neuronal 258

support. Indeed, the correlation between the variables, the ratio and LAC, is only 259

slightly negative for the uniform cells (−0.19), whereas the group of polarised cells 260

exhibits a stronger negative correlation (−0.65) indicating that high values of one 261

quantity lead to low values of the other. “Polarised” cells are located on the top of the 262

cluster and the “Polarised logN (2)” cells are predominantly in the lower part of the 263

cluster characterised by a lower ATP : ADP-ratio and slightly higher LAC 264

concentrations (Fig 4B). This difference indicates the importance of mitochondria 265

localisation as shown by the color-indicated classification of the vertical arrangement of 266

mitochondria. We colored the metabolic profile of each realisation based on the highest 267

y−coordinate of Mito sites (ymax): yellow, orange, red or black, if ymax < 30, 268

30 < ymax < 60, 60 < ymax < 100 or ymax > 100, respectively. This analysis highlights 269

that the lowest level of ATP coincides with realisations where all mitochondria are 270

grouped in the lower region. By contrast, simulations with a high energetic profile 271

correspond to arrangements where mitochondria are distributed throughout the whole 272

rectangular shape. Fig 4C-4D show the mitochondrial spatial arrangement for the most 273

energised cells and the corresponding mitochondria activity at the steady state. Not all 274
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Fig 4. Mitochondrial distribution determine [ATP] : [ADP] ratio and thereby
energetic states of cells.
A: Box plot of the final average values of the [ATP] : [ADP] for Uniform, Polarised and
Polarised logN (2) (Mean in red and median in blue). B: (top) scatter plot of the ratio
against LAC final average values. There are two distinct clusters between the Polarised
cells and the uniformly distributed ones. (bottom) Zoom on the ratio against LAC for
Polarised cells colored based on the region where we can find the mitochondria with the
highest y-coordinate. Interestingly if the enzymes are well distributed inside the domain,
so if there is at least one mitochondria with a y-coordinate larger than 100 (black), the
ratio value is higher. On the other hand, if the mitochondria are all located within the
first or second region (yellow and orange), with y-coordinate lower than 60, the cell is in
unhealthy status. C: Mitochondria activity of the configurations with maximum ATP
production for the three types of cells at steady state where the activity indicates which
mitochondria between the ones presented in panel D are producing ATP. D: Reaction
sites setting for the maximum level of ATP for the three distributions.

mitochondria shown in the spatial arrangements are active at the steady state. Their 275

activity relies on the availability of ADP to produce ATP. For this reason, the 276

mitochondria located in the lower part of the Polarised cells are not active (more in S4 277

in S1 Text). Hence, the mitochondria activity for these arrangements remarks the 278

necessity of mitochondria to be well-distributed in the whole domain to sustain high 279

ATP levels. The importance of having Mito reactions uniformly distributed inside the 280

domain lies in the fact that Mito requires ADP as a substrate to be activated. However, 281

the non-uniform distribution of the reaction sites, for example, the ones of the less 282

energised cell with minimum ATP shown in Fig 3B, generates regions with a high 283

gradient of ADP or ATP (more in S4 in S1 Text). 284

285
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Overall, this analysis demonstrates the impact of the interplay between spatial 286

enzyme orchestration and morphology on the metabolic profile of cells. Our finding 287

highlights that different cellular organisation leads to different steady-state 288

concentrations which might be linked to potential disease of cells. 289

Morphological effects on the metabolic activity of human 290

astrocytes in health and AD 291

Finally, we extend our work to 3D reconstructions of human astrocytes acquired from 292

GFAP-immunostained post-mortem brain samples from age-matched control subjects 293

(Fig 5A- 5C) and AD patients (Fig 5D-5F). The 3D confocal images of the astrocytes 294

were acquired in the CA1 subregion of the hippocampus (Fig 5A and 5D). Given the 295

typical post-mortem nature of such brain samples, the dynamical consequences of the 296

morphology for metabolic profiles can be only assessed by an appropriate in silico 297

strategy. The respective segmentations of the prototypical astrocytes (Fig 5B and 5E) 298

reveal significant differences in the volume and morphological diversity of the two cells: 299

the reactive AD astrocyte exhibits hypertrophy [10], proliferation of branches and 300

coverage of wider spatial domains in comparison with the less complex shape of the 301

control astrocyte (Fig 5G and 5H). Based on mitochondria staining and segmentation 302

