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Abstract  

Anxiety is an aggravating comorbidity of many psychiatric disorders that is often underdiagnosed 

and undertreated, and little is known on the mechanisms underlying its regulation. Here, we find 

that serum LPA16:0 abundance increases with trait anxiety in both humans and mice; while high 

LPA16:0 levels are sufficient to reduce the in vitro proliferation of adult hippocampal neural 

stem/progenitor cells. In humans, the main LPA receptor LPA1, bears single nucleotide 

polymorphism variants associated with anxiety. In mice, LPA16:0 decreases hippocampal 

neurogenesis and stress resilience, whereas LPA1 antagonism or the reduction of platelets, the 

main source of circulating LPA16:0, increases adult neurogenesis and resilience to acute stress. 

Conditional knockdown of LPA₁ receptor in neural stem cells is sufficient to enhance cell 

proliferation in the dentate gyrus. Finally, the inhibition of adult neurogenesis abolishes the 

beneficial effect of LPA1 antagonism on resilience against both acute and chronic stress. Together, 

these findings identify circulating LPA16:0 as a biomarker of trait anxiety and LPA16:0-LPA1 

signaling as a regulation mechanism of mood-related behavior through the decrease of adult 

neurogenesis. 
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Introduction 

Anxiety disorders represent the most prevalent forms of mental illnesses, affecting 20-30% of the 

population aged 15-25 years1. Their high chronicity and prevalence contribute to their substantial 

impact on global health, accounting for approximately 3% of the overall disease burden2. 

Moreover, anxiety frequently co-occurs with various psychiatric conditions, exacerbating their 

severity and increasing the risk of recurrence or relapse3, 4, 5, 6. Unfortunately, anxiety often goes 

untreated, leading to prolonged suffering for individuals and a persistent burden on healthcare 

systems7, 8, 9. Thus, to gain a deeper understanding of the underlying mechanisms driving anxiety 

and its interplay with other psychiatric disorders, adopting a trans-diagnostic framework that 

incorporates anxiety as a fundamental dimension is crucial.  

Individuals diagnosed with anxiety disorders often exhibit heightened reactivity to stress10, which 

involves alterations in brain plasticity11, 12, in particular impacting adult hippocampal 

neurogenesis13. Adult neurogenesis results in the continuous generation of new neurons in the 

adult brain, a process observed in the dentate gyrus (DG) of the hippocampus14. Interestingly, 

adult neurogenesis is highly sensitive to changes in lifestyle conditions such as social isolation15, 

inflammation16, 17 or chronic stress17, 18, 19, 20, all of which are associated with decreased 

neurogenesis and emotional deficits11, 16, 21. Conversely, the production of new granule neurons is 

crucial for regulating mood18, 22, 23, promoting stress resilience24, 25, 26, and mediating the effects of 

antidepressant treatments18, 27 whereas increasing adult neurogenesis can produce 

antidepressant effects28. Thus, adult neurogenesis is both a target of anxiety and stress-related 

disorders as well as a mediator of stress resilience. However, the mechanisms underlying the 

effect of anxiety on stress vulnerability and adult neurogenesis are not fully understood. 

Mechanistically, most of the effects of external factors on adult neurogenesis are mediated by the 

close cellular environment of adult neural stem/progenitor cells (aNPC), named the neurogenic 

niche, which includes neurons, astrocytes, oligodendrocytes, microglia, as well as blood vessels. 

The concept of the vascular neurogenic niche was initially based on observations of the proximity 

between hippocampal stem/progenitor cells and blood vasculature29 where capillaries serve as a 

scaffold for progenitor cells’ migration30. Ultrastructural observations further showed that 

hippocampal radial glia-like stem cells form perivascular endfeet at sites of increased capillaries 

permeability31, 32, suggesting that blood-circulating molecules may directly interact with stem cells 

and regulate their proliferation and fate despite poor blood-brain barrier (BBB) permeability. In 

support of this possibility, several studies have uncovered several blood-borne molecules that 

regulate adult neurogenesis in age-related cognitive impairment or voluntary exercise33, 34, 35, 36, 37, 
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38. However, the role of blood-circulating molecules in the regulation of adult neurogenesis in the 

context of stress and anxiety is poorly known.  

In this work, we use a combination of biochemical approaches, histology and behavioral tests to 

show that in anxious individuals, platelets produce LPA16:0 that inhibits adult hippocampal stem 

cell proliferation, leading to decreased neurogenesis and stress resilience.  

 

 

Results 

Serum from anxious mice reduces aNPC proliferation. 

To investigate blood-circulating molecules influencing adult hippocampal neurogenesis in anxiety, 

we developed an in vitro model exposing aNPCs to serum from adult male mice. aNPCs were 

cultured with serum for 24 hours (adherent conditions) or 72 hours (floating conditions), and 

proliferation was assessed via bromodeoxyuridine (BrdU) incorporation or neurosphere formation 

(Fig. 1a). Increasing serum concentrations reduced proliferation (Fig. 1b-e); however, 0.2% serum 

showed no significant effect and was therefore kept for subsequent experiments in adherent 

conditions. We named this assay the blood-brain axis (BBA) assay. The BBA assay was applied 

to serum from stress-free (i.e., not subjected to experimental stress) inbred mice exhibiting natural 

variability in anxiety-related behavior39, 40. Trait anxiety was assessed using an elevated plus maze 

(EPM) and a light / dark test (LDT) 39  (Fig. 1f, g and Supplementary Fig. 1), and mice were divided 

into low-anxiety (LA) and high-anxiety (HA) groups based on the median of their anxiety score 

(Fig. 1h-i). Eight days post-testing, serum was collected and analyzed in the BBA assay. aNPC 

proliferation was significantly lower with HA serum than LA serum (Fig. 1j), correlating inversely 

with trait-anxiety scores (Fig. 1k). This experiment was repeated using a separate group of naïve 

mice, which confirmed a 15% proliferation decrease with HA compared to LA serum (LA: 100 ± 

4.57%, n=11; HA: 84.87 ± 4.67%, n=9; p=0.034). Glucocorticoids exert a bimodal, dose-

dependent effect on aNPC proliferation in vitro41. However, corticosterone (CORT) levels showed 

no differences or correlation with proliferation (Fig. 1l, m). Indicators of apoptosis, including 

nuclear condensation and caspase-3 activation42, revealed no toxicity from HA serum 

(Supplementary Fig. 2a-d). In vivo, BrdU labeling showed reduced cell numbers in the DG of HA 

mice, correlating negatively with anxiety (Supplementary Fig. 3a, b). DCX staining, though slightly 

reduced in HA mice, showed no significant differences or correlation (Supplementary Fig. 3c, d).  

 

The BBA assay identifies stress-resilient individuals.  
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Trait anxiety is defined as an enduring, stable predisposition to experience anxiety across a 

variety of conditions whereas state anxiety fluctuates and is measured in response to exposure 

to an anxiogenic context43. To evaluate the BBA assay in state anxiety induced by chronic restraint 

stress (CRS), mice underwent a 21-day CRS protocol, which induces anxiety- and depression-

like behaviors (Fig. 1n) 11, 44, 45. After confirming increased state-anxiety scores, elevated serum 

CORT levels, and absence of weight gain in CRS-treated mice (Fig. 1o-q and Supplementary Fig. 

4), sera were collected for analysis in the BBA assay. Serum from CRS-treated mice significantly 

reduced aNPC proliferation compared to non-stressed controls (Fig. 1r). Replication in an 

independent cohort confirmed a 14% reduction in aNPC proliferation (CTRL: 100 ± 4.36%, n=11; 

CRS: 86.02 ± 4.53%, n=11; p=0.037), with proliferation inversely correlating with state-anxiety 

scores (Fig. 1s). Dividing CRS mice by the median value of proliferation levels revealed that only 

low-proliferative mice exhibited high anxiety scores (Fig. 1t-u) while dividing mice by anxiety levels 

showed reduced proliferation only in the high-anxiety group, suggesting that the BBA assay 

discriminated susceptible from resilient animals (Fig. 1v-w). Consistently, Receiver Operating 

Characteristic (ROC) analysis demonstrated that the BBA assay achieved 87% accuracy in 

distinguishing control- from CRS-treated animals (Fig. 1x). Despite elevated free-CORT in CRS-

treated mice, no correlation was found between CORT levels and aNPC proliferation (Fig. 1y). 

Cytotoxicity was also excluded, as serum from CRS-treated mice did not induce nuclear 

condensation or caspase-3 activation in aNPCs (Supplementary Fig. 2e-h). Together, these 

results indicate that blood-circulating molecules regulate aNPC proliferation in the context of basal 

(trait) anxiety and in state-anxiety induced by experimental stress. 

 

Serum from anxious patients reduces aNPC proliferation. 

To evaluate the applicability of the BBA assay for human serum, we tested serum from five healthy 

controls. A 0.2% serum concentration did not affect aNPC proliferation compared to mouse serum 

(Mouse serum: 35.16 ± 1.49%, n=11; Human serum: 38.30 ± 0.88%, n=5; p=0.20), confirming the 

BBA assay compatibility. We then examined serum from individuals in the BipOff cohort which 

consists in young adults with at least one parent diagnosed with a neuropsychiatric disorder linked 

to emotional dysregulation (e.g., ADHD, BPD, or BD), increasing their risk of developing a 

psychiatric disorder46, 47, 48, 49, 50, 51, 52. At the time of blood collection, participants underwent 

structured clinical interviews and were subsequently stratified into two high-risk (HR) subgroups: 

HR-susceptible, comprising individuals with a confirmed diagnosis of a neuropsychiatric disorder, 

and HR-resilient, without neuropsychiatric diagnosis (Fig. 2a, b). HR-susceptible individuals 

exhibited higher trait- and state-anxiety scores compared to HR-resilient and healthy controls (Fig. 
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2c, d). Furthermore, serum from HR-susceptible individuals significantly reduced aNPC 

proliferation in the BBA assay, unlike serum from HR-resilient or healthy controls, which had 

similar effects (Fig. 2e, f). ROC analysis revealed 70% accuracy for cell proliferation in the BBA 

assay in distinguishing HR-susceptible individuals from controls (Fig. 2g). Cell proliferation 

inversely correlated with both anxiety measures, with greater reductions linked to higher trait- and 

state-anxiety scores (Fig. 2h, i) and did not correlate with serum cortisol (r²=0.038, p=0.28). Serum 

from HR individuals also did not impact cell viability, ruling out cytotoxicity (Supplementary Fig. 

