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!"
��!#�� When individual neurons in a circuit contain multiple neuropeptides, these peptides can target 

different sets of follower neurons. This endows the circuit with an additional level of flexibility. Here we 

identified a novel family of peptides, the ������� SPTR#Gene Family#Derived peptides (apSPTR#GF#DPs). We 

demonstrated apSPTR#GF#DPs, particularly apSPTR#GF#DP2, are expressed in the ��������CNS using 

immunohistochemistry and MALDI#TOF MS. apSPTR#GF#DP2 is present in single projection neurons, e.g., in 

the cerebral#buccal interneuron#12 (CBI#12). Previous studies have demonstrated that CBI#12 contains two 

peptides, FCAP/CP2 which appear to promote shortening of the protraction phase of motor programs. We provide 

further data in support of this idea. Moreover, we demonstrate that apSPTR#GF#DP2 also shortens protraction. 

Surprisingly, apSPTR#GF#DP2 does not increase the excitability of retraction interneuron B64. B64 terminates 

protraction and is modulated by FCAP/CP2. Instead, we show that apSPTR#GF#DP2 and CBI#12 increase B20 

excitability and B20 activity can shorten protraction. Taken together, these data indicate that different CBI#12 

peptides target different sets of pattern#generating interneurons to exert similar modulatory actions. These 

findings provide the first definitive evidence for SPTR#GF’s role in modulation of feeding, and a form of 

molecular degeneracy by multiple peptide cotransmitters in single identified neurons. 
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�� ����(�)#��(��

Many, if not all, neural circuits are multifunctional, due, in part, to actions of neuromodulators 
1#4

, such as 

neuropeptides. Neuropeptides act on GPCRs to exert slow and persistent actions in the circuit and alter intrinsic 

properties and/or synaptic connections of circuit elements so as to produce multiple outputs. In peptidergic 

neurons, neuropeptides are often colocalized with small molecular transmitters so that single neurons exert both 

fast and slow actions on their postsynaptic targets 
3#7

. An additional, prevalent level of complexity in peptide 

neuromodulation is that two or more peptide transmitters can be localized to one neuron 
6#13

, making it 

challenging to decipher the unique function of one peptide cotransmitter as opposed to another. For example, one 

important question that arises is, do colocalized peptides have similar functions? And if so, do they target the 

same or different circuit elements? We address this issue by studying peptidergic projection interneurons in the 

feeding circuit of an experimentally advantageous model system, the mollusc ��������������

���. Earlier work 

suggested that different peptides in single neurons may target the same set of neurons to produce similar 

functional effects 
12#15

. Here we provide evidence suggesting that different peptides in single neurons may target 

different sets of neurons but still fulfill a similar function. 

These experiments focus on the SPTR#Gene Family peptides. The SPTR precursor was first discovered in 

���
��� 
16

, which like �������, is a gastropod mollusc. More recent work has identified SPTR gene family 

(SPTR#GF) precursors in other molluscs and in several annelids 
17#24

. For example, in �������, the SPTR precursor, 

referred to as Whitnin, has been deposited into the NCBI database 
25

. Nevertheless, there is little definitive 

information regarding the possible functions of SPTR#GF#derived peptides (SPTR#GF#DPs). In ���
���, 

SPTR#GF#DPs were examined for their potential role in axonal growth, but no effect was found 
16

. Two other 

studies suggested that SPTR#GF#DPs might be differentially expressed during the life cycle of a mollusc 
18, 19

. 

This might suggest a role in development, but to date none has been demonstrated. More relevant to the present 

work, there has been no demonstration of a behavioral effect of the SPTR#GF#DPs in any species. 

Since many peptides are present in the ������� feeding system 
26#38

, we sought to determine whether ������� 

apSPTR#GF#DPs (apSPTR#GF#DPs) play a role in modulating the feeding central pattern generator (CPG). We 

demonstrated the expression of apSPTR#GF#DPs in the ������� CNS using MALDI#TOF MS, and mapped the 

distribution of apSPTR#GF#DPs containing neurons using immunohistochemistry. We found that the 
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apSPTR#GF#DPs are present in single neurons of the cerebral and buccal ganglia that are involved in the control 

of feeding. In particular, they are present in a projection interneuron, the cerebral#buccal interneuron#12 (CBI#12) 

which also contains two other peptides, FCAP and CP2 
39, 40

. Previous work has demonstrated that stimulation of 

CBI#12 can shorten the duration of the protraction phase of motor programs 
41

. Presumably this effect is at least 

partially mediated by effects of FCAP and CP2, which increase the excitability of the interneuron B64 
12

. B64 

terminates protraction and initiates retraction when it is activated 
42, 43

. We found that one of the apSPTR#GF#DPs, 

i.e., apSPTR#GF#DP2, also shortens protraction duration. Surprisingly, however, apSPTR#GF#DP2 did not 

enhance B64 excitability. Instead, apSPTR#GF#DP2 enhanced the excitability of a different interneuron, B20, 

which we now show can also shorten protraction. Overall, the data suggest that different peptides in CBI#12, i.e., 

FCAP/CP2 and apSPTR#GF#DP2, may target different sets of CPG interneurons to produce the same modulatory 

effect. This may constitute a form of molecular degeneracy. 