(Fig 5A- 5B and Fig 5D- 5E), a realistic spatial arrangement of mitochondria is 303

implemented in the multiscale model (Fig 5C and 5F). The presence of regions with 304

different mitochondrial densities is respected by tuning the center positions and 305

variances of the Mito spatial reaction rates (Fig 5C and 5F). The minimum variance is 306

set to 1.0µm and we scale accordingly the size of the other regions with a maximum of 307

2.0µm. The number of reaction sites for the other reactions is set according to the 308

amount of mitochondria selected from post-processing, 97 for the control and 140 for 309

the reactive astrocyte (Fig 5I). For each Mito reaction site, we located a HXK site close 310

by in agreement with the observed relationships between these two enzymes [41,42]. 311

The reaction sites of PYRK and LDH are taken from a uniform distribution defined in 312

the three-dimensional box containing the astrocyte. The locations of the reaction sites 313

for the simulations inside the control and AD reactive astrocyte are shown in Fig 6A 314

and 6C together with the assumed endfeet for GLC influx and the subregions at the 315
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Fig 5. Human hippocampal astrocytes from an age-matched control subject
and AD patient: from microscopy image to 3D simulation setting.
A and D: High-resolution confocal microscopy images from an age-matched control
subject (panel A) and from an AD patient (panel D) were obtained from 50− 100µm
brain sections that were immunostained against GFAP (cyan) to visualise astrocyte
cytoskeletal morphology, and against TUFM (dark red) to reveal mitochondria in the
hippocampuswhere the grey arrows indicate the endfeet of the two astrocytes in
accordance with the blood vessels locations. B and E: Using Imaris 9.6.0, astrocyte 3D
morphology was segmented using the surface tool and mitochondria were labelled with
the spots tool for the astrocytes in both conditions. Finally, based on the segmentation,
we created the domains for our simulations and we selected the locations with higher
density to define the Mito reactions. C and F: Spatial reaction rates KMito describing
the mitochondria activity inside the cells. In the bar charts, we compared G: the cell
volumes – 3673µm3 for the control astrocyte (C) and 15161µm3 for the reactive (R), H:
cell surfaces – 5569µm2 for (C) and 16854µm2 for (R), and I: the number of
mitochondria activity centers – 97 for (C) and 140 for (R) computed in panel C and F.
Scalebars: A-B 15µm, D-E 30µm.

perisynapses for LAC export into the extracellular space (Fig 6A- 6C). Since astrocytes 316

are in contact with thousands of neurons [43] providing them with lactate, it would be 317

biologically more accurate to consider multiple regions where lactate can exit the 318

astrocyte [44]. In S5 in S1 Text, we provide additional experiments where we show the 319

effect of considering more lactate exit sites and an increased cellular activity in the 320

perisynaptic regions [2, 36]. However, in this section, we remain consistent with the 321

previous experiments considering only a polarisation of the cell with lactate export 322

regions on the opposite side of the glucose influx and a homogeneous cellular activity. 323

324

As a first analysis, we ran three baseline simulations based on the physiological 325

September 13, 2023 17/42



parameters (Table 1) with one simulation inside the protoplasmic control morphology 326

(C) (Fig 6A), one within the same morphology but with a polarised distribution of 327

reaction centres (P) (Fig 6B) and one inside the reactive astrocyte (R) (Fig 6C, more 328

details are given in S6 in S1 Text). The resulting dynamics of these baseline simulations 329

(Fig 6D) are in good agreement with the investigation of enzyme distributions in the 2D 330

domains where scenarios C and R resemble properties of the uniform distributed cell 331

and P corresponds to the polarised cell (Fig 3B). However, the average LAC 332

concentration is higher than expected for P and lower than expected for C and R. Also 333

the PYR concentration is closer to that of the uniform setting for the P configuration. 334

While the concentration values of C and R are on average very close (Fig 6B), smaller 335

differences are visible mostly in GLC and LAC and attributed to the effect of the 336

morphological differences and reaction site configurations. 337

338

To investigate a reactive astrocyte subject to AD, we extended our simulations by 339

gradually adding AD-related dysfunctions. Experiment 1 (E1) mimics a loss of GLC 340

uptake [45] by a 30% decreased GLC influx. Experiment 2 (E2) includes the 341

dysfunction in mitochondrial activity [46–48] inducing a lower ATP production by a 342

reduced reaction rate for Mito (KMito10
−5). In accordance with available experimental 343

data [12], we considered an increment of the activity of LDH by a factor of ten in 344

