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Galanin is a neurohormone as well as a neurotransmitter and plays versatile
physiological roles for the neuroendocrine axis, such as regulating food intake,
insulin level and somatostatin release. It is expressed in the central nervous
system, including hypothalamus, pituitary, and the spinal cord, and colocalises
with other neuronal peptides within neurons. Structural analyses reveal that the
human galanin precursor is 104 amino acid (aa) residues in length, consisting of
a mature galanin peptide (aa 33-62), and galanin message-associated peptide
(GMAP; aa 63-104) at the C-terminus. GMAP appears to exhibit distinctive
biological effects on anti-fungal activity and the spinal flexor reflex. Galanin-like
peptide (GALP) has a similar structure to galanin and acts as a hypothalamic
neuropeptide to mediate metabolism and reproduction, food intake, and body
weight. Alarin, a differentially spliced variant of GALP, is specifically involved in
vasoactive effect in the skin and ganglionic differentiation in neuroblastic
tumors. Dysregulation of galanin, GALP and alarin has been implicated in
various neuroendocrine conditions such as nociception, Alzheimer's disease,
seizures, eating disorders, alcoholism, diabetes, and spinal cord conditions.
Further delineation of the common and distinctive effects and mechanisms of
various types of galanin family proteins could facilitate the design of
therapeutic approaches for neuroendocrine diseases and spinal cord injury.
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Introduction

Galanin peptide was discovered from the porcine intestinal
tract, and was shown to have the potential to affect smooth
muscle contraction and glucose metabolism across species (1).
The galanin gene, Gal, is known to encode a neuroendocrine
peptide which is widely expressed in the central and peripheral
nervous systems, gastrointestinal tract, pancreas, adrenal gland,
and urogenital tract for the regulation of various biological
functions (2-7). The encoded precursor, preprogalanin
(PPGAL), is proteolytically processed into the mature galanin
and galanin message-associated peptide (GMAP) (8). Human
galanin is a neuromodulator and appears to function in
regulatory roles for nociception, synaptic neurotransmission,
and neural activities including cognition, mood, epileptic
activity, and spinal reflexes (9-12). Mutation analyses of
human GAL gene reveal that it is associated with autosomal
dominant epilepsy in humans (13), a condition which features
recurrent seizures of the temporal lobe and dysfunction of the
auditory system. In line with this finding, mice with Gal
deficiency showed defects in nociceptive functions after
peripheral nerve injury (11), whereas galanin-treated rats and
Gal-overexpressing transgenic mice exhibit impairment in trace
cued fear conditions (12). Galanin peptide also displays versatile
physiological roles in metabolic processes, mediating insulin
metabolism, somatostatin release, and intestinal smooth
muscle activity (14, 15).

GMAP is derived from the C-terminal region of the galanin
precursor. Whilst the role of galanin is well established, the role
of GMAP is relatively less characterized. GMAP mediates spinal
flexor reflex in rats (16, 17) and to exhibit antifungal activity of
innate immune cells and tissues (18, 19). Recombinant GMAP
was able to inhibit forskolin-stimulated adenylate cyclase activity
in the spinal cord (20), it remains to be determined how GMAP
exerts common or distinctive pharmacological actions as
compared to galanin peptide.

Additionally, the galanin peptide family includes galanin-
like peptide (GALP) and alarin, which was discovered in tumors
derived from neuroblast tissues (21, 22). GALP appears to have a
variety of physiological functions, whilst alarin seems to be a
vasoactive peptide (23, 24). GALP is a similarly structural
protein to galanin, which appears to regulate postsynaptic
currents (25), and to mediate food intake, sexual behaviours,
anorectic action, and body weight (26-28). Alarin, a
differentially spliced variant of GALP, is implicated in the
ganglionic differentiation of neuroblastic tumors and
vasoactive effects in the skin (23), and has been shown to have
anti-bacterial effects (29).

The pleiotropic functions of the galanin peptide family
suggest that they act as homeostatic signaling molecules of
intercellular communication in the neuroendocrine axis.
Recent research provides contemporary insights into the
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functions of galanin, GMAP, GALP and alarin via binding of
galanin receptors (GALR), which consist of GALRI, GALR2,
and GALR3 (30, 31). It is likely that galanin, GMAP, GALP and
alarin may selectively bind different GALRs in various tissues to
regulate their functions via G protein coupled receptor -
mediated intracellular molecular mechanisms, such as second
messengers (30, 31). In this review, we survey the molecular
structure, expression, and roles of the galanin peptide family in
the neuroendocrine axis and spinal cord. Further understanding
of their unique and differential functions is critically important
to the development of these molecules as potential therapeutic
targets for the treatment, prevention, and cure of related diseases
and disorders.

Molecular structural analysis and
expression of galanin

Multiple sequence alignment showed that human galanin
shares approximately 70% amino acid sequence similarity and
identity to rat, mouse, bovine, and pig and zebrafish, indicating a
conserved structural and functional relationship among species
(Figure 1A), and a common phylogenetic tree (Figure 1B).

Molecular structure analyses revealed that mature human
galanin is a secreted peptide of the galanin family which consists
of a peptide of 30 amino acid residues in length. The full
sequence of GAL encodes PPGAL, which is a 123 amino acid
peptide containing a signal sequence from amino acid residues
1-19 and the galanin precursor peptide of 104 amino acids (aa
20-123) and is predicted to be approximately 12 kDa in size
(Figure 2A). The galanin precursor is cleaved to yield two
peptides, a mature galanin peptide consisting of 30 amino acid
residues (aa 33-62) and the C-terminal GMAP peptide from
amino acid residues (aa 59 -123) (Figure 2A). The GMAP
sequence also consists of a phosphorylated serine residue at
amino acid residue 117. Secondary structure analyses revealed
that mature galanin contains five alpha helices and two beta
strands by using the web-based Phyre2 portal (32) (Figure 2B).
3D structure analysis of mature galanin was predicted to
resemble transportan (Figure 2C), and GMAP (aa 59 -123)
was predicted to resemble the bag family molecular chaperone
regulator 5 (Figure 2D) by using web-based Phyre2 portal (32).
Further, the full length of galanin is predicted using the
Alphafold web-portal (33), and is shown to be consistent with
its secondary structure (Figure 2E).

Early studies indicated galanin expression to be concentrated
in the neurohypophysis, hypothalamus, and sacral spinal cord
regions by using radioimmunoassay and immunocytochemistry
(34). Further transcriptomic analyses reveal that human GAL is
widely expressed in the central nervous system (CNS) and
gastrointestinal tract tissues, such as appendix (35). Galanin gene
expression appears to be upregulated by nerve injury and lesions of
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(A) Multiple sequence alignment results show that human galanin shares approximately 70% amino acid sequence identity and similarity with
other galanin family proteins including rat, mouse, zebrafish, bovine, and pig. (B) A phylogenetic tree of galanin family proteins is presented

using https://www.uniprot.org/align.
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FIGURE 2

Molecular structural analyses of galanin. (A) Human galanin is comprised of a signal peptide of 19 amino acid residues (aa 1-19), a propeptide (aa
20-30), mature galanin peptide of 30 amino acid residues (aa 33-62) and the C terminal fragment, GMAP (aa 59 -123). (B) Secondary structure
predicts characteristics of five alpha-helices and two beta-sheets based on bioinformatic analysis. (C, D) 3D structure analysis showing that mature
galanin was predicted to resemble transportan (C), and GMAP was predicted based on the bag family molecular chaperone regulator 5 (D) using the
Phyre2 web portal. (E) 3D structure analysis result of the full length of galanin is shown using the Alphafold web portal (https://alphafold.ebi.ac.uk/).

the CNS, and to have a neuromodulatory anticonvulsant effect on
hippocampal excitability (36-40). Galanin seems to affect cognitive
functions, including memory and attention, and attenuated GAL
expression is a potential therapeutic implication for neurocognitive
diseases, such as Alzheimer’s disease (41, 42). Interestingly, Gal
mRNA expression during embryonic development in rats indicates
its involvement in the formation of several sensory systems,
including the nervous and skeletal systems (43), and galanin
secretion by the anterior pituitary is postulated to be upregulated
by circulating estrogen levels (44), indicating its pleiotropic roles.

