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Abstract

Mammalian brains typically grow through development. In contrast, the Eurasian common shrew
Sorex araneus has evolved a wintering strategy that shrinks many organs in autumn, including
their brain, then rapidly regrow in spring. To explore the molecular underpinnings of this unique
brain size change, we analyzed multi-organ, season-specific transcriptomics and metabolomic
data. Simultaneous with brain shrinkage, we discovered system-wide metabolic shifts from lipid to
glucose metabolism, similar to hypoxia responses, as well as neuroprotection of brain metabolic
homeostasis through reduced cholesterol efflux. Analyses of co-expression models uncovered a
finely tuned brain-liver crosstalk underlying these shifts, with the brain shrinkage module
comprising of markers associated with longevity-regulating pathways and pathways involved in
neurodegeneration, including Parkinson’s disease and Huntington’s disease. We propose
metabolic shifts are central to seasonal brain size changes in S. araneus, with potential
implications for mammalian neurodegeneration and neuroregeneration.
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40 Main Text

41  Introduction

42  Animals vary widely in their wintering adaptations. The most common ones are hibernation or

43  migration, but a handful of species that cannot migrate or slow their metabolism have evolved

44  wintering size plasticity: Dehnel’s phenomenon (DP) (7, 2). This pattern of growth, best studied in
45 the Eurasian common shrew, Sorex araneus, is unlike that of almost every other mammal.

46 Instead of growing continuously to adulthood, juvenile S. araneus grow to an initial maximum size
47 in the first summer of their disproportionately brief life (~1 year). Shrews then shrink, reaching a
48 nadir in winter, followed by rapid regrowth to their adult, breeding size in spring. This size

49 plasticity also occurs in the brain, with a 26% volume decrease through winter and in contrast

50  with typical unidirectional brain growth in mammals (2). In spring, the brain then partially regrows.
51  Although DP has garnered much interest because of its potential for regenerating organs,

52 especially the brain, the molecular underpinnings of this wintering adaptation remain largely

53 unknown (3).

54 Dehnel’s phenomenon corresponds to the unique physiological constraints shrews face. S.

55 araneus have one of the highest mammalian metabolic rates measured to date (4), requiring high
56 and constant food intake throughout the year. Research on shrew physiology has shown fat

57  turnoverin S. araneus is constantly high, with 50% turnover rates increasing from 4.5 hour in
58 summer juveniles to 2.5 hours in winter (5). Yet, the amount of stored lipids in the liver is also
59 highest during the winter months (6). Meanwhile, energy consumption per unit mass remains
60  constant year-round (7). Given these high energy demands and high lipid turnover, DP is

61 construed as an adaptation that compensates for the scarcity of resources in winter by reducing
62 body size, particularly of energy-expensive tissue such as the brain (5, 8). In humans, the brain
63  accounts for 20% of glucose metabolized (9), and contains 25% of the unesterified cholesterol
64  found in the body (70). But this high metabolic demand also makes the human brain vulnerable:
65 metabolic changes have been implicated in the onset of human neurodegeneration (17-13).

66  Therefore, we hypothesized that molecular changes underlying seasonal size change in shrew
67 size may parallel those previously identified implicated in neurodegenerative diseases.

68 Changes in glucose and lipid metabolism have also been identified in hibernation (74, 15), and
69 Dehnel’s phenomenon could share some of those regulatory mechanisms, which include reduced
70 feeding, thermoregulation and hypoxia. Mechanistic analyses of mammalian hibernation have

71  identified a toolkit of genes that regulates vast metabolic changes (74—16) associated with

72 metabolic pathways, circadian rhythm, thermogenesis, and feeding behavior (17). For example,
73 research across different species of hibernators has identified increased fatty acid oxidation

74 simultaneous with downregulation of genes associated with the breakdown of glucose as a

75 molecular metabolic switch underlying winter energy savings (76). Notably, these metabolic

76  changes can have profound negative effects on the brain, specifically hypoxia (78). Thus, evolved
77  neuroprotective responses to mitigate the harmful effects of metabolic fluctuations have been

78  discovered in hibernating mammals (79, 20). In the Arctic ground squirrel, the negative

79 consequences of oxidative stress and glucose deprivation through hibernation are diminished by
80  modifying neural ion channels (27). But S. araneus remain awake throughout the winter and thus
81 experience a changing and metabolically demanding environment. To enable winter survival

82  while maintaining activity, shrews are therefore likely to exhibit different regulatory patterns for

83 metabolic functions suppressed in hibernators.

