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Depression is a major psychiatric disease affecting all ages and is often co-morbid with
neurodegeneration in the elderly. Depression and neurodegeneration are associated
with decreased neurotrophic factors. In this mini-review the functions and potential
therapeutic use of a newly discovered trophic factor, Neurotrophic factor-α1 (NF-α1),
also known as Carboxypeptidase E (CPE), in depression and neuroprotection are
discussed. NF-α1/CPE expression is enriched in CA3 neurons of the hippocampus.
Families carrying null and homozygous non-sense mutations of the NF-α1/CPE gene
share common clinical features including childhood onset obesity, type 2 diabetes,
impaired intellectual abilities and hypogonadotrophic hypogonadism. Studies in animal
models such as CPE knockout (KO) mice and CPEfat/fat mutant mice exhibit similar
phenotypes. Analysis of CPE-KO mouse brain revealed that hippocampal CA3 was
completely degenerated after weaning stress, along with deficits in hippocampal
long-term potentiation. Carbamazepine effectively blocked weaning stress-induced
hippocampal CA3 degeneration, suggesting the stress induced epileptic-like neuronal
firing led to the degeneration. Analysis of possible mechanisms underlying NF-α1/CPE
-mediated neuroprotection revealed that it interacts with the serotonin receptor, 5-
HTR1E, and via β arrestin activation, subsequently upregulates ERK1/2 signaling and
pro-survival protein, BCL2, levels. Furthermore, the NF-α1/CPE promoter contains a
peroxisome proliferator-activated receptor (PPARγ) binding site which can be activated
by rosiglitazone, a PPARγ agonist, to up-regulate expression of NF-α1/CPE and
neurogenesis, resulting in anti-depression in animal models. Rosiglitazone, an anti-
diabetic drug administered to diabetic patients resulted in decline of depression. Thus,
NF-α1/CPE is a potential therapeutic agent or drug target for treating depression and
neurodegenerative disorders.
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INTRODUCTION

Depression is one of the most devastating and prevalent
neuropsychiatric diseases that affect millions of people globally
(Fava and Kendler, 2000). Clinical symptoms include anhedonia,
feelings of sadness, loss of interest in life, sleep problems, idea
of suicide, and impaired cognitive function (Nestler et al., 2002).
Unfortunately, the pathophysiology of depression is still not fully
understood. Indeed, scientists have found that hippocampus and
several other brain regions that are critical for regulating mood,
sleep and eating are altered at molecular and cellular levels in
depression. Dysfunction of hypothalamic-pituitary-adrenal axis,
glucocorticoids, and neurotrophic factors have been reported to
be closely associated with the development of major depression
(Nestler et al., 2002; Neto et al., 2011). Emerging studies have
suggested that neurotrophic factors play an important role
in protecting neurons against stress-induced cell death and
promoting survival. This is supported by studies from both
clinical patients with depression and animal models: in patients
with major depression disorders, the volume of limbic system
such as hippocampus was significantly smaller compared with
control (Sheline et al., 1996; Neumeister et al., 2005; Campbell
and MacQueen, 2006; Drevets et al., 2008; MacQueen et al.,
2008). In addition, significant loss of neurons and glia and
increased apoptosis were found in post-mortem brain of patients
with depression (Lucassen et al., 2001; Krishnan and Nestler,
2008). All these changes in depression are accompanied with a
decrease in several neurotrophic factors such as brain derived
neurotrophic factor (BDNF) (Duman and Monteggia, 2006;
Bocchio-Chiavetto et al., 2010; Yang et al., 2020), nerve growth
factor (NGF) (Ueyama et al., 1997; Chen et al., 2015), glial derived
neurotrophic factor (GDNF) (Lin and Tseng, 2015; Zhang et al.,
2018; Sun et al., 2019), carboxypeptidase E (CPE)/neurotrophic
factor-α1 (NF-α1) (Cheng et al., 2015), vascular endothelial
growth factor (VEGF) (Elfving et al., 2010), non-acronymic
(VGF) (Thakker-Varia et al., 2007; Cattaneo et al., 2010) and
fibroblast growth factor 2 (FGF2) (Evans et al., 2004; Gaughran
et al., 2006). Effective treatment with antidepressants increased
the levels of some of these neurotrophic factors (Mallei et al.,
2002; Hunsberger et al., 2007; Thakker-Varia et al., 2007; Warner-
Schmidt and Duman, 2007; Sen et al., 2008; Cattaneo et al., 2010;
Cheng et al., 2015) in depression, suggesting they are involved in
the pathophysiology of depression and could be good targets or
biomarkers for depression.

Among these neurotrophic factors, NF-α1/CPE is a newly
identified neurotrophic factor, and studies on its trophic function
are still limited, but expanding. NF-α1/CPE was initially found
to be an exopeptidase that processes proneuropeptides and
prohormones by cleaving the C-terminal basic amino acids from
endoproteolytically cleaved intermediates (Hook et al., 1982;
Fricker, 1988). Intrigued by the high concentration of CPE,
equivalent to peptide hormone levels and much higher than
other prohormone processing endoproteases in the secretory
vesicles of (neuro)endocrine cells, we proposed that secreted
CPE may have an extracellular trophic role. Early in vitro
studies demonstrated secreted CPE’s ability to protect rat primary
hippocampal neurons from oxidative stress-induced cell death,

providing the first evidence that it has a neurotrophic role
(Cheng et al., 2013). Hence it was given an alternative and
more appropriate name, NF-α1. In this mini-review, studies on
the function of NF-α1/CPE in neuroprotection and depression,
from preclinical animal models to clinical patients, its receptor
and downstream signaling cascade and mechanism in mediating
neuroprotection and anti-depression effects are discussed.