Utilizing Genevisible® (45), human GAL mRNA was found
most abundantly expressed in nurse like cells, pituitary glands,
and pulmonary fibroblasts (Figure 3A). In mouse tissues, Gal
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mRNA was revealed most highly expressed in locus coeruleus
neurons, skeletal muscle satellite cells, adrenal gland medulla,
and brainstem cholinergic motor neurons (Figure 3B).

Molecular structural analysis and
expression of GALP and alarin

Multiple sequence alignment showed that human GALP shares
sequence similarity and identity with mouse, rat, pig, dog, and cat,
indicating a very conserved structural and functional relationship
among species (Figure 4A) and a common phylogenetic tree
(Figure 4B). In addition, multiple sequence alignment showed that
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FIGURE 3

mMRNA expression profiling of galanin gene in both human (A) and mouse (B) tissues, showing the then most highly galanin expressing tissues.
These data were predicted by using bioinformatics based on the Genevisible® (http://genevisible.com).

human GALP shares amino acid sequence similarity and identity to
galanin, suggesting they belong to the same family members of
galanin (Figure 4C). Further, alarin is a differentially spliced form of
GALP gene which encodes a 25 amino acid neuropeptide (GenBank
accession no. DQ155644) (23).

Molecular structure analyses reveal that mature human
GALP is a secreted peptide, consisting of a signal sequence
from amino acid residues 1-24, a mature GALP from amino acid
residues 25-84, and propeptide from amino acid residues 85-116
(Figure 5A). Secondary structure analyses reveal that GALP
consists of five alpha helices and two beta strands by using the
web-based Phyre2 portal (32) (Figure 5B). 3D structure analysis
of GALP (amino acid residues 25-84) was predicted to resemble
transportan (Figure 5C) by the Phyre2 web portal (32), which is
the same as that of galanin. Further, the full length of GALP is
also predicted based on the Alphafold web portal (33), and is
shown to display consistent features with its secondary structure
(Figure 5D). Further, alarin is a differentially spliced form of
GALP gene which encodes a 25 amino acid neuropeptide
(GenBank accession no. DQ155644) (23). (Figures 5E, 5F).

GALP mRNA was found expressed in the hypothalamus,
pituitary gland and guts (21, 46, 47), and upregulated by osmotic
stimulation (48). GALP was also found to be regulated by leptin
(46) and by orexin (49), suggesting its role in the modulation of
neural activities.
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By the analyses of Genevisible® (45), human GALP mRNA
was most abundantly expressed in growth plate, temporal lobe
astrocyte, cerebral cortex astrocyte, telencephalon astrocyte and
spinal cord neuron (Figure 6A). In rat tissues, Galp mRNA was
most highly expressed in epididymal adipose tissue, cerebral
cortex axon, globular bushy cell, pituitary neurointermediate
lobe, and spermatid (Figure 6B).

The role of galanin, GALP and alarin
in the neuroendocrine axis

The widespread expression and physiologic functions of
galanin in the central and peripheral nervous systems, and in
tissues, such as the gastrointestinal tract and pancreas,
demonstrate its importance and versatility for neuro-hormonal
homeostasis (50). Galanin has been suggested to play significant
roles in the neuroendocrine axis (9, 10, 51) for the mediation of
diverse neuronal pathological conditions of ageing (51, 52),
feeding and energy metabolism (28, 53), pancreatic secretion
of insulin and diabetes (54, 55), mood and behaviour (56, 57),
seizure (13, 36), pain experience (53), bone density (58), cartilage
growth plate physiology and repair (59) and skin (60).

In the endocrine system, galanin was able to inhibit glucose-
induced insulin release (61-63), by suppressing glucose-induced
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FIGURE 4
(A) Multiple sequence alignment results show that human GALP shares sequence identity or similarity to mouse, rat, pig, dog and cat. (B) A
phylogenetic tree of GALP family proteins is presented using https://www.uniprot.org/align. (C) Multiple sequence alignment results show that
GALP shares about 50% of sequence homology with galanin.

insulin secretion from rat islet cells (63). Accordingly, galanin
has been implicated in regulating glucose metabolism, by
improving insulin resistance and diabetes mellitus type 2
(54, 64).

In the nervous system, galanin has been suggested to regulate
acetylcholine release (65, 66), and glutamate release (67) from
the hippocampus, by acting as an inhibitory neuromodulator.
Further, galanin was found to suppress the release of
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FIGURE 5
Molecular structural analyses of GALP. (A) Human GALP is comprised of a signal peptide of 24 amino acid residues (aa 1-24), Galanin-like
peptide (aa 25-84) and a propeptide at the C terminus (aa 85 -116). (B) Secondary structure predicts characteristics of five alpha-helices and
two beta-sheets based on bioinformatic analysis using the Phyre2 web portal. (C) 3D structure analysis of Galanin-like peptide was predicted to
resemble transportan, same as that of galanin. (D) 3D structure analysis result of the full length of GALP is shown using the Alphafold web portal
(https://alphafold.ebi.ac.uk/). (E) Alarin is a differentially spliced form of GALP gene which encodes a 25 amino acid neuropeptide (GenBank
accession no. DQ155644). (F) Secondary structure of alarin based on bioinformatic analysis using the Phyre2 web portal.
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acetylcholine, suggesting a role for galanin in the cholinergic
regulation of Alzheimer’s disease (68-70). Galanin was also
involved in addiction to alcohol (71), and in population-
dependent vulnerability to alcoholism (72). At the cellular
level, galanin fibres were detected in the sympathetic nerves of
the basal forebrain of Alzheimer’s disease patients (73).
Consistently, galanin was shown to attenuate Abeta-induced
caspases-3 and -9 cleavage, and thus protect against Abeta-
mediated neuron toxicity in rat cholinergic basal forebrain (73,
74). Interestingly, galanin mRNA expression was found to be
upregulated in central and peripheral nerves following axotomy
(37, 38, 75), which is suggestive of a role in the regulation of
neural regeneration (75-77).

In the skeletal system, galanin was found to modulate the
mechanosensitivity of fine afferent nerve fibres of the rat knee joint
(78). Additional study showed that galanin-like immunoreactivity
was detected in cortical bone, periosteum, endosteum, and
surrounding skeletal muscle of normal rib at a minimum level,
whereas galanin was abundantly detected in chondrocytes of the
hypertrophic zone and in the reserve zone in costal cartilage
plates, but not in chondrocytes in the proliferative zone of costal
cartilage or skeletal muscle fibers (59). In comparison, a rodent
model of rib-fracture found that galanin expression was increased
in callus tissues with staining detected in cells (osteoprogenitor
cells, osteoblasts, and chondrocytes) and in tissue matrices
(cartilaginous, osseous, and periosteal) during bone healing;
whilst serum galanin concentrations were consistently found to
be increased at 2 weeks following fracture (59). In line with these
findings, galanin-containing nerve fibres were observed in bone of
rats from gestational day 16 to postnatal day 21 at various levels,
ranging from the epiphyseal perichondria to the diaphyseal
periosteum at gestational day 16; the bone marrow cavity as
well as the inter-condylar eminence of the knee joint at postnatal
day 1; the cartilage canals of both epiphyses at postnatal day 7; the
secondary ossification centres at postnatal day 10; the bone
marrow of both epiphyses at postnatal day 14; suggesting their
sensory origin in various regions during skeletal development
(79). In a mouse calvarial injection model, galanin treatment was
found to facilitate bone formation associated with injury via the
inhibition of cytokine production, such as excess TNF-alpha and
IL-1beta, after bone injury (80). Collectively, these studies
highlight the important roles of galanin in skeletal biology
and diseases.

