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Abstract
Brain aging is a complex process involving many functions of our body and described by the interplay of a sleep pattern
and changes in the metabolic waste concentration regulated by the microglial function and the glymphatic system. We
review the existing modelling approaches to this topic and derive a novel mathematical model to describe the crosstalk
between these components within the conceptual framework of inflammaging. Analysis of the model gives insight into the
dynamics of garbage concentration and linked microglial senescence process resulting from a normal or disrupted sleep
pattern, hence, explaining an underlying mechanism behind healthy or unhealthy brain aging. The model incorporates
accumulation and elimination of garbage, induction of glial activation by garbage, and glial senescence by over-activation,
as well as the production of pro-inflammatory molecules by their senescence-associated secretory phenotype (SASP).
Assuming that insufficient sleep leads to the increase of garbage concentration and promotes senescence, the model predicts
that if the accumulation of senescent glia overcomes an inflammaging threshold, further progression of senescence becomes
unstoppable even if a normal sleep pattern is restored. Inverting this process by “rejuvenating the brain” is only possible via
a reset of concentration of senescent glia below this threshold. Our model approach enables analysis of space-time dynamics
of senescence, and in this way, we show that heterogeneous patterns of inflammation will accelerate the propagation of
senescence profile through a network, confirming a negative effect of heterogeneity.
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Introduction 0

Rejuvenation and finding the youth elixir has always been 1

one of the most treasured dreams of mankind. However, 2

to understand how to achieve such a goal or at least 3

to increase longevity, one should first understand the 4

basic molecular and cellular mechanisms underlying the 5

aging process. We know that aging is a very complex 6

process, which can be envisaged as a super-network of 7

simultaneously occurring processes [1, 2] linked in a very 8

intricate way and involving almost all the key functions 9

of our body such as sleep. Thus, alterations in sleep 10

quantity and quality can be directly associated with aging 11

[3], and sleep disturbances are an important risk factor 12

for the development of a variety of age-related diseases 13

including neurodegenerative disorders [3, 4], even though 14

the neurobiological mechanisms underpinning the age- 15

related sleep disorders remain unclear. Recent studies of the 16

glymphatic system provide a new understanding of the role 17
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of sleep in waste clearance in the brain. The glymphatic18

(glial-lymphatic) system is a recently discovered glial-19

dependent macroscopic waste clearance pathway for the20

central nervous system (CNS).21

The glymphatic system functions mainly during sleep22

[5, 6] and facilitates the metabolite clearance in the23

CNS through the flow of interstitial and cerebrospinal24

fluid via perivascular pathways [7]. The unique system25

of perivascular tunnels is formed by astroglial cells and26

specifically by the aquaporin-4 water channels expressed27

in astrocytic endfeet [6–8]. Recent studies showed that the28

glymphatic system also clears neurotoxic protein aggregates29

(e.g., amyloid-beta) that contribute to the development of30

neurodegenerative diseases including Alzheimer’s disease31

[9–11]. Glymphatic clearance was reduced by 40% in32

aged mice relative to young ones [9] suggesting that33

the glymphatic pathway deteriorates with age, and thus34

favoring the accumulation of neurotoxic proteins and the35

development of neurodegenerative disorders.36

The glymphatic system is not the only clearance system37

in the CNS [11]. The removal of neurotoxic proteins from38

the brain can also occur via transport across the blood-39

brain barrier [12], degradation by enzymes expressed in40

astrocytes [13], or cellular uptake into neurons and glia41

[14, 15]. Accumulation of proteins in the extracellular42

space induces the activation of the immune effectors of the43

CNS—microglia and astrocytes [16], which performs the44

phagocytosis of toxic proteins and at the same time produce45

neurotoxic inflammatory cytokines.46

The scientific interest in the role of microglia and astro-47

cytes in aging and disease is growing at an accelerating48

rate. Microglia, the resident immune cells of the CNS,49

have key physiological roles in brain development and50

CNS homeostasis, including programmed cell death and51

clearance of neuronal debris after cell death and injury,52

and synaptic pruning [17–19]. Any disturbance of brain53

homeostasis, including infection or inflammation, results in54

microglial activation. Rodent and human studies show that55

normal aging chronically changes microglial phenotype,56

consistent with a pro-inflammatory response, even in the57

absence of pathological stimuli [18]. Aged microglia have58

higher expression of pro-inflammatory genes, increased59

production of pro-inflammatory cytokines, and reactive60

oxygen species (ROS), while anti-inflammatory cytokines61

and microglial activation inhibitory factors are downreg-62

ulated [20]. Normal aging also decreases the uptake of63

amyloid-beta by microglia [21]. Recently, it was found64

that activated microglia are responsible for the induction65

of A1-like reactive astrocytes during normal CNS aging66

[22]. Such phenotype of neuroinflammatory reactive astro-67

cytes is characterized by the loss of the capability to carry68

out their normal functions and the release of a toxic factor69

that kills neurons and oligodendrocytes. The aging-induced70

upregulation of reactive genes by astrocytes could con- 71

tribute to the cognitive decline in vulnerable brain regions 72

in normal aging. Studies in humans and rodents found that 73

sleep deprivation increases peripheral markers of inflam- 74

mation [23–25]. Besides, it was recently shown that acute 75

and chronic sleep loss promotes the phagocytosis of astro- 76

cytes of heavily used and strong synaptic elements in 77

response to the increased neuronal activity, which occurs 78

during extended wakefulness. Interestingly, chronic sleep 79

loss induces microglial activation and enhanced phagocy- 80

tosis without signs of neuroinflammation [26]. Therefore, 81

reduced work of the glymphatic system during extended 82

sleep disruption may lead to a state of sustained microglial 83

activation. Thus, chronic sleep disturbance and persis- 84

tent microglial activation, even at a low level (microglial 85

priming), can predispose the brain to pathological states 86

[27, 28]. 87

Carroll and colleagues [29] showed that partial sleep 88

deprivation activates the senescence-associated secretory 89

phenotype (SASP) and promotes cellular senescence in 90

older adult humans. Also, recently it was demonstrated that 91

normal aging increases the expression of senescence mark- 92

ers within the microglial population and more widely in 93

the cerebral cortex [30]. These data complement numer- 94

ous recent studies showing that other cell types in the 95

brain, including neurons, astrocytes, and neuronal progen- 96

itors, display typical characteristics of cellular senescence 97

in the normal aged brain [31, 32]. Senescent cells are char- 98

acterized by permanent cell cycle arrest, increased release 99

of inflammatory factors, and production of a distinct SASP 100

[33]. Senescent cells accumulate with age and at sites 101

of age-related diseases throughout the body, where they 102

actively promote tissue deterioration. Furthermore, studies 103

have demonstrated that cellular senescence is transmissible 104

and can spread to neighboring cells via secretory molecules 105

[34, 35]. Although relatively low in number, senescent 106

macrophages are believed to be significant contributors 107

to inflammaging, a phenomenon characterized by an age- 108

related chronic, sterile, low-grade inflammation [36–39]. 109

In aging, we observe a complex interaction between 110

several players/stressors, i.e., aging, sleep disturbance, 111

cell senescence, inflammaging, and correlated diseases, 112

such as Alzheimer’s disease or depression (Fig. 1). Sleep 113

disturbance is prospectively associated with age-related 114

morbidity and mortality, possibly by fueling inflammaging. 115

Inflammation, glia, and sleep seem to be linked in a complex 116

system of processes. The recently discovered control of 117

brain inflammation by gut molecules [41] is also involved 118

in triggering and disturbing these processes by propagatory 119

exosomes. 120

This raises the question: how do cell senescence, 121

microbiota dysbiosis, sleep disturbance, and systemic 122

inflammaging interact to drive the brain into aging? Here, 123
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Fig. 1 A brain is a complex super-network, or network of neurons,
astrocytes, and microglial networks, interacting in a very complex
way. An interplay of impaired metabolic products, cell senescence,
systemic inflammaging, sleep disturbance, and microbiota dysbiosis
drives this complex brain network of networks toward healthy or accel-
erated aging. A young brain has enough capacities to compensate