ROLE OF NEUROTROPHIC
FACTOR-α1/CARBOXYPEPTIDASE E
AND ITS RECEPTOR IN
NEUROPROTECTION

In 1992, the CPE gene was identified to be located on
chromosome 4q32.3 in human (Hall et al., 1993). Patients with
null and homozygous non-sense mutations of the CPE gene have
been identified, and they present with neuroendocrinological
abnormalities such as childhood onset obesity, type 2 diabetes,
hypogonadotropic hypogonadism, and intellectual disabilities
(Alsters et al., 2015; Bosch et al., 2021; Durmaz et al.,
2021). In transgenic mice with CPE gene knock-out (KO)
or CPEfat/fat mice carrying a Ser202Pro mutation, similar
phenotypes such as obesity, infertility and diabetes were also
characterized (Rodriguiz et al., 1993; Naggert et al., 1995;
Leiter, 1997; Cawley et al., 2004, 2012). In addition to
the endocrinological abnormalities, impairments in cognitive
function and depression-like behaviors were observed in
transgenic mouse models with CPE mutations (Hall et al.,
1993; Cheng et al., 2013) suggesting the critical role of CPE in
neurodegenerative and neuropsychiatric disorders.

Studies in CPE-KO mice revealed abnormalities at several
levels: Behaviorally, CPE-KO demonstrated learning disability
and depression-like behaviors (Woronowicz et al., 2008).
Electrophysiological analysis showed hippocampal long-
term potentiation was compromised in CPE-KO mice
(Woronowicz et al., 2008). Morphological analysis showed
that the hippocampal CA3 region, where CPE is highly
expressed, was degenerated after weaning stress which included
maternal separation and physical stress, such as ear tagging and
tail clipping for genotyping. In contrast, this CA3 region in the
CPE-KO mice was completely intact at 3 weeks of age before
weaning, indicating that weaning stress induced hippocampal
CA3 degeneration (Woronowicz et al., 2008). Interestingly,
this degeneration was prevented by oral administration of
an anti-epileptic drug, carbamazepine, at 50 mg/kg daily
starting at age of 2 week old for 2 weeks (Woronowicz et al.,
2012); indicating that the weaning stress, which upregulates
glucocorticoid secretion and induces epileptic-like neuronal
firing of the granule cells in the dentate gyrus to increase
glutamate secretion leading to excitotoxicity, likely caused the
death of the hippocampal CA3 neurons in the CPE-KO mice
(Woronowicz et al., 2012). Studies in vitro corroborated the
hypothesis that CPE produced the neuroprotective effect by
enhancing neuronal survival. Hippocampal neurons in culture
from CPE-KO mice are more prone to die in comparison with
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FIGURE 1 | FGF2 reversed impaired hippocampal neurogenesis and depression-like behaviors in NF-α1/CPE-KO mice. (A) Diagram (upper panel) illustrates the
depressive-like behavior of the NF-α1-KO mice versus WT mice in the forced swim test. Bar graph (lower panel) shows immobility time of the forced swim test was
significantly increased in NF-α1-KO mice, compared with WT controls, indicating depressive-like behavior. FGF2 treatment reversed immobility time to normal level in
NF-α1-KO mice. (B) Immunocytochemistry (upper panel) and bar graph (lower panel) show FGF2 protein expression was decreased in the hippocampal CA1 and
CA2 regions of NF-α1-KO in contrast to WT control. (C) Immunofluorescence imaging (upper panel) and bar graph (lower panel) show doublecortin (DCX) positive
immature neurons in the subgranular zone (SGZ) of the dentate gyrus was decreased in NF-α1-KO mice, in contrast to WT control, however, FGF2 treatment, but
not vehicle, rescued impaired neurogenesis in NF-α1-KO mice. ∗p < 0.05 KO+Veh compared with WT+Veh. +p < 0.05 KO+FGF2 compared with WT+FGF2. Figure
reproduced from Cheng et al. (2015), with permission from Springer Nature.

neurons from WT control, and treatment with recombinant
CPE significantly reversed the high death rate (Cheng et al.,
2013). Additionally, pretreatment with recombinant CPE or
overexpression of CPE protected hippocampal or cortical
neurons from hydrogen peroxide- or glutamate- induced
toxicity by activating ERK1/2 (extracellular-signal-regulated
kinase) and AKT signaling cascades, upregulating pro-survival
mitochondrial protein, Bcl2, and inhibiting caspase 3 activation
(Cheng et al., 2013). Furthermore, rosiglitazone, a ligand for
peroxisome proliferator-activated receptors (PPARγ), has
been reported to exert neuroprotective effects (Thouennon
et al., 2015), and enhanced hippocampal neurogenesis by
upregulating CPE expression via binding to the CPE promoter
(Cheng et al., 2015).

Further examination of the mechanism underlying CPE-
mediated neuroprotection indicated that the glucocorticoid
agonist, dexamethasone, remarkably increased expression of
CPE protein and mRNA in rat hippocampal neurons (Murthy
et al., 2013). Bioinformatic and luciferase studies revealed that
a glucocorticoid receptor-binding site existed in the -1460 to -
1442 region of CPE promoter, and thus NF-α1/CPE expression
can be upregulated by high glucocorticoid level induced by
stress (Murthy et al., 2013). Studies in vivo confirmed that mild
chronic restraint stress for 1 h daily for 7 days significantly
elevated levels of NF-α1/CPE in the hippocampus, particularly

in CA3 area. Evaluation of downstream pathway showed that
in addition to increased NF-α1/CPE, mild chronic stress also
increased Bcl2, decreased Bax, and enhanced phosphorylation
of AKT in WT mice. However, in CPE-KO mice, mild
chronic stress decreased Bcl2, increased Bax and reduced
phosphorylated AKT in the hippocampus (Murthy et al.,
2013). The inverse changes in Bcl2/AKT/Bax between WT
and CPE-KO mice suggest an important role of CPE/NF-α1
in neuroprotection during stress. Besides, FGF2 has been also
reported to be involved in the CPE-mediated neuroprotective
activity. FGF2 was profoundly decreased in the hippocampus
of CPE-KO mice, which displayed reduced neurogenesis and
CA3 degeneration (Figure 1B). Interestingly, treatment with
recombinant CPE significantly increased FGF2 at both mRNA
and protein levels in primary hippocampal neurons (Cheng
et al., 2015). Taken together, NF-α1/CPE is a key neurotrophic
factor for protecting hippocampal CA3 neurons against stress-
induced death.