GALP shares similar structure and effects on postsynaptic
currents as galanin (25). However, GALP also exhibits a unique
role in regulating the intrinsic membrane properties when
compared to galanin for the modulation of neurons in the
arcuate nucleus, suggesting that galanin and GALP might
regulate energy balance and reproductive function in a
different way (25). As a neuropeptide expressed in the arcuate
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nucleus of the posterior pituitary gland and in the hypothalamus
(47, 81, 82), GALP is involved in the regulation of appetite and
possibly has additional roles, such as in inflammation (81, 83),
metabolism and reproduction (84, 85), sex behaviour of adult
male rats (26), as well as stress involved in the hypothalamo-
neurohypophyseal system (82). However, the mechanism by
which galanin or GALP govern common and differential
activities remains to be elucidated.

GALP appears to be a hypothalamic neuropeptide which acts
through GALR (47, 86-88), and has diverse roles in the central
nervous system, including the regulation of luteinizing hormone
(LH) (89, 90), metabolism and reproduction, food intake, and
body weight (90, 91). Alarin is a splice variant of GALP encoding a
short peptide, APAHRSSTFPKWVTKTERGRQPLRS (22, 23)
and has been shown to exhibit vasoconstriction and anti-edema
properties in the microvasculature of skin (23), which is
distinctive from GALP and might function independently of
GALR. Alarin was also found to have anti-bacterial effects on
gram-negative bacteria by causing bacterial membrane blebbing
(29). In addition, alarin was able to stimulate food intake and LH
secretion in rodent studies (92). In line with these features, alarin
was mostly expressed in ganglia of ganglioneuroma and
ganglioneuroblastoma, differentiated tumor cells of
neuroblastoma tissues, but not in undifferentiated neuroblasts
(22). The distribution of alarin-like immunoreactivity was
identified in the adult murine brain with dissimilar expression
pattern to that of GALP (93), suggesting possible distinct
functions between GALP and alarin in the regulation of
reproduction and metabolism.

In addition, recent studies have shown the involvement of
galanin in brainstem cardio-respiratory function. For instance,
galanin is notably present within a subset of neurons of a
respiratory central chemoreceptor region in the rostral
ventrolateral medulla, namely the retrotrapezoid nucleus
(RTN) in the parafacial region in neonate and adult rodents
(94-97). These neurons could be characterized by Phox2b-
positive and VGlut2-positive and thus were excitatory,
although galanin itself induced inhibitory effects on respiratory
activity (94, 98).

The emerging role of galanin, GALP
and alarin in the spinal cord

In the spinal cord system, galanin was detected in sensory
neurons at the dorsal horn of the spinal cord, and has been
implicated in mediating nervous impulses and neuropathic pain
caused by peripheral nerve injury (99). Galanin-immunoreactive
nerve fibers and bladder end-organ nerve supply were reduced
after spinal cord injury (SCI) (100). Consistently, galanin
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MRNA expression profiling of GALP gene in both humans (A) and mouse (B) tissues, showing the ten most highly galanin expressing tissues.
These data were predicted by using bioinformatics based on the Genevisible® (http://genevisible.com).

expression in nerve fibers, L1 segment, and in the urinary
bladder detrusor and urothelium was decreased after SCI
(101). In contrast, the expression of galanin was increased in
localisations of the gray matter of the rostral lumbar, and
lumbosacral spinal cord, including regions of the S1 spinal
cord, dorsal commissure in the L4 segment, and in dorsal root
ganglia (DRG L1, L2, L6, and S1), which was accompanied with
an increase in brain-derived neurotrophic factor (BDNF)
expression in these areas after SCI. These results suggest that
galanin expression associated with urinary bladder dysfunction
might be a consequence of SCI due to changes in the spinal
micturition reflex and bladder hyperreflexia (101). Physical
activity combined with hormone treatment has been shown to
increase the gene expression of galanin and BDNF following SCI,
which could be an important therapeutic outcome to attenuate
secondary neuronal degeneration and alleviate pain in SCI (102,
103). By using total RNAseq, we have recently found that Gal
mRNA was up regulated at day 1, and returned to normal level at
day 21 after SCI in rats (our unpublished observations),
indicating a time-dependent regulation of Gal expression
following SCI. This finding requires further research for
optimal timing of therapeutic interventions for SCI involving
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galanin. Importantly, galaninergic neurons were frequently
located between L2 and L5 segments of the medial lamina VII,
with a maximal density within L4, which would appear to
contain the spinal ejaculation generator (104-106), and to
have potential treatment implications for SCI patients. Further
research is therefore required to develop possible therapeutic
strategies of SCI involving galanin.

Additional research supports the involvement of galanin in
nociceptive sensory processing of the spinal cord (11, 107). For
example, Gal mutant mice showed higher sensitivity to threshold
noxious stimuli than wild-type controls in the absence of
peripheral nerve injury; whereas spontaneous and evoked
neuropathic pain behaviours were found to be compromised
in mutant mice following peripheral nerve injury, indicating that
galanin possibly plays a role in the regulation of inhibitory and
excitatory nociceptive processing of the spinal cord (11).
Consistently, galanin was found to lower spinal excitability
and the firing of locus coeruleus neurons (107). It was further
revealed that antinociception of galanin in dorsal root ganglia
neurones following nerve injury is related to the stimulation of
galanin receptor 1 (GALRI) on dorsal horn neurones, whereas
the pro-nociceptive effect of galanin appears to be related to
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presynaptic GALR2 on primary afferents (108), indicating that
galanin might interact with selective galanin receptors to
regulate neuropathic pain, and that a selective GALRI agonist
could be an effective treatment approach.

The role of GMAP in the spinal cord appears less clear.
Studies have shown that spinal flexor reflex is possibly mediated
by variation of GMAP receptor subtypes and segments of GMAP
sequence (16, 17). The role of GALP or alarin in SCI remains
unknown and GALP is weakly expressed in spinal cord or SCI
samples according to total RNAseq data (our
unpublished observations).

Further studies are required to define the molecular
mechanisms and cellular signaling pathways of galanin and
GALP in neuropathic pain, healing, repair and regeneration
following SCI and related disorders. These studies will increase
our understanding of the pathological processes critically
involving galanin family peptides in spinal cord injury,
dysfunction, and pain. This will ultimately lead to the
development of novel and improved treatments for SCI patients.

Summary

Galanin is a neuropeptide that is expressed in a wide range of
tissues including the brain, spinal cord, and gut. It plays a crucial
role in mediating the neuroendocrine axis, and has been
implicated in many physiological functions including
neuroprotective activity, neurogenesis, nociception regulation,
cognitive functions, feeding, and mood status (Figure 7).
Dysregulation of galanin is associated with pathological
conditions including Alzheimer’s disease, seizures, eating
disorders and addiction. GALP is a hypothalamic
neuropeptide and shares similar structure and effects on
postsynaptic currents as galanin. Both galanin and GALP

Pain  — ji Spinal flexor reflex
GALA
. . L Anti-fungal activity
Seizures or convulsions I -
GMAP {

Learning and cognition Food intake

Sexual behaviour

Diabetes type II — - - Anorectic action
: I Body weight
Depression ALARIN L
Neuroprotection ‘ J, Anti-bacterial activity
v ‘ Food intake

Neural development _ Neuroblast differentiation

FIGURE 7
Summary diagram showing the putative roles of galanin, GMAP,
GALP, and alarin in various organs and disease conditions.
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appear to play vital roles in the spinal cord system. However,
the exact mechanisms by which the galanin family proteins exert
their pleiotropic roles remain to be fully illuminated. It is likely
that galanin and GALP selectively bind their tissue-specific
receptors for the regulation of various biological functions, and
in associated disease conditions. Further defining the molecular
mechanisms and cellular signaling pathways of galanin, GMAP,
GALP, and alarin is critically important for the development of
improved therapeutic interventions to target this intriguing and
efficacious peptide family.

