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INTRODUCTION
Depression and anxiety are widely prevalent and disabling psychiatric 
disorders [1,2]. Although antidepressants alleviate depressive and 
anxiety symptoms, they require weeks or months to exert their 
therapeutic effects and only half of the treated patients achieve 
remission [3-5]. The lack of mechanistic studies that may explain the 
pathophysiology of these disorders is a bottleneck in clinical practice. 
Therefore, elucidation of novel pharmacological targets that mediate 
psychiatric symptoms is necessary.

Adult neurogenesis in the Subgranular Zone (SGZ) of the hippocampal 
Dentate Gyrus (DG) is well known for its involvement in stress-related 
pathophysiology of depression and anxiety disorders and for its role 
in the activity of antidepressants and anxiolytics [6,7]. Accumulating 
evidence suggests that the Bone Morphogenetic Proteins (BMPs) 
signalling pathway is involved in the regulation of hippocampal 
neurogenesis. Our understanding of the role of BMP signalling 
has recently expanded beyond its role in the skeletal system and in 
regulating numerous processes of adult hippocampal neurogenesis, 
aging, and inflammation in both homeostasis and disease states. In 
this review, we aimed to summarize the findings on the effects of the 
BMP signalling pathway on adult hippocampal neurogenesis under 
physiological and pathological conditions.

LITERATURE REVIEW
Role of BMP signalling pathway in adult neurogenesis 
of hippocampus under physiological conditions
The hippocampus is a brain region that regulates not only learning 
and spatial memory, but also emotion and stress responses, which 
are regulated by neurogenesis [8]. Adult neurogenesis is a process by 
which new granule cell neurons are added to the SGZ of the DG in 
the hippocampus throughout life. Adult hippocampal neurogenesis 
has been demonstrated in birds, [9] rodents, [10] and primates, 
including humans [11,12]. Adult hippocampal neurogenesis, including 
rate of proliferation, maturation, and survival of neurons, is affected 
by environmental factors, such as stress and antidepressants [13]. 
Therefore, the impairment of adult hippocampal neurogenesis may be 
related to the pathophysiology of depressive and anxiety disorders and 
the beneficial effects of antidepressant treatment [6,7].

  BMPs are members of the transforming growth factor-β superfamily 
[14]. Many different BMPs are expressed in the hippocampus, such 
as BMP-2, BMP-4, BMP-7, and BMP-10. The functions of BMPs are 

mediated by interactions with membrane-bound receptors belonging 
to the serine/threonine kinase family, including BMP receptor I (BMPR 
Ia, BMPR Ib) and II (BMPR II) [15]. These receptors form heteromeric 
complexes with BMPR I and BMPR II. Once the BMP binds to 
BMPR II, which is the ligand binding subunit, BMPR I activates the 
phosphorylation of the intracellular signal transducer Smad1/5/8 which 
interacts with co-mediator Smad4 [15,16]. The Smad complex then 
translocates to the nucleus where it acts as a transcription regulator. 
In addition, activated BMPRⅠ complexes are also able to initiate Smad-
independent signalling pathways, such as extracellular signal-regulated 
kinase, p38 mitogen-activated protein kinase, C-Jun N-terminal kinase, 
and nuclear factor kappa beta [14].

With regard to the mammalian brain, the activation of BMP signalling 
pathway has broadly divergent functions in cell-fate decision, [17] 
central nervous system patterning, [18] axon pathfinding, [19] and 
dendrite development [20,21]. BMPs are also regulated by antagonistic 
factors, such as noggin and chordin, which directly bind to BMPs and 
prevent their activation [22]. The BMP signalling pathway is involved in 
the regulation of cognitive function in the hippocampus. For example, 
mice overexpressing noggin exhibit markedly better performance in 
hippocampus-dependent cognition than that of control mice [23,24]. 
Furthermore, chordin-null mice exhibit impairments in spatial 
memory and novel object recognition performance [25]. Regarding 
the relationship between BMPs and neurogenesis in the hippocampus, 
BMP signalling has been reported to play a key role in regulating the 
balance between quiescence/proliferation of neural stem cells and 
maturation. BMPs and their receptors are expressed in neural stem cells 
in the DG of the hippocampus. Viral overexpression of BMP-4 slows 
the maturation speed of neural stem cells, resulting in a long-term 
reduction in hippocampal neurogenesis [26]. Transgenic activation 
of BMP signalling inhibits the maturation of neural stem cells into 
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ABSTRACT