Binding analysis showed that CPE/NF-α1 labeled with
125I bound specifically to cell membranes of an immortalized
mouse hippocampal cell line HT22 in a saturable manner
with a Kd 4.37 nM. This indicated involvement of a receptor-
mediated mechanism in CPE’s action. Further studies revealed
that inhibitors of tropomyosin receptor kinase B (TrkB)
and fibroblast growth factor receptor (FGFR1-3), K235a
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and PD16285, respectively, had no effect on NF-α1/CPE -
mediated neuroprotective activity in H2O2-treated hippocampal
neurons, suggesting a disparate type of receptor is required
(Xiao et al., 2021). Recent studies from high throughput
screening of a human G protein coupled receptors (GPCR)
library revealed a promising candidate, 5-hydroxytryptamine
receptor 1E (5-HTR1E), as a potential binding partner for
NF-α1/CPE. Interestingly, this receptor is expressed in humans
and non-human primates and guinea-pig (Leonhardt et al.,
1989; Bruinvels et al., 1994; Bai et al., 2004; Klein and Teitler,
2009), but not in mice and rats. Molecular modeling studies
predicted that NF-α1/CPE interacts with 5-HTR1E, outside
of its serotonin pocket, and stabilized by several salt bridges
and hydrogen bonds. Moreover, molecular dynamic studies
revealed strong coupling of the intracellular loop 3 of HTR1E
with β-arrestin1, indicating potential activation of β-arrestin1
(Sharma et al., 2021). Immunohistochemical analysis of human
hippocampus showed that NFα1/CPE and 5-HTR1E were
colocalized on the cell membrane of neurons, suggesting a
functional role. In addition, co-immunoprecipitation, and
pull-down assays in HEK293 cells indicate that NFα1/CPE binds
with 5-HTR1E in a saturable, high-affinity manner, with a Kd
13.82 nM. Cell biological studies demonstrated that NF-α1/CPE
exerted protective activity against oxidative stress in HEK293
cells by interacting with 5-HTR1E and activating downstream
β-arrestin/ERK/CREB/BCL2 signaling cascade (Sharma et al.,
2021). Furthermore, studies showed that NFα1/CPE treatment
decreased cytotoxicity induced by oxidative stress in primary
human neurons, but not when HTR1E expression was knocked-
out in these neurons (Sharma et al., 2021). These ex vivo
studies indicated the physiological role of HTR1E-NFα1/CPE
interaction in neuroprotection of human neurons. Currently,
the function of NFα1/CPE and 5-HTR1E interaction in vivo in
the central nervous system remains unexplored. As well, the
role of HTR1E in the physiological and pathological changes
in neurodegenerative and neuropsychiatric disorders such as
depression is not known. Therefore, more future studies are
needed to shed light on the function of the NFα1/CPE-5-HTR1E
interaction in vivo.

ROLE OF NEUROTROPHIC
FACTOR-α1/CARBOXYPEPTIDASE E IN
ANTI-DEPRESSANT ACTIVITY

Emerging studies have indicated that NF-α1/CPE plays a
significant function in the development of depression. Restraint
stress, which has been used widely in research on depression,
is an effective and valid model of inducing depression-like
behaviors (Chu et al., 2016; Hwang et al., 2020). For instance,
long term chronic restraint stress for 6 h daily for 21 days
induced depression-like behaviors in mice as evidenced by
increased immobility in forced-swim test (Cheng et al., 2015).
Simultaneously, biochemical analysis showed decreased levels
of NFα1/CPE, 21 Kd and 24 Kd FGF2, as well as decreased
hippocampal neurogenesis in mice challenged with long term
chronic restraint stress. Interestingly, in CPE-KO mice lacking

NFα1/CPE also showed decreased 17 Kd and 24 Kd FGF2
levels and reduced hippocampal neurogenesis, in addition to
depression-like behavior in forced swim test (Figures 1A,C) and
sucrose preference test. Subcutaneous injection of FGF2 at a
dose of 5 ng/g for 30 days significantly reversed depression-
like behaviors and impaired hippocampal neurogenesis in CPE-
KO mice (Cheng et al., 2015). In vitro, NFα1/CPE treatment
demonstrated enhanced FGF2 expression at both mRNA and
protein levels in rat hippocampal neurons. However, this effect
was blocked by ERK inhibitor U0126, transcription inhibitor
actinomycin D and Sp1 inhibitor, mithramycin A, but not AKT
inhibitor LY294002, suggesting that NFα1/CPE exerts its effect
on up-regulating FGF2 expression via ERK-Sp1 signaling cascade
(Cheng et al., 2015).

Furthermore, studies showed that rosiglitazone and
pioglitazone which are peroxisome proliferator-activated
receptor gamma (PPARγ) agonists produced antidepressant-like
effects in both animal model and clinical patients. In mice
exposed to unpredictable chronic mild stress, rosiglitazone
significantly reversed depressive-like behaviors in forced
swim test and open field test (Zhao et al., 2017). In addition,
rosiglitazone conferred antidepressant-like effects in animals, as
evidenced by decreased immobility in rat forced swim test and
mouse tail suspension test (Eissa Ahmed et al., 2009). A clinical
study in 12 patients with depressive disorder and insulin
resistance showed that add-on treatment with rosiglitazone
for 12 weeks effectively relieved the depressive symptoms and
decreased depression score (Rasgon et al., 2010). It also has been
reported that pioglitazone at 30 mg per day for 12 weeks and
24 weeks mitigated depressive symptoms in clinical patients
(Kemp et al., 2009; Roohafza et al., 2014). Recent analysis
including 4 open label studies and 4 randomized control trials
with 448 patients diagnosed with major depression suggested
that pioglitazone and rosiglitazone alone or add-on for 6 to
12 weeks significantly alleviated depressive symptoms, as well
as improved three glucose intolerance biomarkers (Colle et al.,
2017). Regarding the underlying mechanism of these drugs,
rosiglitazone has been shown to activate PPARγ which then
binds to the PPARγ regulatory elements (PPREs) in the CPE
promoter to activate transcription of NFα1/CPE mRNA in
neurons (Thouennon et al., 2015). Animal studies revealed that
rosiglitazone exerted its anti-depressant effect by upregulating
hippocampal CPE expression and neurogenesis, suggesting
a possible role of NFα1/CPE in the treatment of depression
(Cheng et al., 2015).