Experiment 3 (E3) and an increment in the glycolysis rate in particular in the PYRK 345

reaction, also by a factor of ten in Experiment 4 (E4). In the final experiment (EAD), 346

all four conditions were combined to explore their possible synergistic effects. 347

Fig 7A exhibits the percentage of the concentration loss at steady state for 348

experiments E1, E2, E3, E4 and EAD compared to R. Interestingly, the 30% reduction 349

in GLC uptake in E1 is reflected by the final steady state in GLC (≈ 28.7% loss) which 350

induced a loss of ≈ 35% in GLY, PYR and LAC. Dysfunctional Mito reactions lead to 351

an increase in the final GLC level and a loss in ATP and GLY whereas the level of LAC 352

is not affected. The experimentally observed increased activity of LDH (considered in 353

experiment E3) results mainly in faster metabolising of PYR. On the other hand, GLY 354

consumption is maximised by the turnover of PYRK in the E4 experiment while the 355

other concentrations are not affected. The combined effect of the individual 356
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Fig 6. Metabolite dynamics in 3D astrocytes with physiological reaction
site versus extreme polarised arrangements.
Setting of the 3D simulations for the A: control (C), B: polarised (P) and C: reactive
(R) astrocyte. For C and R, Mito reaction centers were inferred from the microscopic
images. Each HXK site is sorted from a gaussian distribution centered at each Mito site.
In this way, for each Mito we have an HXK reaction close by. PYRK and LDH are
uniformly distributed inside the box that contains the cells. The reaction centers of P
are sorted in the way that HXK and PYRK are colocalised close to the GLC influx,
while on the other extremity of the cell, we locate LDH centers. Mito centers are sorted
using a log-normal distribution that locates them in the same region as HXK. The
number of centers per reaction type is 90 for C and P, and 140 for R. For the three
settings, GLC enters three sub-regions from the branches of the cell in contact with the
blood vessels and LAC exits from four sub-regions at the other extremity of the cell. D:
Time behavior of the average concentration of each species for C (cyan), P (yellow) and
R (red).
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dysfunctions in the EAD experiment leads to a significant change in the metabolic 357

profile (with the highest loss in ATP, GLY and PYR Fig 7A). (The dynamics of these 358

experiments are shown in S7 in S1 Text.) 359

360

The functional state of cells in terms of ATP : ADP and LAC : PYR ratios at steady 361

state is preserved for a wide range of conditions. Even for the polarised P configuration, 362

the ATP : ADP ratio is higher than 1.0 (Fig 7B and 7C), suggesting that a complex 363

shape makes the cell more robust against extreme situations. This is also confirmed by 364

the ratios of the E2 experiment, which does not exhibit a ratio below 1.0 despite 365

mitochondrial dysfunction. The only cell that reaches a critical unhealthy state is the 366

EAD condition (0.93), where mitochondrial dysfunction adds to the other dysfunctions. 367

Also, the ratio of LAC : PYR is always within the physiological range (> 10) for all 368

conditions except P. However, a LAC : PYR ratio of above 80 is reported in E3 and 369

EAD, which may indicate hypoxia with low levels of oxygen in blood [20]. 370

Since LAC export into the extracellular space is an essential mechanism of astrocytic 371

support to neurons, we also quantified LAC efflux exporting LAC from the 372

corresponding subregions (Fig 7D). The asymptotic behaviour of the efflux indicates 373

that cells with the C and P configuration export more LAC, suggesting that the less 374

ramified morphology of the protoplasmic astrocyte allows for faster diffusion of 375

molecules and subsequent export regions. On the other hand, E1 and EAD 376

configurations export less, indicating that the 70% decrease in GLC uptake might drive 377

this AD symptom. The different metabolic states of the cell are also assembled in the 378

“altruistic” vs “egocentric” map in terms of the LAC concentration and the ATP : ADP 379

ratio (Fig 7E). This map indicates the C configuration as the most efficient cell with 380

high levels for both in agreement with the previous finding on uniform distributed cells. 381