84  Metabolic changes associated with hibernation also show similarities to the metabolic

85  dysregulation found in human neurodegenerative diseases. Both high fat and high sucrose diets
86 have negative consequences on memory, mood, and other cognitive processes, akin to changes
87 in lipid and glucose utilization under hibernation (22). Rats fed diets high in saturated fats and

88 sugars perform worse in place recognition tests and exhibit higher oxidative stress and

89 inflammation markers in the hippocampus (23, 24). This occurs despite the protective functions of
90 the blood-brain barrier (BBB), a semipermeable system of blood vessels that regulate the
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91 entrance of molecules into the brain (25), insulating the brain from metabolic changes. In

92 humans, BBB permeability increases with age, leading to diminished protection from metabolic

93  shifts (26) and neurodegenerative diseases (27, 28). Metabolic molecules that can cross the

94 BBB, such as insulin and glucose (29), can thus have large effects on the brain. Circulating

95 insulin and glucose increase in diseases such as type-2 diabetes and obesity, is associated with

96 reduced brain size, motor activity, functional connectivity, and increased risk of developing

97  Alzheimer’s and Parkinson’s diseases (17—13, 30). As in both hibernation and human

98 neurodegenerative disease, brain shrinkage and regrowth phenotypes may therefore be

99  associated with metabolic shifts and transport of circulating molecules to the brain through the
100 BBB.

101  To explore the metabolic hypothesis and its potential parallels, we collected phenotypic,

102 metabolomic, and transcriptomic data from a shrew population across seasons, examining gene
103 expression dynamics change throughout the entirety of DP size plasticity. We focused on: 1)

104 blood, which circulates metabolites across the organisms, 2) liver, where many functions that

105 regulate metabolism take place, including glucose processing, and 3) brain, where the

106 anticipatory and predictable changes in volume occur. Our results show that shrews survive the
107 winter through processes that in model organisms are pathological, while avoiding detrimental
108 health effects. Our analyses reveal an unequivocal metabolic basis for DP, with implications for
109  metabolic- and age-related human neurodegeneration.

110

111 Results

112 Confirming Dehnel’s phenomenon in the German shrew population

113 Comparisons of body and organ mass throughout the cycle confirmed patterns of size changes in
114  the brain and spleen, and similar but slightly earlier growth in the liver. (Figure 1B/2A, full results
115 shown in Supplemental Data). Analyzing the 24 shrews collected for all stages of DP (large

116 brained Summer Juvenile=5; shrinking Autumn Juvenile n=4; small brained Winter Juvenile n=5;
117  regrowing Spring Adult n=5; regrown Summer Adult n=5), we found body mass shrank as

118 expected between Summer Juveniles and Winter Juveniles (BMy;;_g,,;=-1.00g, py;;_s,;<0.028),
119  with regrowth as they mature to Spring Adults (BMgy,4_y;;=3.724, pspa-wi;<0.0001). Shrew liver
120 mass (Figure 1) reached a minimum as Autumn Juveniles (LiMy,;_s,;=-94.1mg/g of BM,

121 payj-s5u;=0.0949). Although regrowth began slightly early as Winter Juveniles (LiMy,;;_4,,=70.4/g
122 of BM, pyi;-ay;=1.0), the significant portion of regrowth still occurred between the Winter Juvenile
123 and Spring Adult phases (LiMgy - 4,;=607.0mg/g of BM, pgy,4_;;=0.001). Brain (Figure 2) and
124  spleen mass followed the same pattern, as Summer Juveniles reached a minimum by the Winter
125 Juvenile phase (BrMy;;_s,;=-54.4mg, py;;_s,,;=0.048; SpMy,;;_s,;=-53.1mg/g of BM,

126 pyij-su;<0.001), with regrowth into Spring Adults (BrMs,,_yi;=71.2Mg, Dspa-wi;=-297,

127 SpMsy,_wi;=63.7mg/g of BM, ps,4-wi;<0.01), although not significantly in the brain. Overall, these
128 size changes validated previous research and are further used to guide transcriptomic

129 characterization of DP.

130 Reversible metabolic shifts from lipid metabolism to gluconeogenesis during shrinkage

131  We characterized the plasma metabolome to quantify metabolites throughout the cycle and

132 evaluated the potential shifts in metabolism during shrinkage and regrowth. Of 250 metabolites
133  validated by multiple detection methods in all seasons, we found 28 with significantly different
134  concentrations varying by stage of DP (p<0.05, Figure 1A). Of these differentially concentrated
135 metabolites, three were lipid metabolites; arachidonic acid (p=0.04), ethyl palmitoleate (p=0.02),
136  and docosahexanoic acid (p=0.04). Compared to both Summer Juveniles and Adults, these three
137 lipid metabolites were generally lowest in Autumn Juveniles, Winter Juveniles, and Spring Adults.
138  This could indicate either limited lipid resource availability as size change occurs and, potentially,
139 suppressed lipid metabolism, or lipids metabolized to generate energy are consumed faster than
140  being generated.