if something goes wrong, but with aging, imbalance may increase
and, triggered by sleep disturbances, wrong gut microbiota or mal-
functioned garbage [40] cleaning, induce inflammation propagation
through the brain network resulting in aging and age-related diseases
(red bottom picture) instead of healthy aging and longevity (blue top)

we propose a novel model to understand the underlying124

mechanisms behind all these interconnections. In order to125

provide a more comprehensive review of the full model, we126

will also discuss the mathematical models that have been127

recently developed to describe these ingredients separately128

(reduced formulation of the full model).129

Mathematical models of aging mechanisms130

The complexity of the aging process has motivated131

scholars to use mathematical modelling to synthesize132

knowledge discovery, generate hypotheses, and propose133

new experiments. Let us review several existing modelling134

approaches to aging, but first, it is important to emphasize135

that our approach is very different from population136

aging and mortality models, like the Gompertz-Makeham137

law [42]. For many years, scientists tried to develop a138

mathematical model of aging processes resembling the139

Brown [43], Penna [44], or Heumann-Hoetzel model [45],140

including different network models [46–48], describing 141

mortality rate as a function of age. 142

In parallel, many extensive studies included the pro- 143

grammed aging theory [49], the rate of life theory [50, 51], 144

the theory of mutation accumulation [52, 53], the oxida- 145

tive damage theory [54, 55], the theory of antagonistic 146

pleiotropy [56], the threshold theory [57, 58], the disposable 147

soma theory [59], the mitochondrial and thermodynamic 148

theories of aging [60], and, finally, the telomere and the 149

redusome theory of aging [61]. The latter approach was also 150

used to introduce a mathematical expression for average life 151

span obtained for different telomere shortening strategies 152

[62]. 153

Mc Auley and Mooney recently reviewed the math- 154

ematical modelling methods of metabolic regulation in 155

aging [63]. They discussed the main modelling frameworks, 156

mostly based on computational models to describe sep- 157

arately the molecular mechanisms of aging [64]. These 158

approaches suggested the models taking into account the 159

DNA damage and repair [65], telomere shortening [66–68], 160
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loss of protein homeostasis [69], upregulation of molecular161

chaperones [70], protein degradation pathways [71, 72],162

crosstalk between autophagy and apoptotic pathways sub-163

ject to stress [73], protein aggregation [74–78], mitochon-164

drial damage and ROS [79], mitochondrial dynamics [80],165

dysregulation of cellular signaling [81, 82], and its influence166

on cellular senescence [83]. Among all the signal pathways,167

the nuclear factor-κB (NF-κB) plays the most important role168

affecting immunity, inflammation, cell differentiation, and169

apoptosis, all of which are activated by a range of stimuli,170

including infection, ROS, and DNA damage [84, 85]. There171

are a large number of models representing different aspects172

of NF-κB signaling; see [86, 87] and refs therein. Another173

important role is played by cytokines, which are critical in174

the regulation of inflammatory responses, changing the level175

and effect of cytokines, as modelled in [88].176

There is growing evidence suggesting the correlation177

between DNA methylation status and biological aging178

clock. Recently, several models have been used to mecha-179

nistically represent DNA methylation. These models could180

potentially be adapted to focus on crosstalk between181

DNA methylation and other elements of cellular aging182

[89], including age-related changes in DNA methylation183

within stem cells [90]. Another breakthrough was the184

discovery that microRNAs (miRNAs)—evolutionarily con-185

served post-transcriptional non-coding gene regulators—186

regulate the life span of nematodes Caenorhabditis elegans187

[91]. Thus, modelling has helped identify feedback and188

feed-forward loops in miRNA-mediated networks and has189

revealed interactions among miRNAs during the regulation190

of genes [92]. A decline in tissue regeneration is another191

important factor in cellular aging resulting from a decline in192

stem cell function [93, 94]. Przybilla et al. [90] examined the193

role of age-related DNA methylation changes, and Duscher194

et al. [95] modelled the effect of aging on dynamics of mes-195

enchymal stem cells population, showing that an age-related196

depletion in progenitor cells impairs the formation of new197

blood vessels.198

A majority of the abovementioned studies focus on a199

particular molecular mechanism of aging; and the way they200

are designed makes them difficult to modify or integrate201

into other studies. Therefore, it is difficult to combine them202

and study a unified model that describes several aging203

processes at once. The current understanding of biological204

aging as a complex process involving the interplay of many205

mechanisms—from molecular to physiological—requires206

a more integrative modeling approach. For example, an207

interesting model has been proposed in [96] describing208

an interconnected multilayer system applied to study how209

amyloid-beta levels change within the brain parenchyma210

and vasculature, incorporating the role of the glymphatic211

system. This model based on the mass conservation212

equations shows the importance of vessel stiffness and heart213

rate in maintaining the proper level of clearance of amyloid- 214

beta from the brain to avoid neuropathologies. There is 215

an extensive literature devoted to modeling the circadian 216

clock [97], or the interaction between a circadian and cell 217

cycle gene-protein regulatory networks [98]. However, there 218

has been no mathematical description of how sleep and 219

inflammation are linked to age-related diseases [99], how 220

sleep parameters are linked to inflammation [25], how the 221

sleep-immune crosstalk functions [100], and how waste 222

clearance is linked to circadian clocks and sleep [101]. 223

Describing such a complex interaction requires a more 224

detailed study of sleep loss effect on promoted astrocytic 225

phagocytosis and microglial activation in the cerebral cortex 226

[26] with a particular focus on the role of the glymphatic 227

pathway in this scenario and in neurological disorders [102]. 228

In this paper, we are trying to fill this gap and to 229

understand the contribution of the interplay of sleep quality, 230

dynamics of waste concentration, microglial activation, 231

age-related impairment of clearance systems, and cellular 232

senescence in the CNS aging using a mathematical 233

modelling approach. 234

Model of the interplay between sleep, 235

immune, and waste clearance 236

in inflammaging 237

Model architecture 238

The model we propose describes the interaction between 239

healthy and senescent glial cells, waste, and SASP 240

molecules, and shows how inflammaging propagation can 241

appear in a certain area of a human brain. The model follows 242

the approach of chemical kinetics to describe the flow and 243

transformations of the involved “species” (molecules, cells) 244

within an elementary volume of brain tissue. The general 245

architecture of the model along with the dynamical variables 246

and corresponding kinetic equations is shown in Fig. 2. To 247

make the model clearer for understanding, we will put the 248

basic characteristics of the model and their components in 249

bold font. 250

The concentration of waste or “garbage” (cellular and 251

molecular garbage: cell debris, resulting from cell death, 252

misplaced or altered or oxidized molecules, gut microbiota 253

products, internal exosome, etc.) [40] is described by 254

variable R. Garbage is produced as a byproduct of neuronal 255

activity and eliminated through two mechanisms: uptake by 256

astrocytes and microglia and via the astrocyte-dependent 257

glymphatic pathway. These fluxes of garbage are shown 258

with blue arrows in Fig. 2. The model takes into account 259

that the rate of garbage uptake by glial cells depends on the 260

state thereof, which can be active, leading to fast cleaning, 261
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Fig. 2 Schematics of the model: garbage is accumulated during
neuronal activity and cleared by astrocytes (through the glym-
phatic pathway) and by microglia; neuronal activity and glym-
phatic system depend on the circadian rhythm; glial cells gradually

transition from normal to senescent state; senescent cells produce
pro-inflammatory SASP molecules; cell transition to senescence is
potentiated by garbage and by SASP. Mathematical notations are
detailed in Appendix 1