Author contributions

SZ drafted the manuscript. XH, SB, OC, HD, and SQ
contributed to figure formulation and literature collection. SB
and JX revised the manuscript. YM and JX contributed to
evaluation and assistance in the process of manuscript
preparation and supervised the study.

Acknowledgments

This work was partly supported by a research grant from the
National Natural Science Funding of China (82172424), Basic
public welfare project of Zhejiang Science and Technology
Department (LGF20H060012), Outstanding Youth Fund of
Zhejiang Province (LR22H060002), Zhejiang Medical and
Health Science and Technology Plan Project (2022RC210,
2021KY212), and Wenzhou Basic Science Research Plan
Project (Y20210045). SZ, YM, and XH made overseas
collaborative visits to The University of Western Australia. OC
was visiting student at Jiake Xu’s lab at the University of
Western Australia.

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.

frontiersin.org


https://doi.org/10.3389/fendo.2022.1019943
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhu et al.

References

1. Tatemoto K, Rékaeus A, Jérnvall H, McDonald TJ, Mutt V. Galanin - a novel
biologically active peptide from porcine intestine. FEBS Lett (1983) 164(1):124-8.
doi: 10.1016/0014-5793(83)80033-7

2. Dunning BE, Ahren B, Veith RC, Béttcher G, Sundler F, Taborsky
GJJr.Galanin: A novel pancreatic neuropeptideAm ] Physiol (1986) 251(1 Pt 1):
E127-33 doi: 10.1152/ajpend0.l986.25141.E127

3. Gentleman SM, Falkai P, Bogerts B, Herrero MT, Polak JM, Roberts GW.
Distribution of galanin-like immunoreactivity in the human brain. Brain Res
(1989) 505(2):311-5. doi: 10.1016/0006-8993(89)91458-3

4. Lopez FJ, Negro-Vilar A. Galanin stimulates luteinizing hormone-releasing
hormone secretion from arcuate nucleus-median eminence fragments in vitro:
Involvement of an alpha-adrenergic mechanism. Endocrinology (1990) 127
(5):2431-6. doi: 10.1210/endo-127-5-2431

5. Schmidt WE, Kratzin H, Eckart K, Drevs D, Mundkowski G, Clemens A, et al.
Isolation and primary structure of pituitary human galanin, a 30-residue
nonamidated neuropeptide. Proc Natl Acad Sci U.S.A. (1991) 88(24):11435-9.
doi: 10.1073/pnas.88.24.11435

6. Bartfai T, Hokfelt T, Langel U. Galanin-a neuroendocrine peptide. Crit Rev
Neurobiol (1993) 7(3-4):229-74.

7. Habert-Ortoli E, Amiranoff B, Loquet I, Laburthe M, Mayaux JF. Molecular
cloning of a functional human galanin receptor. Proc Natl Acad Sci U.S.A. (1994)
91(21):9780-3. doi: 10.1073/pnas.91.21.9780

8. Evans HF, Shine J. Human galanin: Molecular cloning reveals a unique
structure. Endocrinology (1991) 129(3):1682-4. doi: 10.1210/endo-129-3-1682

9. Lundstrom L, Elmquist A, Bartfai T, Langel U. Galanin and its receptors in
neurological disorders. Neuromol Med (2005) 7(1-2):157-80. doi: 10.1385/
NMM.:7:1-2:157

10. Mechenthaler 1. Galanin and the neuroendocrine axes. Cell Mol Life Sci
(2008) 65(12):1826-35. doi: 10.1007/s00018-008-8157-4

11. Kerr BJ, Cafferty WB, Gupta YK, Bacon A, Wynick D, McMahon SB, et al.
Galanin knockout mice reveal nociceptive deficits following peripheral nerve
injury. Eur ] Neurosci (2000) 12(3):793-802. doi: 10.1046/j.1460-9568.2000.00967.x

12. Kinney JW, Starosta G, Holmes A, Wrenn CC, Yang RJ, Harris AP, et al.
Deficits in trace cued fear conditioning in galanin-treated rats and galanin-
overexpressing transgenic mice. Learn Mem (2002) 9(4):178-90. doi: 10.1101/
m.49502

13. Guipponi M, Chentouf A, Webling KE, Freimann K, Crespel A, Nobile C,
et al. Galanin pathogenic mutations in temporal lobe epilepsy. Hum Mol Genet
(2015) 24(11):3082-91. doi: 10.1093/hmg/ddv060

14. Gesmundo I, Villanova T, Banfi D, Gamba G, Granata R. Role of melatonin,
galanin, and RFamide neuropeptides QRFP26 and QRFP43 in the neuroendocrine
control of pancreatic beta-cell function. Front Endocrinol (Lausanne) (2017) 8:143.
doi: 10.3389/fend0.2017.00143

15. Autio J, Stenback V, Gagnon DD, Leppaluoto J, Herzig KH. (Neuro)
peptides, physical activity, and cognition. J Clin Med (2020) 9(8):2592. doi:
10.3390/jcm9082592

16. Xu XJ, Andell S, Bartfai T, Wiesenfeld-Hallin Z. Fragments of galanin
message-associated peptide (GMAP) modulate the spinal flexor reflex in rat. Eur J
Pharmacol (1996) 318(2-3):301-6. doi: 10.1016/S0014-2999(96)00814-X

17. Xu XJ, Andell S, Hao JX, Wiesenfeld-Hallin Z, Bartfai T. The effects of
intrathecal galanin message-associated peptide (GMAP) on the flexor reflex in rats.
Regul Pept (1995) 58(1-2):19-24. doi: 10.1016/0167-0115(95)00054-F

18. Holub BS, Rauch I, Radner S, Sperl W, Hell M, Kofler B. Effects of galanin
message-associated peptide and neuropeptide y against various non-albicans
candida strains. Int ] Antimicrob Agents (2011) 38(1):76-80. doi: 10.1016/
j.ijantimicag.2011.02.019

19. Rauch I, Lundstrom L, Hell M, Sperl W, Kofler B. Galanin message-
associated peptide suppresses growth and the budded-to-hyphal-form transition
of candida albicans. Antimicrob Agents Chemother (2007) 51(11):4167-70. doi:
10.1128/AAC.00166-07

20. Andell-Jonsson S, Bartfai T. Identification of the spinal degradation
products and inhibition of adenylate cyclase by recombinant rat galanin
message-associated peptide. Neuropeptides (1998) 32(2):191-6. doi: 10.1016/
S0143-4179(98)90037-3

21. Ohtaki T, Kumano S, Ishibashi Y, Ogi K, Matsui H, Harada M, et al.
Isolation and ¢cDNA cloning of a novel galanin-like peptide (GALP) from porcine
hypothalamus. J Biol Chem (1999) 274(52):37041-5. doi: 10.1074/jbc.274.52.37041

22. Santic R, Fenninger K, Graf K, Schneider R, Hauser-Kronberger C, Schilling
FH, et al. Gangliocytes in neuroblastic tumors express alarin, a novel peptide

Frontiers in Endocrinology

09

10.3389/fendo.2022.1019943

derived by differential splicing of the galanin-like peptide gene. ] Mol Neurosci
(2006) 29(2):145-52. doi: 10.1385/JMN:29:2:145