141
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142  To determine if changes in the metabolome were the result of the regulatory effects of gene

143 expression on size change and suppressed lipid metabolism, we analyzed variation across five
144  seasons and quantified differential expression of the metabolically active liver. Instead of resulting
145  from ontogenetic or gradual changes of expression during the shrew lifespan, most of the liver
146  differentially expressed genes (Figure 1C) fell into two temporal clusters, 8 and 12 (Figure 1D),
147 corresponding to genes transiently up- and downregulated during the wintering cycle. Several key
148 transcription factors (37, 32) were differentially expressed mirroring liver size changes, including
149 PPARs, CREBPs, RXRs, and FOXOs. While FOXO1 and FOXO3 promote gluconeogenesis and
150 are reversibly upregulated in Autumn Juveniles, PPARA, PPARD, RXRA, and RXRG are both
151 reversibly downregulated and associated with lipid metabolism (Supplemental Table 1, Figure
152 1E). All the mentioned liver nutrient sensing transcription factors and the genes they control are
153  differentially expressed mirroring size changes (Supplemental Table 1), indicating large seasonal
154  shifts in metabolism associated with brain size plasticity. We also identified a single clock gene,
155 PERH1, reversibly upregulated in Autumn Juveniles, and the upregulation of genes associated with
156  endocrine signaling from the liver to the blood (POMC, VDR, NRG1, FGFR4, FGF21).

157  Differentially expressed liver nutrient sensing, clock transcription factors, and endocrine genes
158 are known to control gene expression and regulate metabolism, indicating a switch from lipid to
159  glucose fuel during autumnal shrinkage and initial decline of circulating lipid availability. This

160 switch parallels mechanisms implicated in evolutionary adaptations to wintering and hypoxia, as
161  well as hypothesized metabolic dysregulation associated with neurodegeneration (712, 33).

162

163 Differential expression analyses focused on genes of high effect, but large modules comprising
164  genes with small effect could also play a pivotal role in regulating seasonal metabolic changes.
165  We characterized interactions in expression among genes and identified modules of co-regulated
166 liver-expressed genes related to seasonal changes in body and liver size using weighted gene
167 co-expression network analysis (WGCNA). We identified 37 modules (Supplemental Figure 2A),
168  of which ten are significantly associated with growth or size changes (Figure 3A). Among these,
169  one module, cyan, encompassed 2,816 genes and correlated with all reversible body and liver
170  size changes. Unlike other modules also significantly associated with summer controls, co-

171 expression in the cyan module is exclusively related to size changes. Therefore, genes in the
172 cyan module are associated with the cyclic shifts defining DP through transient activation and
173  deactivation. In this module, we identified 76 significantly enriched pathways that together form
174 16 pathway clusters (Figure 3B, Supplemental Data). The most enriched of these pathway

175 clusters comprises four pathways (Figure 3C): insulin resistance, longevity regulating pathway,
176  AMPK signaling pathway, and longevity regulating pathway (across multiple species); and

177 included transcription factors (PPARA, FOXO1, CREB3L2, CREB3L3), their downstream targets
178  (G6PC), PPARG coactivators (PPARGC1A, PPARGC1B), and regulators of inflammation

179  (HNF4A, NFKB1). Therefore, metabolic and longevity-related co-expression in the shrew is

180  associated with these transcription factors, which are also involved in metabolic and age-related
181 progression of neurodegeneration in model organisms.

182

183 Decreased brain cholesterol efflux, signatures of neurodegeneration, and a brain-liver axis

184  We evaluated the effect of metabolic shifts on the shrew brain, which may drive observed size
185 plasticity, while also coordinating seasonal changes in metabolism. First, to disentangle markers
186  of shrinkage from those associated with ontogeny, we compared gene expression across stages
187 in the hippocampus, which shrinks then regrows, and the cortex, which shrinks massively, but
188 minimally regrows. In the hippocampus, we found 266 differentially expressed genes, only 25 of
189  which were of high effect (Figure 2C). In contrast, the cortex showed 540 differentially expressed
190 genes, with 96 downregulated and 65 upregulated genes of high effect at the Winter Juvenile
191  phase (Figure 2C). Temporal gene clustering analyses revealed fewer distinct clusters in the

192 hippocampus than the liver and cortex, but, as with the liver, most differentially expressed genes
193 are in Clusters 3 and 11, showing transient up and down regulation consistent with DP

194 (Supplemental Figure 4). For the cortex, most of the high effect differentially expressed genes
195  grouped in Clusters 1 and 11, with genes in Cluster 1 showing a gradual increase in expression
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through the life cycle and genes in Cluster 11 being permanently downregulated between the
Autumn Juvenile and Winter Juvenile periods. Despite less variation in gene expression between
stages in the brain than in the liver, we identified unique brain-region-specific responses to DP
and gene expression patterns consistent with both ontogenetic brain development and DP,
especially in the hippocampus.