and normal/quiet state associated with slow cleaning. The262

activation of healthy glial cells is assumed to be determined263

by garbage concentration. The activity of neurons and the264

glymphatic system (both of which affect the balance of265

garbage concentration in the brain) exhibit time variability266

locked to the circadian rhythm, as indicated by black267

arrows. Following the experimental findings [5, 6], we268

consider that the glymphatic system is activated during269

sleep. The gradual transition of glial cells from normal270

to senescent state (as indicated by the magenta arrow) is271

assumed to be induced by glial overactivation promoted by272

garbage accumulation, and also by SASP molecules (shown273

with a black arrow). The fractions of the population of274

normally functioning glial cells and senescent glial cells are275

denoted as G and GS = 1 − G, respectively. Senescent276

cells produce pro-inflammatory SASP molecules, which277

are shown in red in the scheme and are represented in278

the model by the concentration variable S̃. The model279

accounts for the diffusion of SASP through the tissue. A280

detailed mathematical description of the model is given in281

the Appendix 1.282

Reduced formulations of the model283

Our main goal is to show how the proposed model brings284

together the current conceptions of the roles of sleep,285

garbage accumulation, cell senescence, and propagation286

of inflammation in brain aging. More specifically, we287

focus on the following three aims: first, we fit the288

model parameters to reproduce the expected dependence289

of garbage accumulation on the sufficiency of sleep; 290

second, we demonstrate the adequacy of the model in 291

reproducing the expected impact of sleep deficiency and 292

garbaging on glial senescence in the brain; third, we obtain 293

propagating solutions in an inhomogeneous medium to 294

describe the propagation of cell senescence (propagation 295

of inflammaging or “propagaging” [40]). Here, we employ 296

three distinct reduced formulations of the model based on 297

specific simplifying assumptions. In this subsection, we 298

outline these simplifications and the resulting reductions of 299

the full model. Our main results, as outlined in Table 1, 300

along with the respective subsections of the Appendix, are 301

associated with the mentioned steps and are based on the 302

respective reduced formulations of the model. 303

The investigated model can be seen as two interacting 304

subsystems, as shown in the left part of Fig. 3. The 305

first subsystem (shown in blue) describes the dynamics 306

of garbage concentration, which is determined by the 307

balance of garbage production by neurons, and its removal 308

by microglia and astrocytes. Sleep and wakefulness are 309

accounted for by explicit time dependence of both 310

production and removal rates (functions Q(t) and T (t) in 311

the model). Additionally, the garbage removal rate depends 312

on the garbage concentration itself. This dependence can 313

generally account for glial cell activation and the saturation 314

of the garbage elimination system. For the sake of analysis 315

and due to the lack of experimental data to support any 316

further detail of the model, we assume that the time 317

and concentration dependence of the garbage removal 318

rate factorizes into a product of two functions C(t) and 319
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Table 1 Model results and predictions

Increasing level of the model complexity Predictions of the model

Garbage dynamics: daily variability of garbage production
and elimination rates

A reduced formulation of the model describes how different
wake/sleep patterns affect garbage concentration. The model shows
that sleep deficiency (e.g., 5 h of sleep in comparison with 8 h of
normal sleep) leads to the accumulation of garbage.

Joint local dynamics of garbage and cell senescence,
coordinated by the production of SASP molecules

Insufficient sleep leads to an increase of garbage concentration
due to promoted cell senescence and to the production of SASP
pro-inflammatory molecules. SASP molecules in turn transfer
senescence to neighboring glial cells. The model predicts that if
accumulation of the senescent glia overcomes the inflammaging
threshold, further progression of cell senescence becomes self-
sustained, even after a normal sleep pattern is restored. The model
shows that the replacement of senescent cells by healthy cells
may potentially lead to “brain rejuvenation,” by promoting the
slowdown of inflammaging.

Space-time dynamics of garbage and senescence taking
into account the diffusion of SASP molecules

This full model enables the description of propagaging, i.e., the
propagation of cell senescence in the brain, and predicts that the
spatial inhomogeneity of senescent cells favors the propagation of
inflammaging.

f (R), which separately describe both dependencies. This320

simplification of the garbage subsystem is shown in Fig. 3321

to the right of the blue arrow tip.322

Furthermore, the garbage removal rate is proportional to323

the quantity of non-senescent glia G. Generally speaking,324

this binds the dynamics of garbage to that of glial325

senescence. Following a recent experimental study [30], we326

assume that the percentage of senescent glia is relatively327

small, which allows us to neglect the factor of glial328

senescence by taking G = 1 in the dynamics of garbage.329

Within this approximation, the garbage dynamics decouples330

from other variables of the model and can be studied331

separately. This (garbage only) reduction of the model332

consists of a single equation within the blue outline333

numbered as 1 in the right-hand part of Fig. 3. This reduced334

model is derived and used in Appendix 2.1 to fit the335

model parameters and to study the dependence of garbage336

dynamics on sleep duration.337

The second subsystem (further referred to as the338

“senescence subsystem” and shown in red in Fig. 3)339

describes the irreversible transition of glial cells to the340

senescent state. Generally, three pathways of this transition 341

are considered, which correspond to the three summands 342

in the full dynamical equation for GS : first, spontaneous 343

transition with constant rate, which is not dependent on 344

any other variables of the model; second, garbage-activated 345

transition via glial overactivation, which is triggered by 346

garbage concentration exceeding a specific threshold; third, 347

SASP-mediated self-induction of cell senescence, which 348

is conditioned by SASP originating from senescent cells, 349

which kicks in when the SASP concentration exceeds 350

a respective threshold. We abstract from spontaneous 351

senescence (which can be superimposed on top of our model 352

dynamics if needed) by dropping γB and focus on garbage- 353

induced and self-induced (SASP-mediated) senescence. As 354

long as we neglect the dependence of garbage dynamics 355

upon glial cells senescence (see above), the influence of 356

the garbage subsystem upon the senescence subsystem is 357

unidirectional. 358

The senescence subsystem contains two dynamic vari- 359

ables, which are the quantity of senescent cells GS 360

and the concentration of SASP S̃. To cut down the 361

Fig. 3 Model reductions: 1,
dynamics of garbage taken
alone; 2, joint dynamics of
garbage and senescence without
space-time effects; 3, SASP-
mediated self-propagation of
senescence through the tissue
(“propagaging”). The reductions
are derived and analyzed in
Appendix 2, and notations are
summarized in Table 2

Full model

1. Garbage dynamics, G=1

2. Garbage and senescence

3. Propagaging

Model reductions

Garbage subsystem

Senescence subsystem
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number of independent parameters of the model, we use a362

