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COMMENTARY

Physiological signaling in the absence of
amidated peptides
Iris Lindberga,1 and Christopher C. Glembotskib,c

Peptidergic signaling is an ancientmanner of intertissue
communication in multicellular organisms. Even the
early eukaryote Trichoplax, with its limited 6-tissue rep-
ertoire, uses peptides to communicate between its tis-
sues (1). Humans use peptidergic communication not
only to transfer signals between tissues, but also to
employ peptide signals in brain and peripheral nerve
tracts to efficiently transfer information regarding hun-
ger, anxiety, andmany other types of physiologic states
(reviewed in ref. 2). In PNAS, a study by Powers et al. (3),
“Identifying roles for peptidergic signaling in mice,”
describes an approach to the study of peptidergic func-
tion that depends on a unique aspect of how signaling
peptides are synthesized.

The manner in which signaling peptides are synthe-
sized has remained remarkably constant over millions of
years of eukaryotic evolution. Within the regulated secre-
tory pathway (present in neurons and neuroendocrine
cells), small peptides are typically excised from larger
precursors by “eukaryotic subtilases” at sites marked
by pairs of basic amino acids, typically Lys-Arg, followed
by a series of enzymatic reactions. These reactions serve
to trim, modify, and/or protect the termini of the excised
peptides and are catalyzed by a variety of enzymes in
addition to the subtilases. These include a specific carboxy-
peptidase, carboxypeptidase E, which removes terminal
basic residues, and an amidating enzyme, which protects
the carboxyl terminus of the trimmed peptide from deg-
radation and often confers receptor-specific information.

This latter enzyme, peptidylglycine α-amidating
monooxygenase (PAM) (Fig. 1A), represents a particu-
larly fascinating molecular entity. Formed from 2 entirely
different catalytic species, a monooxygenase and a ly-
ase, in neuroendocrine cells such as neurons in the
brain, this complex enzyme catalyzes a 2-step reaction
that transforms a terminal glycine residue into an amide
(Fig. 1B) (4). The importance of PAM is underscored by
the fact that more than half of all known peptides are
amidated, and for most of them the C-terminal amide is
required for bioactivity (2, 5). In agreement with the

idea that amidated peptides represent critical signal-
ing molecules, organisms as simple as coral, Chlamy-
domonas, and Trichoplax use amidated peptides to
accomplish complex functions (1, 6, 7).

The study of neuropeptide signaling most likely
reached a peak in the later part of the last century, with
a total of about 100 different mammalian neuropeptides
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Fig. 1. Summary of the effects of PAM deletion in
neurons or cardiac myocytes. Shown are (A) the
topology of PAM, (B) the catalytic conversion of
C-terminally glycine-extended peptides to amidated
peptides by PAM in the brain, (C) the effects of PAM
deletion in excitatory forebrain neurons on amidated
peptide levels and behavior in mice, (D) the association
of PAM and pro-ANP in the heart and the cosecretional
cleavage of pro-ANP to bioactive ANP, and (E) the
effects of PAM deletion in atrial myocytes on ANP levels
and behavior. Heart and brain images courtesy of Alina
Bilal (San Diego State University, San Diego, CA).
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described by the year 2000 (reviewed in refs. 5 and 8). While the
majority of peptide biosynthetic enzymes were then characterized in
subsequent decades, interest in peptidergic communication within
the nervous system has waned compared to interest in classical neu-
rotransmitter systems (glutamate, dopamine, norepinephrine, and
acetylcholine), largely due to the emergence of powerful new
optogenetic and chemogenetic tools (as well as voltammetry) to
study brain pathways containing the latter. Far fewer tools are pres-
ently available to study peptidergic pathways. While genetic models
of specific peptide deficiency have been developed, these are
largely restricted to whole-body gene deletion; and changes in
peptidergic transmission cannot presently be quantified at relevant
spatial and temporal resolutions. Thus, it has been difficult to assess
the precise contribution of peptidergic signaling in specific cell types.