Depression and anxiety are widely prevalent disabling psychiatric disorders. 
Stressful experiences can contribute to the development and pathogenesis of 
these disorders. However, current antidepressants still show a delayed onset 
of action and lack of efficacy. Hence, a deeper understanding of the molecular 
and cellular mechanisms involved in the pathophysiology of these disorders, 
as well as the action of antidepressants, may provide further insight into the 
development of novel fast-acting and more effective therapies. The subgranular 
zone of the hippocampal dentate gyrus is one of the regions where adult 
neurogenesis occurs in mammals, including humans, and is well known for its 
involvement in emotion and stress responses. Adult hippocampal neurogenesis 
decreases due to stress and increases by the chronic usage of antidepressants, 
the change in adult hippocampal neurogenesis is involved in the stress-related 
pathophysiology of depression and anxiety disorders and plays a role in the 
activity of antidepressants and anxiolytics. The Bone Morphogenetic Protein 
(BMP) signalling pathway in the hippocampus is a key regulator of adult 
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hippocampal neurogenesis, and affects hippocampal function. Herein, we 
aimed to summarize the current literature on the involvement of the hippocampal 
BMP signalling pathway in adult neurogenesis, and the pathophysiology and 
treatment of depression and anxiety.
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neurons in adult mice and increases astrocyte differentiation, whereas 
its inhibition enhances hippocampal neurogenesis via the activation of 
neural progenitor cells at multiple stages of lineage and by accelerating 
their maturation [26,27]. In addition, it has been reported that the 
deletion of either BMPRⅠa or Smad4 in the SGZ, transiently increases 
the proliferation of neural stem cells in the SGZ, which leads to the 
reduction of precursors, thereby limiting neurogenesis [28]. In contrast, 
Withers et al.[29] reported that the treatment of cultured hippocampal 
neurons BMP-7 stimulated dendritic development and synapse 
formation. In addition, exposure to BMP-2 and BMP-4 increased 
neurogenesis in adult hippocampal neural stem and progenitor cells 
while decreasing oligo dendrogenesis [30]. These studies suggest that 
the BMP signalling pathway plays a crucial role in regulating functions 
and adult neurogenesis of the hippocampus under physiological 
conditions. Therefore, a balance between BMPs and their antagonistic 
factors is required to control quiescence and proliferation of neural stem 
cells, and prevent the loss of stem cell activity that supports continuous 
neurogenesis in the adult hippocampus. 

The BMP signalling pathway mediates therapeutic 
effects of antidepressants 
Several studies have demonstrated that the BMP signalling pathway 
in the hippocampus plays an important role in mood regulation 
and in exerting the therapeutic effects of antidepressants. It has 
been reported that chronic administration of fluoxetine, a Selective 
Serotonin Reuptake Inhibitor (SSRI), increases the production of the 
BMP inhibitor noggin and suppresses the expression levels of BMP-
4, phosphorylated Smad1/5/8, and Id protein, which are considered 
indicators of an active BMP signalling pathway and regulators of the 
biological responses to BMPs [31]. The authors also showed that viral 
overexpression of BMP-4 in the hippocampus completely blocked 
the therapeutic effects of fluoxetine on depression-and anxiety-like 
behaviour and neurogenesis in mice. Conversely, viral overexpression 
of noggin exerts antidepressant-like effects by increasing hippocampal 
neurogenesis [31]. Recently, Tunc-Ozcan et al. [32] showed that 
multiple classes of antidepressants, including SSRIs, inhibit the BMP 
signalling pathway and enhance neurogenesis in the hippocampus. 
These findings suggest that hippocampal BMP signalling is a common 
pathway that mediates the therapeutic effects of antidepressants.