rescaled variable S for SASP concentration, as described363

in Appendix 2.2. We consider two simplified versions of364

these full equations; these simplifications are pointed at by365

two red arrows in Fig. 3. The first simplification starts from366

dropping the diffusion of SASP (thus abstracting from any367

space-time effects and considering the brain as a whole),368

which is followed by a quasi-steady-state approximation for369

the SASP concentration (assuming that it equilibrates much370

faster than the time scale of glial senescence). Within this371

simplification, the senescence subsystem reduces to a single372

ordinary differential equation for the quantity of senescent373

cells GS . This equation combined with the garbage subsys-374

tem constitutes the second reduction of the model which is375

shown in the green outline numbered 2 in the right-hand376

part of Fig. 3. This reduced model is derived and used in377

Appendix 2.3 to study the impact of sleep deficiency and378

garbaging on glial senescence.379

The other simplification of the senescence subsystem380

takes into account SASP diffusion, but abstracts from381

garbage-induced senescence, focusing on SASP-mediated382

self-induction senescence and on its propagation through383

the tissue due to the diffusion of SASP (“propagaging”).384

Within this simplification, garbage is viewed only as the385

initial cause of senescence in a localized spot in the tissue.386

After propagaging sets in, it becomes self-sustained and not387

dependent on further induction by garbage. This results in388

the third reduction of the model, which is shown in the red389

outline numbered 3 in the right-hand part of Fig. 3 and used390

in Appendix 2.4 to study the propagaging phenomenon.391

Results392

The main results and predictions of the models we393

applied are summarized in Table 1, while their detailed394

mathematical description is reported in the Appendix.395

Discussion396

We have systematized currently available data on the397

mechanisms of brain aging and inflammation. In particular,398

these data include the causal chain from sleep deficiency399

and/or glial age-related decline in garbage cleaning to400

garbage accumulation (referred to as “garbaging” [40]), and401

then to senescence of glial cells and their accumulation402

as a consequence of garbage overactivation [36], and403

finally to self-induction of the glial senescence process404

mediated by the SASP molecules, which results in the405

perpetuation of inflammaging [37]. We show that these406

causal connections boil down to a mathematical model407

describing the dynamics of key quantities characterizing408

brain inflammatory aging, which include the quantities of 409

garbage, senescent glial cells, and pro-inflammatory SASP. 410

Thus, the model incorporates the description of the main 411

factors involved in the process of brain inflammatory aging 412

assuming (i) the main role of sleep in cleaning the brain 413

of the toxic substances produced during wakefulness, here 414

collectively called “garbage”; (ii) sleep disorders, such as 415

short sleep duration, disrupt the physiological circadian 416

fluctuation of brain garbage production and cleaning. Sleep 417

shortage increases the production of molecular garbage by 418

extending wakefulness (i.e., the period of neuronal activity 419

when the production of garbage is higher) and reducing 420

the period devoted to garbage cleaning (which is maximal 421

during sleep), operated by garbage-driven astrocyte/glial 422

activation concomitant with the opening of the glymphatic 423

system. Thus, the model reproduces not only expected 424

phenomena like garbage upsurges associated with episodes 425

of sleep deficiency, but also the lifelong accumulation of 426

senescent glia acquired during supra-threshold upsurges 427

of garbage and self-sustained pro-inflammatory SASP- 428

mediated development of glial senescence after the quantity 429

of senescent cells accumulates past a corresponding 430

threshold. 431

Even though all the assumptions of the model are sup- 432

ported by a variety of experimental data (see “Introduc- 433

tion”), there is an urgent need for much more detailed data 434

for better quantification of these phenomena and their inter- 435

relations. These considerations are particularly important 436

for a key phenomenon predicted by the model, such as the 437

induction of glial senescence by an unmatched excess of 438

garbage overproduction and glial overactivation. The model 439

also predicts that (i) the production of pro-inflammatory 440

SASP molecules by senescent glial cells and their diffu- 441

sion will lead to self-sustained glial senescence that in turn 442

will propagate inflammaging throughout the brain [40]; (ii) 443

the inhomogeneous cell senescence background may lead to 444

faster propagation than it would be in case of homogeneous 445

senescence with the same average. New experimental data 446

are expected to test and verify this model prediction. 447

Despite the fact that it goes beyond the scope of this 448

paper, the model allows the inclusion of the mechanism 449

describing how gut molecules control brain inflammation 450

[41], and how microbiota can program neuronal function 451

by controlling intestinal physiology [103]. Additional 452

experimental data on this topic are highly welcome to 453

properly implement the possible extension of the model to 454

the role of the gut microbiota in brain inflammaging. 455

In conclusion, the model presented here puts together 456

basic phenomena involved in brain aging that are usu- 457

ally treated separately, focusing on the mechanisms under- 458

pinning a fundamental aspect of the aging process such 459

as chronic inflammation/inflammaging. It is important to 460

stress that a basic characteristic of the model is to link 461
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brain inflammatory aging to what is assumed to be a462

major physiological role of sleep, i.e., to clearing the brain463

from the toxic substances which accumulate during wake-464

fulness. This assumption fits with data suggesting that a465

major characteristic of centenarians (assumed as the best466

model of healthy aging and longevity in humans) is optimal467

sleep duration and the maintenance of circadian rhythms,468

including sleep [104], and has far-reaching consequences469

regarding the role of sleep disorders and brain inflamma-470

tion in increasing the risk of a variety of chronic age-related471

diseases [105, 106]. Finally, the model predicts that it is472

possible to rejuvenate an aging brain by preventing the473

accumulation of senescent cells and the self-sustained pro-474

inflammatory SASP-mediated propagation of inflammation475

throughout the brain. This is a very interesting perspective476

owing to the number of emerging “senolytic” agents capable477

of targeting and clear senescent cells in different organs and478

tissues [107]. In animal models, the accumulation of senes-479

cent cells is associated with multiple chronic age-related480

diseases and accelerated aging phenotypes that can be pre-481

vented or delayed by decreasing senescent cell abundance482

[108]. Regarding the brain, as discussed throughout the483

present paper, senescent cells are present in the aging brain484

[31] and in the brain of Alzheimer’s and Parkinson’s disease485

models [109, 110]. Senescent cell markers were shown to be486

preferentially present within the astrocytes in brain tissues487

of patients affected by Parkinson’s disease, and paraquat488

was found to induce in mice astrocytic senescence and a489

SASP in vitro and in vivo, while senescent cell depletion490

protected against paraquat-induced neuropathology [111].491

An interesting paper recently showed that in a mouse model492

of tau-dependent neurodegenerative disease, the clearance493

of senescent astrocytes and microglia prevented many neu-494

ropathological markers of the disease, including gliosis,495

neurofibrillary tangle deposition, and degeneration of corti-496

cal and hippocampal neurons, and preserved the cognitive497

functions [112]. Preliminary reports show that the senolytic498

approach is also effective in humans [113] but, as far as we499

know, no report has been published on senolytic therapy in500

patients affected by neurodegenerative diseases. However,501

it can be predicted that targeting senescent glial cells, i.e.,502

astrocytes and microglia, will represent a new therapeutic503

strategy in neurodegenerative diseases, and our model pre-504

dicts that this approach will be capable of “rejuvenating”505

aged brain. New data on this hot topic are expected soon,506

and they will allow us to refine our model to better quantify507

the effect of the senolytic approach aimed at preventing the508

accumulation of senescent cells in the brain.509
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Appendix 1: Model detalization 518

The changes in the concentration of garbage in a certain 519

volume of brain are determined by the balance of its 520

accumulation during neuronal activity on the one hand, 521

and its degradation and clearance by microglial cells and 522

astrocytes on the other. In space-time studies, we neglect 523

the garbage diffusion, assuming it to be much slower than 524

that of SASP molecules (see Eq. 6 below). The dynamics 525

of garbage concentration is then described by the following 526

equation: 527

Ṙ = Q(t)−γ1R−γ2G·f2(R)·h(R)−γ3G·f3(R)·T (t), (1)

where Q(t) denotes the (time-dependent) garbage produc- 528

tion rate, γ1 is the rate of spontaneous degradation of 529

garbage, and the two remaining terms describe two mech- 530

anisms of active garbage elimination: uptake by astrocytes 531

and microglia (term with γ2) and the effect of glymphatic 532

system (term with γ3). 533

The rate of garbage uptake by the glial cells depends 534

on the state thereof, which can be active leading to fast 535

cleaning, and normal quiet state associated with slow 536

cleaning. The activation of the healthy glial cells is assumed 537

to be determined by garbage concentration and is described 538

by the function h(R), which we assume to be a sigmoid 539

function of the following form: 540

h(R) = x0 − x0 − 1

1 + exp
(

−(R−R1)
η1

) , (2)

where x0 denotes the rate of waste clearance by non- 541

activated microglia, R1 is the activation midpoint, and η1 is 542

the inverse slope of the activation curve (see Fig. 4a). 543

The glymphatic system is astrocyte-dependent and is 544

activated during sleep. This daily variability is accounted for 545

by the function T (t). 546

The saturation of both garbage elimination systems is 547

described by normalized nonlinear functions f2,3(R). Given 548

no specific experimental data on either of them, we use 549

a single function obtained from a kinetic description of 550

garbage binding to glia: 551

f2,3(R) = fK(R) = R

R0 + R
, (3)

where R0 is the saturation curve midpoint (which is the level 552

of garbage concentration, where the elimination rate is half 553

the maximum). 554
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Fig. 4 Model functions: a describes activation h(R) of healthy glial
cells clearing garbage as a function of the garbage concentration R,
whereas the function hR(R) describes an increment of senescent cell
proportion, when glial cells are overactivated as a result of garbage

accumulation; b illustrates the function hS(S) describing a transition
between healthy and senescent cells in the course of interaction with
SASP molecules