 

�� �%
)��
�

"���	�����
�������
������	����������	����
�������� ����* The apSPTR Precursor was identified using 

an Expressed Sequence Tag (EST) approach, and the gene sequence, named Whitnin, was deposited into the 

NCBI database (GenBank
TM

 accession number AAV84472.1) 
25

. We named it apSPTR precursor (Figure 1a) due 

to its 86% identity to the SPTR neuropeptide precursor identified in ���
��� 
16

.  

The apSPTR precursor consists of 116 amino acids and has a structure characteristic of a neuropeptide 

prohormone, having a signal peptide and encoding several putative peptides. Its signal peptide was predicted by 

the SignalP tool (http://www.cbs.dtu.dk/services/SignalP/). There is a 75.9% (D value) chance of a signal peptide 

cleavage site between Ser
23 

and Lys
24 

in the preproprotein. Our MS analysis described later indicated that the 

peptide detected closest to the N terminus, named apSPTR#GF#DP1, was Lys
24

#Asn
42

 (see Figure 5), which 

matches with the signal peptide prediction.  

We used NeuroPred (http://stagbeetle.animal.uiuc.edu/cgi#bin/neuropred.py) to predict putative neuropeptides 

from the apSPTR precursor. Five potential neuropeptides were predicted. However, the cleavage site at Arg
101

 is 

not utilized due to the formation of a disulfide bridge on peptide M
92

#S
114 

as determined by MALDI#TOF MS, 

thus three putative neuropeptides are listed in Figure 1a. The peptide amidation was also verified by MALDI#TOF 
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MS, and the peptide M
92

#S
114

 has been named apSPTR#GF#DP2. The localization of precursor processing sites is 

similar to those described in ���
��� 
16

, but actual processing cannot be compared due to lack of peptide 

structure confirmation in ���
���. Koert et al 
16

 suggested processing of the prohormone C terminus region into 

two peptides, ERYM#amid and pQRYMGICMRKQYNNFVPVPCLRS#amide based on MALDI MS data from 

the fractionated ganglia extracts, but the suggestion remained to be verified. 

In addition to mollusca, precursors from five annelid species were found to have some similarity with SPTR 

precursor. Finally, a study on the mollusc������������
��� 
17

 suggested that the PKYMDT region of the molluscan 

SPTR may be homologous to an arthropod peptide proctolin (RYLPT). A similar idea was also suggested by 

other authors who analyzed both evolutionary relationships between neuropeptide precursors and evolutionary 

relationships between peptide receptors 
20, 44

. The arthropod proctolin precursors have been aligned with two 

molluscan and two annelid SPTR#Gene Family precursors (Supplemental sld.pdf in Mirabeau and Joly 2013)
20

. In 

order to determine how similar these precursors are, we compared 18 SPTR related precursors from 13 molluscs 

and 5 annelids, and proctolin precursors from 12 arthropods (Supplementary Table 1). We used Bioedit to align 

them (Supplementary Figure 1). The alignment suggested that proctolin precursors from ��
���,  !���, 

"��
��!��
� and�#��$�%�have little similarity with other precursors in this group, partly because their proctolin 

sequences are different from RYLPT. We therefore did another alignment without these four species 

(Supplementary Figure 2). 

This latter alignment shows that the similarity between species was largely related to the similarity between 

the sequence PKYMXT in mollusca, AXWLXT in annelida, and RYLPT in arthropoda, e.g., all of these 

sequences have a T at the end. However, despite the conservation for these three short sequences within each 

phylum, the similarity between phyla is poor. Further, the predicated peptides that contain the PKYMDT were not 

found to be expressed in any of the three molluscan species examined with MALDI#TOF MS (Supplementary 

Table 1), including ���
��� 
16

, &������� 
18

, and ������� (this work). This contrasts with what is observed in 

arthropods in which proctolin is clearly expressed 
45

. 

A peptide that is expressed in ������� (apSPTR#GF#DP2) is encoded toward the end of precursor (in the 

region marked with arrows, Supplementary Figures 1#3). In this region, there are similarities between molluscan 

and annelidan sequences. For example, there are two cysteines in all species except of  !�
�
�� (which only has 
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one Cys). The one Cys in  !�
�
���may, however, simply reflect the fact that the precursor sequence is 

incomplete. Further, half (i.e., 9 out of 18, Figure 2) of the molluscan and annelidan precursors terminate with a 

Gly, which suggests that other peptides are like apSPTR#GF#DP2 in that they are amidated. Interestingly, in this 

part of the arthropod precursors, no peptides are present. 