23. Santic R, Schmidhuber SM, Lang R, Rauch I, Voglas E, Eberhard N, et al.
Alarin is a vasoactive peptide. Proc Natl Acad Sci U.S.A. (2007) 104(24):10217-22.
doi: 10.1073/pnas.0608585104

24. Gundlach AL. Galanin/GALP and galanin receptors: Role in central control
of feeding, body weight/obesity and reproduction? Eur ] Pharmacol (2002) 440(2-
3):255-68. doi: 10.1016/50014-2999(02)01433-4

25. Dong Y, Tyszkiewicz JP, Fong TM. Galanin and galanin-like peptide
differentially modulate neuronal activities in rat arcuate nucleus neurons. J
Neurophysiol (2006) 95(5):3228-34. doi: 10.1152/jn.01117.2005

26. Taylor A, Madison FN, Fraley GS. Galanin-like peptide stimulates feeding
and sexual behavior via dopaminergic fibers within the medial preoptic area of
adult male rats. ] Chem Neuroanat (2009) 37(2):105-11. doi: 10.1016/
j.jchemneu.2008.12.003

27. Sahu A. Leptin signaling in the hypothalamus: Emphasis on energy
homeostasis and leptin resistance. Front Neuroendoc (2003) 24(4):225-53. doi:
10.1016/j.yfrne.2003.104001

28. Shioda S, Kageyama H, Takenoya F, Shiba K. Galanin-like peptide: a key
player in the homeostatic regulation of feeding and energy metabolism? Int ] Obes
(2011) 35(5):619-28. doi: 10.1038/ij0.2010.202

29. Wada A, Wong PF, Hojo H, Hasegawa M, Ichinose A, Llanes R, et al. Alarin
but not its alternative-splicing form, GALP (Galanin-like peptide) has
antimicrobial activity. Biochem Biophys Res Commun (2013) 434(2):223-7. doi:
10.1016/j.bbrc.2013.03.045

30. éipkové J, Kramarikova I, Hynie S, Klenerova V. The galanin and galanin
receptor subtypes, its regulatory role in the biological and pathological functions.
Physiol Res (2017) 66(5):729-40. doi: 10.33549/physiolres.933576

31. Webling KE, Runesson J, Bartfai T, Langel U. Galanin receptors and ligands.
Front Endocrinol (Lausanne) (2012) 3:146. doi: 10.3389/fendo.2012.00146

32. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. The Phyre2 web
portal for protein modeling, prediction and analysis. Nat Protoc (2015) 10(6):845-
58. doi: 10.1038/nprot.2015.053

33. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al.
Highly accurate protein structure prediction with AlphaFold. Nature (2021)
596:583-9. doi: 10.1038/s41586-021-03819-2

34. Ch'ng JL, Christofides ND, Anand P, Gibson SJ, Allen YS, Su HC, et al.
Distribution of galanin immunoreactivity in the central nervous system and the
responses of galanin-containing neuronal pathways to injury. Neuroscience (1985)
16(2):343-54. doi: 10.1016/0306-4522(85)90007-7

35. Fagerberg L, Hallstrom BM, Oksvold P, Kampf C, Djureinovic D, Odeberg J,
et al. Analysis of the human tissue-specific expression by genome-wide integration
of transcriptomics and antibody-based proteomics. Mol Cell Proteomics (2014) 13
(2):397-406. doi: 10.1074/mcp.M113.035600

36. Mazarati AM, Hohmann ]G, Bacon A, Liu H, Sankar R, Steiner RA, et al.
Modulation of hippocampal excitability and seizures by galanin. J Neurosci (2000)
20(16):6276-81. doi: 10.1523/JTNEUROSCI.20-16-06276.2000

37. Zhang X, Verge VM, Wiesenfeld-Hallin Z, Piehl F, Hokfelt T. Expression of
neuropeptides and neuropeptide mRNAs in spinal cord after axotomy in the rat,
with special reference to motoneurons and galanin. Exp Brain Res (1993) 93
(3):450-61. doi: 10.1007/BF00229360

38. Zhang X, Xu ZO, Shi TJ, Landry M, Holmberg K, Ju G, et al. Regulation of
expression of galanin and galanin receptors in dorsal root ganglia and spinal cord
after axotomy and inflammation. Ann N Y Acad Sci (1998) 863:402-13. doi:
10.1111/§.1749-6632.1998.tb10710.x

39. Burazin TC, Gundlach AL. Inducible galanin and GalR2 receptor system in
motor neuron injury and regeneration. J Neurochem (1998) 71(2):879-82. doi:
10.1046/j.1471-4159.1998.71020879.x

40. Cortés R, Villar MJ, Verhofstad A, Hokfelt T. Effects of central nervous
system lesions on the expression of galanin: a comparative in situ hybridization and
immunohistochemical study. Proc Natl Acad Sci U.S.A. (1990) 87(19):7742-6. doi:
10.1073/pnas.87.19.7742

41. Chan-Palay V. Galanin hyperinnervates surviving neurons of the human
basal nucleus of meynert in dementias of alzheimer's and parkinson's disease: A
hypothesis for the role of galanin in accentuating cholinergic dysfunction in
dementia. ] Comp Neurol (1988) 273(4):543-57. doi: 10.1002/cne.902730409

42. Counts SE, Perez SE, Kahl U, Bartfai T, Bowser RP, Deecher DC, et al. Galanin:
neurobiologic mechanisms and therapeutic potential for alzheimer's disease. CNS
Drug Rev (2001) 7(4):445-70. doi: 10.1111/j.1527-3458.2001.tb00210.x

frontiersin.org


https://doi.org/10.1016/0014-5793(83)80033-7
https://doi.org/10.1152/ajpendo.1986.251.1.E127
https://doi.org/10.1016/0006-8993(89)91458-3
https://doi.org/10.1210/endo-127-5-2431
https://doi.org/10.1073/pnas.88.24.11435
https://doi.org/10.1073/pnas.91.21.9780
https://doi.org/10.1210/endo-129-3-1682
https://doi.org/10.1385/NMM:7:1-2:157
https://doi.org/10.1385/NMM:7:1-2:157
https://doi.org/10.1007/s00018-008-8157-4
https://doi.org/10.1046/j.1460-9568.2000.00967.x
https://doi.org/10.1101/m.49502
https://doi.org/10.1101/m.49502
https://doi.org/10.1093/hmg/ddv060
https://doi.org/10.3389/fendo.2017.00143
https://doi.org/10.3390/jcm9082592
https://doi.org/10.1016/S0014-2999(96)00814-X
https://doi.org/10.1016/0167-0115(95)00054-F
https://doi.org/10.1016/j.ijantimicag.2011.02.019
https://doi.org/10.1016/j.ijantimicag.2011.02.019
https://doi.org/10.1128/AAC.00166-07
https://doi.org/10.1016/S0143-4179(98)90037-3
https://doi.org/10.1016/S0143-4179(98)90037-3
https://doi.org/10.1074/jbc.274.52.37041
https://doi.org/10.1385/JMN:29:2:145
https://doi.org/10.1073/pnas.0608585104
https://doi.org/10.1016/S0014-2999(02)01433-4
https://doi.org/10.1152/jn.01117.2005
https://doi.org/10.1016/j.jchemneu.2008.12.003
https://doi.org/10.1016/j.jchemneu.2008.12.003
https://doi.org/10.1016/j.yfrne.2003.10.001
https://doi.org/10.1038/ijo.2010.202
https://doi.org/10.1016/j.bbrc.2013.03.045
https://doi.org/10.33549/physiolres.933576
https://doi.org/10.3389/fendo.2012.00146
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1016/0306-4522(85)90007-7
https://doi.org/10.1074/mcp.M113.035600
https://doi.org/10.1523/JNEUROSCI.20-16-06276.2000
https://doi.org/10.1007/BF00229360
https://doi.org/10.1111/j.1749-6632.1998.tb10710.x
https://doi.org/10.1046/j.1471-4159.1998.71020879.x
https://doi.org/10.1073/pnas.87.19.7742
https://doi.org/10.1002/cne.902730409
https://doi.org/10.1111/j.1527-3458.2001.tb00210.x
https://doi.org/10.3389/fendo.2022.1019943
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhu et al.