Moreover, a mutation of the CPE gene located in expressed
sequence tag (EST) has been identified in the cortex of AD
patients (Kimura et al., 2006). This mutation introduced three
adenosine inserts into the CPE gene, and thus replaced eight
amino acids with nine new amino acids. The mutated CPE
contained two adjacent glutamine residues, and thus named
as CPE-QQ. Transgenic mice carrying CPE-QQ mutation
demonstrated depression-like behaviors and typical pathological
changes associated with neurodegeneration such as memory
deficits, reduced dendrites in hippocampus and prefrontal
cortex, increased hyperphosphorylation of the microtubule-
associated protein tau at ser395 and decreased hippocampal
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FIGURE 2 | Anti-depressive and neuroprotective effects of NF-α1 in the central nervous system. Long term chronic stress induces depression-like behaviors, as well
as a reduction in NF-α1 and FGF2 levels in the hippocampus. Decreased NF-α1 and FGF2 signaling leads to impaired neuroprotection and increased neuronal death
and associated neurodegenerative disease and depression. In contrast, short term chronic stress, as well as the drug, rosiglitazone, upregulate NF-α1 expression,
enhance both NF-α1 and FGF2 signaling cascades, neuronal survival and neurogenesis. NF-α1 binds to a receptor such as HTR1E on the cell membrane which
then activates beta-arrestin. Recruitment of beta-arrestin enhances pERK/pCREB and Bcl2, leading to increase in neuronal survival. On the other hand, NF-α1 can
also regulate FGF2 expression in a positive manner. When FGF2 is increased, both pERK/pCREB and pATK signaling pathways, which converge on Bcl2, are
upregulated and neuronal survival is enhanced; additionally, there is increase in neurogenesis leading to anti-depressant effects. HTR1E, hydroxytryptamine receptor
1E; FGF2, fibroblast growth factor 2; pCREB, phosphorylation of cAMP response element binding protein.

neurogenesis. Further studies in mouse neuroblastoma cell line
Neuro2a revealed that overexpression of CPE-QQ resulted in
accumulation of the mutant protein in the cell and was not
secreted. When WT-CPE was co-expressed with CPE-QQ in
Neuro2A cells, secretion of WT-CPE was reduced by 78.4%.
Remarkably, ER stress marker, CHOP was much higher in cells
overexpressing CPE-QQ, indicating CPE-QQ might accumulate
abnormally in the ER and lead to ER stress and neurotoxicity
(Cheng et al., 2016). Collectively, these studies showed that
introduction of this mutated human CPE gene into a transgenic
mouse model gave rise to neurodegeneration, impairment of
memory, as well as depressive-like behavior, indicating the pivotal
role of NFα1/CPE in neurodegenerative diseases and depression.

CONCLUSION AND FUTURE RESEARCH

Studies thus far indicate that NFα1/CPE plays a key role in
preventing stress-induced neurodegeneration and depression.
The mechanism involves binding of NFα1/CPE to a receptor
such as HTR1E, to activate ERK signaling pathway and
increase in levels of BCL2, a mitochondrial pro-survival

protein, to mediate neuroprotection; and enhancement of
neurogenesis via up-regulation of FGF2 in the dentate gyrus
(Figure 2). Preclinical and preliminary clinical studies indicate
that NFα1/CPE is a potential therapeutic agent for treating
neurodegenerative disorders such as Alzheimer’s disease (AD)
and major depressive disorder (MDD). Indeed, similar to using
neurotrophic factors such as NGF (Tuszynski and Gage, 1990;
Tuszynski et al., 2015) and BDNF (Nagahara et al., 2018;
Tuszynski, 2021) in gene therapy or infusion of the protein,
future clinical trials with administering NFα1/CPE protein,
or Adeno-associated virus carrying NFα1/CPE mRNA into
the hippocampus could prove to be efficacious in treating
these disorders.

Another treatment approach in treating AD and depression
has been to use drugs that stimulate the production of
neurotrophic factors. A class of drugs that has given some
positive outcomes in treating such disorders in patients are the
thiazolidinediones: rosiglitazone and pioglitazone which have
traditionally been used to treat Type 2 diabetes (Rasgon et al.,
2010; Kashani et al., 2013). These drugs are PPARγ agonists
and have been shown to increase NFα1/CPE expression which
then have anti-depressant effects. While long term use of these
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drugs have been shown to have side effects on cardiac function,
with rosiglitazone more so than pioglitazone, short term use
in multiple clinical studies suggest that these thiazolidinediones
may be useful in treating depression and AD through enhancing
neurotrophic factor expression (Rasgon et al., 2010; Kashani
et al., 2013; Saunders et al., 2021). Future development of
new classes of safe drugs that can enhance neurotrophic factor
expression could be an excellent approach to treat depression
and neurodegenerative diseases. Other antidepressants such as
serotonin or noradrenaline re-uptake inhibitors, or monoamine
oxidase inhibitors, have also been shown to elevate neurotrophin
levels (Duman and Voleti, 2012). In summary, evidence reviewed

herein support the importance of the new neurotrophic factor,
NFα1/CPE, in ameliorating depression and neurodegeneration;
hence future treatment strategies should explore stimulating
NFα1/CPE expression, either by drugs or gene therapy, as well
as finding agonists for the HTR1E, a receptor for NFα1/CPE.

AUTHOR CONTRIBUTIONS

LX wrote the manuscript. YL revised the manuscript.
Both authors contributed to the article and approved the
submitted version.

REFERENCES
Alsters, S. I., Goldstone, A. P., Buxton, J. L., Zekavati, A., Sosinsky, A., and

Yiorkas, A. M. (2015). Truncating Homozygous Mutation of Carboxypeptidase
E (CPE) in a Morbidly Obese Female with Type 2 Diabetes Mellitus, Intellectual
Disability and Hypogonadotrophic Hypogonadism. PLoS One 10, e0131417.
doi: 10.1371/journal.pone.0131417

Tuszynski, M. (2021). A Clinical Trial of AAV2-BDNF Gene Therapy in Early
Alzheimer’s Disease and Mild Cognitive Impairment. Bethesda, MD: U.S
National Library of Medicine, NIH.