5a, b).  

 

LPA16:0-LPA1 signaling is involved in anxiety in patients and aNPC proliferation 

To identify molecules mediating the effect of serum on aNPC proliferation in the BBA assay, we 

performed untargeted metabolomic analysis. Before correction for multiple comparison, three 

metabolites significantly correlated with aNPC proliferation as well as with anxiety in HR 

individuals (p<0.01): lysophosphatidic acid 16:0 (known as 1-palmitoyl-GPA (16:0) or LPA16:0), 

fibrinopeptide B, and lysophosphatidylserine 18:0 (known as 1-stearoyl-GPS (18:0), 

Supplementary data). Among these, LPA16:0 was also elevated in HR-susceptible individuals 

compared to controls and HR-resilient individuals (Fig. 2j-l). Additionally, LPA16:0 levels 

correlated with both trait- and state-anxiety in HR individuals (Fig. 2m, n). Of all analyzed LPA 

forms (14:0, 16:0, 16:1, 16:3, 18:0, 18:1, 18:2, 18:3, 20:4), only LPA16:0 and LPA20:4 were 

detected in the serum. LPA synthesis primarily involves phospholipase A (PLA1 or PLA2) cleaving 

membrane phosphatidylcholine (PC) into lysophosphatidylcholine (LPC), followed by autotaxin 

(ATX) converting LPC into LPA53, 54, 55  which can be further converted to diacylglycerol (DAG) by 

lipid phosphate phosphatase 1 (LPP1, Fig. 2j). HR-susceptible individuals exhibited lower LPC 

(Fig. 2p) and DAG (Fig. 2q) but unchanged PC levels (Fig. 2o) and displayed increased LPA:LPC 

ratios (Fig. 2r) without affecting DAG:LPA ratios (Fig. 2s), suggesting that elevated ATX activity 

contributed to LPA16:0 production in these individuals.  

Of the 6 LPA receptors, LPA1, LPA2, LPA4 and LPA6 are expressed in the hippocampus, with LPA1 

predominantly in adult neural stem cells56, 57. Using the BBA assay, we tested the LPA1 antagonist 

Ki16425 and found that it normalized aNPC proliferation when added to HR-susceptible serum 

(Fig. 2t). Inversely, a non-hydrolysable cyclic form of LPA16:0 (cLPA16:0) or LPA16:0 dose-

dependently inhibited aNPC proliferation (Fig. 2u, Supplementary Fig. 5c, respectively). In 

contrast, LPA18:1 increased aNPC proliferation as previously observed57, an effect blocked by an 

LPA1/LPA3 antagonist diacylglycerol-phosphate (DGPP, Supplementary Fig. 5d). Thus, LPA16:0-
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LPA1 signaling was both necessary and sufficient to explain the effect of serum from HR-

susceptible patients on aNPC proliferation in the BBA assay. 

To assess LPA1 gene expression in the hippocampus, we first employed a single-cell 

transcriptomics dataset of adult mouse dentate gyrus with broad cell types, including cells of the 

neurogenic trajectory58 (Fig. 2v). We observed that the Lpar1 gene is predominantly expressed in 

mature oligodendrocytes and adult neural stem cells (RGL) (Fig. 2w-y). Negligible expression 

levels were also found in ependymal cells which originate from the same embryonic progenitor 

as neural stem cells59. To probe the relevance of these observations to the human brain, we used 

a recently generated single-nucleus RNA-sequencing dataset from postmortem human dentate 

gyrus60, from which we extracted data on individuals aged 20 years and older. Similarly to the 

mouse hippocampus, LPAR1 was primarily expressed in adult human oligodendrocytes and to a 

lesser extent in microglia. When examining the neurogenic lineage, we found LPAR1 expression 

in neuroblasts, intermediate progenitors and stem cells (Fig. 2z-γ). Finally, we analyzed an in-

house dataset that focused on adult human immature neurons61, in which we found LPAR1 

expression in several subpopulations of immature neurons  (Supplementary Fig. 5e-h).  

Using the Geneatlas UK Biobank62  and the PsyMetab cohort (2479 patients), we examined 

genetic associations between anxiety and single nucleotide polymorphisms (SNPs) on the genes 

involved in LPA signaling (LCAT, PLA1A, ENPP2, PLPP1, and LPAR1). We found  that the 

rs10817103C>T SNP in LPAR1 was associated with reduced anxiety risk (odds ratio: 0.61, 95% 

confidence interval: 0.43-0.86, p=0.005) and decreased LPA1 expression63. Together, this genetic 

analysis supports our experimental results showing that LPA16:0-LPA1 signaling is involved in 

anxiety in humans. 

 

The regulation of stress resilience by LPA16:0-LPA1 signaling requires adult neurogenesis 

To investigate the role of LPA16:0-LPA1 signaling in anxiety and stress responses, we first 

measured LPA16:0 levels in mouse serum. Trait anxiety was assessed in naïve mice using an 

EPM and LDT, classifying them as low-anxiety (LA) or high-anxiety (HA) groups (Fig. 3a, b and 

Supplementary Fig. 6a-f). Targeted metabolomic analysis revealed significantly elevated serum 

concentrations of LPA16:0, LPA20:4, and LPA18:2 in HA mice compared to LA mice, with no 

changes in LPA18:0 or LPA18:1 (Fig. 3c and Supplementary Fig. 6g-j). LPA16:0 concentration 

positively correlated with individual anxiety scores (Fig. 3d) and accurately identified HA mice with 

80% accuracy (Fig. 3e), suggesting that LPA16:0 had a similar role in mice anxiety as in humans. 

To assess the long-term persistence of trait anxiety phenotypes, we tested an independent cohort 

of naïve mice. We found that individuals that were identified as HA still displayed increased anxiety 
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6 weeks after their initial assessment (Fig. 3f, g and Supplementary Fig. 7). This behavioral profile 

was accompanied by reduced hippocampal stem cell proliferation (Ki67⁺ cells) and reduced 

survival of newborn neurons (IdU⁺ cells), labeled six weeks prior to sacrifice (Fig. 3h, i). These 

findings suggest that elevated trait anxiety is a persistent trait that is associated with reduced 

adult hippocampal neurogenesis and elevated serum LPA16:0 levels. To evaluate the effects of 

exogenous LPA16:0 on anxiety and neurogenesis, anxiety-matched mice were treated with cyclic 

LPA16:0 (cLPA16:0) or vehicle daily for 21 days. Behavior, serum, and brain samples were 

analyzed post-treatment (Fig. 3j). cLPA16:0-treated mice displayed no baseline anxiety changes 

compared to vehicle-treated mice (Fig. 3k and Supplementary Fig. 8a-c). However, after exposure 

to 20 minutes of acute restraint stress (ARS), a paradigm known to reveal susceptible phenotypes 

by reducing stress reactivity thresholds64, 65, cLPA16:0-treated mice showed heightened anxiety-

like behavior (Fig. 3k right and Supplementary Fig. 8d, e), indicating that LPA16:0 may exacerbate 

stress response. In addition, cLPA16:0-treated mice displayed reduced Ki-67-positive cell 

proliferation in the DG (Fig. 3l, t), and their serum decreased aNPC proliferation in the BBA assay 

compared to vehicle-treated mice (Fig. 3m). A negative correlation between serum LPA16:0 levels 

and aNPC proliferation in the BBA assay further supported its impact on neurogenesis (Fig. 3n). 

Although the LPA1 receptor expression in the hippocampus is predominant in stem cells, the 

transcriptomics data suggests that oligodendrocytes and microglia may participate to the effect of 

cLPA16:0 on neurogenesis and anxiety. To assess the effect of chronic cLPA16:0 administration 

on these 2 cell populations, we quantified the density of microglia, mature oligodendrocytes and 

oligodendrocytes precursor cells, in these mice (Supplementary Fig. 9). We found no significant 

difference in the density and proliferation of these cell types between vehicle- and cLPA16:0-

treated mice, suggesting that cLPA16:0 did not induce changes in these cell populations. To 

determine whether LPA1 antagonism enhances stress resilience, anxiety-matched mice were 

treated with Ki16425 or vehicle for 12 days before undergoing 6 hours of ARS (Fig. 3o). Ki16425 

did not modify baseline anxiety, but increased stress resilience (Fig. 3p and Supplementary Fig. 

10a-e). Resilience was associated with increased aNPC proliferation (Fig. 3q, u) and enhanced 

expression of DCX in the DG (Fig. 3r, v). These effects were replicated in a separate experiment 

in a different laboratory in the USA (Fig. 3s and Supplementary Fig. 10f-j), confirming that 

antagonizing LPA1 increases adult neurogenesis and resilience to an acute stress. To assess 

whether reducing LPA1 receptor activity on hippocampal stem cells was sufficient to increase cell 

proliferation, we generated a mouse model that enables the conditional knock-down of the LPA1 

receptor specifically in stem cells. To this aim, we crossed the tamoxifen-inducible Gli1-

CreErT2:tdTomato mouse66  with the flanked LPAR1f/f mouse67. Five days after tamoxifen injection, 
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Gli1-LPA1+/- mice displayed an increase in cell proliferation as compared to Gli1-LPA+/+ control 

mice. These results mimic the effect of LPA1 antagonism, supporting the view that reduced LPA1 

activity in adult hippocampal stem-progenitor cells is sufficient to increase their proliferation. To 

investigate whether the effect of Ki16425 on resilience was dependent on adult neurogenesis, 

naïve mice were pretreated with the anti-mitotic drug temozolomide (TMZ) on the first 3 days of 

each week for 4 weeks to suppress neurogenesis. After 3 weeks of TMZ or NaCl treatment, mice 

underwent Ki16425 administration for 12 days and were assessed for resilience to a 6h-ARS (Fig. 

3y). While Ki16425+NaCl-treated mice displayed resilience to 6h-ARS, Ki16425+TMZ-treated 

mice exhibited heightened anxiety (Fig. 3z and Supplementary Fig. 11) and reduced DG cell 

proliferation (Fig. 3α).  