43. Xu ZQ, Shi TJ, Hokfelt T. Expression of galanin and a galanin receptor in
several sensory systems and bone anlage of rat embryos. Proc Natl Acad Sci U.S.A.
(1996) 93(25):14901-5. doi: 10.1073/pnas.93.25.14901

44. Kaplan LM, Gabriel SM, Koenig JI, Sunday ME, Spindel ER, Martin JB, et al.
Galanin is an estrogen-inducible, secretory product of the rat anterior pituitary.
Proc Natl Acad Sci U.S.A. (1988) 85(19):7408-12. doi: 10.1073/pnas.85.19.7408

45. Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, et al.
Genevestigator v3: A reference expression database for the meta-analysis of
transcriptomes. Adv Bioinf (2008) 2008:420747. doi: 10.1155/2008/420747

46. Jureus A, Cunningham MJ, McClain ME, Clifton DK, Steiner RA. Galanin-
like peptide (GALP) is a target for regulation by leptin in the hypothalamus of the
rat. Endocrinology (2000) 141(7):2703-6. doi: 10.1210/endo.141.7.7669

47. Larm JA, Gundlach AL. Galanin-like peptide (GALP) mRNA expression is
restricted to arcuate nucleus of hypothalamus in adult male rat brain.
Neuroendocrinology (2000) 72(2):67-71. doi: 10.1159/000054573

48. Shen J, Larm JA, Gundlach AL. Galanin-like peptide mRNA in neural lobe
of rat pituitary. increased expression after osmotic stimulation suggests a role for
galanin-like peptide in neuron-glial interactions and/or neurosecretion.
Neuroendocrinology (2001) 73(1):2-11. doi: 10.1159/000054615

49. Takenoya F, Aihara K, Funahashi H, Matsumoto H, Ohtaki T, Tsurugano S,
et al. Galanin-like peptide is target for regulation by orexin in the rat hypothalamus.
Neurosci Lett (2003) 340(3):209-12. doi: 10.1016/S0304-3940(03)00120-4

50. Bedecs K, Berthold M, Bartfai T. Galanin-10 years with a neuroendocrine
peptide. Int ] Biochem Cell Biol (1995) 27(4):337-49. doi: 10.1016/1357-2725(95)
00008-D

51. Wallin A, Gottfries CG. Biochemical substrates in normal aging and
alzheimer's disease. Pharmacopsychiatry (1990) 23 Suppl 2:37-43. doi: 10.1055/s-
2007-1014530

52. Fang P, Yu M, Wan D, Zhang L, Han L, Shen Z, et al. Regulatory effects of
galanin system on development of several age-related chronic diseases. Exp
Gerontol (2017) 95:88-97. doi: 10.1016/j.exger.2017.04.009

53. Kask K, Berthold M, Bartfai T. Galanin receptors: Involvement in feeding,
pain, depression and alzheimer's disease. Life Sci (1997) 60(18):1523-33. doi:
10.1016/50024-3205(96)00624-8

54. Zhang Z, Fang P, Shi M, Zhu Y, Bo P. Elevated galanin may predict the risk
of type 2 diabetes mellitus for development of alzheimer's disease. Mech Ageing Dev
(2015) 150:20-6. doi: 10.1016/j.mad.2015.08.001

55. Fang P, She Y, Han L, Wan S, Shang W, Zhang Z, et al. A promising
biomarker of elevated galanin level in hypothalamus for osteoporosis risk in type 2
diabetes mellitus. Mech Ageing Dev (2021) 194:111427. doi: 10.1016/
j-mad.2020.111427

56. Locker F, Bieler L, Nowack LMF, Leitner J, Brunner SM, Zaunmair P, et al.
Involvement of neuropeptide galanin receptors 2 and 3 in learning, memory and
anxiety in aging mice. Molecules (2021) 26(7):1978. doi: 10.3390/
molecules26071978

57. Lu X, Sharkey L, Bartfai T. The brain galanin receptors: targets for novel
antidepressant drugs. CNS Neurol Disord Drug Targets (2007) 6(3):183-92. doi:
10.2174/187152707780619335

58. Idelevich A, Sato K, Nagano K, Rowe G, Gori F, Baron R. Neuronal
hypothalamic regulation of body metabolism and bone density is galanin
dependent. J Clin Invest (2018) 128(6):2626-41. doi: 10.1172/JCI99350

59. McDonald AC, Schuijers JA, Shen PJ, Gundlach AL, Grills BL. Expression of
galanin and galanin receptor-1 in normal bone and during fracture repair in the rat.
Bone (2003) 33(5):788-97. doi: 10.1016/S8756-3282(03)00244-8

60. Bauer JW, Lang R, Jakab M, Kofler B. Galanin family of peptides in skin
function. Exp Suppl (2010) 102:51-9. doi: 10.1007/978-3-0346-0228-0_5

61. Fu XW, Sun AM. Galanin-induced inhibition of insulin release from
cultured rat islets. Zhongguo Yao Li Xue Bao (1988) 9(5):437-41.

62. Leonhardt U, Siegel EG, Kohler H, Barthel M, Tytko A, Nebendahl K, et al.
Galanin inhibits glucose-induced insulin release in vitro. Horm Metab Res (1989)
21(2):100-1. doi: 10.1055/s-2007-1009161

63. Lindskog S, Ahren B. Effects of galanin on insulin and glucagon secretion in
the rat. Int ] Pancreatol (1989) 4(3):335-44. doi: 10.1007/BF02938468

64. Fang P, Yu M, Shi M, Bo P, Zhang Z. Galanin peptide family regulation of
glucose metabolism. Front Neuroendoc (2020) 56:100801. doi: 10.1016/
j.yfrne.2019.100801

65. Ogren SO, Pramanik A. Galanin stimulates acetylcholine release in the rat
striatum. Neurosci Lett (1991) 128(2):253-6. doi: 10.1016/0304-3940(91)90273-V

66. Mulholland MW, Schoeneich S, Flowe K. Galanin inhibition of enteric
cholinergic neurotransmission: Guanosine triphosphate-binding protein
interactions with adenylate cyclase. Surgery (1992) 112(2):195-201.

Frontiers in Endocrinology

10

10.3389/fendo.2022.1019943

67. Ben-Ari Y. Galanin and glibenclamide modulate the anoxic release of
glutamate in rat CA3 hippocampal neurons. Eur ] Neurosci (1990) 2(1):62-8.
doi: 10.1111/j.1460-9568.1990.tb00381.x

68. Mufson EJ, Kahl U, Bowser R, Mash DC, Kordower JH, Deecher DC.
Galanin expression within the basal forebrain in alzheimer's disease. comments on
therapeutic potential. Ann N'Y Acad Sci (1998) 863:291-304. doi: 10.1111/§.1749-
6632.1998.tb10703.x

69. Counts SE, Perez SE, Ginsberg SD, De Lacalle S, Mufson EJ. Galanin in
Alzheimer disease. Mol Interv (2003) 3(3):137-56. doi: 10.1124/mi.3.3.137

70. Crawley JN. Galanin impairs cognitive abilities in rodents: Relevance to
alzheimer's disease. Exp Suppl (2010) 102:133-41. doi: 10.1007/978-3-0346-0228-
0_10

71. Genders SG, Scheller KJ, Djouma E. Neuropeptide modulation of addiction:
Focus on galanin. Neurosci Biobehav Rev (2020) 110:133-49. doi: 10.1016/
j.neubiorev.2018.06.021

72. Belfer I, Hipp H, McKnight C, Evans C, Buzas B, Bollettino A, et al.
Association of galanin haplotypes with alcoholism and anxiety in two ethnically
distinct populations. Mol Psychiatry (2006) 11(3):301-11. doi: 10.1038/
sj.mp.4001768

73. McDonald MP, Crawley JN. Galanin-acetylcholine interactions in rodent
memory tasks and alzheimer's disease. ] Psychiatry Neurosci (1997) 22(5):303-17.