Bai, F., Yin, T., Johnstone, E. M., Su, C., Varga, G., Little, S. P., et al. (2004).
Molecular cloning and pharmacological characterization of the guinea pig 5-
HT1E receptor. Eur. J. Pharmacol. 484, 127–139. doi: 10.1016/j.ejphar.2003.11.
019

Bocchio-Chiavetto, L., Bagnardi, V., Zanardini, R., Molteni, R., Nielsen, M. G.,
Placentino, A., et al. (2010). Serum and plasma BDNF levels in major
depression: a replication study and meta-analyses. World J. Biol. Psychiatr. 11,
763–773. doi: 10.3109/15622971003611319

Bosch, E., Hebebrand, M., Popp, B., Penger, T., Behring, B., Cox, H., et al.
(2021). BDV Syndrome: an Emerging Syndrome With Profound Obesity
and Neurodevelopmental Delay Resembling Prader-Willi Syndrome. J. Clin.
Endocrinol. Metab. 106, 3413–3427. doi: 10.1210/clinem/dgab592

Bruinvels, A. T., Landwehrmeyer, B., Gustafson, E. L., Durkin, M. M., Mengod,
G., Branchek, T. A., et al. (1994). Localization of 5-HT1B, 5-HT1D alpha, 5-
HT1E and 5-HT1F receptor messenger RNA in rodent and primate brain.
Neuropharmacology 33, 367–386. doi: 10.1016/0028-3908(94)90067-1

Campbell, S., and MacQueen, G. (2006). An update on regional brain volume
differences associated with mood disorders. Curr. Opin. Psychiatr. 19, 25–33.
doi: 10.1097/01.yco.0000194371.47685.f2

Cattaneo, A., Sesta, A., Calabrese, F., Nielsen, G., Riva, M. A., and
Gennarelli, M. (2010). The expression of VGF is reduced in leukocytes of
depressed patients and it is restored by effective antidepressant treatment.
Neuropsychopharmacology 35, 1423–1428. doi: 10.1038/npp.2010.11

Cawley, N. X., Wetsel, W. C., Murthy, S. R., Park, J. J., Pacak, K., and Loh, Y. P.
(2012). New roles of carboxypeptidase E in endocrine and neural function and
cancer. Endocr. Rev. 33, 216–253. doi: 10.1210/er.2011-1039

Cawley, N. X., Zhou, J., Hill, J. M., Abebe, D., Romboz, S., Yanik, T., et al.
(2004). The carboxypeptidase E knockout mouse exhibits endocrinological
and behavioral deficits. Endocrinology 145, 5807–5819. doi: 10.1210/en.2004-
0847

Chen, Y. W., Lin, P. Y., Tu, K. Y., Cheng, Y. S., Wu, C. K., and Tseng, P. T.
(2015). Significantly lower nerve growth factor levels in patients with major
depressive disorder than in healthy subjects: a meta-analysis and systematic
review. Neuropsychiatr. Dis. Treat. 11, 925–933. doi: 10.2147/NDT.S81432

Cheng, Y., Cawley, N. X., and Loh, Y. P. (2013). Carboxypeptidase E/NFalpha1: a
new neurotrophic factor against oxidative stress-induced apoptotic cell death
mediated by ERK and PI3-K/AKT pathways. PLoS One 8:e71578. doi: 10.1371/
journal.pone.0071578

Cheng, Y., Cawley, N. X., Yanik, T., Murthy, S. R., Liu, C., and Kasikci, F. (2016). A
human carboxypeptidase E/NF-alpha1 gene mutation in an Alzheimer’s disease
patient leads to dementia and depression in mice. Transl. Psychiatr. 6:e973.
doi: 10.1038/tp.2016.237

Cheng, Y., Rodriguiz, R. M., Murthy, S. R., Senatorov, V., Thouennon, E.,
Cawley, N. X., et al. (2015). Neurotrophic factor-alpha1 prevents stress-
induced depression through enhancement of neurogenesis and is activated by
rosiglitazone. Mol. Psychiatr. 20, 744–754. doi: 10.1038/mp.2014.136

Chu, X., Zhou, Y., Hu, Z., Lou, J., Song, W., Li, J., et al. (2016). 24-hour-restraint
stress induces long-term depressive-like phenotypes in mice. Sci. Rep. 6:32935.
doi: 10.1038/srep32935

Colle, R., de Larminat, D., Rotenberg, S., Hozer, F., Hardy, P., Verstuyft, C.,
et al. (2017). PPAR-gamma Agonists for the Treatment of Major Depression:
a Review. Pharmacopsychiatry 50, 49–55. doi: 10.1055/s-0042-120120

Drevets, W. C., Price, J. L., and Furey, M. L. (2008). Brain structural and functional
abnormalities in mood disorders: implications for neurocircuitry models of
depression. Brain Struct. Funct. 213, 93–118. doi: 10.1007/s00429-008-0189-x

Duman, R. S., and Monteggia, L. M. (2006). A neurotrophic model for stress-
related mood disorders. Biol. Psychiatr. 59, 1116–1127. doi: 10.1016/j.biopsych.
2006.02.013

Duman, R. S., and Voleti, B. (2012). Signaling pathways underlying the
pathophysiology and treatment of depression: novel mechanisms for rapid-
acting agents. Trends Neurosci. 35, 47–56. doi: 10.1016/j.tins.2011.11.004

Durmaz, A., Aykut, A., Atik, T., Ozen, S., Ayyildiz Emecen, D., Ata, A., et al.
(2021). A New Cause of Obesity Syndrome Associated with a Mutation
in the Carboxypeptidase Gene Detected in Three Siblings with Obesity,
Intellectual Disability and Hypogonadotropic Hypogonadism. J. Clin. Res.
Pediatr. Endocrinol. 13, 52–60. doi: 10.4274/jcrpe.galenos.2020.2020.0101

Eissa Ahmed, A. A., Al-Rasheed, N. M., and Al-Rasheed, N. M. (2009).
Antidepressant-like effects of rosiglitazone, a PPARgamma agonist, in the rat
forced swim and mouse tail suspension tests. Behav. Pharmacol. 20, 635–642.
doi: 10.1097/FBP.0b013e328331b9bf

Elfving, B., Plougmann, P. H., and Wegener, G. (2010). Differential brain, but not
serum VEGF levels in a genetic rat model of depression. Neurosci. Lett. 474,
13–16. doi: 10.1016/j.neulet.2010.02.063

Evans, S. J., Choudary, P. V., Neal, C. R., Li, J. Z., Vawter, M. P., Tomita, H.,
et al. (2004). Dysregulation of the fibroblast growth factor system in major
depression. Proc. Natl. Acad. Sci. U S A 101, 15506–15511. doi: 10.1073/pnas.
0406788101

Fava, M., and Kendler, K. S. (2000). Major depressive disorder. Neuron 28, 335–341.
Fricker, L. D. (1988). Carboxypeptidase E. Annu. Rev. Physiol. 50, 309–321.
Gaughran, F., Payne, J., Sedgwick, P. M., Cotter, D., and Berry, M. (2006).