Overall, our bioinformatics data suggest that arthropod proctolin precursors are possibly not to be closely 

related to the SPTR precursor. On the other hand, genes in molluca and annelida are definitively related (aligned 

in Supplementary Figure 3), and belong to SPTR#Gene Family. Thus, we generated a phylogenic tree with 18 

SPTR#Gene Family precursors from 18 species (Supplementary Figure 4). Overall, the phylogenetic tree suggests 

that there are three clusters of closely related SPTR#Gene Family precursors: 1) Gastropod mollusca, 2) Bivalvia 

and cephalopoda molluscs, 3) Annelida (with one exception: Ruditapes, a bivalvia). 

���
��+ 
��	������
�������������� 	�����
���
���	�
,����������#�
��	����� 	�����
����#"��-.* To 

map apSPTR#GF#DPs positive neurons and their processes in the CNS of �������, we performed 

immunohistochemistry experiments on whole mounts (n = 3 for each ganglion). To accomplish this, we raised a 

polyclonal antibody against apSPTR#GF#DP2, which is presumably amidated with a disulfide bridge (see the next 

section). The specificity of the antibody was verified in preabsorption experiments (Supplementary Figure 5).  

Importantly, apSPTR#GF#DP2 positive cell bodies are distributed in the buccal and cerebral ganglia (Figure 1b), 

which are involved in the control of feeding behavior in ������� 
42, 46#50

. The buccal ganglion contains 

motoneurons and CPG interneurons that form a pattern generator to drive radula rhythmic protraction#retraction 

movements. The cerebral ganglion contains somata of cerebral#buccal interneurons that send their axons to the 

buccal ganglion to drive or modulate the CPG there. The cerebral ganglion contains the most apSPTR#GF#DP2 

positive cell bodies, which are scattered on both the dorsal and ventral surfaces (Figure 1c1, c2). Most notably, the 

“M” cluster and adjacent areas on the ventral surface, where some CBIs are located contain several positive 

somata. In the buccal ganglion, there were two or three apSPTR#GF#DP2 positive neurons on the rostral surface 

(Figure 1b1), whereas no positive neurons were found on the caudal surface (Figure 1b2). 

To determine whether the apSPTR#GF#DP2 positive neurons may be previously identified neurons in the 

feeding circuit, we performed immunohistochemistry in conjunction with backfills of CBCs (Figure 3a, b). When 

the buccal end of the CBC was backfilled, a number of neurons on the rostral surface of the buccal ganglion were 
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stained (Figure 3a1). Three of these neurons were also immunopositive (Figure 3a2), indicating that these three 

apSPTR#GF#DP2 positive neurons are buccal#cerebral interneurons which send axons to the cerebral ganglion. 

When the cerebral end of the CBC was backfilled, several neurons in and around the “M” cluster on the ventral 

surface of the cerebral ganglion were stained (Figure 3b1). Four of these neurons were also immunoreactive 

(Figure 3b2), suggesting that these apSPTR#GF#DP2 positive neurons are CBIs. Based on its location, one of the 

CBIs (Figure 3b, large arrow in the middle) appeared to be CBI#12. To verify this, we injected CBI#12 (Figure 

3b1, arrow) and the adjacent C12 with carboxyfluorescein dye, and found that CBI#12 was immunostained 

(Figure 3b2, arrow) whereas C12 was not. 

We also performed immunohistochemistry on two other major central ganglia: pleural#pedal and abdominal 

ganglia (Figure 4). We observed several apSPTR#GF#DP2 positive neurons on the ventral side of the pleural 

ganglion (Figure 4a2, a4, arrows). A cluster of smaller neurons are located near the root of cerebropedal 

connective on the ventral side of the pedal ganglion (Figure 4a2, a4, arrowheads). Several apSPTR#GF#DP2 

positive neurons were also observed on the ventral side (Figure 4b, arrows), but not on the dorsal side of the 

abdominal ganglia. In summary, there are relatively few apSPTR#GF#DP2 positive somata in all ganglia, with the 

cerebral ganglion having the largest number of positive somata. On the other hand, apSPTR#GF#DP2 positive 

neuropile and fibers are extensively distributed in the cerebral ganglion and the ventral side of the pedal ganglia. 