Testing for differential expression during size change in the hippocampus and cortex, we found
few overlapping differentially expressed genes, but both tissue-specific gene sets were enriched
for the cholesterol metabolism pathway (Figure 2D), including the apolipoproteins APOA1 and
APOH (Figure 2B). In each tissue, the cholesterol metabolism pathway shows a similar trend:
cholesterol metabolism upregulated during initial growth and regrowth in the hippocampus, and
downregulated during cortex shrinkage, indicating this pathway’s crucial role in both shrinkage
and regrowth. Gene co-expression network analyses of the hippocampus also revealed 34
modules (Supplemental Figure 3), three of which correlated with brain shrinkage (Figure 4A). The
most significant of these modules (grey) comprised 346 genes, and is associated with both
metabolic processes and glycolysis, as well as enriched with genes —such as CASP3, PPARG,
CREB3L2, CALM3— in pathways known to underlie neurodegenerative pathogenesis including
pathways of neurodegeneration, Parkinson’s disease, and Huntington’s disease (Figure 4C).
Although centered on the key glycolytic enzyme ALDOA (Figure 4B), the regulator of lipid
metabolism and transcription factor PPARG is also central to this module. While gene expression
patterns in the brain and the liver are distinct, both related through signals of reversible
fluctuations in metabolic energy sources. Evidence of both a switch to glucose metabolism in the
liver and downregulation of cholesterol metabolism in the brain during shrinkage is consistent with
a nadir in circulating lipid metabolites in winter. We therefore propose that shifts in the regulation
of lipids in the liver and brain, mirrored by shifting metabolite concentrations in the blood, indicate
a pivotal role for regulatory coordination via a brain-liver crosstalk in DP.

Discussion

For the first time we characterized a range of molecular shifts associated with brain shrinkage
and regrowth in Sorex araneus. Previous research suggested winter size reduction reduced
energy expenditure of large and energy expensive tissue (5, 7, 34, 35), but at a cost for the brain,
which experiences architectural change and cognitive decline during shrinkage (2, 36). Exploring
this metabolic hypothesis, stage-by-stage analysis of blood metabolites indicates similarities to
hypoxic strategies instead of hibernation, while analysis of RNA brain expression during
shrinkage revealed both markers of decreased cholesterol efflux and correlations with pathways
of neurodegenerative disease. These changes in brain expression occurred after the body and
liver showed drastic yet reversible metabolic shifts from lipid to glucose metabolism during
shrinkage and regrowth. Circadian clock genes appeared to regulate shifts in liver metabolism,
along with changes in hepatokine and endocrine signals that can permeate the BBB. We
therefore propose a crosstalk between the brain and liver underlies metabolic and seasonal size
changes in DP, despite the protective functions of the BBB that isolate brain from body
metabolism. This crosstalk between brain and liver metabolism in the healthy shrew going
through its annual cycle shows parallels to mechanisms of human neurodegeneration.

If shrew metabolic shifts paralleled those in hibernation, an increase in lipid metabolites would be
observed during shrinkage. Instead, we found autumn, winter, and spring reductions in
arachidonic acid, ethyl palmitoleate, and docosahexanoic acid (Figure 1A). Increased
concentration of these lipid metabolites has been found in hibernators that shift fuel source from
carbohydrates to lipids in winter including the arctic ground squirrel (37), hedgehog (38), echidna
(39), brown bear (15), and hamster (40, 41). By contrast, shrew metabolite variation during winter
more closely resembles conserved hypoxia responses previously found in naked mole rats (42),
yaks (43), and even goldfish (44). In hypoxic naked mole rats, stored liver glucose is released into
the blood to fuel carbohydrate metabolism (45), as the mole rats remain active with only slight
reductions in metabolic rate (46). Like mole rats in their fossorial environment, semi-fossorial
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250  shrews stay active throughout the winter. Instead of mimicking hibernation, shrew metabolites
251  indicate a hypoxia-like shift to glucose as fuel as a lipid conservation mechanism for periods of
252  energy deficit beginning with autumn shrinkage. We argue this metabolic shift is the foundation of
253  the observed seasonal brain shrinkage.

254

255 While metabolomic data implicated hypoxia-like constraints on circulating lipids, how gene

256 regulation mediated these decreases was unresolved. By analyzing seasonal differential

257 expression of metabolically important liver transcription factors, we discovered a switch in autumn
258 shrinkage to a new primary fuel: glucose. While lipid metabolism genes (e.g., PPARA, PPARD,
259  RXRA, and RXRG) are downregulated, increased PER1 expression signals metabolic demands
260  met by glucose. Indicating this switch, two forkhead box transcription factors (FOXOs) associated
261 with glucose metabolism are significantly upregulated during autumn shrinkage (Figure 2C). In
262 mice, FOXO1 and FOXO3 stimulate gluconeogenesis that promotes hepatic glucose production,
263  with glucose released into the blood for energy utilization throughout the body (47—49). FOXO1
264  and FOXO3 also impede lipid metabolism in response to fasting glucose levels (32, 47, 48, 50).
265 Upregulation of these transcription factors in autumn shrews, later reversed in spring, may

266 regulate organismal energy homeostasis by promoting glucose utilization as mobilization of

267 stored lipids decreases during shrinkage, as in hypoxia.