The conversion of glial cells to the senescent state is555

assumed to be induced by glial overactivation promoted556

by garbage accumulation, and also by SASP molecules,557

which are in turn constantly produced by the senescent558

cells. The progression of glial senescence is described by559

the following dynamical equation for the fraction of the560

senescent glia GS (total quantity of glia assumed constant):561

ĠS = γB + γRhR(R) + γShS(S), (4)

where γB is the background (always present) senescence562

rate, γR and γS control the rates of senescence induced563

by garbage and SASP, hR(R) and hS(S) are corresponding564

normalized activation functions, which are assumed to be565

sigmoid functions:566

hR(R) = 1

1 + exp
(

−(R−RA)
ηR

) , hS(S) = 1

1 + exp
(

−(S−SA)
ηS

) ,

(5)

567

where RA and SA are senescence activation midpoints for568

garbage and SASP, ηR and ηS determine the widths of the569

smoothed step transition (see Fig. 4).570

The changes of SASP molecule concentration S̃ are571

determined by the balance of their production (by senes-572

cent astrocytes and microglia), natural degradation, and573

diffusion, and are described by the equation:574

˙̃S = σGGS − σSS̃ + D∆S̃, (6)

where σG is the rate of SASP production by senescent cells,575

σS is SASP degradation rate, D is the diffusion coefficient,576

and ∆ is the Laplacian operator.577

Appendix 2: Model reductions 578

Here, we derive and analyze the reduced formulations of 579

the model, as described in the “Reduced formulations of the 580

model”. All notations are additionally summarized in 581

Table 2. 582

2.1 Dynamics of garbage concentration 583

Assuming the rate of spontaneous garbage degradation to be 584

much smaller than that of active garbage cleaning by glial 585

cells, we neglect the term with γ1 in Eq. 1, transforming the 586

latter into: 587

Ṙ = Q(t) − G ·
[
γ2f2(R) · h(R) − γ3f3(R) · T (t)

]
. (7)

The factor in square brackets here describes the dependence 588

of garbage elimination rate on time t and concentration 589

of garbage R. Generally speaking, it cannot be factorized 590

into a product of separate functions of t and R. That said, 591

and taking into account the absence of experimental data 592

to quantify all the unknown functions within the bracketed 593

expression, for the sake of model simplicity, we artificially 594

impose the assumption of such factorization, which reduces 595

the equation to the form: 596

Ṙ = Q(t) − G · C(t) · f (R), (8)

where C(t) characterizes the time dependence of garbage 597

elimination, and f (R) the concentration dependence. For 598

the sake of analytical consideration, we use a simplified 599

piecewise linear saturation function: 600

f (R) = fP (R) = max{1, R/R0}, (9)

and in numerical simulations also the smooth function 601

f (R) = fK(R) as defined in Eq. 3. 602
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Table 2 Model notations summary

Notation Meaning

Value and/or expression Justification

f (R) Accounts for the dependence (saturation)
of garbage elimination rate upon garbage
concentration.

In analysis: piecewise linear function fP (R) as
defined in Eq. 9.

In simulations: smoothed function fK(R) as
in Eq. 3 unless stated otherwise (see details
in the text).

Function parameter: R0 (characteristic concentra-
tion of garbage at which the garbage elimination
system starts to saturate).

R0 1 We assume that R0 is normalized to unity by scaling the
measurement unit of R.

C(t) Accounts for the time dependence (daily variability locked
to the sleep pattern) of garbage elimination rate. Takes
on two fixed values: Cs during sleep and Cw during
wakefulness; switches abruptly between these values.

Cs = τ−1
s = 6 (“healthy” condition) = 5.7 (“aged” condition:

cut down by 5%)
An indicative estimate from Eq. 21 with a reasonable
guess taken for the characteristic time scale of garbage
elimination during sleep τs = 1/6 (4 hours); the estimate is
based on the piecewise linear saturation function f (R) =
fP (R) as defined in Eq. 9, but as an indicative value
applies regardless of the exact saturation function type.

Cw = Cs/2 = 3 (“healthy” condition) = 2.85 (“aged”
condition: cut down by 5%)

Assumption: the rate of garbage elimination during
wakefulness is half of that during sleep, as justified in [5,
114].

Q(t) Accounts for the time dependence (daily variability locked
to the sleep pattern) of garbage production rate. Takes
on two fixed values: Qs during sleep and Qw during
wakefulness; switches abruptly between these values.

Qs 0 Assumption: negligible production of garbage during sleep.

Qw 5 Obtained from Eq. 22 with a reasonable guess for the
critical sleep duration T crit

s = 0.25 (6 h).

γR , γS The rates of two pathways of cell transition to senescence:
γR — garbage-activated transition via glial overactivation;
γS — SASP-mediated self-induction of cell senescence.

10−4 Indicative estimate based on the assumption that the
fraction of senescent cells GS gets an increment of 0.1
(equivalently, 10%) in 500 days when both activation by
garbage and self-induction via SASP are present.

hR(R), hS(S) Normalized activation functions which determine when
the two pathways of cell transition to senescence come
into play: hR(R)—garbage-activated transition via glial
overactivation; hS(S)—SASP-mediated self-induction of
cell senescence.

In analysis: Heaviside step functions Eq. 23. In simula-
tions: sigmoid functions Eq. 5.

Function parameters: RA and SA (threshold values), ηR

and ηS (widths of the step transitions).

RA 15 Fitted to comply with the indicative assumption that
20 days of sleep deficiency (5 h sleep duration) or
7 days of complete sleep deprivation trigger garbage-
induced senescence. This estimate is based on numerical
simulations with the smooth saturation function f (R) =
fK(R) as defined in Eq. 3.
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Table 2 (continued)

Notation Meaning

Value and/or expression Justification

ηR = RA/15 = 1 Indicative guess (ηR " RA).

SA 0.1 SA is the critical value for the fraction of
senescent cells GS . Namely, after GS rises above
SA, senescence starts to self-activate via SASP
production. The value of SA = 0.1 estimates this
critical fraction as 10%.

ηS = SA/20 = 0.005 Indicative guess (ηS " SA).

σS Inverse characteristic time scale of SASP concen-
tration equilibration: σS = τ−1

S .

D SASP diffusion coefficient.

1 In the space-time simulations, we assume that
both constants are normalized to unity by a proper
simultaneous scaling of time and space units.

Following this approach, we essentially abstract from603

quantifying the effect of glial cell activation (given by604

the function h(R) in the full model Eq. 1). If taken605

into account, glial activation would show up as a section606

with steeper dependence of garbage elimination rate upon607

garbage concentration somewhere below the saturation608

level (at R ! R0). We argue that this would only have609

a quantitative impact, while our main qualitative results610

remain mainly determined by saturation effects, which611

we necessarily take into account. Therefore, we limit612

ourselves to a paradigmatic model in the form Eq. 8,613

considering further detalization currently unattainable due614

to the aforementioned lack of experimental data.615

Hereafter, we assume that R is measured in the units of616

R0, which implies R0 = 1.617

For further simplification, we recall that the fraction618

of the senescent glia is typically a small value. A619

quantitative reference for the number or frequency of620

senescent microglia/macrophages in the aged brain is621

currently lacking, due in part to the complexity of defining622

specific criteria for glial senescence in vivo. In a recent623

study, the percentage of senescent microglia ranged from624

1 to 4% of the total population [30]. This is consistent625

with senescent cell numbers in other tissues and reflects a626

significant number of dysfunctional senescent cells. Indeed,627

very small numbers of transplanted senescent cells are628

enough to cause lasting physical dysfunction [115, 116].629

Hence, we assume G = 1 without significant impairment of630

model precision.631

To account for daily variability of garbage production632

and elimination rates, we assume that Q(t) and C(t) take633

on different constant values during wakefulness and sleep,634

these values further respectively denoted as Qw, Cw, and635

Qs , Cs .636

Finally, the simplified version of Eq. 8 which we will 637

analyze reads: 638

Ṙ =
(

Qw

Qs

)
−

(
Cw

Cs

)
· fP (R), (10)

where the upper and the lower symbols correspond to 639

wakefulness and sleep. 640

As soon as the piecewise linear saturation function 641

fP (R) Eq. 9 is used, Eq. 10 implies accumulation or decay 642

of garbage at a constant rate above the saturation threshold 643

in R: 644

Ṙ = Q − C, when R > 1, (11)

and reduces to a linear equation below the saturation 645

threshold: 646

Ṙ = Q − CR, when R ≤ 1. (12)