/����
���
����
����!	�������������,����	����������	0��	�����

��	���
��	���/�������
��	��1��/�2��	�

�	����� ����� ��	�* To determine processing and PTMs of the apSPTR precursor, we performed MALDI#TOF 

MS on single neurons in the cerebral and buccal ganglia, an approach well suited for characterizing prohormone 

processing 
51#53

. Based on the above immunohistochemistry experiments (Figure 1b, Figure 3a2, b2) showing that 

some cells in the cerebral “M” cluster and rostral buccal surface are immunopositive, we isolated two single 

neurons from the cerebral region and two cells from rostral surface in the buccal ganglion. We observed mass 

peaks matching protonated ions of two predicted peptides, i.e., apSPTR#GF#DP1 (M+H 1970.019) and 

apSPTR#GF#DP2 (M+H 2837.37) (Figure 5a, b). We also observed a mass peak matching protonated ions of 

apSPTR#GF#DP2 from a sample derived from the CBC (Figure 5c). The linker peptide containing PKYMDT 

(M+H 5235.94) was not detected. Importantly, this verified that apSPTR#GF#DP2 is present in an amidated form 

with a disulfide bridge. These data also support the idea that the antibody we used is specific. Because the PTMs 
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such as amidation and the formation of a disulfide bridge often suggest bioactivity 
26, 27, 29, 30, 33#35, 38

, we focused 

the rest of the study on apSPTR#GF#DP2. We also aligned the sequence of this peptide with relevant sequences 

from 17 other species (Figure 2), with the two shared Cys present in most of the sequences except that of an 

incomplete prohormone in  !�
�
��. 

/�� ��
����!�
��	�������
���������.��	�
,�������	0�#��� �
*�To determine the functional role of 

apSPTR#GF#DP2 in the ������� feeding circuit, we first sought to determine whether apSPTR#GF#DP2 is 

bioactive. Specifically, we tested the effect of apSPTR#GF#DP2 on motor programs elicited by the command 

neuron CBI#2 
46#49

. We elicited a single cycle of a motor program by stimulating CBI#2 at 8#10 Hz. The 

inter#stimulation interval was 1.5 min. A representative example is showed in Figure 6a. Under control conditions 

(Figure 6a1), CBI#2 stimulation (9 Hz) elicited an ingestive motor program (i.e. B8 was predominantly active 

during retraction). When the preparation was superfused with 10
#6

 M apSPTR#GF#DP2 (Figure 6a2) and 10
#5

 M 

apSPTR#GF#DP2 (Figure 6a3), there was a concentration#dependent shortening of protraction (Figure 6a5, F (3, 

21) = 33.47, p < 0.001, n = 8). Other phases of the motor program were not significantly altered (i.e. there was no 

significant effect on retraction duration (Figure 6a6, F (3, 21) = 0.7241, p > 0.05, n = 8), or on B8 activity during 

protraction (Figure 6a7, F (3, 21) = 0.5283, p > 0.05, n = 8) or retraction (Figure 6a8, F (3, 21) = 0.9161, p > 0.05, 

n = 8). 

#��� �
����0�
�������
���������.* Similar to most rhythmic behaviors, feeding in ������� is controlled by 

a CPG. Therefore, we sought to determine whether apSPTR#GF#DP2 shortens the duration of protraction via 

modulation of the CPG. Specifically, we examined the effects of apSPTR#GF#DP2 on the excitability of the CPG 

element, interneuron B64. Previous studies have shown that B64 is active during retraction and acts as a 

terminator of protraction 
42, 43

. However, we found that apSPTR#GF#DP2 had no significant effect on B64 

excitability (Figure 6b, F (3,12) = 1.691, p > 0.05, n = 5). These data suggest that apSPTR#GF#DP2 does not 

shorten protraction by acting on B64. 

In the next set of experiments, we sought to find other interneurons that may be targeted by apSPTR#GF#DP2. 

We found that apSPTR#GF#DP2 increased the excitability of B20 in a concentration#dependent manner (Figure 

6c1, c2, F (3, 15) = 11.98, p < 0.001, n = 6). It also decreased the latency to spike (Figure 6c1, c3, F (3, 15) = 5.35, 

p < 0.05, n = 6). 
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We hypothesized that B20 may promote protraction shortening. To test this, we elicited motor programs by 

stimulating CBI#2 and depolarized B20 with a moderate amount of current (i.e. 3 nA), which increased B20 firing 

frequency (Control: 5.12 ± 1.21 Hz, B20 depolarization: 12.31 ± 0.76 Hz, Recovery: 5.85 ± 1.36 Hz).  

Protraction duration did decrease (Figure 7, F (2, 8) = 15.14, p < 0.01, n = 5). Thus, apSPTR#GF#DP2 may 

shorten protraction, at least partly, by acting on B20.  