268

269 FOXO upregulation maintains shrew metabolic homeostasis during challenging environmental
270 conditions and lipid scarcity, but this incurs costs to both shrew brain size and longevity. The liver
271  co-expression network (cyan) most associated with size change was enriched for genes involved
272 inglucose utilization and longevity associated pathways, which encompassed both FOXO17 and
273  SIRT1 (Figure 3). In model organisms including C. elegans, Drosophila, mice, and humans,

274 FOXO1 overexpression can decrease size and extend lifespan, while inhibition leads to aging
275  and senescence (57-54). In the shrew, extreme brain size plasticity in response to FOXO1

276  dependent glucose utilization reduces mortality during harsh winters but may undermine shrew
277 longevity when reversed in spring, as a terminal investment for growth and reproduction. FOXO1
278 cycling could explain why compared to other mammals of similar size, S. araneus have high

279  metabolic rates (35) and short lifespan (55), both extreme and disproportionate to their body size.
280 Neurodegeneration is also considered an age-related neurological disorder. Enrichment of

281 metabolically related- and longevity regulating genes, including FOXO1 and SIRT1, in this cyan
282  gene co-expression network further highlights interactions among metabolic shifts, size, and age-
283 related effects. Genes in this network are therefore candidates for potential therapeutic reversals
284  of brain size decline after the onset of symptoms.

285

286  Although metabolite and liver transcriptomics results implicated overall shrew metabolism as a
287  regulator of size plasticity, we sought to identify both the impacts of and effects on the brain.

288  Within the hippocampal gene networks (Figure 4), there was an enrichment of genes centered on
289  the key glycolytic enzyme ALDOA. ALDOA encodes an important enzyme in glycolysis that

290 converts dietary glucose into energy by catalyzing the conversion of fructose biphosphate into
291  glyceraldehyde 3 phosphate (56, 57). Genes in the network surrounding this hub, CASP3,

292 PPARG, CREB3L2, and CALM3, enrich pathways of neurodegeneration, including Huntington’s
293  disease and Parkinson’s disease. ALDOA is central in this network, indicating that glycolysis

294 regulation and shifts in glucose metabolism during shrew brain shrinkage directly regulate

295 previously identified human neurodegenerative markers. This result further highlights similarities
296 in the mechanisms of both shrew brain shrinkage induced via metabolic change and human

297 neurodegeneration.

298

299  Despite these glucose-related changes, we found the shrew’s shrinking brain attempts to

300 maintain internal lipid homeostasis by reducing cholesterol efflux, likely as neuroprotection.

301 Changes in lipid metabolism can occur in the brain to compensate for energy deficits by self-

302 catabolizing fats (58), but maintenance of metabolic homeostasis is important for neural health
303 (59, 60). Therefore, self-catabolism of the shrew brain would undermine function during the winter

6
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304 months. Except for RXRG, lipid metabolism transcription factors differentially expressed in the
305 liver during seasonal size change (PPARA, PPARB, RXRA) were not differentially expressed in
306 the shrew brain. Instead, differential expression analyses indicate limits to brain cholesterol efflux
307  during shrinkage via apolipoproteins (APOs; Figure 2). These signals suggest the shrew brain
308 protects itself from bodily lipid constraints by limiting cholesterol efflux during lipid scarcity and
309 high turnover in winter.

310

311 Lastly, we propose a brain-liver crosstalk regulates shifts in glucose and lipid metabolism, organ
312  size-changes, and neuroprotective changes in brain cholesterol efflux. Although the brain

313 communicates extrinsic environmental signals to the rest of the body, the blood brain barrier limits
314  the relay of environmental information back to the brain. We identified several gene expression
315 patterns associated with molecules that both cross this semi-permeable barrier and are likely
316 involved in brain size change. As circadian clock gene PER1 is downregulated, there is

317 upregulation of genes involved in endocrine signaling in the liver. Endocrine signaling between
318  the brain and liver has been shown to regulate glucose homeostasis (67) and is promoted by
319 circadian clock genes (62). Additionally, the large liver co-expression module of seasonal size
320 change (cyan) is significantly enriched with AMPK signaling genes in (cyan, Figure 3C). Across
321  mammals, AMPK signaling restores energy balance by transitioning between anabolic and

322 catabolic pathways in response to circulating glucose levels through tissue-specific cross-

323 modulation (63, 64). In shrews, liver-specific change in AMPK signaling, in tandem with circadian
324  and endocrine signaling, modulates both brain and liver expression changes in response to the
325  transition from lipids to glucose as main fuel source.