Natural assumptions are: 647

Qw > Cw, (13)

otherwise, according to Eq. 12, a stationary concentration 648

of garbage R∞ = Qw/Cw < 1 would be attained even 649

without sleep, thus rendering sleep unnecessary, and 650

Qs < Cs, (14)

otherwise elimination of garbage during sleep would be 651

impossible. 652

We measure time in days and denote the duration of sleep 653

as Ts , and that of wakefulness as Tw = 1 − Ts . We note that 654

whenever 655

(Qw − Cw)Tw > (Cs − Qs)Ts, (15)
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Eq. 11 leads to infinite accumulation of garbage; thus, there656

exists a critical sleep duration T crit
s determined by657

(Qw − Cw)(1 − T crit
s ) = (Cs − Qs)T

crit
s . (16)

If Ts > T crit
s (sufficient sleep), garbage concentration658

during sleep falls below the saturation level (R < 1), and659

during wakefulness may or may not exceed the saturation660

level. Established dynamics of garbage concentration in this661

regime is shown in Fig. 5a. Here, we use the values of662

parameters Qw = 5, Cw = 3, Qs = 0, Cs = 6, which are663

justified below, along with Ts = 1/3, which corresponds to664

a sleep duration of 8 h.665

At the critical sleep duration Ts = T crit
s , garbage666

concentration R(t) in the stationary regime demonstrates a667

saw-like profile with minimum at the saturation threshold668

R = 1 and with maximum669

Rcrit
max = CsT

crit
s + 1. (17)

Established dynamics of garbage concentration in the670

critical regime is shown in Fig. 5b with the value R =671

Rcrit
max marked with a red dashed horizontal line. Here, sleep672

duration is Ts = 1/4 (equivalent to 6 h), other parameters673

same as above.674

If Ts < T crit
s (insufficient sleep), then garbage675

concentration inevitably rises above the saturation level676

(R > 1) and accumulates infinitely (while the deficiency of677

sleep is present) with average rate:678

〈Ṙ〉 = (Qw − Cw)Tw − (Cs − Qs)Ts . (18)

Dynamics of garbage accumulation in this regime is shown679

in Fig. 5c with the average trend R(t) ∼ 〈Ṙ〉 · t shown with680

a red dashed line. Here, sleep duration is Ts = 5/24 (5 h).681

In order to fit the model parameters to reality, we start682

with the assumption that garbage production during sleep is683

negligible compared with that during wakefulness (Qs "684

Qw), so further we let Qs = 0 for simplicity. The remaining685

model parameters Qw, Cw, Cs can be quantified using the686

following considerations for a healthy human.687

During sleep, the dynamics of garbage in the unsaturated 688

regime (when R < 1) is described by the linear Eq. 12, 689

which reduces to: 690

Ṙ = −CsR, (19)

and implies exponential decay of garbage concentration to 691

zero: 692

R(t) ∼ e−t/τs (20)

with characteristic time scale: 693

τs = 1
Cs

. (21)

Then, sleep periods greatly exceeding τs (for definiteness, 694

Ts > 2τs) are excessive in the sense that further 695

sleeping does not improve garbage elimination significantly. 696

Estimating this sufficient sleep duration as 8 h, we get τs 697

equal to 4 h, or in the units of days τs ≈ 1/6, which 698

produces an estimate Cs ≈ 6. 699

In order to estimate the two remaining parameters Qw 700

and Cw, we generally need two additional biologically 701

relevant quantitative model outcomes to correlate with 702

reality. For one of them, we use the critical sleep duration 703

T crit
s , for which from Eq. 16 we get: 704

Qw − Cw = CsT
crit
s

1 − T crit
s

. (22)

Estimating T crit
s ≈ 0.25 (6 h), and using the above estimate 705

Cs ≈ 6, we get Qw−Cw ≈ 2. Due to scarcity of quantitative 706

experimental data on the dynamics of garbage concentration 707

in the brain, we further employ the observation of [5, 114] 708

that the rate of garbage elimination during sleep is roughly 709

twice than that during wakefulness, which finally yields 710

Cw ≈ Cs/2 ≈ 3, Qw ≈ Cw +2 ≈ 5. This set of parameters 711

was used to produce the profiles of R(t) in Fig. 5 and is used 712

hereinafter, unless stated otherwise. 713

When the piecewise linear saturation function Eq. 9 in the 714

model is replaced by a more realistic smooth function Eq. 3, 715

with parameter values unchanged, the quantitative dynamics 716

R(t) changes, but the qualitative behavior remains. This can 717

(a) Normal sleep duration (b) Critical sleep duration (c) Sleep deficiency
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Fig. 5 Dynamics of the garbage concentration R(t) in the simplified
piecewise linear model with Qw = 5, Cw = 3, Qs = 0, Cs = 6:
a normal sleep (8 h, Ts = 1/3); b critical regime of sleeping (6 h,

Ts = 1/4), maximal value Eq. 17 shown with a red dashed horizontal
line; c insufficient sleep (5 h, Ts = 5/24), average trend Eq. 18 shown
with a red dashed line
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be seen in Fig. 6, where panel (a) corresponds to normal718

sleep duration (8 h) and panel (b) shows the accumulation719

of garbage in case of sleep deficiency (5 h of sleep).720

Remarkably, the expression for average trend Eq. 18 still721

produces a good estimate for garbage accumulation rate in722

the saturation regime (shown with the red dashed line in the723

figure).724

2.2 Dynamics of glial senescence725

The sigmoid activation functions hR(R) and hS(S) Eq. 5726

from dynamical equation for the fraction of senescent glia727

Eq. 4 for the sake of analysis can be written in the step form:728

hR(R) = H(R − RA), hS(S) = H(S − SA), (23)

where H(·) is the Heaviside step function.729

The balance equation for the unnormalized SASP730

concentration Eq. 6 allows for arbitrary rescaling of its731

variable of state, which allows eliminating one of its732

parameters. We make such rescaling by introducing a733

normalized SASP concentration variable S according to:734

S̃ = σG

σS
S, (24)

so that the unitary concentration S = 1 is now defined as the735

(actually unattainable) stationary concentration of SASP,736

which would be achieved if all the glia were senescent737

(GS = 1). In this notation, the balance Eq. 6 transforms into738

Ṡ = σS(GS − S) + D∆S, (25)

where the parameter σS determines the characteristic time739

scale τS of SASP concentration equilibration740

σS = 1
τS

. (26)

2.3 Local dynamics of garbage and senescence741

To characterize the joint dynamics of glial senescence and742

SASP, we first consider their local dynamics, which implies743

D∆S = 0 in Eq. 25. This corresponds to the absence of744

diffusion D = 0, or to the spatially uniform case with745

∆S = 0.746

Assuming the time scale τS of SASP dynamics to be 747

much smaller (faster) than that of glial senescence, we can 748

replace S in Eq. 4 by its quasi-steady-state approximation 749

from Eq. 25, which is 750

S = GS . (27)

Additionally, in order to focus on garbage-induced senes- 751

cence, we neglect the background (garbage-independent) 752

senescence by taking γB = 0. This way Eq. 4 is transformed 753

into 754

ĠS = γRhR(R) + γShS(GS). (28)