�� ��	���
� ���������
���������.�����������#"��-.* CBI#12 is apSPTR#GF#DP2 immunoreactive 

(Figure 3b, c). This is intriguing because previous work has demonstrated that CBI#12 stimulation also shortens 

the duration of the protraction phase of CBI#2#elicted programs 
41

, like apSPTR#GF#DP2. We therefore 

hypothesized that CBI#12 might shorten protraction duration, partly through apSPTR#GF#DP2. If this hypothesis 

were correct, CBI#12 should increase the B20 excitability (as does apSPTR#GF#DP2). To test this, we stimulated 

CBI#12 at different frequencies (i.e. 5 Hz, 10 Hz, and 15 Hz) and measured the B20 excitability. Excitability was 

increased in a frequency#dependent manner (Figure 8a, b) (5 Hz, F (2, 8) = 53.39, p < 0.001, n = 5; 10 Hz, F (2, 8) 

= 74.45, p < 0.001, n = 5; 15 Hz, F (2,8) = 114.3, p < 0.001, n = 5). Thus, this provides at least a partial 

explanation for why CBI#12 shortens protraction. 

!���
��	������0�
�����#"��-.* Although the above data provide a possible mechanism underlying the ability 

of CBI#12 to shorten protraction, these findings do not exclude the possibility that CBI#12 may target additional 

neuronal elements to shorten protraction. In fact, previous work has shown that CBI#12 also contains two other 

peptides, FCAP 
40

 and CP2 
39

, and FCAP/CP2 enhance the excitability of B64 
12

. Thus, we hypothesized that 

CBI#12 might also increase B64 excitability. To test this, we stimulated CBI#12 at 10, 15 and 20 Hz. B64 

excitability was increased in a frequency#dependent manner (Figure 8c, d) (10 Hz, F (2, 6) = 9.52, p < 0. 05, n = 4; 

15 Hz, F (2, 6) =19.52, p < 0. 01, n = 4; 20 Hz, F (2, 6) =34.58, p < 0.001, n = 4). Although apSPTR#GF#DP2 

does not target B64, the data suggest that CBI#12 may use its other peptide co#transmitters, FCAP/CP2, to target 

B64. Thus, CBI#12 might shorten protraction duration by acting via at least two parallel peptidergic modulatory 

pathways (Figure 8e). 

 

�� ��
#)

�(� 

In this work, we studied SPTR#Gene Family#Derived peptides in �������, and provide the first definite evidence 
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for a function of SPTR#GF#DPs: i.e., a modulatory role in the feeding motor network. Perhaps more importantly, 

this study enabled us to identify novel example of molecular degeneracy, i.e., we demonstrate that a single effect 

(protraction shortening) can be mediated by multiple peptide cotransmitters contained in a single projection 

neuron. 

�,������ ����������
����0�	��������������������
������	���,����� 	�
��	����������/�� ��
����

/��,�	���������� �����
����* Since the initial discovery of the SPTR precursor in ���
��� in 2001 
16

, a 

number of precursors from SPTR#Gene Family have been identified in Mollusca and Annelida, i.e., 

lophotrochozoa 
17#24

. Although there have been suggestions that the PKYMDT sequence in the SPTR gene family 

in molluscs may be homologous to the arthropod proctolin sequence RYLPT 
17, 20, 44

, our sequence alignments 

(Supplementary Figures 1#3) suggest that this may not be the case for the following three reasons: 1) the 

similarity is poor even for this region (For Annelids, the sequence is AXWLXT). 2) Current MALDI#TOF MS 

data (Supplementary Table 1) provide evidence that PKYMDT or larger peptides that may contain the PKYMDT 

region is not processed in the three molluscs, whereas proctolin is expressed in arthropods 
45

; 3) the sequences 

that show more similarity between molluscs and annelids actually correspond to the amidated apSPTR#GF#DP2 

with a disulfide bridge, whereas no such similar sequence is present in any of the arthropod proctolin precursors. 

If this is the case, it would suggest that the SPTR gene family is present in molluscs and annelids, but not in 

arthropods (but see 
20, 44

). However, it is also possible that arthropods contain other, as yet unidentified peptide 

precursors that are related to SPTR gene family. This is an important issue to resolve in the future to determine 

whether the SPTR gene family is restricted to lophotrochozoa or is more broadly distributed. 

Prior to our work, little was known about the functions of SPTR#GF#DPs. Although there is a possibility that 

they may play a role in development 
18, 19

, this has not been established. In contrast, our study demonstrates that 

the SPTR#GF#DPs, particularly apSPTR#GF#DP2, modulate feeding in �������. We demonstrated that 

apSPTR#GF#DPs are expressed in single neurons of the central ganglia using immunohistochemistry and 

MALDI#TOF MS. We then took advantage of the well#defined feeding circuit, and showed that apSPTR#GF#DP2 

modifies a specific parameter of motor programs elicited by command neuron CBI#2, i.e., it shortens protraction 

duration. Interestingly, a recent report demonstrated that another family of peptides, ALKs, have a similar effect, 

i.e., they shorten protraction without affecting other parameters of feeding motor programs 
38

. However, the two 
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types of peptides apparently target different CPG elements. Specifically, apSPTR#GF#DP2 acts on B20, whereas 

the ALKs act on B64. B64, a retraction interneuron, shortens protraction directly by inhibiting protraction neurons 

42, 43
. In contrast, B20, a protraction interneuron 

47, 54
, likely affects protraction duration indirectly. Importantly, the 

neuronal sources of the two peptides are also different. We have identified CBI#12 as one major source of 

apSPTR#GF#DP2, but the neurons that might release the ALKs have not been identified. Although a number of 

ALK positive neurons have been mapped, CBI#12 is not one of them, i.e., there are no ALK positive neurons in 

the “M” cluster of the cerebral ganglion 
38

. 