To examine the effect of Ki16425 on depressive-like behavior under chronic stress conditions, 

anxiety-matched mice were treated with NaCl or TMZ for the first 3 days of each week for 4 weeks 

and subjected to 21 days of CRS. Mice were injected daily with Ki16425 or vehicle for 25 days 4 

days before CRS. After 2 days of CRS regimen, mice received 3 injections of BrdU every 2 hours. 

Mice were then assessed for anxiety (MBT) and depression-like behavior (NSFT; Fig. 3β). No 

anxiety differences were detected in the MBT (Fig. 3γ), but Ki16425-treated mice exhibited 

reduced feeding latency in a NSFT, indicating reduced depression-like symptoms as compared 

to vehicle-treated mice (Fig. 3δ). This effect was abolished by TMZ treatment, highlighting the 

requirement of neurogenesis for Ki16425’s action. Consistently, the Ki16425-mediated increase 

in cell proliferation (Fig. 3ε) and in the number of newly formed neurons (Fig. 3ζ) in the DG was 

blocked by TMZ treatment. Together, these results indicate that the increase in adult neurogenesis 

was required for the antidepressant effect of Ki16425 after stress.  

 

Platelet depletion reduces circulating LPA16:0, increases stress resilience and adult 

neurogenesis.  

Serum LPA is primarily produced by platelets68, 69, 70, 71, with thrombocytopenia significantly 

reducing circulating LPA71, 72. To evaluate whether reducing platelets lowers LPA16:0, 4 mice were 

injected with anti-platelet or control serum for two days and their plasma was pooled. Plasma 

analysis showed that anti-platelet treatment eliminated platelets and reduced LPA16:0 to 

undetectable levels (Fig. 4a). Next, we tested the effect of platelet depletion on neurogenesis and 

stress resilience. Anxiety-matched mice received anti-platelet serum every two days for 20 days73, 

74 and were tested in an OFT followed by a 6-hour ARS (Fig. 4b). Platelet-depleted mice exhibited 

reduced baseline anxiety and resilience to ARS compared to controls (Fig. 4c and Supplementary 

Fig. 12). This resilience profile was associated with increased aNPC proliferation in the DG (Fig. 
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4d), demonstrating that platelet depletion mimics the stress-resilience effects of LPA1 antagonism 

by eliminating circulating LPA16:0. 

 

Discussion  

In the present study, we found that spontaneously anxious mice exhibited reduced cell 

proliferation and adult neurogenesis in the dentate gyrus of the hippocampus. Using an in vitro 

model of adult neurogenesis, the BBA assay, we observed that serum from spontaneously 

anxious mice, experimentally stressed mice or human patients suffering from anxiety, reduced 

aNPC proliferation proportionally to their anxiety levels. Untargeted mass spectrometry identified 

that the serum concentration of LPA16:0, a signaling lipid, correlated with anxiety in humans and 

mice as well as with the effect of their serum on aNPC proliferation in vitro. LPA16:0 was 

necessary and sufficient to replicate the effect of human serum on the BBA assay, which was 

mediated by the LPA1 receptor. In a combined analysis of the Geneatlas and an in-house cohort 

of patients, we found an association between anxiety and the rs10817103C>T SNP on the 

enhancer region of the LPAR1 gene, which is known to decrease LPA1 expression. Furthermore, 

LPA16:0-LPA1 signaling in mice bidirectionally regulated stress resilience and adult neurogenesis 

and the increase in stress resilience produced by LPA1 antagonism was mediated by adult 

neurogenesis. The increase in cell proliferation following LPA1 antagonism was mimicked by the 

hippocampal stem cells-specific knock-down of this receptor. Finally, the depletion of platelets, 

the main source of LPA in blood, reduced LPA16:0 and induced stress resilience along with 

increasing aNPC proliferation in the dentate gyrus. Together, these results highlight a crucial role 

of platelets in stress susceptibility in anxious individuals, mediated by the production of LPA16:0 

and the inhibition of adult hippocampal neurogenesis.  

Growing evidence indicate that blood-circulating molecules regulate brain plasticity, as 

demonstrated by blood transfusions or parabiosis experiments33, 34, 35, 37, 38, 52. To circumvent the 

technical limitations of these experiments, we have developed a simple in vitro model of adult 

hippocampal neurogenesis, named the BBA assay, that enables the discovery of blood-circulating 

molecules that regulate adult hippocampal neurogenesis in mice. The BBA assay exploits the 

sensitivity of aNPC to molecular signaling in the neurogenic niche that is enabled by the extended 

repertoire of membrane receptors they express75. Due to the difficulty of assessing adult 

neurogenesis in humans76, 77, 78, 79, 80, 81, the relevance of the BBA assay for human adult 

hippocampal neurogenesis was not addressed here. However, the observation of LPA1 reporter 

mice57  and single cell gene expression data on mice and humans indicates LPA1 expression in 

niche cells and stem cells. Thus, the shared repertoire of receptors between aNPC and niche 
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cells supports the use of the BBA assay as a cell-based biomarker of the integrity of the 

hippocampal neurogenic niche, which is relevant to its role in emotional regulation and stress 

resilience. The present study highlights the translational value of the BBA assay which, combined 

with untargeted metabolomics and clinical assessment, provides an entry point for the 

identification of novel mechanisms of regulation of adult neurogenesis by circulating molecules in 

the context of anxiety disorders. Similar approaches have been used to study the role of 

circulating molecules in other diseases related to hippocampal dysfunction such as Alzheimer’s 

disease82, 83 or depression84.  

The different forms of LPA play a role in several cellular processes that include smooth muscle 

contraction85, platelet aggregation86, cell growth and differentiation87, inflammation88 and 

emotional regulation89, 90, 91. While most research focuses predominantly on LPA18:1, the role of 

the distinct LPA16:0 species in brain function and stress resilience remains unexplored. The main 

source of LPA in the blood are platelets68, 69, 70, 71, 72. Although platelets are principally known for 

their role in clot formation, they also interact with brain cells92, 93, in particular in pathological 

contexts94, 95, where they promote functional recovery96. Upon activation, platelets can release 

several molecules that play an important role in neuronal function, such as neurotransmitters-

neuromodulators97, 98 or brain-derived neurotrophic factor (BDNF) 99 and LPA16:0 is one of the 

most increased lipids in activated human platelets69. Interestingly, several psychiatric diseases 

are associated with increased platelet activation100, 101, which may underlie the increased 

production of LPA16:0 in anxious individuals observed here.  

Notably, platelets also release molecules that promote adult hippocampal neurogenesis74, 102. In 

particular, platelet factor 4 (PF4) production is stimulated by physical exercise and mediate the 

stimulating effect of physical exercise on adult hippocampal neurogenesis74. It is unclear how 

these different signaling pathways contribute to the net effect on adult neurogenesis, especially 

after platelet depletion, which reduces both circulating LPA16:0 (Fig. 4) and PF4103. Future 

investigations comparing platelets secretome may shed light on the effect of different stimulating 

conditions on platelet activation and neurogenesis regulation. Furthermore, the effect of these 

molecules may be altered by the disease state.  Indeed, in physiological conditions, LPA is 

produced in the extracellular space from cell membrane phospholipids by the soluble enzyme 

autotaxin. In return, LPA inhibits autotaxin, leading to a negative-feedback loop that enables LPA 

homeostasis53. In the context of inflammation, inflammatory cytokines disrupt this feedback 

regulation, leading to increased LPA production88, 104. Inflammation is elevated in anxiety and 

mood disorder patients105, 106, 107, 108 and thus, LPA feedback dysregulation together with SNPs on 

genes for LPA1 may contribute to increased LPA-LPA1 signaling in patients with anxiety. In turn, 
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by increasing anxiety after a moderate stress, LPA16:0 may contribute to maintaining an anxious 

state. Therefore, the overall impact of platelet depletion on adult neurogenesis likely reflects the 

specific physiological or pathological context in which platelet activation occurred in the first place. 

However, the interplay between these distinct signaling pathways remains poorly understood, and 

further mechanistic studies are warranted to delineate their respective contributions to the 

regulation of adult neurogenesis and stress resilience.  

Together, the experimental evidence presented here suggests that platelets in anxious individuals 

produce circulating LPA16:0 that target the LPA1 receptor, leading to reduced adult neurogenesis 

and impaired stress resilience. This mechanism may contribute to the pathophysiology of many 

psychiatric conditions and offer novel therapeutic avenues. Finally, the BBA assay presented here, 

together with serum LPA16:0 measurements may provide a diagnostic tool to assess anxiety in 

psychiatric patients, paving the way for personalized treatment. 

 

Methods 

The blood-brain axis (BBA) assay 

Cell culture: The adult neural stem/progenitor cell line (aNPC) is a kind gift from the laboratory of 

Fred Gage (Salk Institute, San Diego, USA). They were originally isolated from the dentate gyrus 

DG of 8-week-old adult Fisher 344 rats and cultured in medium Dulbecco's Modified Eagle 

Medium (DMEM/F12) supplemented with N2 and FGF-2 (20ng/ml) as previously described109. 

The stem/progenitor identity of these cells was confirmed by immunostaining indicating that 90% 

of these cells expressed Tbr2, 97% expressed Nestin and 99% expressed SOX-2 (data not shown 

and110). aNPCs were plated at a density of 60,000 cells per well (total volume = 500µl) in a 24-

well-plate coated with Poly-D-lysine hydrobromide at 0.1mg/ml (P6407 sigma-aldrich) and 

Laminin at 20µg/ml (23017015 Life technologies). Twenty-four hours after plating, the medium 

was removed and replaced with fresh medium containing 0.2% serum for 24h. The medium was 

then supplemented with 5 μM BrdU for 30 min and washed twice with pre-heated fresh medium 

and fixed with 4% paraformaldehyde for 30 min. The plate was briefly washed with PBS 0.1M and 

stored at 4°C until used. Immunocytochemistry against BrdU and/or Ki-67 was processed as 

follows: BrdU immunohistochemistry was preceded by DNA denaturation with 2 M HCl for 15 min 

at 37°C, and rinsed in 0.1 M borate buffer pH 8.5 for 15 min. Then, aNPC were incubated in 

blocking solution containing 0.3% Triton-X100 and 10% deactivated horse serum (Gibco, 

16050122) for one hour. Plates were incubated at 4°C with mouse monoclonal anti-BrdU (24 h, 

1:250, Abcam) or Rabbit anti-Ki-67 (1:300, Abcam, ab15580) followed by goat anti-mouse 488 
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(1:300, Invitrogen) or goat anti-rabbit 488 (1:300, Invitrogen), respectively for 1 h at room 

temperature. After immunostaining, 10 minutes incubation into 4,6 diamidino-2-phenylindole 

(DAPI, 1:500) was used to reveal nuclei. 