Model Eq. 4 implies that the quantity of senescent glia 755

never decreases. In the version Eq. 28 with step functions 756

Eq. 23 taken for hR(·) and hS(·) senescence at best does not 757

progress (GS = const) while R < RA and GS < SA, and 758

increases otherwise. 759

In other words, while senescence remains below its 760

threshold (GS < SA), the accumulation of senescent glial 761

cells is conditioned by garbage and occurs only when the 762

latter exceeds its respective threshold (R ≥ RA). 763

As soon as senescence due to its course-of-life accu- 764

mulation exceeds its threshold (GS ≥ SA), the right-hand 765

side of Eq. 28 becomes positive regardless of the garbage 766

level, which implies the monotonous accumulation of glial 767

senescence due to a positive feedback via SASP even in the 768

absence of further induction by garbage. 769

In this view, R = RA is the “garbaging” threshold; its 770

temporary overshoot by garbage concentration leads to an 771

increase in the quantity of senescent glia, which however 772

stabilizes (does not accumulate any more) once the garbage 773

overshoot ends. The garbage increase, in turn, may be 774

caused by a temporary deficiency or deprivation of sleep, as 775

it follows from the garbage balance Eq. 8, according to the 776

results of the Section 2.1. The height and the duration of a 777

garbage concentration peak induced by a particular episode 778

of sleep restriction depend increasingly upon the severity 779

and the duration of sleep deficiency. 780

We illustrate this by simulating the joint dynamics of 781

garbage concentration and glial senescence according to the 782

Eq. 8 and Eq. 28 with smooth nonlinearities Eq. 3, Eq. 5. 783

Parameters of garbage dynamics Eq. 8 are as in Section 2.1, 784

Fig. 6 Dynamics of the garbage
concentration R(t) in the model
with smooth nonlinearity Eq. 6,
parameters same as in Fig. 5: a
normal sleep (8 h, Ts = 1/3); b
insufficient sleep (5 h,
Ts = 5/24)
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(a) Normal garbage removal (b) Age-impeded garbage removal (c) Self-sustained senescence
and its hypothetic interruption

Fig. 7 Simultaneous dynamics of the garbage concentration R(t) and
the fraction of senescent cells GS(t) in a variable sleep quality profile
containing 2 periods of sleep deficiency and 2 periods of total sleep
deprivation interleaved with normal sleep (see details in the text): a
garbage removal rates are at their normal values Cs = 6, Cw = 3,
as estimated in Section B.1; b age-impeded garbage removal with
Cs = 5.7, Cw = 2.85 (95% of the norm) leads to higher garbage

peaks and greater accumulation of senescence; c same age-impeded
garbage removal on top of pre-existing age-related glial senescence
GS(t = 0) = 0.085 triggers the vicious circle of self-sustained SASP-
mediated senescence; the hypothetic recovery of senescent glia breaks
the vicious circle, as shown in panel (c) by resetting GS at t = 500
back to GS(t = 500) = 0.085

and for senescence dynamics Eq. 28, due to the lack of785

real data, we pick indicative quantities γR = γS = 10−4,786

along with activation function parameters in Eq. 5 RA = 15,787

ηR = 1, SA = 0.1, ηS = 0.005. In Fig. 7a, we show788

the simulation result on a time interval of 350 days. Most789

of the time, the sleep duration is 8 h (Ts = 1/3), except790

for two episodes of sleep restriction (Ts = 5/24 or 5 h)791

lasting for 10 and 20 days, which correspond to the first792

two peaks in the garbage dynamics (the upper panel in793

Fig. 7a), and two episodes of complete sleep deprivation794

(Ts = 0) lasting for 3 and 7 days, which correspond to795

the latter two peaks in the garbage dynamics. Indeed, we796

observe more pronounced garbage peaks as the duration of797

sleep deprivation or restriction is increased (the 2nd and the 4th798

peaks, compared with the 1st and the 3rd). Expectedly,799

complete sleep deprivation (the 3rd and the 4th peaks)800

produces a steeper increase of garbage than sleep deficiency801

(the 1st and the 2nd peaks). We have chosen the garbaging802

threshold value RA = 15 so that only the more severe803

episodes of sleep restriction (20 days of sleep deficiency or 7804

days of complete sleep deprivation) lead to the accumulation805

of glial senescence (the lower panel in Fig. 7a).806

To demonstrate the effect of an age-related decrease of807

garbage elimination rate upon the dynamics of garbage and808

glial senescence, we performed a similar simulation with809

garbage elimination rates Cs = 5.7, Cw = 2.85, which are810

cut down by 5% compared with the previous simulation,811

all other conditions unchanged. The result is shown in812

Fig. 7b, showing higher garbage peaks and longer recovery813

times; moreover, all four episodes of sleep deficiency now814

produce glial senescence. The resultant increment of glial815

senescence over the same simulated time interval is now816

about 3 times greater than in the previous simulation (cf.817

Fig. 7a).818

In turn, GS = SA is the “inflammaging” threshold. 819

When senescent glia accumulates beyond this threshold 820

(due to accumulation of the above mentioned “garbaging” 821

overshoots during the life course), further progression of 822

senescence becomes monotonous due to self-induction via 823

SASP and does not stop until the end of life. This is 824

illustrated by the simulation result shown in Fig. 7c, where 825

all conditions are the same as in Fig. 7b, except for starting 826

from a higher value of the senescence variable GS(t = 0) = 827

0.085 and extending the simulated time interval (the relevant 828

part is up to t = 500 days; the remaining part of the graph 829

is discussed below). Here, the senescence variable, once 830

reaching the inflammaging threshold SA = 0.1, continues 831

to grow even in the absence of garbaging peaks. 832

This feature of our model implies that inflammaging, 833

once set in, never stops, even if the garbage elimination 834

rate recovers to normal. More precisely, our model does not 835

incorporate any mechanisms for inflammaging to stop. This 836

follows from the assumptions that inflammaging is driven 837

by SASP, which in turn is produced by senescent cells, 838

which remain in this state perpetually. 839

A hypothetic possibility to extinguish inflammaging 840

would require a mechanism to eliminate senescent cells 841

from the brain faster than they build up. Wong [117] 842

and Clarke with colleagues [22] discuss the replacement 843

of aged microglia with young microglia as the “reju- 844

venative” therapy. These microglial “replacements” may 845

promote the removal of accumulated garbage, and the slow- 846

down of the cellular senescence process, thereby improv- 847

ing cognitive function in aging. Prospects for the role 848

of techniques for clearance of senescent macrophages in 849

prolonging healthspan are actively discussed in the scien- 850

tific community now [36]. We simulate such recovery of 851

senescent glia by artificially resetting the variable GS to a 852
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sub-inflammaging value GS = 0.085, as shown in Fig. 7c at853

t = 500. The concentration of senescent cells is now reset,854

self-induction and progression of senescence are stopped,855

and future behavior will again depend on whether sleep856

pattern and garbage elimination are normal or not.857

2.4 Space-time dynamics of senescence858

(“propagaging”)859

The model in the form of ordinary differential equations860

considered in Section 2.3, where diffusion is dropped and861

quasi-steady-state approximation is used to express SASP862

concentration, applies to the description of the dynamics of863

glial senescence in the brain taken as a whole, on large time864

scales up to the lifetime, or in local parts of the brain, while865

this local senescence does not propagate in space.866

In order to describe the progression of senescence with867

spatial detalization, we revert to the full model consisting868

of the equations for glial senescence Eq. 4 and SASP869

balance Eq. 25 including the diffusion term. We focus on870

propagating solutions where glial senescence propagates871

itself through the tissue in the wake of diffusing SASP (a872

phenomenon referred to as propagation of inflammaging873

[40]). In this regard, we take an initial spatial profile of874

senescence at the onset of propagation as given, abstracting875

from its backstory and taking into account the only876

mechanism of senescence, namely that activated by SASP877

(γS *= 0), while assuming γB = 0, γR = 0 in Eq. 4.878

Although we recognize activation by garbage as the root879

cause initiating senescence, we consider it as part of the880

mentioned “backstory,” which is adequately described by881

local dynamics as in Section 2.3, and hence we omit it in the882

model of inflammaging propagation.883

Finally, we formulate the mathematical model as a884

system of simultaneous Eqs. 4 and 25 with the assumptions885

above taken into account:886

Ṡ = σS(GS − S) + D∆S, (29)

ĠS = γShS(S). (30)