��������/ �
��������
����#�
��	���

�����	�
�	0����� ��	���/���� ������0�	�������	�������0�	
���*�

#�	���0�	
��� ����� ��
��	* Perhaps more significantly, the localization of apSPTR#GF#DP2 to the 

peptidergic interneuron CBI#12 allowed us to compare the functional roles of different peptide cotransmitters in a 

single neuron (Figure 8e). Specifically, our previous work showed that stimulation of CBI#12 shortens the 

protraction duration of motor programs elicited by CBI#2 
41

. This might be mediated in part by CBI#12 releasing 

FCAP and CP2, which increase the excitability of B64 
12

. In support of this idea, we show here that CBI#12 

mimicked the effects of FCAP/CP2 by enhancing B64 excitability. In addition, we show that apSPTR#GF#DP2 

also shortens protraction, but increases the excitability of B20 rather than B64. Importantly this effect is also 

mimicked by CBI#12 stimulation. This suggests that CBI#12 exerts its effects via two parallel peptide pathways. 

In neural networks, work in ������� indicates that different configurations of circuit elements may produce a 

similar form of motor output, perhaps enabling the same output to be generated under different network states 
55

. 

This network degeneracy is an active area of research and growing number of examples are forthcoming 
56

. In the 

present work, the type of two parallel modulatory pathways (Figure 8e) may be a form of molecular degeneracy 

whereby a single neuron uses two molecules (i.e., modulatory peptides) to target distinct CPG elements so as to 

fulfill a similar function. Demonstration of molecular degeneracy provides supports for a prevalent role of 

degeneracy in systems neurosciences. 

In addition, the use of two peptidergic pathways in single neurons to target different sets of CPG elements 

presumably provides the circuit with a divergent modulatory mode, therefore offering more flexibility in 

neuromodulation. Although both apSPTR#GF#DP2 and FCAP/CP2 are co#localized in CBI#12, other neurons may 

contain only one type, e.g., CBI#2 only has FCAP/CP2 
30, 39, 40

 but not apSPTR#GF#DP2, allowing differential 
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modulation from different neurons. Concordant with this, under resting conditions, CBI#2 tends to promote 

programs with a longer protraction duration, whereas CBI#12 tends to promote programs with a shorter 

protraction 
41

. In other studies in �������, data suggest that the effects of FCAP and CP2, which result from two 

different peptide genes 
30, 57

, colocalized in CBI#2, are largely convergent. Specifically, CBI#2 appears to use both 

peptides to enhance the excitability of similar sets of target neurons and contribute to synaptic facilitation and 

priming 
12#15

. Similarly, in the crustacean stomatogastric nervous systems, various peptides, many of which 

originate from projection neurons, have been shown to have both convergent 
58

 and divergent 
59#61

 actions on the 

central pattern generating circuit elements. 

In summary, we have uncovered the modulatory functions of novel peptides, apSPTR#GF#DP2 from SPTR 

gene family in molluscs and annelids, in the feeding circuit of �������. We determined its expression using 

immunohistochemistry and MALDI#TOF MS, and mapped apSPTR#GF#DP2 positive neurons in the central 

ganglia involved in the feeding. We found it modulates a specific parameter of feeding motor programs, which 

mimicked the effects of CBI#12 that also contains the peptide. We further demonstrated that CBI#12 may use two 

peptidergic pathways to modulate distinct CPG circuit elements to fulfill a specific function, suggesting a form of 

molecular degeneracy. The study provides the first definitive evidence for a functional role of SPTR gene family 

in any animals, and further proof for ������� as an advantageous model system for the study of peptidergic 

neuromodulation. 

 

 

�� /%�3(�
� �

!	�����* Experiments were performed on ��������������

��� (10#300 g), which are purchased from Marinus 

Scientific (Long Beach, CA) and the ������� Research Facility (Miami, FL). ������� are hermaphroditic (i.e., 

each animal has reproductive organs normally associated with both male and female sexes). Animals were kept in 

an aquarium containing aerated and filtered artificial seawater (Instant Ocean, Aquarium Systems Inc., Mentor, 

OH) at 14#16 °C until use. The animal room was equipped with a 24 h light#dark cycle with light period from 6:00 

am to 6:00 pm. Prior to dissection, animals were anesthetized by injection of isotonic 333 mM MgCl2 (about 50% 

of body weight) into the body cavity. 