The P setup exhibits a more altruistic behaviour than expected by producing more LAC 382

than ATP, potentially facilitated by the morphology. When cells lack GLC, they 383

become more egoistic and produce more ATP. Remarkably, the steady state of LAC of 384

the R, E2, E3 and E4 experiments is ≈ 1.3µM but the ATP concentration is decreasing 385

from high levels in the R and E4 configuration to lower concentration in E2. Finally, 386

lower levels of both ATP and LAC are the AD-related EAD condition suggesting that it 387
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Fig 7. Metabolite dynamics in 3D astrocytes with physiological reaction
site versus extreme polarised arrangements.
We consider four pathological conditions of AD, in the setting of the reactive astrocyte
R. E1 describes the deficiency of GLC uptake (magenta); E2, the mitochondria
dysfunction (dark red); E3, the LDH overwork (green); E4, PYRK overwork (blue) and
EAD, the four conditions combined (black). A: Final average concentration loss with
respect to R. The experiments reflect their loss/gain imposed on the cell through the
conditions. Steady-state spatially averaged B: ATP : ADP ratio and C: LAC : PYR
ratio of control (cyan), polarised (yellow), reactive (red) and all the AD experiments. D:
Efflux of LAC molecules exported over time from the astrocyte to the extracellular
space. The experiments with higher export are the two control astrocyte with C and P
configurations. The experiments with a lower export are E1 with a loss in GLC uptake
and EAD with the combination of the AD conditions. E: Scatter plot of ATP : ADP
against LAC final average values. The most efficient cell is the control one. Then, the
different AD conditions affect the cell status leading the reactive cell affected by all the
AD conditions to an unhealthy state. In order to save the EAD cell, we increase the
uptake of GLC up to 85% (white star with magenta edge), and the cell responds by
using the more available fuel to produce more LAC. However, blocking the LDH
overwork (white star with green edge) increases ATP : ADP and thereby rescues the
astrocyte from the AD conditions.
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can neither support neurons nor itself. Last, we studied how to support an AD-impacted 388

astrocyte where the results of the individual conditions helped to disentangle the 389

different effects. Importing more GLC (by increasing the uptake to 85% of the healthy 390

control condition) turns the cell into a more altruistic state by using the additional fuel 391

predominantly for LAC production. Blocking the excessive activity of LDH saves the 392

cell from AD-related energy deprivation but with the cost of reduced LAC export. 393

To investigate the impact of diffusion limitation as an underlying mechanism in 394

reactive astrocytes, Fig 8 illustrates the time evolution of the 3D distribution of 395

concentrations for the healthy C and AD-related EAD condition considering the 396

properties and spatial distribution of reaction sites (S1-S12 Movies). In particular, the 397

trapping effect discussed above is highlighted in the reactive astrocytic morphology for 398

ATP and PYR where branches exhibit a higher concentration variability. 399

400

To summarise, the physiologically realistic simulations reproduce important features 401

of astrocytes in healthy and diseased conditions. The incorporation of real morphologies 402

highlights cellular robustness against extreme enzymatic configurations. This is also 403

seen for AD conditions, indicating the influence of the cellular domain on the metabolic 404

state of the cell. In fact, a single AD characteristic does not lead to an unhealthy cell, 405

only combinations of AD terrain lead to severe metabolic dysfunctions. 406

Discussion 407

Although the link between cellular morphology and metabolic activity might have 408

implications for neurodegeneration including Parkinson’s disease and Alzheimer’s 409

disease, our understanding of this connection remains imperfect due in part to 410

experimental limitations. Moreover, the role played by astrocytic metabolism in 411

neuronal support is an open discussion [49]. To address this challenge, we developed a 412

multiscale model for energy metabolism in complex cellular domains with a specific 413

focus on the intracellular spatial orchestration of astrocytes. To build the mathematical 414

model, we first considered a single reaction site for each metabolic subpathway in a 2D 415

circular geometry and validated the model in terms of physiological concentration 416
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Fig 8. Spatially resolved Control and EAD astrocytes for GLC, ATP, PYR
and LAC at different times.
3D spatial concentration of metabolites at three different time steps in control (C) and
reactive astrocytes affected by AD pathology (EAD). A: GLC enters from the blood
vessels and spreads inside the astrocytic domains activating glucose metabolism. B:
ATP, already present in the cells at the initial time, is produced and consumed. In
particular, in correspondence with regions with high numbers/absence of Mito sites, we
can notice high/low levels of ATP in EAD. C: PYR produced by PYRK diffuses inside
the 3D domains and highlights the complex shape of the reactive astrocyte with high
variability of concentration within the cell. D: LAC shows a slow production, in fact at
time 5, both C and EAD show low concentrations. At the final time, we can appreciate
the steady state level of LAC where the regions where it is exported are highlighted by
lower concentrations.
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ranges for astrocytes (Fig 1), in accordance with previous ODEs model [24]. We showed 417

numerically that different spatial organisations of reaction sites lead to distinct 418

metabolic profiles due to diffusion limitation and local substrate competition (Fig 2). 419