The BMP signalling pathway is related to the 
regulation of adult neurogenesis in hippocampus 
during stress and in psychiatric disorders
Alterations in hippocampal BMP signalling pathway activity have been 
studied in rodent models of depression and anxiety. Chronic Social 
Defeat Stress (CSDS) is considered useful for assessing anxiety and 
depressive disorders in humans and significantly increased BMP-4 
signalling pathway activity and decreased chordin expression levels in the 
hippocampus in mice model of depression, but not in other depression-
related brain regions such as the amygdala and hypothalamus. Moreover, 
both pharmacological and genetic overexpression of hippocampal 
chordin completely blocked the CSDS-induced detrimental effects 
in mice [33]. Similarly, a previous study demonstrated that repeated 
social defeat stress activated BMP-4 and phosphorylated Smad1/5/9 
expression levels concomitant with impaired cell proliferation and 
neurogenesis in the dorsal hippocampus in a rat model of anxiety [34]. 
These studies suggest that the hippocampal BMP signalling pathway 
is involved in the modulation of adult neurogenesis under stress and 
pathological conditions.

Accumulating evidence suggests that hippocampal BMP signalling 
activity is affected by environmental factors, such as stress and 
antidepressants, as well as hippocampal adult neurogenesis. In addition 

to these factors, various other factors, such as aging and inflammation, 
could induce activation of the BMP signalling pathway. With aging, the 
expression levels of BMP-4 increase gradually, while the levels of its 
inhibitor noggin decrease in the DG of the hippocampus, which results 
in decreased neurogenesis and enhanced gliogenesis in the hippocampus 
[35]. In contrast, inhibition of the BMP signalling pathway in aging 
mice increases hippocampal neurogenesis and prevents age-related 
cognitive dysfunction [36]. Therefore, the age-dependent increase in 
BMP-4 expression levels is attributed to the development of age-related 
neurodegenerative disorders such as Alzheimer’s disease. Interestingly, 
the neurogenic effects of antidepressant fluoxetine treatment decline 
with age [36]. It has also been reported that the BMP signalling pathway 
is a key mediator of inflammatory processes [37]. Many studies have 
shown that neuro inflammation plays crucial roles in the onset and 
development of psychiatric disorders including depression [38]. 
Inflammatory cytokines, such as Tumour Necrosis Factor (TNF)-α 
and Interleukin (IL)-1 are released during inflammation and induce 
impairment of hippocampal neurogenesis [39,40]. For instance, a 
previous study showed that TNF-α and IL-1 stimulated expression of 
BMPs in endothelial cells [41]. BMP-4 is upregulated in endothelial 
cells in response to shear stress and promotes inflammatory processes 
[42,43]. Given that neuronal stem cells in the DG of the hippocampus 
are located close to blood vessels [44], stress-induced elevation of 
inflammatory cytokine levels may affect hippocampal function and 
neurogenesis in the DG. In fact, it was recently reported that synovial 
BMP-4 and BMP-7 signalling mediates systemic inflammation, 
resulting in decreased adult neurogenesis in the hippocampus in a rat 
model of rheumatoid arthritis [45]. These results suggest that the BMP 
signalling pathway plays a leading role in aging and inflammation, and 
is involved in both direct and indirect blunting of the normal process 
of adult neurogenesis.

Finally, BMP signalling affects not only neurogenesis of neural stem cells 
in the hippocampus but also gliogenesis in astrocytes. It is well known 
that astrocytes play a key role in controlling the environment in the 
neurogenic niche [46]. They release growth factors and various soluble 
factors such as brain-derived neurotrophic factor and interleukins 
that are essential for maintaining environmental homeostasis in the 
hippocampus. One study showed that BMP-4 was upregulated in reactive 
astrocytes of the spinal ventral horns in a rodent model of amyotrophic 
lateral sclerosis [47]. Moreover, intrathecal infusion of Bmp-4 targeted 
antisense oligonucleotides and selective Bmp-4 knockdown suppressed 
astrocyte activation and neuro inflammation [47].  It is unclear whether 
BMP signalling affects the function of astrocytes in the hippocampus; 
thus, the involvement of BMP signalling in the function of astrocytes in 
the hippocampus requires further study.

CONCLUSION
In this review, we mainly focused on the effects of BMP signalling 
on the neurogenesis of neural stem cells in the hippocampus. An 
increasing number of studies have suggested the involvement of the 
BMP signalling pathway in abnormal neurogenesis in the diseased 
hippocampus and the action of antidepressants, which strongly 
highlights the importance of the BMP signalling pathway as a potential 
target for a new therapeutic strategy for psychiatric disorders, such as 
depression and anxiety.

ACKNOWLEDGMENTS
We would also like to thank Editage (www.editage.com) for the English 
language editing.