Page 12 of 34

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13 
 

���0�	
���	�����
����*�All reagents were purchased from Sigma#Aldrich (St. Louis, MO) unless otherwise 

indicated. apSPTR#GF#DP2 was synthesized by Synpep, Inc and ChinaPeptides Co., Ltd. The peptide standards 

for mass spectrometry (MS) calibration were supplied by Bruker Daltonics (Bremen, Germany). 


�4 �	������������	. We compared 18 SPTR#Gene Family and 12 arthropod proctolin precursors 

(Supplementary Table 1, Supplementary Figure 1) and also a subset of these sequences (Supplementary Figures 2 

#3). For precursor comparison in Figure 3 and Supplementary Figures 1–3, all precursor sequences were 

downloaded from NCBI protein database (https://www.ncbi.nlm.nih.gov/protein) (Supplementary Table 1). We 

generated the sequence alignment (Supplementary Figures 1#3) using BioEdit Software. We used MEGA7 

software (http://mega.co.nz) to generate a phylogenetic tree. First, the sequences were aligned by ClustalW using 

default parameters. Second, the alignment result was used to perform phylogenetic analysis (Supplementary 

Figure 4) with Construct/Test Neighbor#Joining Tree, of which, a phylogeny was chosen using Bootstrap method. 

The other parameters were set as default. 

!	
�+�����. Antibodies were generated to apSPTR#GF#DP2.�The peptide antigens were prepared as 

described in detail previously 
29, 30, 62

. Briefly, the antigen was made by coupling apSPTR#GF#DP2 to BSA (Sigma, 

catalog #A0281) using 1#ethyl#3#(dimethylaminopropyl) carbodiimide (EDC) (Sigma, catalog #E7750), and then 

purified. For each antigen, two male Sprague Dawley rats (250#300 g; Taconic Farms) were immunized by 

intraperitoneal injections. At days 21 and 42, the rats were boosted by intraperitoneal injections. Animals were 

killed by decapitation at 49 d, and the blood was harvested and processed for serum. Sera were aliquoted, frozen, 

and lyophilized or stored at 4°C with EDTA (25 mM final concentration) and thimerosal (0.1% final concentration) 

added as stabilizers. For antibodies that produced immunostaining, specificity was confirmed by pre#incubation 

overnight of the primary antibodies with the corresponding synthetic peptide, i.e., apSPTR#GF#DP2 (100 WM), 

which abolished the staining (Supplementary Figure 5).  

��� 	�,��
��,����
��. Immunohistochemistry was performed as described previously 
29, 32

. The tissue was 

fixed in a buffer (4% paraformaldehyde, 0.2% picric acid, 25% sucrose, and 0.1 M NaH2PO4, pH 7.6), for either 

3h at room temperature or overnight at 4°C. All subsequent incubations were done at room temperature. The 

tissue was washed with PBS, and was permeabilized and blocked by overnight incubation in blocking buffer (10% 

normal goat serum, 2% Triton X#100, 1% BSA, 154 mM NaCl, 50 mM EDTA, 0.01% thimerosal, and 10 mM 
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Na2HPO4, pH 7.4). The primary antibody was diluted 1:250 in blocking buffer and incubated with the tissue for 

4#7 d. The tissue was then washed twice per day for 2#3 d with washing buffer (2% Triton X#100, 1% BSA, 154 

mM NaCl, 50 mM EDTA, 0.01% thimerosal, and 10 mM Na2HPO4, pH 7.4). After washing, the tissue was 

incubated with a 1:500 dilution of secondary antibody (lissamine rhodamine goat anti#rat; Jackson 

ImmunoResearch) for 2#3 d and then washed again two times with washing buffer for 1 d and four times with 

storage buffer (1% BSA, 154 mM NaCl, 50 mM EDTA, 0.01% thimerosal, and 10 mM Na2HPO4, pH 7.4) for 1 d. 

We observed and photographed the tissue under fluorescence microscope. 

For double labeling of physiologically identified CBI#12 cell with apSPTR#GF#DP2 immunohistochemistry, 

neurons were identified based on morphology and electrophysiological characters and injected with 

carboxyfluorescein 
49

. For double labeling with backfills, CBCs of live buccal or cerebral ganglia were cut and the 

buccal ends or the cerebral ends of the CBCs were incubated overnight in a Vaseline well containing biocytin. 

This allowed biocytin transport to the somata of neurons with axons in the CBC. Ganglia were then fixed, and 

processed with avidin#fluorescein so that somata were green. Tissues were also processed for 

immuohistochemistry as described above. 