The observed differences between the circular and the star-shaped domain indicated a 420

possible trapping effect for molecules in more complex shapes. These trapping effects 421

might be overestimated compared to a more physiologically realistic astrocyte since 422

many more reaction sites are typically present within an astrocytic branch. 423

Nevertheless, these results strongly indicate that the spatial dimension and domain 424

complexity can have a crucial effect on metabolic profiles and may be of particular 425

importance for the metabolic support function of astrocytes. 426

To further characterise these spatial effects in a more physiological setting, we 427

considered a larger number of reaction sites, which were distributed either within a 428

uniform or polarised arrangement inside a rectangular shape, mimicking an astrocytic 429

branch. For each configuration, we ran 200 realisations, allowing for robust statistical 430

comparisons between the different settings (Fig 3). The results showed that cells with 431

uniformly distributed reaction sites are significantly more efficient in both the 432

“altruistic” LAC production as well as the “egocentric” intracellular energy state. 433

Although polarised organisation corresponds to an extreme and rare biological setting, 434

the analysis of these realisations indicates the importance of a more homogeneous 435

mitochondria distribution for sufficient activity and a related energised cell state (Fig 4). 436

This is in line with the experimental observation of mitochondrial organisation and 437

homeostasis including fission and fusion where impairment of these processes is linked 438

to neurodegeneration [50]. 439

Based on the 2D model, we extended our investigations to physiological 3D 440

morphologies of astrocytes, obtained from confocal microscopy images of human 441

post-mortem brain samples of an AD patient and a healthy control subject. Our 442

approach is thereby able to integrate directly the spatial orchestration of reaction 443

enzymes as demonstrated by the experimentally quantified mitochondrial distribution 444

(Fig 5). We first confirmed that using different morphologies but the same parameters 445

leads to concentrations in the physiological range in agreement with the findings in the 446

simplified 2D geometries (Fig 6). To investigate the effect of AD-related molecular 447

modifications, we analysed a reactive astrocyte with baseline parameters and four 448
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individual metabolic dysfunctions linked to AD and their combinations (Fig 7). The 449

results highlighted that different pathological effects arouse specific system responses 450

and differentiated the cell behaviour between an “altruistic” and an “egocentric” mode. 451

Furthermore, the results indicated that any given dysfunction does not lead necessarily 452

to a dysfunctional cell with a low ATP : ADP ratio but it is the cumulative metabolic 453

insufficiencies that lead the cell into a critical state. This synergistic phenotype might 454

be related to the multi-hit perspective in neurodegeneration which addresses the 455

transient compensation and typical disease onset at higher age [51,52]. The systematic 456

study of the individual dysfunctions allowed to suggest that reducing LDH activity 457

could sustain astrocytic function. Such approaches are also discussed in the context of 458

cancer [53, 54]. However, in the context of AD, the challenge would be to interfere with 459

metabolism in a cell-type-specific manner. 460

The comparison between the simplified 2D domains and the complex 3D 461

morphologies indicates that real astrocytic shapes affect the cell state with robustness 462

towards enzyme orchestration and different metabolic dysfunctions. This robustness 463

might be caused by the trapping of molecules in thin branches as further indicated by 464

the analysis of 2D star-shaped morphology. The thin processes may hamper the 465

diffusion of molecules as shown by the spatial concentration profiles (Fig 8) which 466

increased mitochondrial activity and corresponding ATP production with the cost of 467

decreased LAC export. Thus, the complex morphology might provide a mechanism to 468

support an “egocentric” state if the system reaches limiting conditions, similar to energy 469

buffering in complex mitochondrial morphologies [55]. 470

While in literature several modelling approaches for metabolism have been proposed, 471

such as genome-scale modelling [21,23,56,57] or more quantitative description via 472

kinetic models [58–60], we propose a metabolic model including molecular diffusivity 473

and spatial orchestraton of reaction sites. Furthermore, to our knowledge, our approach 474

is the first 3D model of cellular energy metabolism using physiological human cellular 475

morphologies. However, the crucial role of geometries has been taken into account in 476