326

327 Coordinated changes in gene expression of the liver and brain, the proposed brain-liver axis, are
328 ideal candidate mechanisms of brain shrinkage. Functional relationships, or axes, as the brain
329 receives stimuli from peripheral tissues can induce vast changes in brain function, expression,
330 and phenotype. These stimuli range from inflammatory responses sent from the spleen (65) to
331  regulation of nutrient metabolism through signals from the gut microbiota (66). In mammals,

332 alterations to the brain-liver axis have been implicated in several models of neurodegenerative
333  disease (67-70). For example, in mice models of Parkinson’s disease, nigrostriatal degeneration
334 results in hepatic mitochondrial dysfunction, causing metabolic dysregulation that self-

335  perpetuates initial neurodegenerative symptoms (68). Reversals of candidate genes and

336  pathways within this brain-liver axis, however, indicate these processes in the shrew are self-
337 perpetuating. Instead, the reversals suggest effective self-regulation that not only drives

338 shrinkage, but also allows brain regrowth. Expression reversals via the brain-liver axis are thus
339  important targets for functional tests and future therapeutic treatments.

340

341 Dehnel’s phenomenon was known to be an energy saving adaptation that incurred some

342 cognitive compromise (2), but its molecular underpinnings were largely unknown. In shrew liver
343 and blood plasma, we discovered shifts from lipid to sugar metabolism during shrinkage, in

344  tandem with upregulated indicators of neurodegeneration in the brain. But in contrast with

345  mammalian models for neurodegenerative diseases, the shrew brain also enters a state of fat
346  conservation by seemingly limiting cholesterol efflux in the winter, the most metabolically

347 demanding phase of the shrew’s brief life. Based on our results, we propose this combination of
348  sugar-dependent whole-body metabolism and limited brain cholesterol efflux is an evolved form
349 of neuroprotection within the constraints of the shrew’s environment and life history. Our study
350 thus sheds light on relationships between metabolic regulation and neurodegenerative disease,
351  with implications for therapeutic medical research.

352 Materials and Methods

353 Further details of experimental protocols are described in SI Appendix. Code and data can be
354 found on GitHub: https://github.com/wrthomas315/Dehnels Seasonal RNAseg/tree/main/data
355

356
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357 Sample Collection and RNA Sequencing

358 Eurasian common shrews were trapped with insulated wooden traps in Radolfzell, Germany, at
359 five different stages of development: large-brained Summer Juveniles (n=5), shrinking Autumn
360  Juveniles (n=4), small brained Winter Juveniles (n=5), regrowing Spring Adults (n=5), and

361  regrown Summer Adults (n=5) (Supplemental Table 1). Shrews were aged and sexed based on
362 tooth wear, fur appearance, and gonad development prior to euthanasia. Fewer females than
363 males were sampled in juvenile stages (n=6 females), this has minimal effect on gene expression
364  as shrews are prepubescent and not sexually dimorphic at that age. Only minor sex dimorphism
365  was detected in the size change of representative brain regions in a previous study (2). Blood
366  was collected prior to perfusion through the heart, let stand for 15 minutes, spun down at 1200
367  rpm, the serum pipetted off and then stored at -80°C. Shrews were perfused under anesthesia via
368  the vascular system with PAXgene Tissue Fixative. All organs were removed and weighed to

369 confirm the occurrence of DP. Thoracic organs were then placed immediately into PAXgene

370  Tissue Stabilizer, while the brain was submerged in cold fixative, dissected into each region, and
371 then placed into PAXgene Tissue Stabilizer. All samples were placed in stabilizer (2-24 hours
372  after extraction) and then stored in liquid nitrogen. RNA was extracted with a modified Qiagen
373 Micro RNAeasy protocol used for small amounts of mammalian sensory tissue. Tissues extracted
374 included the liver, cortex, and hippocampus. The hippocampus and cortex were chosen, as they
375  both undergo substantial non sex-biased shrinkage (2), while also the regions most affected by
376 neurovegetative diseases such as Alzheimer’s disease (77). Therefore, these may be the most
377 informative for future therapeutic purposes. RNA was sent to Genewiz for quality control, library
378 preparation, and sequencing. Quantity of RNA was measured with a Nanodrop

379 spectrophotometer and quality of RNA assessed with RNA ScreenTape. Libraries were prepared
380  with standard polyA selection and sequenced as 150bp pair-end reads for a target of 15-25

381 million reads per sample. To confirm the occurrence of DP, thoracic organs were normalized by
382  body weight and tested for significant change in mean normalized mass using a t-test between
383 stages. For the brain, mass was not normalized as change in size itself is of interest, regardless
384  of parallel changes in body mass.