For neurosphere cultures, aNPC were grown with 0.2% serum at a density 60,000 cells per well 

in a 24-well-plate under floating conditions and were incubated at 37°C for 3 days. The 

neurospheres were counted and their size measured using an inverted light microscope and the 

ImageJ software. Control cultures were treated with serum-free medium. 

 

Image acquisition and analysis for in vitro experiments: Images were acquired using an Eclipse 

Ti2 inverted microscope (Nikon). The number of BrdU-labeled aNPC was counted in one 

randomly selected large field (tiles 4x4) in each well of the plate. For the validation of the BBA 

assay (Fig. 1B), we used 2-3 wells per condition in 3 independent replicates. For all other 

experiments, each well stands for an experimental unit and was replicated at least twice using 2 

independent cohorts of mice for each condition (trait and state conditions). The number of BrdU-

labeled aNPC was compared with the total number of aNPC in each selected field to obtain a 

proliferation ratio, which was then normalized to the control group values to enable comparisons 

across conditions.  

    

Cell viability: Cell viability was evaluated using the WST-1 assay. Cells (6.0 × 104 cells/well) were 

grown in 24-well plate. After exposure to serum for 24h., 25 μl cell proliferation reagent WST-1 

(Roche, Cat. No. 05015944001, Switzerland) was added to each 500 μL/well serum-free 

DMEM/F12 (0.5:10 dilution), followed by incubation for 2 hours at 37°C. Absorbance was 

measured at 440 nm using a microplate reader (Tecan, Männedorf, Switzerland). 

 

Mice 

All experiments were performed with the approval of the Cantonal Veterinary Authorities (Vaud, 

Switzerland) and carried out in accordance with the European Communities Council Directive of 

24 November 1986 (86/609EEC). All experiments were performed on C57Bl/6J male mice 

obtained from Janvier Laboratories. After arrival, animals were housed four per cage and allowed 

to acclimate to the vivarium for one week. All animals were subsequently handled for 1 min. per 

day for a minimum of 3 days. Animals were weighted upon arrival as well as weekly to monitor 

health. Gli1-CreErT2:tdTomato reporter mice66 (referred to as Gli1-LPA1+/+) were a kind gift from 

Prof. Jessberger (University of Zurich) and LPAR1f/f mice67 were a kind gift from Prof. Jerold Chun 

(Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA, USA). These mice were 
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crossed to generate Gli1-CreErT2:tdTomato+/− / LPAR1+/f offspring (referred to as Gli1-LPA1+/f). 

Both Gli1-LPA1+/f and Gli1-LPA1+/+ (as controls) mice were administered tamoxifen (70 mg/kg, 

intraperitoneally) twice in one day. The recombination of the LPAR1 gene in Gli1-LPA1+/f mice 

resulted in the hemizygous expression of LPAR1 in stem cells and these mice were named Gli1-

LPA1+/- (Fig. 3W). Mice were maintained under standard housing conditions on corncob litter in a 

temperature- (23 ± 1°C) and humidity- (40%) controlled animal room with a 12h. light/dark cycle 

(8–20 h.), with unlimited access to food and water. 

 

Chronic and acute restraint stress  

This protocol involved 21 days of chronic retrain stress (CRS) as previously described44, 111. 

Animals were randomly assigned to either the control or CRS group. Animals were introduced 

headfirst into 50 ml Falcon tubes (11.5 cm in length; diameter of 3 cm) from which the cap was 

removed, and the bottom was perforated with four 0.4 cm holes to enable breathing. Tissue was 

added at the caudal extremity to adjust the physical constraint to the mouse size and to allow the 

tail to expand out of the tube. This setting immobilizes the body of the mouse except the head. 

The mice were subjected to this restrained environment for two consecutive hours every day for 

a period of 21 days. Control mice were left undisturbed in their home cage except for handling 

and body weighting each day for 21 days. The acute restraint stress protocol is based on the 

protocol as previously described65. Animals of the stress group were restrained once, using the 

protocol described for the chronic stress. After one 20-min-restraining or 6-hours-restraining 

period, mice were transferred into their home-cage for an additional 20 min interval followed by 

an open-field test to assess anxiety-like behavior. 

 

Behavioral tests 

Open-field test (OFT): The test was performed as previously described111, 112. The apparatus 

consisted of a square Plexiglas arena (40 x 40 x 40 cm) that was illuminated with dimmed lights 

(25 lx). The floor was cleaned between each trial to eliminate olfactory cues. Mice were introduced 

facing the wall of the arena and allowed to freely explore the arena for 10 min. A virtual center 

zone (15 x 15 cm), thigmotaxis zone (30 x 30 cm) and an intermediate zone were included for the 

behavioral analysis as indicator for anxiety-like behavior. A video tracking system (Anymaze) 

recorded the path of each mouse as well as the total distance travelled, and the time spent 

exploring each zone. 
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Elevated plus maze test (EPM): The test was performed as previously described112. The 

apparatus was made from black PVC with a white floor. The apparatus consisted of a central 

platform (5 x 5 cm) elevated from the ground (65 cm) with two opposing open (30 x 5 cm) and 

two opposing (30 x 5 x 14 cm) closed arms. Light conditions were maintained at 14–15 lux in the 

open arms, and 3–4 lux in the closed arms. Animals were placed at the end of the closed arms 

facing the wall, after which the animals were allowed to freely explore the apparatus for 5 min. 

Mice were tracked (Anymaze) to measure the time spent in each arm and in the risk zones (edge 

of the open arms). 

 

Light/Dark Test (LDT): The LDT was performed as previously described40. A 60 x 40 x 21 cm high 

Plexiglas box was divided into a dark (20 x 40 x 21 cm) and a light (40 x 40 x 21 cm; 400 lux) 

compartments separated by an open door (5 x 5 cm) located in the center of the partition at floor 

level. Each mouse was placed into the light chamber facing the door. Mice were allowed to freely 

explore the apparatus for 6 minutes. The Anymaze software was used to analyze anxiety-like 

behavior by calculating the time spent in each zone.  

 

Marble burying test (MBT): As previously described113, the apparatus consists of an open 

transparent plastic box (40 x 25 x 20 cm) filled around 6 cm deep with bedding material across 

the whole cage. Twenty dark marbles (diameter: 16 mm) are spaced evenly in a 4 x 5 grid on the 

bedding. Mice were given 20 minutes to freely explore the cage (400 lux). At the end, the mice 

are removed, and every buried marble (more than 2/3 covered by litter) is counted. The number 

of buried marbles is used as an indicator of anxiety.  

 

Novelty suppressed feeding test (NSFT): As previously described114. The apparatus consists of a 

square Plexiglas arena (40 x 40 x 40 cm; > 400 lx). The floor was layered with approximately 2 

cm of wood bedding. In the center of the square, a single pellet of food was placed on a white 

paper circular taped to a tissue culture disk (20 x 100 mm). Twenty-four hours before the test, all 

the food was removed from the home cage to food restricted the mice. The mice were introduced 

into the arena, facing the wall, and given 3 minutes for free exploration. Anymaze video tracking 

system recorded the movement trajectory of each mouse, and the videos were analyzed to 

assess the latency for the first bite. After the test, the food pellet was removed, and the mice were 

then returned to their cage with food and the amount of food consumed in 20 minutes was 

measured (in-cage consumption).  
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Anxiety scores: The anxiety scores were a simplified version of principal component-based 

analyses115, 116 and encompassed several anxiety tests to obtain a general profile of anxiety, as 

previously described115, 116, 117, 118. The anxiety score was calculated with the average of 

standardized scores of each anxiety-related behavior tests. For Fig. 1H, 1Q and 3B, this score 

included the relative time spent in the dark chamber of the LDT and the relative time spent in the 

closed arm of the EPM.  For Fig. 3F-U and figure 4C, D, this score included the relative time spent 

in thigmotaxis and in the center of the arena of an open-field. Standardization consisted in 

subtracting the minimum value of the whole population to the value of each animal and dividing 

the result by the maximum value of the whole population minus the minimum value of the whole 

population: (x – min value) / (max value – min value). This procedure yields scores which are 

distributed along a scale from 0 to 1, where 1 reflects high anxiety. To assess anxiety levels in 

each group, a one-sample t-test was employed, using 0.5 as the hypothetical threshold value as 

scores were distributed along a scale from 0 to 1. If the mean anxiety score of a group exceeded 

0.5, it was classified as anxious; if the score was below 0.5, the group was considered non-

anxious. This approach allowed for a statistical comparison of each group's anxiety levels against 

the predefined baseline of 0.5, facilitating clear distinctions between anxious and non-anxious 

subjects. 

 

Mouse blood collection and preparation 

Blood was collected (Multivette® 600 µl, Clotting Activator/Serum) by intracardiac punction using 

a 1ml syringe with a 21G7/8 needle after pentobarbital (10 ml/kg, Sigma-Aldrich, Buchs, 

Switzerland) anesthesia before mouse perfusion. After sampling, the blood was left undisturbed 

at room temperature for 15 minutes to enable clotting. The clot was removed by centrifuging at 

1,500 x g for 10 minutes in a refrigerated centrifuge. The resulting supernatant (i.e., serum) was 

transferred into a clean polypropylene tube using a Pasteur pipette. The samples were 

apportioned into 0.5 ml aliquots and stored at - 80°C.  

 

Preparation of platelet-rich plasma (PRP) after anti-platelet serum injection.   

Mice were injected with an antiplatelet serum or a control serum for 2 consecutive days. After 

pentobarbital (10 ml/kg, Sigma-Aldrich, Buchs, Switzerland) anesthesia, whole blood was 

collected transcardially using a 21G7/8 needle containing 10% of sodium citrate, then transferred 

into plastic tubes. The platelet count was measured using 20 µl of whole blood in a Sysmex XE-

2100™ automated hematology system. Blood samples were centrifuged at 1900 g for 1 minute 

with no brake at room temperature. The plasma and buffy coat were collected as PRP into a new 
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tube. PRP was stored at -20°C for 15 min to activate platelets. Samples were then used for 

targeted LPA16:0 quantifications. The platelet counts and LPA16:0 levels were determined from 

a pool of 4 mice per condition, i.e., control serum- and antiplatelet serum-treated groups. 