other modelling such as for calcium signalling in astrocyte [61–63] further indicating the 477

importance of morphology. In agreement with these findings, our analyses of 478

hippocampal control and AD-related reactive astrocytes clearly demonstrate the 479

importance of morphology for cellular metabolic activity. While our studies refer to two 480
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specific astrocytic morphologies, an AD and an aged-match control, our framework can 481

be easily applied to each segmented astrocytic image and the crucial role of complex 482

morphology is already visible in these experiments. Our approach has limitations, such 483

as the lack of cellular compartmentalisation, the coarse-graining of enzymatic reaction 484

into effective metabolic pathways, the limitation of the GFAP staining and the 485

incomplete information on reaction site localisation provided by imaging modalities. 486

The model can be expanded by considering more detailed equations and including 487

pyruvate exchanger with mitochondria, creatine phosphate shuttle or oxygen 488

concentration. The more complex mathematical formulation of the model can integrate 489

the inhibition of glycolysis in the presence of a high concentration of ATP [64], which 490

would allow us to investigate better the energetic behaviour of astrocytes. Also, we 491

could extend the experiment presented in S5 in S1 Text, considering the cellular activity 492

consuming more ATP in the perisynaptic regions [2, 36]. Following the experiment 493

presented in S5 in S1 Text, the regions exporting lactate can be defined better for 494

example by investigating the distribution of lactate transporters via 495

immunohistochemistry (IHC) images [65]. Furthermore, GFAP staining does not 496

capture the full astrocytic morphology [31]. Comparison between GFAP staining and 497

volumetric analyses by electron microscopic images (EM) have shown that volumes can 498

differ by a factor of up to 1.5 which will particularly affect diffusion-mediated processes. 499

This limitation can be addressed by appropriate scaling of the morphological 500

reconstruction or adaptation of the diffusion coefficients. While such scaling may lead 501

to minor quantitative changes in our analysis the qualitative findings will not be 502

affected. This effect will be addressed in future investigations using 3D electron 503

microscopic images which reconstruct astrocytic morphologies in more detail [66]. 504

However, the images obtained by GFAP staining are suitable for creating finite element 505

meshes, while EM images will require a more computationally demanding mesh 506

construction. Concerning the computational model, a further step would be to ensure 507

the accuracy of the solution by measuring the discretization error using real-time error 508

estimation for biomedicine [67–70] or expanding the sensitivity analysis presented in S1 509

in S1 Text with detailed quantification analysis [71,72]. 510

Another important application of our approach will be the investigation of 511

mitochondrial turnover and resulting distributions in astrocytes [73,74]. Despite these 512
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limitations, we demonstrate the general importance and feasibility of physiological 513

simulations by integrating molecular properties, spatial intracellular orchestration and 514

morphology. Even though we characterised our results on the average steady-state 515

concentration, further investigation can be done in subdomains as we showed for LAC 516

in Fig 7D. Based on our multiscale framework, future investigations will allow 517

disentangling different mechanisms underlying neurodegeneration, including 518

mitochondrial morphology [55,75], organisation and dysfunction [76–78] by more 519

detailed models. 520

Materials and methods 521

Ethics Statement 522

Post-mortem brain tissue was obtained from the Douglas-Bell Canada Brain Bank and 523

handled according to the agreements with the Ethics Board of the Douglas-Bell Brain 524

Bank (Douglas Mental Health University Institute, Montréal, QC, Canada) and the 525

Ethic Panel of the University of Luxembourg (ERP 16-037 and 21-009). The two 526

hippocampal samples used in this work were donated from a male 87-year-old 527

Alzheimer’s Disease patient with a disease stage of A2B3C2 and a post-mortem interval 528

of 21,75 hours, and by a female 89-year-old (age-matched) control subject with a 529

post-mortem interval of 23,58 hours. All donors gave their written consent. 530

Energy Metabolism Model 531

The core energy metabolism is broken down into the core metabolic pathways by the

coarse-grained non-reversible reactions:

HXK := GLC + 2ATP → 2ADP + 2GLY (1)

PYRK := GLY + 2ADP → 2ATP + PYR (2)

LDH := PYR → LAC (3)