74. Ding X, MacTavish D, Kar S, Jhamandas JH. Galanin attenuates beta-
amyloid (Abeta) toxicity in rat cholinergic basal forebrain neurons. Neurobiol Dis
(2006) 21(2):413-20. doi: 10.1016/j.nbd.2005.08.016

75. Palkovits M. Neuropeptide messenger plasticity in the CNS neurons
following axotomy. Mol Neurobiol (1995) 10(2-3):91-103. doi: 10.1007/
BF02740669

76. Holmes FE, Mahoney S, King VR, Bacon A, Kerr NC, Pachnis V, et al.
Targeted disruption of the galanin gene reduces the number of sensory neurons
and their regenerative capacity. Proc Natl Acad Sci U.S.A. (2000) 97(21):11563-8.
doi: 10.1073/pnas.210221897

77. Holmes FE, Mahoney SA, Wynick D. Use of genetically engineered transgenic
mice to investigate the role of galanin in the peripheral nervous system after injury.
Neuropeptides (2005) 39(3):191-9. doi: 10.1016/j.npep.2005.01.001

78. Heppelmann B, Just S, Pawlak M. Galanin influences the mechanosensitivity
of sensory endings in the rat knee joint. Eur ] Neurosci (2000) 12(5):1567-72. doi:
10.1046/j.1460-9568.2000.00045.x

79. Gajda M, Litwin JA, Zagolski O, Lis GJ, Cichocki T, Timmermans JP, et al.
Development of galanin-containing nerve fibres in rat tibia. Anat Histol Embryol
(2009) 38(2):112-7. doi: 10.1111/.1439-0264.2008.00905.x

80. McDonald AC, Schuijers JA, Gundlach AL, Grills BL. Galanin treatment
offsets the inhibition of bone formation and downregulates the increase in mouse
calvarial expression of TNFalpha and GalR2 mRNA induced by chronic daily
injections of an injurious vehicle. Bone (2007) 40(4):895-903. doi: 10.1016/
j.bone.2006.10.018

81. Saito J, Ozaki Y, Ohnishi H, Nakamura T, Ueta Y. Induction of galanin-like
peptide gene expression in the rat posterior pituitary gland during endotoxin shock
and adjuvant arthritis. Brain Res Mol Brain Res (2003) 113(1-2):124-32. doi:
10.1016/50169-328X(03)00129-3

82. Suzuki H, Onaka T, Dayanithi G, Ueta Y. Pathophysiological roles of
galanin-like peptide in the hypothalamus and posterior pituitary gland.
Pathophysiology (2010) 17(2):135-40. doi: 10.1016/j.pathophys.2009.03.007

83. Saito J, Ozaki Y, Kawasaki M, Ohnishi H, Okimoto N, Nakamura T, et al.
Induction of galanin-like peptide gene expression in the arcuate nucleus of the rat
after acute but not chronic inflammatory stress. Brain Res Mol Brain Res (2005) 133
(2):233-41. doi: 10.1016/j.molbrainres.2004.10.032

84. Cunningham M]. Galanin-like peptide as a link between metabolism and
reproduction. J Neuroendoc (2004) 16(8):717-23. doi: 10.1111/j.1365-
2826.2004.01221.x

85. Shiba K, Kageyama H, Takenoya F, Shioda S. Galanin-like peptide and the
regulation of feeding behavior and energy metabolism. FEBS ] (2010) 277
(24):5006-13. doi: 10.1111/§.1742-4658.2010.07933.x

86. Gundlach AL, Burazin TC, Larm JA. Distribution, regulation and role of
hypothalamic galanin systems: Renewed interest in a pleiotropic peptide family.
Clin Exp Pharmacol Physiol (2001) 28(1-2):100-5. doi: 10.1046/j.1440-
1681.2001.03411.x

87. Wodowska J, Ciosek J. Galanin-like peptide (GALP): Localization, receptors
and biological function. Postepy Hig Med Dosw (2015) 69:1067-76.

88. Mensah ET, Blanco AM, Donini A, Unniappan S. Brain and intestinal
expression of galanin-like peptide (GALP), galanin receptor R1 and galanin
receptor R2, and GALP regulation of food intake in goldfish (Carassius auratus).
Neurosci Lett (2017) 637:126-35. doi: 10.1016/j.neulet.2016.11.037

frontiersin.org


https://doi.org/10.1073/pnas.93.25.14901
https://doi.org/10.1073/pnas.85.19.7408
https://doi.org/10.1155/2008/420747
https://doi.org/10.1210/endo.141.7.7669
https://doi.org/10.1159/000054573
https://doi.org/10.1159/000054615
https://doi.org/10.1016/S0304-3940(03)00120-4
https://doi.org/10.1016/1357-2725(95)00008-D
https://doi.org/10.1016/1357-2725(95)00008-D
https://doi.org/10.1055/s-2007-1014530
https://doi.org/10.1055/s-2007-1014530
https://doi.org/10.1016/j.exger.2017.04.009
https://doi.org/10.1016/S0024-3205(96)00624-8
https://doi.org/10.1016/j.mad.2015.08.001
https://doi.org/10.1016/j.mad.2020.111427
https://doi.org/10.1016/j.mad.2020.111427
https://doi.org/10.3390/molecules26071978
https://doi.org/10.3390/molecules26071978
https://doi.org/10.2174/187152707780619335
https://doi.org/10.1172/JCI99350
https://doi.org/10.1016/S8756-3282(03)00244-8
https://doi.org/10.1007/978-3-0346-0228-0_5
https://doi.org/10.1055/s-2007-1009161
https://doi.org/10.1007/BF02938468
https://doi.org/10.1016/j.yfrne.2019.100801
https://doi.org/10.1016/j.yfrne.2019.100801
https://doi.org/10.1016/0304-3940(91)90273-V
https://doi.org/10.1111/j.1460-9568.1990.tb00381.x
https://doi.org/10.1111/j.1749-6632.1998.tb10703.x
https://doi.org/10.1111/j.1749-6632.1998.tb10703.x
https://doi.org/10.1124/mi.3.3.137
https://doi.org/10.1007/978-3-0346-0228-0_10
https://doi.org/10.1007/978-3-0346-0228-0_10
https://doi.org/10.1016/j.neubiorev.2018.06.021
https://doi.org/10.1016/j.neubiorev.2018.06.021
https://doi.org/10.1038/sj.mp.4001768
https://doi.org/10.1038/sj.mp.4001768
https://doi.org/10.1016/j.nbd.2005.08.016
https://doi.org/10.1007/BF02740669
https://doi.org/10.1007/BF02740669
https://doi.org/10.1073/pnas.210221897
https://doi.org/10.1016/j.npep.2005.01.001
https://doi.org/10.1046/j.1460-9568.2000.00045.x
https://doi.org/10.1111/j.1439-0264.2008.00905.x
https://doi.org/10.1016/j.bone.2006.10.018
https://doi.org/10.1016/j.bone.2006.10.018
https://doi.org/10.1016/S0169-328X(03)00129-3
https://doi.org/10.1016/j.pathophys.2009.03.007
https://doi.org/10.1016/j.molbrainres.2004.10.032
https://doi.org/10.1111/j.1365-2826.2004.01221.x
https://doi.org/10.1111/j.1365-2826.2004.01221.x
https://doi.org/10.1111/j.1742-4658.2010.07933.x
https://doi.org/10.1046/j.1440-1681.2001.03411.x
https://doi.org/10.1046/j.1440-1681.2001.03411.x
https://doi.org/10.1016/j.neulet.2016.11.037
https://doi.org/10.3389/fendo.2022.1019943
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhu et al.