 

Corticosterone measurement 

Serum (6µL) was prepared according to manufacturer’s instructions to measure free 

corticosterone concentrations using an ELISA kit (Enzo Life Sciences, ADI-901-097). The method 

plots the standards versus hormone concentrations using linear (y) and log (x) axes and performs 

a 4-parameter logistic fit. Concentration of samples were then calculated from the fit. 

 

BrdU and IdU administration 

Mice were injected intraperitoneally with 5-bromo-2-deoxyuridine (Sigma-Aldrich, Buchs, 

Switzerland) at a concentration of 100 mg/kg in saline (final dilution at 10 mg/ml), 3 times per day 

at 2-h. intervals in a single day. For proliferation studies, mice were sacrificed 24 hours after the 

last BrdU injection. To assess the basal level of adult hippocampal neurogenesis in HA vs LA 

individuals, IdU (57.5 mg/kg; 10 mg/ml) was dissolved in a 0.2 NaOH/saline solution and injected 

i.p., three times the same day, starting from 11 am with 2 h interval between each injection. For 

survival study, mice were sacrificed 6 weeks after the last IdU injection. 

 

Tissue collection and preparation 

Mice received a lethal dose of pentobarbital (10 ml/kg, Sigma-Aldrich, Buchs, Switzerland) and 

were perfusion-fixed with 50 ml of 0.9% saline followed by 50 ml of 4% paraformaldehyde (Sigma-

Aldrich, Switzerland) dissolved in phosphate buffer saline (PBS 0.1 M, pH 7.4). Brains were then 

collected, post-fixed overnight at 4 °C, cryoprotected 72h in 30% sucrose and slowly frozen on 

dry ice. Coronal frozen sections of a thickness of 40 μm. were cut with a microtome-cryostat 

(Leica MC 3050S) and slices were kept in cryoprotectant (30% ethylene glycol and 25% glycerin 

in 1× PBS) at −20 °C until being processed for immunohistochemistry. 

 

Brain slices immunohistochemistry 

Immunochemistry was performed as previously described119. For BrdU/NeuN immunostaining, 

sections were washed 3 times in PBS 0.1M. BrdU detection required formic acid pre-treatment 

(formamide 50% in 2× SSC buffer; 2× SSC is 0.3M NaCl and 0.03 M sodium citrate, pH 7.0) at 

65 °C for 2 h followed by DNA denaturation for 30 min in 2 M HCl for 30 min at 37°C and rinsed 

in 0.1 M borate buffer pH 8.5 for 10 min. Then, slices were incubated in blocking solution 
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containing 0.3% Triton-X100 and 10% deactivated horse serum (Gibco, 16050122) for 1 h. After 

blocking, samples were incubated with primary antibodies, at 4°C overnight and then incubated 

with secondary antibodies for 1 h. For Ki67 and DCX immunostaining, slices were incubated in 

blocking solution (0.3% TritonX-100 and 10% horse serum in PBS) at room temperature for 1 h 

and then incubated under agitation at 4° C overnight in a blocking solution containing primary 

antibodies. After being washed again in PBS, sections were incubated for 2 hours in secondary 

antibodies. After immunostaining, slices were incubated for 10 min into DAPI (1:500) to reveal 

nuclei. Sections were mounted onto glass slides and cover-slipped using FluorSave (Millipore). 

One out of 6 sections (for a total of 10 sections) were imaged using a Nikon NI-E spinning disk 

fluorescence microscope.  

For BrdU and Ki67 immunostaining analyses, we counted the total number of immunostained 

cells in the DG in the entire thickness of the sections in a 1-in-6 series of section, for a total of 10 

sections, with a 40× objective. The average number of cells was then multiplied by 60 to estimate 

the total number of immunolabeled cells per DG. For DCX analysis, we assessed the proportion 

of immunostained pixels on each image. Data is expressed either as pixels/area (i.e. region of 

interest, Supplementary Fig. 3), or fractional volume (Fig. 3r). For the pixels/area analysis, images 

were acquired using a digital camera (3CCD Hitachi HV-F202SCL) on a slide scanner microscope 

(×20 objective, Zeiss axioscan Z1). The number of DCX-immunostained pixels was quantified in 

similar regions of interest, in arbitrary units as the mean of all isolated pixels of soma. Each optical 

density was normalized by the subtraction of a slide section in which signal was absent (black) 

using image analysis software Zen 2 (black 8.0 edition and blue 2012 edition). The area of the 

DG was also measured using Zen blue edition software and no change in DG area was found 

between groups (data not shown). For the fractional volume analysis of DCX staining (Fig. 3r), 

images were acquired using a Nikon NI-E spinning disk fluorescence microscope of similar 

regions of interest between slices. We calculated the fraction of the total volume that is occupied 

by a DCX-positive signal in each section. The mean fractional volume per animal was derived 

from the average values of all sections analyzed. For Olig2 and Iba1 immunostaining analyses, 

images of the entire dentate gyrus were acquired using the same Nikon NI-E spinning disk 

microscope. ROIs encompassing the hilus, GCL, and molecular layer were defined using Nikon 

GA3 analysis software (Nikon Instruments Inc., Tokyo, Japan). Automated quantification of Olig2+ 

and Iba1+ cells was performed within these ROIs. Olig2 and Iba1 cell density was calculated by 

dividing the number of Iba1⁺ and Olig2⁺ cells in the hippocampal region of interest by the sampled 

volume, defined as the measured hippocampal surface area multiplied by the 40 µm section 
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thickness. Additionally, for Olig2, the number of double-positive Olig2+/Ki67+ cells was quantified 

using the colocalization module of the GA3 software.  

 

Reagents and antibodies 

For primary antibodies: mouse monoclonal anti-BrdU (1:250, Chemicon International, Dietikon, 

Switzerland), rabbit anti-DCX (1:500, Cells Signaling Technology, 4604S), rabbit anti-NeuN 

(1:1000, Abcam, EPR12763), rabbit anti-Ki-67 (1:300, Abcam, ab15580); rabbit anti-cleaved 

caspase3 (1:500, cell signaling 9579);  rabbit anti-Olig2 (1:500, AB9610); Goat anti Iba1 (1:1000, 

AB5076). For secondary antibodies: goat anti-mouse Alexa-594 (1:300, Invitrogen), goat anti-

rabbit 594 (1:300, Invitrogen), and Donkey anti-goat (1:300, A-11058). For drugs: staurosporine 

(STS, from Cell Signaling Technology, 9953S), cyclic LPA16:0 (0.01 mg/ml in PBS 0.1M and 0.1% 

BSA fatty acid free, Polar Avanti, 7999268-68-1), DGPP (50µM in ddH20 and 5% ethanol, Polar 

Avanti, 474943-13-0), Ki16425 (0.5 mg/ml in ddH20 and 10% ethanol, Cayman Chemical, 

10012659), temozolomide (TMZ, from Sigma-Aldrich, T2577, (25 mg/kg; 2.5 mg/ml in 0.9% NaCl 

i.p.), and rabbit anti-platelet serum (1:2 in PBS, 200 µl per mouse, Rabbit anti-mouse 

Thrombocyte; Accurate Chemical & scientific corporation; catalog Number: AIA31440.  

 

Human participants 

Participants from the BipOff cohort: The research was conducted according to the principles of 

the Declaration of Helsinki and approved by the University of Geneva research ethics committee 

(CER 13-081). All participants gave written informed consent prior to assessment. Offspring of 

patients were recruited after their parents gave a formal consent to contact their children. We 

obtained blood samples from 66 individuals from the BipOff cohort of the Geneva University 

Hospital: 37 offspring at high-risk (HR) of developing a psychiatric disorder, defined as having at 

least one parent with either ADHD or Borderline Personality Disorder (BPD) or Bipolar Disorder 

(BD) and 31 healthy control subjects with no history of neuropsychiatric disorder among their 

parents (CTRL). The offspring were between 15 and 25 years of age at inclusion, and controls 

between 15 and 30 years old. Control subjects were matched for age, gender, laterality and years 

of education. Parents were outpatients from the specialized program for BPD/ADHD/BD patients 

at Geneva University Hospital, where structured diagnostic assessment was conducted. 

Psychiatric diagnoses in all subjects were established by trained psychologists using the 

Diagnostic Interview for Genetic Studies (DIGS) or the Kiddie Schedule for Affective Disorders 

and Schizophrenia (K-SADS) under 18 years of age. This psychiatric assessment led to the 

stratification of high-risk individuals into two groups; HR-susceptible (n=22) or HR-resilient (n=15), 
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based on whether they had developed a neuropsychiatric disorder at the time of evaluation. 

Inclusion criteria were based on age, history of psychiatric or neurological treatment for the 

subjects and their parents, as assessed during the interview of the subjects. Exclusion criteria for 

all participants were a history of head injury, current alcohol or drug abuse, daily medication. 

Assessment of anxiety was conducted through a classical self-report questionnaire, the State-

Trait-Anxiety Inventory (STAI) 120. The STAI is a validated 40-item self-report questionnaire that 

measures both state (20 items) and trait (20 items) general anxiety. Trait anxiety scores were 

assessed during the evaluation visit 1-3 weeks prior to lab visit. STAI scores were assessed 

immediately prior to blood sampling. Blood samples (5ml) were kept on ice for about 1 h and were 

left for clotting for 30 minutes, followed by centrifugation (5 min at 2300g at room temperature). 

Samples were then aliquoted and frozen at -20°C for 1-4 hours and then stored at -80°C. 

 

Participants from the PsyMetab cohort: Since 2007, a longitudinal observational pharmacogenetic 

study (referred to as PsyMetab) approved by the Swiss Association of Research Ethics 

Committees is ongoing in the Department of Psychiatry of the Lausanne University Hospital. 

Patients starting a psychotropic treatment associated with a risk of developing metabolic 

disturbances (i.e., antipsychotics, mood stabilizers or some antidepressants) 121 were included. 