Mito := PYR+ 28ADP → 28ATP (4)

act := ATP → ADP , (5)
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where the first two reactions consider the ATP-consuming and ATP-producing parts of 532

glycolysis, LDH describes the activity of lactate dehydrogenase. Mito reflects the overall 533

metabolic activity of mitochondria in terms of ATP production and general cellular 534

activity is reflected by the act reaction. 535

Reaction Diffusion System 536

To investigate the spatial coupling of the metabolic pathways (Eqs. (1)-(5)), the 537

reactions were integrated by a RDS [79]. The domain of the PDEs is a bounded subset 538

of Rd (d = 2 or 3), denoted by Ω and concentrations [ · ] are defined as function 539

[ · ] : Ω× [0, T ] → R. Diffusion coefficients for each species are given by D[ · ] and 540

chemical reactions are modelled using mass action kinetics [80]. The reaction rate for 541

homogeneous cellular activity (Kact) and a spatial reaction rate density, Kj , for the 542

other four reactions. Considering M reaction sites located in {xi}Mi=1 ∈ Ω, the spatial 543

reaction rates are defined as the product between the classical reaction rates, Kj , and 544

Gaussian functions located at those reaction sites with variance σi ∈ R+: 545

Kj(x) =
Kj

ξ
meas(Ω)

M∑
i=1

G(xi, σi) j = {HXK,PYRK,Mito,LDH}. (6)

ξ is a parameter that ensure the property that
∫
Ω
Kjdx = Kj and meas(Ω) is the 546

area of the domain in 2D or the volume in 3D. The source of GLC is described through 547

a function Jin : Ω× [0, T ] → R: 548

Jin(x, t) =


α ∈ R if (x, t) ∈ Ωin × [0, T ], where Ωin ⊂ Ω

0 otherwise.

. (7)

Similarly, the degradation of LAC, which is proportional to the amount of LAC in 549

region Ωout ⊂ Ω is described by function ηLAC : Ω× [0, T ] → R 550

ηLAC(x, t) =


η ∈ R if (x, t) ∈ Ωout × [0, T ], where Ωout ⊂ Ω

0 otherwise.

. (8)

With this definition, the reaction-diffusion system is given by 551
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

∂[GLC]
∂t = D[GLC]∇2[GLC]−KHXK[GLC][ATP]2 + Jin

∂[ATP]
∂t = D[ATP]∇2[ATP]− 2KHXK[GLC][ATP]2 + 2KPYRK[ADP]2[GLY]

+28KMito[PYR][ADP]28 −Kact[ATP]

∂[ADP]
∂t = D[ADP]∇2[ADP] + 2KHXK[GLC][ATP]2 − 2KPYRK[ADP]2[GLY]

+Kact[ATP]− 28KMito[PYR][ADP]28

∂[GLY]
∂t = D[GLY]∇2[GLY] + 2KHXK[GLC][ATP]2 −KPYRK[ADP]2[GLY]

∂[PYR]
∂t = D[PYR]∇2[PYR] +KPYRK[ADP]2[GLY]−KLDH[PYR]

−KMito[PYR][ADP]28

∂[LAC]
∂t = D[LAC]∇2[LAC] +KLDH[PYR]− ηLAC[LAC] ,

(9)

where we considered Von Neumann boundary condition to consider no-flux settings at

the cell membrane, in agreement with the impermeability of the cell membrane to these

intermediates. To characterise the system’s behavior, we analysed the equilibrating

dynamics towards the steady state from the initial conditions for ATP and ADP

concentrations 
[ATP](x, t = 0) ∈ R x ∈ Ω

[ADP](x, t = 0) ∈ R x ∈ Ω

where an initial ATP concentration is required for the initial glycolysis reactions and 552

vanishing concentrations for the other species. To ensure robust simulations, we 553

transformed the RDS into a dimensionless system allowing for convergence over a large 554

parameter range (S8 in S1 Text). 555

Immunofluorescence stainings 556

The PFA-fixed hippocampal samples were cryosectioned into 50− 100µm thick slices on 557

a sliding freezing microtome (Leica SM2010R). To visualise astrocytes and 558

mitochondria, we co-immunostained the slices against glial fibrillary acidic protein 559

(GFAP) and Tu translation elongation factor mitochondrial (TUFM) respectively. The 560

target-binding primary antibodies used here were Anti-GFAP guinea-pig (Synaptic 561
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Systems Cat# 173 004, RRID:AB 10641162) at a dilution of 1:500, and Anti-TUFM 562

mouse (Atlas Antibodies Cat# AMAb90966, RRID:AB 2665738) at a dilution of 1 : 200. 563

The corresponding fluorophore-coupled secondary antibodies used were Alexa Fluor 564