CONFLICT OF INTEREST
The authors have no potential conflicts of interest to disclose.



Journal of Basic and Clinical Pharmacy 194

Mori M, Murata Y. The Role of Bone Morphogenetic Protein Signalling in Functioning and Adult 
Neurogenesis of the Hippocampus. J Basic Clin Pharma.2022,13(5):192-194.

FUNDING
This work was supported in part by the Japan Society for the Promotion 
of Science (JSPS) KAKENHI Grant No. 20K16657.

REFERENCES
1.	 Kessler RC, Berglund P, Demler O, et al. The epidemiology of major depressive 

disorder: Results from the National Comorbidity Survey Replication (NCS-R). 
JAMA. 2003;289(23):3095-3105. 

2.	 Kessler RC, Chiu WT, Demler O, et al. Prevalence, severity, and comorbidity of 
12-month DSM-IV disorders in the national comorbidity survey replication. Arch 
Gen Psychiatry. 2005;62(6):617-27. 

3.	 Albert PR, Benkelfat C, Descarries L. The neurobiology of depression--revisiting 
the serotonin hypothesis. I. Cellular and molecular mechanisms. Philos Trans R Soc 
Lond B Biol Sci. 2012;367(1601):2378-81. 

4.	 Berton O, Nestler EJ. New approaches to antidepressant drug discovery: beyond 
monoamines. Nat Rev Neurosci. 2006;7(2):137-51. 

5.	 Trivedi MH, Rush AJ, Wisniewski SR, et al. Evaluation of outcomes with citalopram 
for depression using measurement-based care in STAR*D: Implications for clinical 
practice. Am J Psychiatry. 2006;163(1):28-40. 

6.	 Duman RS. Depression: A case of neuronal life and death? Biol Psychiatry. 
2004;56(3):140-5. 

7.	 Samuels BA, Hen R. Neurogenesis and affective disorders. Eur J Neurosci. 
2011;33(6):1152-9. 

8.	 Sahay A, Hen R. Adult hippocampal neurogenesis in depression. Nat Neurosci. 
2007;10(9):1110-15. 

9.	 Barnea A, Nottebohm F. Seasonal recruitment of hippocampal neurons in adult free-
ranging black-capped chickadees. Proc Natl Acad Sci U S A. 1994;91(23):11217-21. 

10.	 Altman J, Das GD. Autoradiographic and histological evidence of postnatal 
hippocampal neurogenesis in rats. J Comp Neurol. 1965;124(3):319-35. 

11.	 Eriksson PS, Perfilieva E, Björk-Eriksson T, et al. Neurogenesis in the adult human 
hippocampus. Nat Med. 1998;4(11):1313-7. 

12.	 Gould E, McEwen BS, Tanapat P, et al. Neurogenesis in the dentate gyrus of the 
adult tree shrew is regulated by psychosocial stress and NMDA receptor activation. J 
Neurosci. 1997;17(7):2492-8. 

13.	 Park SC. Neurogenesis and antidepressant action. Cell Tissue Res. 2019;377(1):95-
106. 

14.	 Bragdon B, Moseychuk O, Saldanha S, et al. Bone morphogenetic proteins: A critical 
review. Cell Signal. 2011;23(4):609-620. 

15.	  Miyazono K, Kamiya Y, Morikawa M. Bone morphogenetic protein receptors and 
signal transduction. J Biochem.2010;147(1):35-51. 

16.	 Heldin CH, Miyazono K, ten Dijke P. TGF-beta signalling from cell membrane to 
nucleus through SMAD proteins. Nature. 1997;390(6659):465-71. 

17.	 Graham A, Francis-West P, Brickell P, et al. The signalling molecule BMP4 mediates 
apoptosis in the rhombencephalic neural crest. Nature. 1994;372(6507):684-686. 

18.	 Liem KF Jr, Tremml G, Roelink H, et al. Dorsal differentiation of neural plate cells induced 
by BMP-mediated signals from epidermal ectoderm. Cell. 1995;82(6):969-979. 

19.	 Augsburger A, Schuchardt A, Hoskins S, et al. BMPs as mediators of roof plate 
repulsion of commissural neurons. Neuron. 1999;24(1):127-141. 