The paper by Powers et al. (3) begins to address the lack of
genetic tools to study neuropeptide function. In an effort to restrict
the analysis of amidated peptidergic function to specific tissues and
cell types, Powers et al. (3) constructed a floxed PAM mouse and
bred this mouse with 2 different site-specific Cre recombinase-
expressing driver lines to examine the contribution of peptidergic
transmission to function in several specific cell types. This is a critical
technical advancement because of the widespread importance and
function of amidated neuropeptides, which is underscored by the
fact that global PAM deletion in mice is embryonic lethal (9).

In the first mouse line described by Powers et al. (3), PAM was
conditionally deleted from excitatory forebrain neurons, presum-
ably altering the balance of excitatory and inhibitory signaling in
circuits involving these neurons. While these mice exhibited no
notable differences in weight or motor activity from wild-type mice,
they were significantly less anxious than wild-type mice in an ele-
vated 0 maze test (Fig. 1C), supporting Powers et al.’s (3) specula-
tion that amidated peptides produced in excitatory glutamatergic
neurons play functionally important roles. Another interesting be-
havioral feature of these mice was observed when testing re-
sponses to cocaine, during which they exhibited a significantly
enhanced locomotor responsiveness. While these results, per-
haps indicating altered amygdala peptide signaling (10), cannot
be ascribed to a specific amidated neuropeptide, they provide
the basis for further exploration using finer anatomic and chemical
tools and may yield additional drug targets to combat addiction.

In the second mouse line, Powers et al. (3) conditionally deleted
PAM from cardiac myocytes; they did this because they had previ-
ously found that PAM is expressed at the highest levels in atrial
myocytes (11, 12), which are well known for making the natriuretic
depressor hormone, atrial natriuretic factor (ANP) (13). It was previ-
ously found by others that ANP is stored in large quantities in atrial
myocytes as an inactive prohormone, pro-ANP, and that it is pro-
teolytically processed to its active form, ANP, at the moment of
secretion (Fig. 1D) (14). While this unusual peptide prohormone
processing event is well understood, the reasons for cosecretional
proteolytic processing are not known. The finding of large quanti-
ties of PAM in atrial myocytes, where it is colocalized with pro-ANP
(15), is particularly intriguing because ANP is not amidated and
none of the other major peptides made by atrial myocytes are
amidated. These findings suggest that PAM, which is a secretory
granule luminal protein in most neuroendocrine cells, might serve
additional functions in the heart, where it resides as a transmem-
brane protein in the Golgi complex and in atrial secretory granules.

In support of additional functions for PAM in the heart are stud-
ies showing that pro-ANP, while itself not a transmembrane protein,
is tightly associated with atrial secretory granule membranes, prob-
ably by virtue of its binding to the intraluminal portion of membrane

PAM (16). This interaction implies that PAM and pro-ANP might
collaborate to exert as-yet undiscovered functions perhaps unre-
lated to peptide amidation. Consistent with this are studies showing
that disrupting the association of PAM and pro-ANP in atrial myo-
cytes, which requires mutating only 2 amino acids in pro-ANP,
impairs atrial secretory granule biogenesis, as well as ANP secretion
(17–19). These results suggest that, in addition to its known role in
peptide amidation, PAM in atrial myocytes may function in concert
with pro-ANP to facilitate the biogenesis of secretory granules.
While the authors did not examine the effect of PAM deletion on
atrial myocyte secretory granule number, they did find that deleting
PAM specifically in cardiac myocytes decreased atrial levels of
pro-ANP and circulating levels of ANP. Coupled with the mutation
studies showing that disruption of the PAM/pro-ANP interaction
decreases atrial secretory granule number, this finding underscores
an essential role for PAM in the heart and provides a potential
explanation for why ANP is stored in the heart as a precursor.

In PNAS, a study by Powers et al., “Identifying
roles for peptidergic signaling in mice,” describes
an approach to the study of peptidergic function
that depends on a unique aspect of how
signaling peptides are synthesized.