Clinical data including concomitant medication prescriptions were collected during hospitalization 

or in outpatient centers during medical examinations based on the department guideline for the 

metabolic follow-up of psychotropic drugs122. In the present study, drug prescription was used to 

assess anxiety. Patients who were prescribed any benzodiazepine specifically used for treating 

anxiety symptoms (i.e. alprazolam, bromazepam, clorazepate, ketazolam, lorazepam, oxazepam, 

prazepam or chlordiazepoxide, as well as clobazam or diazepam if not co-prescribed with any 

antiepileptic agent) were considered as suffering from anxiety, while other patients were 

considered as not suffering from anxiety. Two thousand four hundred seventy-nine patients were 

included in this analysis. 

 

Metabolomics 

Non-targeted global metabolomic profiling of serum derived from the BipOff cohort was performed 

by Metabolon (Durham, NC, USA) as previously described123, 124, 125. Sixty-six experimental 

samples and 12 Quality Control (QC) samples were analyzed in parallel with the experimental 

samples in each analysis.  The QC samples were generated directly from the experimental 

samples by taking a small aliquot of each and pooling together.  This pool was run as technical 

replicates during the analysis.  
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Sample Preparation:  Samples were prepared using the automated MicroLab STAR® system 

from Hamilton Company.  Several recovery standards were added prior to the first step in the 

extraction process for QC purposes. To remove protein, dissociate small molecules bound to 

protein or trapped in the precipitated protein matrix, and to recover chemically diverse 

metabolites, proteins were precipitated with methanol under vigorous shaking for 2 min (Glen 

Mills GenoGrinder 2000) followed by centrifugation.  The resulting extract was divided into five 

fractions: two for analysis by two separate reverse phase (RP)/UPLC-MS/MS methods with 

positive ion mode electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with 

negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI, and 

one sample was reserved for backup. Samples were placed briefly on a TurboVap® (Zymark) to 

remove the organic solvent. The sample extracts were stored overnight under nitrogen before 

preparation for analysis.   

 

Analysis: Four separate methods utilized the following conditions: positive ionization 

chromatographically optimized for hydrophilic compounds (LC–MS/MS Pos Polar), positive 

ionization chromatographically optimized for hydrophobic compounds (LC–MS/MS Pos Lipid), 

negative ionization optimized conditions (LC–MS/MS Neg), and negative ionization with HILIC 

chromatography (LC– MS/MS Polar). All chromatography was performed using a Waters Acquity 

UPLC (Waters) held at 40– 50°C. The injection volume was 5 µL with a 2x loop overfill. 

Mass spectrometry methods utilized Thermo Scientific Q-Exactive high resolution/accurate mass 

spectrometers with heated electrospray ionization (HESI-II) sources and Orbitrap mass analyzers 

(ThermoFisher Scientific) operated at 35 000 mass resolution. The methods alternated between 

full scan MS and data-dependent MSn scans. The scan range varied between methods but 

generally covered 70–1000 m/z. 

 

Compound detection: Metabolites were identified by matching the ion chromatographic retention 

index, accurate mass, and mass spectral fragmentation signatures with a reference library 

consisting of 3077 entries created from authentic standard metabolites analyzed under identical 

instrumental procedures as the experimental samples. Proprietary peak detection and integration 

software126, 127 was used to generate a list of m/z ratios, fragmentation spectra, retention indices, 

and area under the curve (AUC) values. User-specified criteria for peak detection included 

thresholds for signal-to-noise ratio, area, and width (further details on software methods, including 

peak integration, alignment, and QC protocols are available in the open-source reference127. 
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Statistical analyses: Any missing values are assumed to be below the limits of detection; these 

values were imputed with the compound minimum (minimum value imputation). Statistical tests 

were performed in ArrayStudio (Omicsoft) or “R” to compare data between experimental groups; 

p < 0.05 is considered significant and 0.05 < p 0.10 to be trending. An estimate of the false 

discovery rate (Q-value) was also calculated to take into account the multiple comparisons that 

normally occur in metabolomic-based studies, with q < 0.05 used as an indication of high 

confidence in a result. To identify candidate metabolites potentially mediating the effect of serum 

on aNPC proliferation, we adopted a biologically informed strategy rather than a conventional 

untargeted differential analysis. Specifically, we first screened for metabolites whose levels 

significantly correlated (p < 0.01) with the BBA-derived proliferation index and anxiety scores. 

This correlation-driven selection yielded three top candidates: LPA16:0, fibrinopeptide B, and LPS 

18:0. We then evaluated their differential abundance across groups (HR susceptible, HR resilient, 

controls) using one-way ANOVA. As this approach was hypothesis-driven and involved a limited 

number of follow-up comparisons, false discovery rate (FDR) correction was not applied, given 

its primary relevance in high-dimensional exploratory settings. The total number of metabolites 

assessed in the untargeted metabolomics dataset was 1049, which served exclusively for the 

initial correlation screen (Supplementary data).  

 

Targeted LPA quantification:  

Mouse sera (15 µL) were extracted with 75 µL of ice-cold isopropanol (IPA) spiked with C17 cLPA 

as the internal standard (IS). To promote the lipid extraction and protein precipitation this solution 

was vortexed and centrifuged (at 4°C for 15 minutes at 14000rpm). The resulting supernatant was 

analyzed by reversed phase Liquid chromatography coupled to tandem mass spectrometry 

(RPLC-MS/MS) in negative ionization mode operating in selective reaction monitoring mode 

(SRM, TSQ Altis triple quadrupole system interfaced with a Vanquish UHPLC system (Thermo 

Fisher Scientific)). Chromatographic separation was carried out on a Zorbax Eclipse Plus C18 

(1.8 μm, 100 mm × 2.1 mm I.D.) column (Agilent technologies, USA). Mobile phase was 

composed of A = 60:40 (v/v Acetonitrile: water solution) with 10 mM ammonium acetate and 0.1% 

acetic acid and B = 88:10:2 (Isopropanol: acetonitrile: water solution) with 10 mM ammonium 

acetate and 0.1% acetic acid. The linear gradient elution from 15% to 30% B was applied for 2 

minutes, then from 30% to 48% B for 0.5 minutes, from 48% to 72% B and last gradient step from 

72% to 99% B followed by 0.5 minutes isocratic conditions and a 3 min re-equilibration to the 

initial chromatographic conditions. The flow rate was 600 μL/min, column temperature 60 °C and 
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sample injection volume 2µl. Data were processed using XCalibur 4.3 (Thermo Fisher Scientific) 

and concentrations were calculated to IS using a calibration curve. 

 

Genetic analyses of the PsyMetab cohort 

All participants were genotyped on the Global Screening Array (GSA) v2 with multiple disease 

option (MD) chip at iGE3 institute in Geneva, Switzerland (http://www.ige3.unige.ch/genomics-

platform.php). All quality control (QC) and filtering steps were performed in PLINK128. Ancestry 

was determined using Snpweights, a software for inferring genome-wide (GW) ancestry using 

SNP weights precomputed from large external reference panels129. Only individuals from 

European ancestry were considered in the present study. Multivariable logistic mixed models 

adjusting for age, sex, smoking and body mass index were conducted to test associations 

between SNPs and the anxiety phenotype. A dominant transmission was considered for 

rs10817103C>T (i.e., patients carrying the T allele were compared to patients carrying the CC 

genotype). Statistical significance was defined as a p value ≤ 0.05. Statistical analyses were 

performed using Stata 14 (StataCorp, College Station TX, USA) and R environment for statistical 

computing version 4.1.1. 

 

Single-cell RNA sequencing 

Mouse Dataset 

Pre-processed unique molecular identifiers (UMI) count matrix from a published single-cell RNA-

sequencing dataset58 was retrieved from the respective repository [GEO: GSE104323] and 

processed using the R package Seurat (v4.4.0) 130. To focus the analysis on adult brain, only data 

from older-age timepoints (P120 and P132) were subsetted and retained for downstream 

analysis. The pre-processed UMI count matrices were normalized using the NormalizeData() 

function in Seurat with a scaling factor of 10,000. To enable visualization of cells with similar 

transcriptomic profiles in two-dimensional space, the top 2,000 highly variable genes were 

identified using the FindVariableFeatures() function with the default variance stabilizing 

transformation. Dimensionality reduction was then performed using RunPCA() and RunUMAP(). 

Clustering analysis was carried out using the FindNeighbors() and FindClusters() functions. Cell 

type annotations were retrieved from the accompanying metadata of the original dataset and used 

for visualization in two-dimensional space. 

 

Human Datasets 
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We analyzed a publicly available single-cell RNA-sequencing dataset from human brain tissue60, 

accessed via [https://zenodo.org/records/14879680]. Data processing was carried out in R using 

Seurat (v4.4.0) 130. To restrict the analysis to adult samples, only individuals aged 20 years and 

older were included. UMI count matrices were normalized using NormalizeData() with a scaling 

factor of 10,000. Gene selection was performed using FindVariableFeatures() to identify the top 

2,000 highly variable genes. Dimensionality reduction was conducted via RunPCA() and 

RunUMAP() to visualize transcriptomic similarities across cells. To correct for donor-specific 

expression differences, we applied Harmony integration (v1.1.0) with the following parameters: 

kmeans_init_nstart = 20, kmeans_init_iter_max = 150, using ‘sample’ as the batch indicator. Cell 

clusters were identified using FindNeighbors() and FindClusters(). Cell type annotations provided 

in the original metadata were retained and used for visualization. 

Samples were processed as described in Tosoni et al. 61. From a total of 110,527 high quality 

nuclei, control samples (n=24,655) were subsetted for exploring LPAR1 gene expression in all 

cell types and subsequently in a subset including all granular cell types (n=13,446). Raw UMI 

counts were normalized using the ‘NormalizeData’ function, with the scaling factor equal to 

10,000. Top 2000 variable features were selected with the function FindVariableFeatures, and 

data were scaled using the ScaleData function. The dimensionality of the data was first reduced 

by principal component analysis (PCA). To account for large differences in expression across 

donors, as well as for technical batch effects, principal components were aligned with Harmony 

(v1.1.0 with kmeans_init_nstart=20, kmeans_init_iter_max=150, lambda=1 options) using 

‘sample and ‘run’ as batch indicators. The corrected components (dims=1:20) where then used 

for constructing a neighborhood graph and for clustering the nuclei based on transcription 

similarity using the Louvain algorithm (FindNeighbors FindClusters) and applying appropriate 1.4 

resolution. Finally, clusters were visualized with uniform manifold approximation and projection 

(UMAP). All of the above functions are part of the Seurat R Package 4.4.0. 