385

386 Temporal Clustering Differential Gene Expression Analysis

387  We trimmed adapters and filtered reads using fastp (72) and removed samples with extreme read
388  counts (~10-fold). Gene counts were quantified by pseudo aligning to the 19,296 protein coding
389  genes of the S. araneus genome (sorAra2; GCF_000181275.1) using Kallisto (73). Counts were
390 normalized for each tissue using DESeq2 (74) median of ratios. We used these normalized gene
391  expressions to also analyze gene expression through time using the package TCseq (75). To
392 remove genes with relatively little change in expression, we filtered each organ set for genes with
393 an absolute fold change less than 0.5 between any two stages. Next, we filtered any gene with
394  extremely low expression, such that two samples had to have greater than ten normalized reads.
395  We then transformed each gene expression profile across stages to z-scores, and then used

396  fuzzy cmeans clustering to identify clusters of similar gene expression profiles. The number of
397 resultant gene clusters was found by bootstrapping (n=20) a gap statistic that minimized the

398 within-cluster distance (standard error from center). Seasonal cluster membership was compared
399 to high-effect significant results from differential gene expression analyses below.

400

401 Differential Gene Expression Analysis

402  Tests for differential gene expression were conducted between the phenotypically extreme stages
403 of the same tissue. For the liver, Autumn Juveniles and Spring Adults were compared, which also
404 overlap with the spleen, hippocampus, and cortex shrinking and regrowth phases, such that we
405 could make inferences about potential extrahepatic signals. Winter Juveniles (hippocampus

406 minimum) and Spring Adults (hippocampus regrowth) were compared. For the cortex, Summer
407  Juveniles (before shrinkage) and Winter Juveniles (cortex minimum) were compared, as the

408  cortex does not enter a period of substantial regrowth (2). Normalized counts for each gene was
409 fitted with a negative binomial generalized linear model and then we used a Wald test to examine
410 if differences in gene expression was the result of the season parameter, with p-values corrected
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411 using the Benjamini and Hochberg procedure (76). We filtered our significant results for

412  significant genes higher and lower than 1.58 log-fold change (absolute 3-fold change), to identify
413 how many significant differentially expressed genes were of high effect, largely for gene set

414  enrichments, thus reducing the number of resultant genes to improve interpretability. The

415 hippocampus data had very few differentially expressed genes when filtered (n=25), thus, log-fold
416  change filtering was omitted for this tissue. We then identified enriched KEGG Gene Ontology
417  (GO) pathways in the gene data sets using DAVID functional annotation (77).

418

419 Weighted Gene Co-expression Network Analysis

420  We used the WGCNA package (78) package to create co-expression networks for the liver and
421 hippocampus and determined if these correlations between genes are significantly correlated with
422 our shrinkage and regrowth phenotypes. Network construction parameters and code can be

423  found in the SI Appendix and on GitHub. Cytoscape (79) was used to visualize significant

424 networks and calculate network statistics such as node (gene) connectivity. Identification of

425  potential function of each module were analyzed using DAVID Gene Functional Classification
426  Tool to test for GO enrichment (77).

427

428  Metabolomics

429 Metabolite analysis was carried out by MS-Omics using a Thermo Scientific Vanquish LC (UPLC)
430 coupled to Thermo Q Exactive HF MS. Identification of compounds were performed at four levels;
431 Level 1: identification by retention times (compared against in-house authentic standards),

432 accurate mass (with an accepted deviation of 3ppm), and MS/MS spectra, Level 2a: identification
433 by retention times (compared against in-house authentic standards), accurate mass (with an

434  accepted deviation of 3ppm). Level 2b: identification by accurate mass (with an accepted

435  deviation of 3ppm), and MS/MS spectra. MetaboAnalyst was used to test for changes in

436  concentration between seasons (80). Concentrations for each sample were normalized by the
437  average concentration of our Summer Adults samples and log transformed and auto scaled. A
438  one-way ANOVA was used to test for any significant seasonal difference in metabolite

439 concentration, with p-values corrected with a false discovery rate of 0.05. Within each significant
440 metabolite, t-tests were used to identify pairwise differences in mean between each season.