20.	 Hocking JC, Hehr CL, Chang RY, et al. TGF beta ligands promote the initiation of 
retinal ganglion cell dendrites in vitro and in vivo. Mol Cell Neurosci. 2008;37(2):247-
260. 

21.	 Lee-Hoeflich ST, Causing CG, Podkowa M, et al. Activation of LIMK1 by binding 
to the BMP receptor, BMPRII, regulates BMP-dependent dendritogenesis. EMBO J. 
2004;23(24):4792-801. 

22.	 Gazzerro E, Canalis E. Bone morphogenetic proteins and their antagonists. Rev 
Endocr Metab Disord. 2006;7(1-2):51-65. 

23.	 Gobeske KT, Das S, Bonaguidi MA, et al. BMP signaling mediates effects of exercise 
on hippocampal neurogenesis and cognition in mice. PLoS One. 2009;4(10):e7506. 

24.	 Meyers EA, Gobeske KT, Bond AM, et al. Increased bone morphogenetic protein 
signaling contributes to age-related declines in neurogenesis and cognition. 
Neurobiol Aging. 2016;38:164-75. 

25.	 Sun M, Thomas MJ, Herder R, et al. Presynaptic contributions of chordin to 
hippocampal plasticity and spatial learning. J Neurosci. 2007;27(29):7740-50. 

26.	 Bond AM, Peng CY, Meyers EA, et al. BMP signaling regulates the tempo of adult 
hippocampal progenitor maturation at multiple stages of the lineage. Stem Cells. 
2014;32(8):2201-14. 

27.	 Bonaguidi MA, McGuire T, Hu M, et al. LIF and BMP signaling generate separate and 
discrete types of GFAP-expressing cells. Development. 2005;132(24):5503-14. 

28.	 Mira H, Andreu Z, Suh H, et al. Signaling through BMPR-IA regulates quiescence 
and long-term activity of neural stem cells in the adult hippocampus. Cell Stem Cell. 
2010;7(1):78-89. 

29.	 Withers GS, Higgins D, Charette M, et al. Bone morphogenetic protein-7 enhances 
dendritic growth and receptivity to innervation in cultured hippocampal neurons. 
Eur J Neurosci. 2000;12(1):106-16. 

30.	 Armenteros T, Andreu Z, Hortigüela R, et al. BMP and WNT signalling cooperate 
through LEF1 in the neuronal specification of adult hippocampal neural stem and 
progenitor cells. Sci Rep. 2018;8(1):9241. 

31.	 Brooker SM, Gobeske KT, Chen J, et al. Hippocampal bone morphogenetic protein 
signaling mediates behavioral effects of antidepressant treatment. Mol Psychiatry. 
2017;22(6):910-19. 

32.	 Tunc-Ozcan E, Brooker SM, Bonds JA, et al. Hippocampal BMP signaling as a 
common pathway for antidepressant action. Cell Mol Life Sci. 2021;79(1):31. 

33.	 Wang CN, Gong SN, Guan W, et al. Hippocampal overexpression of chordin protects 
against the chronic social defeat stress-induced depressive-like effects in mice. Brain 
Res Bull. 2020;158:31-9. 

34.	 Mori M, Murata Y, Tsuchihashi M, et al. Continuous psychosocial stress stimulates 
BMP signaling in dorsal hippocampus concomitant with anxiety-like behavior 
associated with differential modulation of cell proliferation and neurogenesis. Behav 
Brain Res. 2020;392:112711. 

35.	 Xu H, Huang W, Wang Y, et al. The function of BMP4 during neurogenesis in the 
adult hippocampus in Alzheimer’s disease. Ageing Res Rev. 2013;12(1):157-64. 

36.	 Meyers EA, Gobeske KT, Bond AM, et al. Increased bone morphogenetic protein 
signaling contributes to age-related declines in neurogenesis and cognition. 
Neurobiol Aging. 2016;38:164-75. 

37.	 Wu DH, Hatzopoulos AK. Bone morphogenetic protein signaling in inflammation. 
Exp Biol Med (Maywood). 2019;244(2):147-56. 

38.	 Kim IB, Lee JH, Park SC. The relationship between stress, inflammation, and 
depression. Biomedicines. 2022;10(8):1929. 

39.	 Cacci E, Claasen JH, Kokaia Z. Microglia-derived tumor necrosis factor-alpha 
exaggerates death of newborn hippocampal progenitor cells in vitro. J Neurosci Res. 
2005;80(6):789-97. 