647-AffiniPure Donkey Anti-Guinea Pig IgG (H+L) (Jackson ImmunoResearch Labs 565

Cat# 706-605-148, RRID:AB 2340476) at a dilution of 1 : 300 and Alexa Fluor 566

488-AffiniPure Donkey Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Labs Cat# 567

715-545-150, RRID:AB 2340846) at a dilution of 1 : 400. We followed a previously 568

published protocol [30] with the exception of a double incubation with primary 569

antibodies for the TUFM staining. 570

Image acquisitions 571

High-resolution confocal images with 0.333µm z-step were acquired using a Leica DMi8 572

microscope with a 93X glycerol objective and LAS X software (Leica Microsystems). 573

The region of interest was fixed on the hippocampal subregion CA1. 574

Image pre-processing 575

The surface function of Imaris 9.6.0 software was used to segment GFAP staining to 576

produce astrocyte morphology 3D reconstructions. The surface grain size parameter was 577

set to 0.3µm for the segmentation of astrocyte morphology. Upon segmentation of the 578

GFAP signal of the entire image, we manually selected the astrocyte of interest and 579

removed all other non-relevant segmentation structures. The spots function was used to 580

segment TUFM staining. The estimated spots diameter was set to 0.2µm. To select 581

only the mitochondria of interest (corresponding to the astrocyte of interest) we applied 582

the filter of the spots function called ‘Shortest Distance to Surface’ [segmented 583

astrocyte]. In the control astrocyte, some mitochondria of interest were not 584

automatically selected by this filter setting, because they were too far away from the 585

segmented surface, however part of the astrocyte, notably in the cell soma. To include 586

these mitochondria into the analysis, a second filter was applied twice by selecting the 587

central mitochondria of the soma compartment and applying ‘Shortest Distance to 588

Surface’ function. 589

The direct use of the astrocytic segmented images as domain for our simulation 590
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would require a mesh fine enough to capture the thin branches of the cellular structure. 591

This would mean billions of quality finite elements, with a good aspect ratio. In 592

literature, this problem was addressed by refining the mesh in critical regions [81]. 593

However, in our case, this would require refining all branches. We overcome these issues 594

by additional image pre-processing where we dilated and down-sampled the binary 595

images. These two steps enlarged the thin branches and avoid discontinuities when we 596

map the images to the finite element mesh. These steps are not critically affecting the 597

real morphology of the astrocytes and might actually address partially the GFAP 598

staining limitation. Moreover, we impose the astrocytic volume in the simulations to be 599

equal to the one of the segmented images obtained with Imaris. Eventually, we obtained 600

the final segmented images (f) by labelling the voxels inside (−1), outside (1) and on 601

the boundary (0) of the astrocytes. 602

Before applying the same steps to the binarised segmented mitochondrial images, we 603

applied a convolution filter to smooth the voxels. To extrapolate the information about 604

mitochondrial density, we selected all connected components in the images and for each 605

of them, we identified the center and the radius of the circle that contains such 606

component. 607

Numerical methods 608

To solve numerically the RDS, the first step is to convert Eq. 9 into a corresponding 609

weak form [82]. Then, we discretise the weak form both in time and space. We discretise 610

the time derivative using a finite difference method (backward Euler) [83] and the 611

spatial domain by finite elements [84] and cut finite elements [85]. The 2D experiments 612

were solved using classical finite element methods based on FEniCS [86, 87], while the 613

3D experiments were solved using CutFEM [33,85]. Since the weak RDS formulation is 614

non-linear, we linearised it and used a Newton-Raphson algorithm to iteratively solve 615

the problem. The linear system at each time step of the Newton-Raphson algorithm was 616

solved using standard linear solver from the PETSc library. For further details and 617

numerical parameters see S9, S10 and S11 in S1 Text, respectively. 618
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Physiological model parameters 619

The parameters used in our model are given in Table 1. The diffusion parameters were 620

chosen for ATP and ADP following [38], for GLC based on [37] and for the other 621

species based on the Polson method [39,40]. 622

The calibration of the reaction rates has been done in accordance with the steady 623

states of the ODE system [24] associated with Eq. (9). For Jin we used the maximum 624

transport rate of GLC from [24]. For Jout we used the maximum transport rate of LAC 625

but divided it for the steady state since we required our transport of LAC to be 626

proportional to the local concentration of LAC inside the cell. 627
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