We simulate a two-dimensional system with spatial887

inhomogeneity introduced into the initial profile of the888

senescence variable GS , as shown in panel (a) of Fig. 8. To889

Fig. 8 Simulating propagation
of inflammaging over an
inhomogeneous initial
senescence profile in
two-dimensional space. Level of
senescence shown in color code:
a initial condition at t = 0; b
snapshot at t = 25. Coordinates
x and y are in arbitrary units

ecnecsenesdetagaporP)b(elfiorpecnecsenessuoenegomohnilaitinI)a(

G
S/ S

A

x

y

G
S/S

A

x

y

Fig. 9 Propagation of inflammaging quantified by time evolution
of the ratio ε of the tissue volume with high level of senescence
(GS > SA) to the total volume of the tissue in simulation runs with
two different initial senescence profiles (uniform and inhomogeneous)
with equal mean

initiate inflammaging propagation, we place a patch with 890

a sufficiently high senescence value in the center of the 891

system. A typical snapshot of the senescence variable in 892

color encoding taken at t = 25 is presented in panel (b) of 893

Fig. 8. 894

We find that the spatial inhomogeneity of the initial 895

senescence background may lead to faster propagation 896

of the senescence front than it would be in case of 897

homogeneous initial senescence with the same average. To 898

quantify this statement, we calculate the ratio ε of the tissue 899

volume with high level of senescence (where the condition 900

GS > SA is fulfilled) to the total volume of the tissue. 901

We compute ε over time in settings with homogeneous 902

and inhomogeneous initial senescence backgrounds with 903

the same average. The resulting plots are shown in 904

Fig. 9 confirming faster propagation of senescence in the 905

inhomogeneous case. 906

This phenomenon can be explained by quicker propa- 907

gation of the front in areas with greater initial senescence, 908

which allows the inflammaging to cover quickly larger 909

distance, even though leaving behind some non-inflamed 910

“holes” in places where initial senescence was low. These 911

holes eventually get taken over by the inflammaging propa- 912

gation process without hindering the fast propagation of the 913

foremost parts of the front. 914
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105. Stenholm S, Head J, Kivimäki M, Hanson LLM, Pentti J, Rod 1261
NH, Clark AJ, Oksanen T, Westerlund H, Vahtera J (2018) Sleep 1262
duration and sleep disturbances as predictors of healthy and 1263
chronic disease–free life expectancy between ages 50 and 75: A 1264
pooled analysis of three cohorts. The Journals of Gerontology: 1265
Series A 74(2):204–210 1266

106. Tobaldini E, Fiorelli EM, Solbiati M, Costantino G, Nobili L, 1267
Montano N (2018) Short sleep duration and cardiometabolic 1268
risk: from pathophysiology to clinical evidence. Nat Rev Cardiol 1269
16(4):213–224 1270

107. Gerdes EOW, Zhu Y, Tchkonia T, Kirkland JL (2020) Discovery, 1271
development, and future application of senolytics: theories and 1272
predictions. The FEBS Journal 287(12):2418–2427 1273

108. Khosla S, Farr JN, Tchkonia T, Kirkland JL (2020) The role 1274
of cellular senescence in ageing and endocrine disease. Nat Rev 1275
Endocrinol 16(5):263–275 1276

109. Musi N, Valentine JM, Sickora KR, Baeuerle E, Thompson CS, 1277
Shen Q, Orr ME (2018) Tau protein aggregation is associated 1278
with cellular senescence in the brain. Aging Cell 17(6):e12840 1279

110. Zhang P, Kishimoto Y, Grammatikakis I, Gottimukkala K, 1280
Cutler RG, Zhang S, Abdelmohsen K, Bohr VA, Sen JM, 1281
Gorospe M, Mattson MP (2019) Senolytic therapy alleviates 1282
aβ-associated oligodendrocyte progenitor cell senescence and 1283
cognitive deficits in an alzheimer’s disease model. Nat Neurosci 1284
22(5):719–728 1285

111. Chinta SJ, Woods G, Demaria M, Rane A, Zou Y, McQuade 1286
A, Rajagopalan S, Limbad C, Madden DT, Campisi J, Andersen 1287
JK (2018) Cellular senescence is induced by the environmental 1288
neurotoxin paraquat and contributes to neuropathology linked to 1289
parkinson’s disease. Cell Reports 22(4):930–940 1290

112. Bussian TJ, Aziz A, Meyer CF, Swenson BL, van Deursen 1291
JM, Baker DJ (2018) Clearance of senescent glial cells 1292
prevents tau-dependent pathology and cognitive decline. Nature 1293
562(7728):578–582 1294

113. Hickson LJ, Prata LGPL, Bobart SA, Evans TK, Giorgadze 1295
N, Hashmi SK, Herrmann SM, Jensen MD, Jia Q, Jordan KL, 1296
Kellogg TA, Khosla S, Koerber DM, Lagnado AB, Lawson DK, 1297
LeBrasseur NK, Lerman LO, McDonald KM, McKenzie TJ, 1298
Passos JF, Pignolo RJ, Pirtskhalava T, Saadiq IM, Schaefer KK, 1299
Textor SC, Victorelli SG, Volkman TL, Xue A, Wentworth MA, 1300



AUTHOR'S PROOF! JrnlID 281 ArtID 816 Proof#1 - 25/09/2020

UNCORRECTED
PROOF

Semin Immunopathol

Gerdes EOW, Zhu Y, Tchkonia T, Kirkland JL (2019) Senolytics1301
decrease senescent cells in humans: Preliminary report from1302
a clinical trial of dasatinib plus quercetin in individuals with1303
diabetic kidney disease. EBioMedicine 47:446–4561304

114. Benveniste H, Liu X, Koundal S, Sanggaard S, Lee H, Wardlaw1305
J (2018) The glymphatic system and waste clearance with brain1306
aging: A review. Gerontology 65(2):106–1191307

115. Xu M, Bradley EW, Weivoda MM, Hwang SM, Pirtskhalava1308
T, Decklever T, Curran GL, Ogrodnik M, Jurk D, Johnson1309
KO, Lowe V, Tchkonia T, Westendorf JJ, Kirkland JL1310
(2016) Transplanted senescent cells induce an osteoarthritis-

Q3
1311

like condition in mice. The Journals of Gerontology Series A:1312
Biological Sciences and Medical Sciences, p glw1541313

116. Hall BM, Balan V, Gleiberman AS, Strom E, Krasnov P, 1314
Virtuoso LP, Rydkina E, Vujcic S, Balan K, Gitlin I, Leonova 1315
K, Polinsky A, Chernova OB, Gudkov AV (2016) Aging of 1316
mice is associated with p16(Ink4a)- and β-galactosidase-positive 1317
macrophage accumulation that can be induced in young mice by 1318
senescent cells. Aging 8(7):1294–1315 1319

117. Wong WT (2013) Microglial aging in the healthy CNS: 1320
phenotypes, drivers, and rejuvenation. Front Cell Neurosci 7:22 1321

Publisher’s note Springer Nature remains neutral with regard to 1322
jurisdictional claims in published maps and institutional affiliations. 1323



AUTHOR'S PROOF! JrnlID 281 ArtID 816 Proof#1 - 25/09/2020

AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES:

Q1. Please check article note if captured and presented correctly.
Q2. Please provide page number for References 2, 16, 44, and 46.
Q3. Please provide volume number for Reference 115.


	Brain aging and garbage cleaning
	Abstract
	Introduction
	Mathematical models of aging mechanisms
	Model of the interplay between sleep, immune, and waste clearance in inflammaging
	Model architecture
	The concentration of waste or ``garbage''

	Reduced formulations of the model

	Results
	Discussion
	Compliance with ethical standards
	Appendix  1: Model detalization
	Appendix 2: Model reductions
	Appendix  2: Model reductions
	2.1 Dynamics of garbage concentration
	2.2 Dynamics of glial senescence
	2.3 Local dynamics of garbage and senescence
	2.4 Space-time dynamics of senescence (``propagaging'')
	References