40.	 Wu MD, Hein AM, Moravan MJ, et al. Adult murine hippocampal neurogenesis is 
inhibited by sustained IL-1β and not rescued by voluntary running. Brain Behav 
Immun. 2012;26(2):292-300. 

41.	 Csiszar A, Smith KE, Koller A, et al. Regulation of bone morphogenetic protein-2 
expression in endothelial cells: role of nuclear factor-kappaB activation by tumor 
necrosis factor-alpha, H2O2, and high intravascular pressure. Circulation. 
2005;111(18):2364-72. 

42.	 Sorescu GP, Sykes M, Weiss D, et al. Bone morphogenic protein 4 produced in 
endothelial cells by oscillatory shear stress stimulates an inflammatory response. J 
Biol Chem. 2003;278(33):31128-35. 

43.	 Sucosky P, Balachandran K, Elhammali A, et al. Altered shear stress stimulates 
upregulation of endothelial VCAM-1 and ICAM-1 in a BMP-4- and TGF-beta1-
dependent pathway. Arterioscler Thromb Vasc Biol. 2009;29(2):254-60. 

44.	 Wurmser AE, Palmer TD, Gage FH. Neuroscience. Cellular interactions in the stem 
cell niche. Science. 2004;304(5675):1253-1255. 

45.	 Omrčen H, Zoričić Cvek S, Batičić L, et al. Gender-related differences in BMP 
expression and adult hippocampal neurogenesis within joint-hippocampal axis in a 
rat model of rheumatoid arthritis. Int J Mol Sci. 2021;22(22):12163. 

46.	 Araki T, Ikegaya Y, Koyama R. The effects of microglia- and astrocyte-derived factors 
on neurogenesis in health and disease. Eur J Neurosci. 2021;54(5):5880-901. 

47.	 Shijo T, Warita H, Suzuki N, et al. Antagonizing bone morphogenetic protein 4 
attenuates disease progression in a rat model of amyotrophic lateral sclerosis. Exp 
Neurol. 2018;307:164-79.