 

Statistical analysis 

All statistical tests except for single-cell RNA sequencing, were performed with GraphPad Prism 

(San Diego, CA, USA) using a critical probability of p<0.05. Statistical analyses performed for 

each experiment are summarized in each figure legend with the chosen statistical test, sample 

size ‘n’ and p values, as well as degree of freedom and F/t values. All values are given as mean 

± S.E.M. 
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Data availability 

 

The data presented in this study is provided in the Source Data file and is publicly available on 

Zenodo: https://doi.org/10.5281/zenodo.18076116. The metabolomics data is publicly available 

on Metaboligts: https://www.ebi.ac.uk/metabolights/MTBLS13589. 

Source data are provided with this paper. 
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Figure legends 

 

Fig. 1: Serum from anxious mice reduces aNPC proliferation in vitro. 

a. Schematic illustration of the BBA assay. b. Proportion of aNPC that incorporated BrdU after 

exposure to serum pooled from 4 adult C57BL/6J male mice at different concentrations for 24 hours 

under coating conditions. F4,24 = 23.32, p=5.7E-8, one-way ANOVA; Tukey’s multiple 

comparisons with the mean of CTRL group. Data points show 2 wells per condition for 3 biological 

replicates for a total of n=6, except for 2% serum (1 well missing in one biological replicate, n=5). 

c, d. Number (c) and mean size (d) of neurospheres after exposure to serum from 4 adult 

C57BL/6J mice at different concentrations for 72 hours. Neurospheres number: F2,27 = 40.12, 

p=8.2E-09, one-way ANOVA; Tukey’s multiple comparisons with the mean of CTRL group; 

Neurospheres size: F2,27 = 13.55, p=8.4E-05, one-way ANOVA; Tukey’s multiple comparisons 

with the mean of CTRL group. The number and mean size of neurospheres were counted in 4 

selected fields per well, 3 wells per condition from 3 independent replicates. e. Representative 

bright field image of neurospheres (out of 36 images per group). f. Experimental design. g. 

Grouped heatmap of the time spent in the open (vertical) and closed (horizontal) arms of an EPM 

for low (LA) and high (HA) anxious mice. h-i. Violin plot (h) and histogram (I) of the anxiety score 

of LA and HA mice. I. t22 = 6.79, p=8E-07, unpaired t-test, two-tailed, n = 12 per group. j (left). 

Histogram of aNPC proliferation in the BBA assay after exposure to serum from HA or LA mice 

(t22 = 2.55, p = 0.018, unpaired t-test, two-tailed, n = 12 per group). j (right): Representative 

confocal micrographs of aNPC immunostained for BrdU and DAPI after exposure to serum from 

LA and HA mice. k. Correlation plot between in vitro proliferation and trait anxiety score. Pearson’s 

product–moment correlation with two-tailed tests (p = 0.0029). l. Histogram of the free serum 

corticosterone (t22 = 0,3519, p > 0.05 unpaired t-test, two-tailed, n = 12 per group). m. Correlation 

plot between in vitro cell proliferation and free corticosterone. n. Experimental design. o. Body 

weight change over time in CTRL (n=7) and CRS-treated mice (n=10) (Stress effect: F(1, 15) = 

16,61; p = 0,001, Two-way ANOVA with repeated measure). p. Free serum corticosterone (t14 = 

3,021, p = 0.009, unpaired t-test, two-tailed, n = 8 per group). q. State anxiety score (t15 = 3.08, 

p = 0.0082, unpaired t-test, two-tailed, n = 8 in Ctrl and 9 in CRS group). r (left). Cell proliferation 

in the BBA assay after treatment with serum from CRS or CTRL mice (t15 = 3.11, p = 0.0067, 

unpaired t-test, two-tailed, n = 8 and 9 per group). r (right). Representative confocal micrographs 

of aNPC treated with serum from CTRL or CRS mice and immunostained for BrdU (white) and 

DAPI (blue). s. Correlation plot between cell proliferation and state anxiety score. Pearson’s 

product–moment correlation with two-tailed tests (p = 2.3E-05). t. Same data as in panel r, where 
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CRS-treated mice were subdivided in high proliferative (HP, blue) and low proliferative (LP, green). 

u. State anxiety score of CTRL (n=8), CRS-HP (n=4) and CRS-LP (n=5) mice. (Kruskal-Wallis 

test, post-hoc analysis for multiple comparisons: CTRL vs. CRS-LP, p = 0.0047; CTRL vs. CRS-

HP, n.s.). v. Same data as in panel q, where CRS-treated mice were subdivided in resilient (CRS- 

res, blue) and susceptible (CRS-susc, green) mice. w. Cell proliferation in the BBA assay of CTRL 

(n=8), CRS-resilient (n=4) and CRS-susceptible (n=5) mice (Kruskal-Wallis test, post-hoc analysis 

for multiple comparisons: CTRL vs. CRS-Susc., p = 0.0034; CTRL vs. CRS-Res: n.s.). x. Receiver 

Operating Characteristic (ROC) curve for the discrimination of CRS-induced susceptibility by the 

BBA assay. y. Correlation between cell proliferation and free serum corticosterone. Pearson’s 

product–moment correlation with two-tailed tests. For correlation plots, linear regression, r2 and p 

values are indicated in the graphs when significant correlations were found. Histograms show 

average ± SEM. ns: not significant; * p<0.05; ** p<0.01; *** p<0.001. Source data are provided as 

a Source Data file. 
 

Fig. 2: LPA16:0 increases with anxiety in patients and induces a LPA1-dependent 

reduction in aNSC proliferation. a. Schematic illustration of patients’ assessment. b. 

Characteristics of the BipOff cohort. c, d. Trait (c) and state (d) anxiety levels in CTRL (n=29), HR-

S (n=22) and HR-Res (n=15) individuals (c, F2,65 = 15.16, one-way ANOVA, CTRL vs. HR-S p = 

4.8E-05; HR-S vs. HR-R p = 0.002); d, F2,65 = 11.83, one-way ANOVA, CTRL vs. HR-S p = 

0.0003; HR-S vs. HR-R p = 0.003). e. Cell proliferation in the BBA assay after treatment with 

serum from CTRL (n=31), HR-S (n=22) and HR-R (n=15) individuals (F2,65 = 4.06, one-way 

ANOVA, CTRL vs. HR-S p = 0.008; HR-S vs. HR-R p = 0.047). f. Representative confocal 

micrographs of aNPC treated with serum from HR-S and HR-R individuals and immunostained 

against BrdU (green) and DAPI (blue). g. ROC curve for the discrimination of HR-S individuals by 

the BBA assay. h, i. Correlations between cell proliferation and trait (h) or state (i) anxiety. 

Pearson’s product–moment correlation with two-tailed tests. j. Schematic illustration of the 

biosynthesis and degradation of LPA (Phospholipase D, PLD; Phospholipase A, PLA; 

Diacyglycerol kinase, DAG kinase; Secreted phospholipase A2, sPLA2; Autotaxin, ATX; Lipid 

phosphate phosphatase 1, LPP1; lecithin-cholesterol acyltransferase, LCAT). k. Correlation plot 

between cell proliferation and serum LPA16:0 abundance (relative values). Pearson’s product–

moment correlation with two-tailed tests. l. Serum abundance of LPA16:0 in CTRL (n=26) versus 

HR-S (n=19) and HR-R (n=14) individuals (F2,56 = 3.10, one-way ANOVA, CTRL vs. HR-S p = 

0.043; HR-S vs. HR-R p = 0.091). m, n. Correlation between LPA16:0 abundance and trait (m) 

and state (n) anxiety levels in high-risk individuals. Pearson’s product–moment correlation with 
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two-tailed tests. o. Serum phosphatidylcholine abundance in CTRL (n=29) versus HR-S (n=19) 

and HR-R (n=14) individuals (F2,56 = 0.99, one-way ANOVA, CTRL vs. HR-S p = 0.012; HR-s vs 

HR-R n.s). p. Serum lysophosphatidylcholine abundance in CTRL (n=27) versus HR-S (n=19) and 

HR-R (n=14) individuals (F2,56 = 3.39, p = 0.04, one-way ANOVA, CTRL vs HR-S p = 0.012; 

CTRL vs HR-R n.s). q. Serum diacylglycerol abundance in CTRL (n=27) versus HR-S (n=17) and 

HR-R (n=14) individuals (F2,56 = 3.11, p = 0.05, one-way ANOVA, CTRL vs HR-S p = 0.009; CTRL 

vs HR-R n.s). r. Indirect measure of ATX activity in serum from CTRL (n=28) versus HR-S (n=19) 

and HR-R (n=14) individuals (F2,56 = 3.355, one-way ANOVA, CTRL vs HR-S p = 0.02; CTRL 

vs HR-R n.s). s. Indirect measure of LPP1 activity in serum from CTRL (n=28) versus HR-S (n=19) 

and HR-R (n=14) individuals (F2,56 = 0.738, p > 0.05, one-way ANOVA). t. aNPC proliferation 

after treatment with serum from CTRL, HR-S and HR-S + KI6425 (F2, 19 = 4.36, one-way ANOVA 

CTRL vs. HR-S p = 0.0054, n = 8 per group, HR-S + KI6425 vs. HR-S; p = 0.0352, n = 8 per 

group). u. aNPC proliferation after cLPA16:0 treatment (F4,25 = 10.17, p < 0.0001, one-way 

ANOVA; n = 3 wells per condition for each replicate, 2 independent replicates. CTRL vs 30nM p 

= 0.00026). v. UMAP plot of data from Hochgerner et al. 58 representing 4,968 cells from adult 

mouse dentate gyrus. Unique molecular identifier (UMI) count matrix from the published dataset 

was retrieved from the respective repository and processed into the R package Seurat (4.4.0). 

Cells (dots) are labeled and colored by cluster membership labels from the original study. w. 

UMAP plot as in (v), colored by the level of expression of Lpar1. x, y. Dot plots depicting the 

expression profile of Lpar1 in the whole dataset (x) or only in populations belonging to the 

neurogenic trajectory (y). The size of each dot represents the cell percentage of this population 

positive for Lpar1. The scale of the dot color represents the average expression level of Lpar1 in 

this population. z. UMAP plot of data from Dumitru et al. 60 representing 179,510 cells from adult 

(age ≥ 20) human dentate gyrus. Unique molecular identifier (UMI) count matrix was processed 

into the R package Seurat (4.4.0). Cells (dots) are labeled and colored by cluster membership 

labels from the original study. α. UMAP plot as in (z), colored by the level of expression of LPAR1. 