89. Takenoya F, Guan JL, Kato M, Sakuma Y, Kintaka Y, Kitamura Y, et al.
Neural interaction between galanin-like peptide (GALP)- and luteinizing
hormone-releasing hormone (LHRH)-containing neurons. Peptides (2006) 27
(11):2885-93. doi: 10.1016/j.peptides.2006.05.012

90. Fraley GS, Leathley E, Lundy N, Chheng E, King I, Kofler B. Effects of alarin
on food intake, body weight and luteinizing hormone secretion in male mice.
Neuropeptides (2012) 46(2):99-104. doi: 10.1016/j.npep.2011.12.003

91. Gottsch ML, Clifton DK, Steiner RA. Galanin-like peptide as a link in the
integration of metabolism and reproduction. Trends Endocrinol Metab (2004) 15
(5):215-21. doi: 10.1016/j.tem.2004.05.010

92. Van Der Kolk N, Madison FN, Mohr M, Eberhard N, Kofler B, Fraley GS.
Alarin stimulates food intake in male rats and LH secretion in castrated male rats.
Neuropeptides (2010) 44(4):333-40. doi: 10.1016/j.npep.2010.04.001

93. Eberhard N, Mayer C, Santic R, Navio RP, Wagner A, Bauer HC, et al.
Distribution of alarin immunoreactivity in the mouse brain. ] Mol Neurosci (2012)
46(1):18-32. doi: 10.1007/s12031-011-9546-y

94. Bautista TG, Fong AY, Pilowsky PM, Ikeda K, Kawakami K, Spirovski D,
et al. The expression of galanin in the parafacial respiratory group and its effects on
respiration in neonatal rats. Neuroscience (2018) 384:1-13. doi: 10.1016/
j-neuroscience.2018.05.009

95. Bochorishvili G, Stornetta RL, Coates MB, Guyenet PG. Pre-botzinger
complex receives glutamatergic innervation from galaninergic and other
retrotrapezoid nucleus neurons. ] Comp Neurol (2012) 520(5):1047-61. doi:
10.1002/cne.22769

96. Shi Y, Stornetta RL, Stornetta DS, Onengut-Gumuscu S, Farber EA, Turner
SD, et al. Neuromedin b expression defines the mouse retrotrapezoid nucleus. J
Neurosci (2017) 37(48):11744-57. doi: 10.1523/JNEUROSCL2055-17.2017

97. Spirovski D, Li Q, Pilowsky PM. Brainstem galanin-synthesizing neurons are
differentially activated by chemoreceptor stimuli and represent a subpopulation of
respiratory neurons. ] Comp Neurol (2012) 520(1):154-73. doi: 10.1002/cne.22723

98. Abbott SB, Burke PG, Pilowsky PM. Galanin microinjection into the
PreBotzinger or the botzinger complex terminates central inspiratory activity

Frontiers in Endocrinology

11

10.3389/fendo.2022.1019943

and reduces responses to hypoxia and hypercapnia in rat. Respir Physiol
Neurobiol (2009) 167(3):299-306. doi: 10.1016/j.resp.2009.06.003

99. Wiesenfeld-Hallin Z, Bartfai T, Hokfelt T. Galanin in sensory neurons in the
spinal cord. Front Neuroendoc (1992) 13(4):319-43.

100. Drake MJ, Hedlund P, Mills IW, McCoy R, McMurray G, Gardner BP,
et al. Structural and functional denervation of human detrusor after spinal cord
injury. Lab Invest (2000) 80(10):1491-9. doi: 10.1038/labinvest.3780158

101. Zvarova K, Murray E, Vizzard MA. Changes in galanin immunoreactivity
in rat lumbosacral spinal cord and dorsal root ganglia after spinal cord injury. J
Comp Neurol (2004) 475(4):590-603. doi: 10.1002/cne.20195

102. Park S, Park K, Lee Y, Chang KT, Hong Y. New prophylactic and
therapeutic strategies for spinal cord injury. J Lifestyle Med (2013) 3(1):34-40.

103. Coronel MF, Villar MJ, Brumovsky PR, Gonzalez SL. Spinal neuropeptide
expression and neuropathic behavior in the acute and chronic phases after spinal
cord injury: Effects of progesterone administration. Peptides (2017) 88:189-95. doi:
10.1016/j.peptides.2017.01.001

104. Chehensse C, Facchinetti P, Bahrami S, Andrey P, Soler JM, Chretien F,
et al. Human spinal ejaculation generator. Ann Neurol (2017) 81(1):35-45. doi:
10.1002/ana.24819

105. Nicholas AP, Zhang X, Hokfelt T. An immunohistochemical investigation
of the opioid cell column in lamina X of the male rat lumbosacral spinal cord.
Neurosci Lett (1999) 270(1):9-12. doi: 10.1016/S0304-3940(99)00446-2

106. Truitt WA, Coolen LM. Identification of a potential ejaculation generator
in the spinal cord. Science (2002) 297(5586):1566-9. doi: 10.1126/science.1073885

107. Kerr BJ, Thompson SW, Wynick D, McMahon SB. Endogenous galanin is
required for the full expression of central sensitization following peripheral nerve
injury. Neuroreport (2001) 12(15):3331-4. doi: 10.1097/00001756-200110290-
00037

108. Liu HX, Hokfelt T. The participation of galanin in pain processing at the
spinal level. Trends Pharmacol Sci (2002) 23(10):468-74. doi: 10.1016/S0165-6147
(02)02074-6

frontiersin.org


https://doi.org/10.1016/j.peptides.2006.05.012
https://doi.org/10.1016/j.npep.2011.12.003
https://doi.org/10.1016/j.tem.2004.05.010
https://doi.org/10.1016/j.npep.2010.04.001
https://doi.org/10.1007/s12031-011-9546-y
https://doi.org/10.1016/j.neuroscience.2018.05.009
https://doi.org/10.1016/j.neuroscience.2018.05.009
https://doi.org/10.1002/cne.22769
https://doi.org/10.1523/JNEUROSCI.2055-17.2017
https://doi.org/10.1002/cne.22723
https://doi.org/10.1016/j.resp.2009.06.003
https://doi.org/10.1038/labinvest.3780158
https://doi.org/10.1002/cne.20195
https://doi.org/10.1016/j.peptides.2017.01.001
https://doi.org/10.1002/ana.24819
https://doi.org/10.1016/S0304-3940(99)00446-2
https://doi.org/10.1126/science.1073885
https://doi.org/10.1097/00001756-200110290-00037
https://doi.org/10.1097/00001756-200110290-00037
https://doi.org/10.1016/S0165-6147(02)02074-6
https://doi.org/10.1016/S0165-6147(02)02074-6
https://doi.org/10.3389/fendo.2022.1019943
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Galanin family peptides: Molecular structure, expression and roles in the neuroendocrine axis and in the spinal cord
	Introduction
	Molecular structural analysis and expression of galanin
	Molecular structural analysis and expression of GALP and alarin
	The role of galanin, GALP and alarin in the neuroendocrine axis
	The emerging role of galanin, GALP and alarin in the spinal cord
	Summary
	Author contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