441 Samples were hierarchically clustered using significant genes and visualized using a heatmap.
442
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Figure 1. Metabolic profiling of the blood metabolome and liver transcriptomes. (A) Heatmap of
28 statistically significant differentially concentrated metabolites between stages of Dehnel’s
phenomenon. Hierarchical clustering using these significant metabolites groups each profile into
each season. Three of these metabolites were lipid metabolites (ethyl palmitoleate,
docosahexanoic acid, arachidonic acid), with decreases in autumn, winter, and spring individuals.
(B) Mass change in liver through five stages of Dehnel’s phenomenon. Unlike other organs, the
liver reaches a minimum as an Autumn Juvenile, with regrowth beginning as a Winter Juvenile.
Asterisks represent significant size changes (adjusted p<0.05). (C) Volcano plot of significant
(adjusted p<0.05) differentially expressed genes (colored) between phenotypic extremes of liver
size change (Spring Adult vs Autumn Juvenile) plotted by log fold-change. Vertical thresholds
represent a 1.58 log fold-change in differential expression of high effect between stages (dark
colors). (D) Temporal gene expression clusters 8 (n=95 significant genes) and 12 (n=79
significant genes), with the most significant differentially expressed genes. (E) Patterning of gene
expression across stages of Dehnel’'s phenomenon for transcription factors pivotal roles in lipid
metabolism and gluconeogenesis. Lipid metabolism and gluconeogenesis appear to have inverse
cycles, with lipid metabolism decreasing in the fall and increasing in the spring, with
gluconeogenesis following the opposite trend.
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731 Figure 2. Seasonal plasticity in brain phenotype and expression patterns. (A) Brain mass change
732 through five stages of Dehnel’'s phenomenon. As does body mass, the brain begins to shrink as
733 Autumn Juveniles, reaching a minimum as Winter Juveniles, and regrows as Spring Adults.

734 Asterisks represent significant size changes (adjusted p<0.05). (B) 11 genes were differentially
735 expressed in both brain regions, including the apolipoproteins APOA1 and APOH, which both
736  show winter decreases followed by slight spring upregulation. (C) Volcano plot of significant

737  (adjusted p<0.05) differentially expressed genes (colored) in hippocampal regrowth (Spring

738  Adults vs Winter Juveniles) and cortex shrinkage (Winter Juveniles vs Summer Juveniles) plotted
739 by log fold-change. Vertical thresholds represent a 1.58 log fold-change which show differential
740  expression of high effect between stages. (D) APOA1 and APOH are found in the cholesterol
741 metabolism pathway, which was enriched for differentially expressed genes in both shrinkage and
742 regrowth phenotypes.
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747 Figure 3. Gene network analyses across liver and body phenotypes of Dehnel’'s phenomenon.
748  (A) Modules (n=37) of high gene co-expression in the liver, including 21 modules with significant
749 correlation with at least one change phenotype (Controls, Liver Shrinkage, Liver Growth, Body
750  Shrinkage, and Body Growth). The 2816 gene cyan module was significant in all size changes,
751  tests for pathway enrichment found 77 significantly enriched pathways, with 59 shown after

752  filtering (removed pathways without 2 neighbors for simplicity). (B) Gene pathways clustered in
753 16 clusters GO-pathways based on gene similarity (C) Cluster 1 was the most enriched cluster
754  (Enrichment Score 3.56; higher ES occurs with lower geometric mean of encompassed pathway
755 p-values) containing four pathways; Insulin resistance, Longevity regulating pathway, AMPK
756  signaling pathway, and Longevity regulating pathway-multiple species.

757

17


https://doi.org/10.1101/2023.10.02.560485

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.02.560485; this version posted February 23, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A Module Trait Relationship
HEN I B = s — |
Control b3
Shrinkage = %k * *
Growth L X %
B k C
UCHL1 PSMEL
/ METAP1D / =
AGPAT2 SHCBP1 /
\ / / e Biosynthesis
17 DYNCIU1 ——  ATPSC1 &
BEX2 \ / /
e Dilated
13 \ Cardiomyopathy
[ LOC101542576 ADAMTS1S
c SAP18
2 s\Moz \ RERG SSSCAL
LI
$ I N X( / T~ NFKB Signaling
>
c \ MASL 3
8 SMPD3 E
0oDC1 <
5 \ S
ces1 T ~7_ GRAMDI1A Huntington's Disease

TNFRSF1A

CcADM3 \ SPRYD3

—- 7 el
KCNAB2 T X\K FRARG 4 O 4]
N1 Parkinson's Disease
TBC1D10B CSNK1D
/l(/
lOClOl$42566
,_—LQCIOISJBBSD .-
CFTR SNCB
/ unmz a
10C105943394 | Pathways of Neurodegeneration
< \ FUT8
_( HNMT LOC101546574
RALGPS2 / ADD1 r T B
YWHA( sycp2 0 S 10
758 g Gene Count

759  Figure 4. Gene network analyses across hippocampal size change. (A) Modules (34) of high

760 gene co-expression in the hippocampus, including ten modules significantly correlated with target
761 phenotypes (Regrowth, Shrinkage, and Control). The 346 gene grey module was the most

762  significant module associated within the shrinkage phenotype (p = 0.01, r = 0.55). (B)

763  Visualization of gene network (filtered and removed edges with weighted correlations < 0.02 and
764 nodes with only a single neighbor). ALDOA was the most central to the network, with 17

765 connections to other nodes. (C) Pathway enrichment analysis also identified 6 pathways to be
766  enriched for genes in the grey module: Pathways of Neurodegeneration, Parkinson’s disease,
767 Huntington’s disease, NF-kappa beta Signaling, Dilated Cardiomyopathy, and Biosynthesis.
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