ANP is known to decrease plasma sodium and thus works to
maintain normal blood pressure. However, Powers et al. (3) find
that while PAM deletion in cardiac myocytes decreases ANP lev-
els, it does not result in the predicted increases in blood pressure
in mice subjected to a high-salt diet. This result is surprising, since
global knockout of ANP in mice results in hypertension, even in
mice on a normal salt diet (20). Another, perhaps more surprising
finding is that deletion of PAM in cardiac myocytes results in
behavioral effects, including an increase in anxiety-like behavior
(Fig. 1E). Although the connection between PAM deletion in car-
diac myocytes and brain function that probably underlies this
phenotype is not yet understood, it could be that atrial ANP, or
some other atrial factor(s) impacted by PAM deletion, can signal
back to the CNS in exciting, yet-to-be described ways.

While the Powers et al. (3) paper provides an important step
forward in providing an approach to analyzing peptide function,
complicating matters is the possibility that the loss of PAM results
in other physiological effects distinct from and additional to de-
creased peptide amidation. In fact, this possibility is underscored
by the abovementioned findings in PAM-deleted atrial myocytes.
Recent studies have shown that PAM expression also plays a role
in intracellular communication in endocrine cells, with its carboxyl-
terminal tail shuttling to the nucleus to convey information regard-
ing secretory granule content (21). Indeed, the full range of func-
tions for PAM may not yet be known, as PAM is found in cilia and
seems to play an evolutionarily conserved role in ciliogenesis (22).
Parsing out these noncanonical roles for PAM from its direct role in
peptide amidation may prove to be complex.

In summary, with the development of the PAM floxed mouse,
the Powers et al. (3) paper represents the start of an additional
toolkit for exploring peptidergic signaling in a cell-specific man-
ner. Others will undoubtedly build on this model to refine the
contributions of specific amidated peptides; for example, one
could envision selective restoration of NPY expression using
AAV-proNPY injection into specific brain nuclei containing proNPY-
expressing cell bodies. Spatially selective peptide loss could
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potentially be achieved by viral injection of Cre-expressing AAVs,
again with the caveat that cell bodies rather than terminal fields
must be targeted. The ability to accurately assess the physiolog-
ical contributions of peptide signaling to specific circuits, known
to occur in concert with classical neurotransmitter signaling, will
hopefully usher in a renaissance of the study of neuropeptides,

which is sure to provide a much richer mechanistic picture of
signaling overall.

Acknowledgments
We thank Alina Bilal (San Diego State University Heart Institute) for outstanding
artwork. This work was supported by NIH Grants 1HL135893, 1HL141463, and
1HL149931 (to C.C.G.) and AG062222 and DA05084 (to I.L.).

1 A. Senatore, T. S. Reese, C. L. Smith, Neuropeptidergic integration of behavior in Trichoplax adhaerens, an animal without synapses. J. Exp. Biol. 220, 3381–3390
(2017).

2 R. E. Mains et al., Cellular and molecular aspects of peptide hormone biosynthesis. Front. Neuroendocrinol. 11, 52–89 (1990).
3 K. G. Powers, X.-M. Ma, B. A. Eipper, R. E. Mains, Identifying roles for peptidergic signaling in mice. Proc. Natl. Acad. Sci. U.S.A. 116, 20169–20179. (2019).
4 D. Kumar, R. E. Mains, B. A. Eipper, 60 YEARS OF POMC: From POMC and α-MSH to PAM, molecular oxygen, copper, and vitamin C. J. Mol. Endocrinol. 56, T63–
T76 (2016).

5 A. F. Russo, Overview of neuropeptides: Awakening the senses? Headache 57 (suppl. 2), 37–46 (2017).
6 R. Luxmi et al., Proteases shape the Chlamydomonas secretome: Comparison to classical neuropeptide processing machinery. Proteomes 6, E36 (2018).
7 R. M. Attenborough, D. C. Hayward, M. V. Kitahara, D. J. Miller, E. E. Ball, A “neural” enzyme in nonbilaterian animals and algae: Preneural origins for
peptidylglycine α-amidating monooxygenase. Mol. Biol. Evol. 29, 3095–3109 (2012).