Hippocampal FGF-2 and FGFR1 mRNA expression in major depression,
schizophrenia and bipolar disorder. Brain Res. Bull. 70, 221–227. doi: 10.1016/
j.brainresbull.2006.04.008

Hall, C., Manser, E., Spurr, N. K., and Lim, L. (1993). Assignment of the human
carboxypeptidase E (CPE) gene to chromosome 4. Genomics 15, 461–463. doi:
10.1006/geno.1993.1093

Hook, V. Y., Eiden, L. E., and Brownstein, M. J. (1982). A carboxypeptidase
processing enzyme for enkephalin precursors. Nature 295, 341–342. doi: 10.
1038/295341a0

Hunsberger, J. G., Newton, S. S., Bennett, A. H., Duman, C. H., Russell, D. S.,
Salton, S. R., et al. (2007). Antidepressant actions of the exercise-regulated gene
VGF. Nat. Med. 13, 1476–1482. doi: 10.1038/nm1669

Hwang, D. J., Kwon, K. C., Hwang, D. Y., Seo, M. S., Kim, K. S., Jung, Y. S.,
et al. (2020). Comparative analysis of restraint stress-induced depressive-like

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 May 2022 | Volume 15 | Article 918852

https://doi.org/10.1371/journal.pone.0131417
https://doi.org/10.1016/j.ejphar.2003.11.019
https://doi.org/10.1016/j.ejphar.2003.11.019
https://doi.org/10.3109/15622971003611319
https://doi.org/10.1210/clinem/dgab592
https://doi.org/10.1016/0028-3908(94)90067-1
https://doi.org/10.1097/01.yco.0000194371.47685.f2
https://doi.org/10.1038/npp.2010.11
https://doi.org/10.1210/er.2011-1039
https://doi.org/10.1210/en.2004-0847
https://doi.org/10.1210/en.2004-0847
https://doi.org/10.2147/NDT.S81432
https://doi.org/10.1371/journal.pone.0071578
https://doi.org/10.1371/journal.pone.0071578
https://doi.org/10.1038/tp.2016.237
https://doi.org/10.1038/mp.2014.136
https://doi.org/10.1038/srep32935
https://doi.org/10.1055/s-0042-120120
https://doi.org/10.1007/s00429-008-0189-x
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1016/j.tins.2011.11.004
https://doi.org/10.4274/jcrpe.galenos.2020.2020.0101
https://doi.org/10.1097/FBP.0b013e328331b9bf
https://doi.org/10.1016/j.neulet.2010.02.063
https://doi.org/10.1073/pnas.0406788101
https://doi.org/10.1073/pnas.0406788101
https://doi.org/10.1016/j.brainresbull.2006.04.008
https://doi.org/10.1016/j.brainresbull.2006.04.008
https://doi.org/10.1006/geno.1993.1093
https://doi.org/10.1006/geno.1993.1093
https://doi.org/10.1038/295341a0
https://doi.org/10.1038/295341a0
https://doi.org/10.1038/nm1669
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-918852 May 26, 2022 Time: 6:14 # 7

Xiao and Loh NF-α1 in Neuroprotection and Depression

phenotypes in C57BL/6N mice derived from three different sources. Lab Anim.
Res. 36:29. doi: 10.1186/s42826-020-00062-0

Kashani, L., Omidvar, T., Farazmand, B., Modabbernia, A., Ramzanzadeh, F.,
Tehraninejad, E. S., et al. (2013). Does pioglitazone improve depression through
insulin-sensitization? Results of a randomized double-blind metformin-
controlled trial in patients with polycystic ovarian syndrome and comorbid
depression. Psychoneuroendocrinology 38, 767–776. doi: 10.1016/j.psyneuen.
2012.08.010

Kemp, D. E., Ismail-Beigi, F., and Calabrese, J. R. (2009). Antidepressant response
associated with pioglitazone: support for an overlapping pathophysiology
between major depression and metabolic syndrome. Am. J. Psychiatr. 166:619.
doi: 10.1176/appi.ajp.2008.08081195

Kimura, K., Wakamatsu, A., Suzuki, Y., Ota, T., Nishikawa, T., Yamashita, R., et al.
(2006). Diversification of transcriptional modulation: large-scale identification
and characterization of putative alternative promoters of human genes. Genom.
Res. 16, 55–65. doi: 10.1101/gr.4039406

Klein, M. T., and Teitler, M. (2009). Guinea pig hippocampal 5-HT(1E) receptors:
a tool for selective drug development. J. Neurochem. 109, 268–274. doi: 10.1111/
j.1471-4159.2009.05958.x

Krishnan, V., and Nestler, E. J. (2008). The molecular neurobiology of depression.
Nature 455, 894–902.

Leiter, E. (1997). Carboxypeptidase E and obesity in the mouse. J. Endocrinol. 155,
211–214. doi: 10.1677/joe.0.1550211

Leonhardt, S., Herrick-Davis, K., and Titeler, M. (1989). Detection of a novel
serotonin receptor subtype (5-HT1E) in human brain: interaction with a GTP-
binding protein. J. Neurochem. 53, 465–471. doi: 10.1111/j.1471-4159.1989.
tb07357.x

Lin, P. Y., and Tseng, P. T. (2015). Decreased glial cell line-derived neurotrophic
factor levels in patients with depression: a meta-analytic study. J. Psychiatr. Res.
63, 20–27. doi: 10.1016/j.jpsychires.2015.02.004

Lucassen, P. J., Muller, M. B., Holsboer, F., Bauer, J., Holtrop, A., Wouda, J.,
et al. (2001). Hippocampal apoptosis in major depression is a minor event and
absent from subareas at risk for glucocorticoid overexposure. Am. J. Pathol. 158,
453–468. doi: 10.1016/S0002-9440(10)63988-0