https://jamanetwork.com/journals/jama/article-abstract/196765
https://jamanetwork.com/journals/jama/article-abstract/196765
https://jamanetwork.com/journals/jamapsychiatry/article-abstract/208671
https://jamanetwork.com/journals/jamapsychiatry/article-abstract/208671
https://royalsocietypublishing.org/doi/full/10.1098/rstb.2012.0190
https://royalsocietypublishing.org/doi/full/10.1098/rstb.2012.0190
https://www.nature.com/articles/nrn1846
https://www.nature.com/articles/nrn1846
https://ajp.psychiatryonline.org/doi/abs/10.1176/appi.ajp.163.1.28
https://ajp.psychiatryonline.org/doi/abs/10.1176/appi.ajp.163.1.28
https://ajp.psychiatryonline.org/doi/abs/10.1176/appi.ajp.163.1.28
https://www.sciencedirect.com/science/article/abs/pii/S0006322304003968
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1460-9568.2011.07614.x
https://www.nature.com/articles/nn1969
https://www.pnas.org/doi/abs/10.1073/pnas.91.23.11217
https://www.pnas.org/doi/abs/10.1073/pnas.91.23.11217
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.901240303
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.901240303
https://www.nature.com/articles/nm1198_1313
https://www.nature.com/articles/nm1198_1313
https://www.jneurosci.org/content/17/7/2492.short
https://www.jneurosci.org/content/17/7/2492.short
https://link.springer.com/article/10.1007/s00441-019-03043-5
https://www.sciencedirect.com/science/article/abs/pii/S0898656810002901
https://www.sciencedirect.com/science/article/abs/pii/S0898656810002901
https://academic.oup.com/jb/article/147/1/35/752057
https://academic.oup.com/jb/article/147/1/35/752057
https://www.nature.com/articles/37284
https://www.nature.com/articles/37284
https://www.nature.com/articles/372684a0
https://www.nature.com/articles/372684a0
https://www.sciencedirect.com/science/article/pii/0092867495902767
https://www.sciencedirect.com/science/article/pii/0092867495902767
https://www.sciencedirect.com/science/article/pii/S0896627300808272
https://www.sciencedirect.com/science/article/pii/S0896627300808272
https://www.sciencedirect.com/science/article/abs/pii/S1044743107002229
https://www.sciencedirect.com/science/article/abs/pii/S1044743107002229
https://www.embopress.org/doi/full/10.1038/sj.emboj.7600418
https://www.embopress.org/doi/full/10.1038/sj.emboj.7600418
https://link.springer.com/article/10.1007/s11154-006-9000-6
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0007506
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0007506
https://www.sciencedirect.com/science/article/abs/pii/S0197458015005473
https://www.sciencedirect.com/science/article/abs/pii/S0197458015005473
https://www.jneurosci.org/content/27/29/7740.short
https://www.jneurosci.org/content/27/29/7740.short
https://academic.oup.com/stmcls/article/32/8/2201/6444705?login=false
https://academic.oup.com/stmcls/article/32/8/2201/6444705?login=false
https://journals.biologists.com/dev/article/132/24/5503/43272/LIF-and-BMP-signaling-generate-separate-and
https://journals.biologists.com/dev/article/132/24/5503/43272/LIF-and-BMP-signaling-generate-separate-and
https://www.sciencedirect.com/science/article/pii/S1934590910001712
https://www.sciencedirect.com/science/article/pii/S1934590910001712
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1460-9568.2000.00889.x
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1460-9568.2000.00889.x
https://www.nature.com/articles/s41598-018-27581-0
https://www.nature.com/articles/s41598-018-27581-0
https://www.nature.com/articles/s41598-018-27581-0
https://www.nature.com/articles/mp2016160
https://www.nature.com/articles/mp2016160
https://link.springer.com/article/10.1007/s00018-021-04026-y
https://link.springer.com/article/10.1007/s00018-021-04026-y
https://www.sciencedirect.com/science/article/abs/pii/S036192301930406X
https://www.sciencedirect.com/science/article/abs/pii/S036192301930406X
https://www.sciencedirect.com/science/article/abs/pii/S0166432820304101
https://www.sciencedirect.com/science/article/abs/pii/S0166432820304101
https://www.sciencedirect.com/science/article/abs/pii/S0166432820304101
https://www.sciencedirect.com/science/article/pii/S1568163712000839
https://www.sciencedirect.com/science/article/pii/S1568163712000839
https://www.sciencedirect.com/science/article/abs/pii/S0197458015005473
https://www.sciencedirect.com/science/article/abs/pii/S0197458015005473
https://journals.sagepub.com/doi/10.1177/1535370219828694
https://www.mdpi.com/2227-9059/10/8/1929
https://www.mdpi.com/2227-9059/10/8/1929
https://onlinelibrary.wiley.com/doi/abs/10.1002/jnr.20531
https://onlinelibrary.wiley.com/doi/abs/10.1002/jnr.20531
https://www.sciencedirect.com/science/article/abs/pii/S0889159111005307
https://www.sciencedirect.com/science/article/abs/pii/S0889159111005307
https://www.ahajournals.org/doi/full/10.1161/01.CIR.0000164201.40634.1D
https://www.ahajournals.org/doi/full/10.1161/01.CIR.0000164201.40634.1D
https://www.ahajournals.org/doi/full/10.1161/01.CIR.0000164201.40634.1D
https://www.ahajournals.org/doi/full/10.1161/01.RES.0000145728.22878.45
https://www.ahajournals.org/doi/full/10.1161/01.RES.0000145728.22878.45
https://www.ahajournals.org/doi/full/10.1161/ATVBAHA.108.176347
https://www.ahajournals.org/doi/full/10.1161/ATVBAHA.108.176347
https://www.ahajournals.org/doi/full/10.1161/ATVBAHA.108.176347
https://link.springer.com/article/10.1007/s12975-017-0577-8
https://link.springer.com/article/10.1007/s12975-017-0577-8
https://www.mdpi.com/1422-0067/22/22/12163
https://www.mdpi.com/1422-0067/22/22/12163
https://www.mdpi.com/1422-0067/22/22/12163
https://onlinelibrary.wiley.com/doi/full/10.1111/ejn.14969
https://onlinelibrary.wiley.com/doi/full/10.1111/ejn.14969
https://www.sciencedirect.com/science/article/abs/pii/S0014488618301997
https://www.sciencedirect.com/science/article/abs/pii/S0014488618301997