8 J. P. Burbach, What are neuropeptides? Methods Mol. Biol. 789, 1–36 (2011).
9 T. A. Czyzyk et al., Deletion of peptide amidation enzymatic activity leads to edema and embryonic lethality in the mouse. Dev. Biol. 287, 301–313 (2005).

10 D. C. Castro, M. R. Bruchas, A motivational and neuropeptidergic hub: Anatomical and functional diversity within the nucleus accumbens shell.Neuron 102, 529–
552 (2019).

11 L. Ouafik, V. May, H. T. Keutmann, B. A. Eipper, Developmental regulation of peptidylglycine alpha-amidating monooxygenase (PAM) in rat heart atrium and
ventricle. Tissue-specific changes in distribution of PAM activity, mRNA levels, and protein forms. J. Biol. Chem. 264, 5839–5845 (1989).

12 D. A. Stoffers, C. B. Green, B. A. Eipper, Alternative mRNA splicing generates multiple forms of peptidyl-glycine alpha-amidating monooxygenase in rat atrium.
Proc. Natl. Acad. Sci. U.S.A. 86, 735–739 (1989).

13 A. J. de Bold et al., A decade of atrial natriuretic factor research. Can. J. Physiol. Pharmacol. 69, 1480–1485 (1991).
14 C. A. Sei, G. L. Hand, S. F. Murray, C. C. Glembotski, The cosecretional maturation of atrial natriuretic factor by primary atrial myocytes. Mol. Endocrinol. 6, 309–

319 (1992).
15 J. Y. Maltese, B. A. Eipper, Developmental expression of peptidylglycine alpha-amidating monooxygenase (PAM) in primary cultures of neonatal rat cardiocytes: A

model for studying regulation of PAM expression in the rat heart. Mol. Endocrinol. 6, 1998–2008 (1992).
16 P. J. O’Donnell, W. J. Driscoll, N. Bäck, E. Muth, G. P. Mueller, Peptidylglycine-alpha-amidating monooxygenase and pro-atrial natriuretic peptide constitute the

major membrane-associated proteins of rat atrial secretory granules. J. Mol. Cell. Cardiol. 35, 915–922 (2003).
17 L. Canaff, V. Brechler, T. L. Reudelhuber, G. Thibault, Secretory granule targeting of atrial natriuretic peptide correlates with its calcium-mediated aggregation.

Proc. Natl. Acad. Sci. U.S.A. 93, 9483–9487 (1996).
18 A. J. Baertschi et al., Acid prohormone sequence determines size, shape, and docking of secretory vesicles in atrial myocytes. Circ. Res. 89, E23–E29 (2001).
19 V. Labrador, C. Brun, S. König, A. Roatti, A. J. Baertschi, Peptidyl-glycine alpha-amidating monooxygenase targeting and shaping of atrial secretory vesicles:

Inhibition by mutated N-terminal ProANP and PBA. Circ. Res. 95, e98–e109 (2004).
20 S. W. John et al., Genetic decreases in atrial natriuretic peptide and salt-sensitive hypertension. Science 267, 679–681 (1995).
21 C. Rajagopal, K. L. Stone, R. E. Mains, B. A. Eipper, Secretion stimulates intramembrane proteolysis of a secretory granule membrane enzyme. J. Biol. Chem. 285,

34632–34642 (2010).
22 D. Kumar, R. E. Mains, B. A. Eipper, S. M. King, Ciliary and cytoskeletal functions of an ancient monooxygenase essential for bioactive amidated peptide synthesis.

Cell. Mol. Life Sci. 76, 2329–2348 (2019).

19776 | www.pnas.org/cgi/doi/10.1073/pnas.1914001116 Lindberg and Glembotski

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
5,

 2
02

1 

https://www.pnas.org/cgi/doi/10.1073/pnas.1914001116