MacQueen, G. M., Yucel, K., Taylor, V. H., Macdonald, K., and Joffe, R. (2008).
Posterior hippocampal volumes are associated with remission rates in patients
with major depressive disorder. Biol. Psychiatr. 64, 880–883. doi: 10.1016/j.
biopsych.2008.06.027

Mallei, A., Shi, B., and Mocchetti, I. (2002). Antidepressant treatments induce
the expression of basic fibroblast growth factor in cortical and hippocampal
neurons. Mol. Pharmacol. 61, 1017–1024. doi: 10.1124/mol.61.5.1017

Murthy, S. R., Thouennon, E., Li, W. S., Cheng, Y., Bhupatkar, J., Cawley,
N. X., et al. (2013). Carboxypeptidase E protects hippocampal neurons during
stress in male mice by up-regulating prosurvival BCL2 protein expression.
Endocrinology 154, 3284–3293. doi: 10.1210/en.2013-1118

Nagahara, A. H., Wilson, B. R., Ivasyk, I., Kovacs, I., Rawalji, S., Bringas, J. R.,
et al. (2018). MR-guided delivery of AAV2-BDNF into the entorhinal cortex
of non-human primates. Gene Ther. 25, 104–114. doi: 10.1038/s41434-018-0
010-2

Naggert, J. K., Fricker, L. D., Varlamov, O., Nishina, P. M., Rouille, Y., Steiner,
D. F., et al. (1995). Hyperproinsulinaemia in obese fat/fat mice associated with
a carboxypeptidase E mutation which reduces enzyme activity. Nat. Genet. 10,
135–142. doi: 10.1038/ng0695-135

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., and Monteggia,
L. M. (2002). Neurobiology of depression. Neuron 34, 13–25.

Neto, F. L., Borges, G., Torres-Sanchez, S., Mico, J. A., and Berrocoso, E.
(2011). Neurotrophins role in depression neurobiology: a review of basic
and clinical evidence. Curr. Neuropharmacol. 9, 530–552. doi: 10.2174/
157015911798376262

Neumeister, A., Wood, S., Bonne, O., Nugent, A. C., Luckenbaugh, D. A., Young,
T., et al. (2005). Reduced hippocampal volume in unmedicated, remitted
patients with major depression versus control subjects. Biol. Psychiatry 57,
935–937. doi: 10.1016/j.biopsych.2005.01.016

Rasgon, N. L., Kenna, H. A., Williams, K. E., Powers, B., Wroolie, T., and
Schatzberg, A. F. (2010). Rosiglitazone add-on in treatment of depressed
patients with insulin resistance: a pilot study. Sci. World J. 10, 321–328. doi:
10.1100/tsw.2010.32

Rodriguiz, R. M., Wilkins, J. J., Creson, T. K., Biswas, R., Berezniuk, I., Fricker,
A. D., et al. (1993). Emergence of anxiety-like behaviours in depressive-like
Cpe(fat/fat) mice. Int. J. Neuropsychopharmacol. 16, 1623–1634. doi: 10.1017/
S1461145713000059

Roohafza, H., Shokouh, P., Sadeghi, M., Alikhassy, Z., and Sarrafzadegan, N.
(2014). A Possible Role for Pioglitazone in the Management of Depressive
Symptoms in Metabolic Syndrome Patients (EPICAMP Study): a Double Blind.
Randomized Clin. Trial Int. Sch. Res. Notices 2014:697617. doi: 10.1155/2014/
697617

Saunders, A. M., Burns, D. K., and Gottschalk, W. K. (2021). Reassessment of
Pioglitazone for Alzheimer’s Disease. Front. Neurosci. 15:666958. doi: 10.3389/
fnins.2021.666958.

Sen, S., Duman, R., and Sanacora, G. (2008). Serum brain-derived neurotrophic
factor, depression, and antidepressant medications: meta-analyses and
implications. Biol. Psychiatr. 64, 527–532. doi: 10.1016/j.biopsych.2008.05.005

Sharma, V. K., Yang, X., Kim, S. K., Mafi, A., Saiz-Sanchez, D., Villanueva-
Anguita, P., et al. (2021). Novel interaction between neurotrophic factor-
alpha1/carboxypeptidase E and serotonin receptor, 5-HTR1E, protects human
neurons against oxidative/neuroexcitotoxic stress via beta-arrestin/ERK
signaling. Cell Mol. Life Sci. 79:24. doi: 10.1007/s00018-021-04021-3

Sheline, Y. I., Wang, P. W., Gado, M. H., Csernansky, J. G., and Vannier, M. W.
(1996). Hippocampal atrophy in recurrent major depression. Proc. Natl. Acad.
Sci. U S A 93, 3908–3913. doi: 10.1073/pnas.93.9.3908

Sun, J., Kong, L., Wu, F., Wei, Y., Zhu, Y., Yin, Z., et al. (2019). Decreased plasma
glial cell line-derived neurotrophic factor level in major depressive disorder
is associated with age and clinical severity. J. Affect. Disord. 245, 602–607.
doi: 10.1016/j.jad.2018.11.068

Thakker-Varia, S., Krol, J. J., Nettleton, J., Bilimoria, P. M., Bangasser, D. A.,
Shors, T. J., et al. (2007). The neuropeptide VGF produces antidepressant-like
behavioral effects and enhances proliferation in the hippocampus. J. Neurosci.
27, 12156–12167. doi: 10.1523/JNEUROSCI.1898-07.2007

Thouennon, E., Cheng, Y., Falahatian, V., Cawley, N. X., and Loh, Y. P.
(2015). Rosiglitazone-activated PPARgamma induces neurotrophic factor-
alpha1 transcription contributing to neuroprotection. J. Neurochem. 134, 463–
470. doi: 10.1111/jnc.13152

Tuszynski, M. H., and Gage, F. H. (1990). Potential use of neurotrophic agents
in the treatment of neurodegenerative disorders. Acta Neurobiol. Exp. 50,
311–322.