β, γ. Dot plots depicting the expression profile of LPAR1 in the whole dataset (β) or only in subsets 

belonging to the granule cell neuronal population (γ). The size of each dot represents the cell 

percentage of this population positive for LPAR1. The scale of the dot color represents the 

average expression level of LPAR1 in this population. MOL, myelinating oligodendrocytes; RGL, 

radial glia-like cells; NB, neuroblasts; INP, intermediate neuronal progenitors. All indicated cell 

annotations were retrieved from the original study. For correlation plots, linear regression, r2 and 

p values are indicated in the graphs. Histograms show average ± SEM. * p<0.05; *** p<0.001; the 

absence of significance markers (asterisks) in the multiple comparisons indicates p > 0.05. Source 
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data are provided as a Source Data file. 
 

Fig. 3: Bidirectional regulation of stress-susceptibility and neurogenesis through LPA16:0- 

LPA1 signaling in mice. a. Experimental design. b. Histogram of the anxiety score of LA (white, 

n=12) and HA (red, n=12) mice (t21 = 7.029, p = 2.9E-7, unpaired t-test, two-tailed). c. Histogram 

of the concentration of serum LPA16:0 (t20 = 2.630, p = 0.016, unpaired t-test, two-tailed, n = 11 

per group). d. Correlation plot between LPA16:0 serum concentrations and anxiety score. 

Pearson’s product–moment correlation with two-tailed tests. e. ROC curve for the discrimination 

of high anxious individuals by LPA16:0. f. Experimental design. g. Histogram of the anxiety score 

of LA (white) and HA (red) mice under at baseline (left; t26 = 6,256, p = 1.28E-0.6, unpaired t-

test, two-tailed, n =14 per group), and after 5 weeks (right; t26 = 3,375, p = 0.002, unpaired t-

test, and two-tailed, n =14 per group). h. Quantification of Ki-67+ cells in LA (n=11) and HA (n=10) 

mice (total DG, t19 = 2,650, p = 0.0158, unpaired t-test, two-tailed). i. Quantification of IdU+ cells in 

LA (n=14) and HA (n=13) mice (total DG, t25 = 2,361, p = 0.0264, unpaired t-test, two-tailed). j. 

Experimental design. k. Histogram of the anxiety score of mice treated with vehicle (white, n=6) 

and cLPA16:0 (orange, n=6) under baseline condition post treatment (left; t9 = 0,3932, p = 0.7, 

unpaired t-test, two-tailed; vehicle: t = 0.4814, p = 0.65, One sample t test and cLPA16:0: 

t=0.0034, p = 0.99, One sample t test), and after 20 minutes acute restraint stress (right; t9 = 

3.532, p = 0.005, unpaired t-test, two-tailed; Vehicle: t = 1.339, p = 0.2, One sample t test and 

cLPA16:0: t = 5.879, p = 0.002, One sample t test). l. Quantification of Ki-67+ cells (total DG, t20 

= 2,109, p = 0.0478, unpaired t-test, two-tailed, n = 11 per group). m. Cell proliferation after 

treatment with serum from vehicle- and cLPA16:0- treated mice (t20=2.336, p = 0.0295, unpaired 

t-test, two-tailed, n = 11 per group). n. Correlation plot between serum cLPA16:0 concentration 

and aNPC proliferation in the BBA assay. Pearson’s product–moment correlation with two-tailed 

tests. o. Experimental design. p. Histograms of the anxiety score of mice injected with vehicle 

(white) or Ki16425 (blue) under (left) baseline conditions (t20 = 0.4336, p = 0.67, unpaired t-test, 

two-sided; vehicle: t = 1.044, p = 0.32, One sample t test and Ki16425: t = 1.736, p = 0.11, One 

sample t test, n = 11 mice per group) and (right) after 6 hours of ARS (t20 = 3.254, p = 0.0040, 

unpaired t-test, two-tailed; vehicle: t = 3.952, p = 0.0027, One sample t test and Ki16425: t = 

1.288, p = 0.22, One sample t test, n = 11 mice per group). q. Quantification of Ki-67+ cells in the 

DG (t20 = 3.365, p = 0.0031, unpaired t-test, two-tailed, n = 11 per group). r. Quantification of the 

proportion of voxels immunostained for DCX in the DG after 12 days of treatment (t20 = 2.721, p 

= 0.013, unpaired t- test, two-tailed, n = 11 per group). s. Histograms of the anxiety score of mice 

from a repetition of experiment (o) in an independent laboratory, under (left) baseline conditions 
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(t12 = 2.071, p = 0.06, unpaired t-test, two-sided; vehicle: t = 1.915, p = 0.1, One sample t test 

and Ki16425: t = 1.260, p = 0.25, One sample t test, n = 7 mice per group) and (right) after 6 

hours of ARS (t12 = 2.545, p = 0.0257, unpaired t-test, two-tailed; vehicle: t =1.993, p = 0.09, One 

sample t test and Ki16425: t = 1.614, p = 0.16 One sample t test, n = 7 mice per group).  t. 

Representative confocal micrographs of Ki-67 immunostaining (red) in vehicle- (left) and 

cLPA16:0-treated mice (right). u. Representative confocal micrographs of Ki-67 immunostaining 

(red) in vehicle- (up) and Ki16425-treated mice (down). v. Confocal micrographs of DCX (white) 

immunostaining in vehicle- (up) and Ki16425- treated mice (down). Blue: DAPI. These images are 

representative of 10 sections per animal for each group. w. Experimental design. x. 

Representative confocal micrographs of Ki-67 immunostaining (green) in Gli-LPA1+/+ and Gli-

LPA1+/- mice and quantification of Ki-67-expressing cells (t8 = 2.762, p = 0.0246, unpaired t-test, 

two-tailed, n = 5 per group). y. Experimental design. z. Histograms of the anxiety score of mice 

injected with Ki16425 + NaCl (blue) and Ki16425 + TMZ (green) under (left) baseline conditions 

(t12 = 1.207, p = 0.85, unpaired t-test, two-sided; Ki16425 + NaCl: t = 0.637, p = 0.55, One sample 

t test and Ki16425 + TMZ: t=1.089, p = 0.319, One sample t test, n = 7 mice per group) and (right) 

after 6 hours of ARS (t12 = 2.312, p = 0.0394, unpaired t-test, two-tailed; Ki16425 + NaCl: t = 

0.590, p = 0.57, One sample t test and Ki16425 + TMZ: t = 2.606, p = 0.0404, one sample t test, 

n = 7 mice per group). α. Quantification of Ki-67+ cells in the DG (t12 = 2,356, p = 0.0349, unpaired 

t-test, two- tailed, n = 7 per group). β. Experimental design. γ. Histogram of the percentage of 

marble buried after 20minute-session of MBT (F2,18 = 1.038, p = 0.89, one-way ANOVA, n = 7 

mice per group). δ. Histogram of the latency to the first bite after 6 minutes of NSFT (F2,18 = 

3.846, p = 0.0407, One-way ANOVA; Vehicle+NaCL vs Ki16425+NaCl, p = 0.033, Ki16425+NaCl 

vs Ki16425+TMZ, p = 0.025, n = 7 mice per group). ε. Quantification of Ki-67+ cells in the DG 

(F2,18 = 6,169, p = 0.0091, One-way ANOVA; Vehicle+NaCl vs K16425+NaCl, p = 0.06, 

Ki16425+NaCl vs Ki16425+TMZ p = 0.007, n = 7 mice per group). ζ. Quantification of 

BrdU+/NeuN+ cells in the DG (DG, F2,18 = 3,514, p = 0.05, One-way ANOVA; Vehicle+NaCl vs 

Ki16425+NaCl, p = 0.049, Ki16425+NaCl vs Ki16425+TMZ, p = 0.16, n = 7 mice per group). 

Linear regression, r2 and p values are indicated in the graphs when significant correlations were 

found. Histograms show average ± SEM. * p<0.05; ** p<0.01; *** p<0.001; ns: not significant. 

Comparison between the group mean and the hypothetical value of 0.5, to assess anxiety withing 

each group are shown within each histogram bar. One-sample t-test. #: p<0.05; ##: p<0.01. 

Source data are provided as a Source Data file. 

 

Fig. 4: Platelet depletion reduces circulating LPA16:0 and increases stress resilience and 
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adult neurogenesis. a. Table showing platelets count and levels of LPAs in activated platelet-rich 

plasma from mice treated with an anti-platelet serum (n=4) or control serum (n=4) for 2 days. Data 

shows platelets counts for sampled pooled for all 4 mice per group. b. Experimental design. c. 

Histograms of the anxiety score of mice injected with control (white) or anti-platelet serum (purple) 

after 20 days of treatment under (left) baseline conditions (t14 = 2.922, p = 0.0011, unpaired t-

test, two-sided; control: t = 1.651, p = 0.14, One sample t test and anti-platelet: t = 2.610, p = 

0.035, One sample t test, n = 8 mice per group) and (right) after 6 hours of ARS (t14 = 5.005, p 

= 0.0002, unpaired t-test, two-tailed; control: t = 11.29, p = 2.9E-05, One sample t test and anti-

platelet: t = 0.852, p = 0.42, One sample t test, n = 8 mice per group). d. Quantification of Ki- 67+ 

cells in the DG (t14 = 2,452, p = 0.0279, unpaired t-test, two-sided, n = 8 per group). Histograms 

show average ± SEM. * p<0.05; ** p<0.01; *** p<0.001; ns: not significant. Comparison between 

the group mean and the hypothetical value of 0.5, to assess anxiety withing each group are shown 

within each histogram bar. One-sample t-test. #: p<0.05; ##: p<0.01. Source data are provided 

as a Source Data file. 

 

 

 

 

 

 

Editorial summary: This study shows that in anxiety, circulating LPA16:0 produced by 

platelets inhibits adult hippocampal neurogenesis, resulting in increased susceptibility to stress 

and depression. These results support LPA16:0 as a potential therapeutic target for mood 

disorders. 
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