Tuszynski, M. H., Yang, J. H., Barba, D., Bakay, H. S. U. R. A., Pay, M. M.,
Masliah, E., et al. (2015). Nerve Growth Factor Gene Therapy: activation of
Neuronal Responses in Alzheimer Disease. JAMA Neurol. 72, 1139–1147. doi:
10.1001/jamaneurol.2015.1807

Ueyama, T., Kawai, Y., Nemoto, K., Sekimoto, M., Tone, S., and Senba, E.
(1997). Immobilization stress reduced the expression of neurotrophins and
their receptors in the rat brain. Neurosci. Res. 28, 103–110. doi: 10.1016/s0168-
0102(97)00030-8

Warner-Schmidt, J. L., and Duman, R. S. (2007). VEGF is an essential mediator of
the neurogenic and behavioral actions of antidepressants. Proc. Natl. Acad. Sci.
U S A 104, 4647–4652. doi: 10.1073/pnas.0610282104

Woronowicz, A., Cawley, N. X., and Peng Loh, Y. (2012). Carbamazepine Prevents
Hippocampal Neurodegeneration in Mice Lacking the Neuroprotective
Protein, Carboxypetidase E. Clin. Pharmacol. Biopharm. 1:2. doi: 10.4172/2167-
065X.S1-002

Woronowicz, A., Koshimizu, H., Chang, S. Y., Cawley, N. X., Hill, J. M., Rodriguiz,
R. M., et al. (2008). Absence of carboxypeptidase E leads to adult hippocampal
neuronal degeneration and memory deficits. Hippocampus 18, 1051–1063. doi:
10.1002/hipo.20462

Xiao, L., Sharma, V. K., Toulabi, L., Yang, X., Lee, C., Abebe, D., et al. (2021).
Neurotrophic factor-alpha1, a novel tropin is critical for the prevention of
stress-induced hippocampal CA3 cell death and cognitive dysfunction in
mice: comparison to BDNF. Transl. Psychiatr. 11:24. doi: 10.1038/s41398-020-
01112-w

Yang, T., Nie, Z., Shu, H., Kuang, Y., Chen, X., Cheng, J., et al. (2020). The
Role of BDNF on Neural Plasticity in Depression. Front. Cell Neurosci. 14:82.
doi: 10.3389/fncel.2020.00082

Zhang, Y., Wang, L., Wang, X., Wang, Y., Li, C., and Zhu, X. (2018). Alterations of
DNA Methylation at GDNF Gene Promoter in the Ventral Tegmental Area of

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 May 2022 | Volume 15 | Article 918852

https://doi.org/10.1186/s42826-020-00062-0
https://doi.org/10.1016/j.psyneuen.2012.08.010
https://doi.org/10.1016/j.psyneuen.2012.08.010
https://doi.org/10.1176/appi.ajp.2008.08081195
https://doi.org/10.1101/gr.4039406
https://doi.org/10.1111/j.1471-4159.2009.05958.x
https://doi.org/10.1111/j.1471-4159.2009.05958.x
https://doi.org/10.1677/joe.0.1550211
https://doi.org/10.1111/j.1471-4159.1989.tb07357.x
https://doi.org/10.1111/j.1471-4159.1989.tb07357.x
https://doi.org/10.1016/j.jpsychires.2015.02.004
https://doi.org/10.1016/S0002-9440(10)63988-0
https://doi.org/10.1016/j.biopsych.2008.06.027
https://doi.org/10.1016/j.biopsych.2008.06.027
https://doi.org/10.1124/mol.61.5.1017
https://doi.org/10.1210/en.2013-1118
https://doi.org/10.1038/s41434-018-0010-2
https://doi.org/10.1038/s41434-018-0010-2
https://doi.org/10.1038/ng0695-135
https://doi.org/10.2174/157015911798376262
https://doi.org/10.2174/157015911798376262
https://doi.org/10.1016/j.biopsych.2005.01.016
https://doi.org/10.1100/tsw.2010.32
https://doi.org/10.1100/tsw.2010.32
https://doi.org/10.1017/S1461145713000059
https://doi.org/10.1017/S1461145713000059
https://doi.org/10.1155/2014/697617
https://doi.org/10.1155/2014/697617
https://doi.org/10.3389/fnins.2021.666958.
https://doi.org/10.3389/fnins.2021.666958.
https://doi.org/10.1016/j.biopsych.2008.05.005
https://doi.org/10.1007/s00018-021-04021-3
https://doi.org/10.1073/pnas.93.9.3908
https://doi.org/10.1016/j.jad.2018.11.068
https://doi.org/10.1523/JNEUROSCI.1898-07.2007
https://doi.org/10.1111/jnc.13152
https://doi.org/10.1001/jamaneurol.2015.1807
https://doi.org/10.1001/jamaneurol.2015.1807
https://doi.org/10.1016/s0168-0102(97)00030-8
https://doi.org/10.1016/s0168-0102(97)00030-8
https://doi.org/10.1073/pnas.0610282104
https://doi.org/10.4172/2167-065X.S1-002
https://doi.org/10.4172/2167-065X.S1-002
https://doi.org/10.1002/hipo.20462
https://doi.org/10.1002/hipo.20462
https://doi.org/10.1038/s41398-020-01112-w
https://doi.org/10.1038/s41398-020-01112-w
https://doi.org/10.3389/fncel.2020.00082
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-918852 May 26, 2022 Time: 6:14 # 8

Xiao and Loh NF-α1 in Neuroprotection and Depression

Adult Depression-Like Rats Induced by Maternal Deprivation. Front. Psychiatr.
9:732. doi: 10.3389/fpsyt.2018.00732.

Zhao, Z., Zhang, L., Guo, X. D., Cao, L. L., Xue, T. F., Zhao, X. J.,
et al. (2017). Rosiglitazone Exerts an Anti-depressive Effect in
Unpredictable Chronic Mild-Stress-Induced Depressive Mice by
Maintaining Essential Neuron Autophagy and Inhibiting Excessive
Astrocytic Apoptosis. Front Mol Neurosci 10:293. doi: 10.3389/fnmol.2017.0
0293

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xiao and Loh. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 May 2022 | Volume 15 | Article 918852

https://doi.org/10.3389/fpsyt.2018.00732.
https://doi.org/10.3389/fnmol.2017.00293
https://doi.org/10.3389/fnmol.2017.00293
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Neurotrophic Factor-α1/Carboxypeptidase E Functions in Neuroprotection and Alleviates Depression
	Introduction
	Role of Neurotrophic Factor-α1/Carboxypeptidase E and Its Receptor in Neuroprotection
	Role of Neurotrophic Factor-α1/Carboxypeptidase E in Anti-Depressant Activity
	Conclusion and Future Research
	Author Contributions
	References