/��������
����
�����	�������������
����. To characterize apSPTR#GF#DPs in the ������� CNS, we used 

matrix#assisted laser desorption/ionization (MALDI) time#of flight (TOF) MS on individual 

apSPTR#GF#DP2#expressing neurons from the cerebral ganglion. The cerebral ganglia were treated with 1% 

protease IX in ASW with antibiotics (100 units/mL penicillin G, 100µg/mL streptomycin, and 100 µg/mL 

gentamicin) for 45 min at 34°C and then desheathed. Individual cerebral neurons were manually isolated 

according to the apSPTR#GF#DP2 immunohistochemistry staining map using electrolytically sharpened tungsten 

needles. Isolated neurons were transferred one by one onto a stainless steel MALDI sample plate (Bruker 

Daltonics, Bremen, Germany) using homemade plastic micropipettes filled with deionized water. Excess liquid 

was aspirated from the sample plate and 0.3 Wl of saturated DHB matrix (DHB: 2, 5#dihydroxybenzoic acid, 20 

mg/ml deionized water) was applied onto the sample spots. Peptide profiles were measured using ultrafleXtreme 

MALDI#TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a Smartbeam II 

frequency tripled Nd:YAG solid state laser. Mass spectra were manually acquired in positive reflectron mode and 

calibrated externally using Bruler Peptide Mix II standards. Signals from 500#4000 laser shots fired at 1000 Hz 
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frequency at multiple locations within each sample spot were summed into representative cell spectrum. Obtained 

mass spectra were processed using flexAnalysis 3.4 software (Bruker Daltonics). 

To aid interpretation of the MS results, putative peptides encoded by the apSPTR#GF#DP2 prohormone were 

predicted using the Neuropred prediction tool (http://stagbeetle.animal.uiuc.edu/cgi#bin/neuropred.py) 
63, 64

 and 

assignment of detected peptides was performed by peptide mass fingerprint approach. Location of the putative 

signal peptide cleavage site was inferred using SignaIP (http://www.cbs.dtu.dk/services/SignalP/) model. 

%���
���,������0�. Intracellular and extracellular recording techniques were utilized as described previously 

36, 37, 65#67
. Briefly, ganglia were desheathed, transferred to a recording chamber containing 1.5 mL of artificial 

seawater (ASW, 460mM NaCl, 10 mM KCl, 11 mM CaCl2, 55 mM MgCl2, and 10 mM HEPES, pH 7.6), 

continuously perfused at 0.3mL/min, and maintained at 14#17°C. The peptide, apSPTR#GF#DP2, was dissolved in 

ASW immediately before each physiological test, and the peptide/ASW solution was perfused into the recording 

chamber. Some experiments were also performed in a high divalent (HiDi) saline (368 mM NaCl, 8 mM KCl, 

13.8 mM CaCl2, 115 mM MgCl2, and 10 mM HEPES, pH 7.6), which increases the spiking threshold of neurons 

and therefore curtails polysynaptic influences. Intracellular recordings were obtained using 5#10 MY sharp 

microelectrodes filled with an electrolyte (0.6 M K2SO4 plus 60 mM KCl). Extracellular recordings were acquired 

from polyethylene suction electrodes. Grass S88 and WPI Pulsemaster A300 stimulators were used to provide 

timing signals for intracellular stimulation. 

To test the effects of apSPTR#GF#DP2 on the feeding circuit, we performed experiments with the cerebral 

and buccal ganglia. The buccal ganglion innervates the feeding organ (radula). Feeding motor programs were 

elicited by stimulation of command#like interneuron CBI#2 at 8#10 Hz, and were monitored by cyclic bursts in the 

I2 nerve of the buccal ganglion 
47, 68

. Electrophysiological recordings were digitized on line using AxoScope 

software (version 10.7, Molecular Devices, LLC, Sunnyvale, CA), and were plotted by CorelDraw (version X7, 

Corel Corporation, Ottawa, ON, Canada). Bar graphs are plotted with Prism (version 5, GraphPad Software, La 

Jolla, CA). Data are expressed as mean ± S.E. All statistical tests (e.g., repeated measures one#way analysis of 

variance) were performed using Prism. When the data showed significant effects in analysis of variance, further 

individual comparisons were performed with a Bonferroni’s correction. 
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Family#Derived peptide1; apSPTR#GF#DP2, ������� SPTR#Gene Family#Derived peptide2; CBI#12, cerebral#buccal 

interneuron#12; CNS, central nervous system; apSPTR Precursor, ������� SPTR Precursor; EST, expressed sequence 

tag; MALDI#TOF MS, matrix#assisted laser desorption/ionization#time#of#flight mass spectrometry; CBC, cerebral 

buccal connective; FCAP, feeding circuit activating peptide; CP2, cerebral peptide#2; CPG, central pattern generator; 

PTMs, posttranslational modifications; ASW, artificial seawater; HIDI, high divalent.  
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��0 �����0�	���

��0 ���-* Cleavage and processing of the ������� SPTP precursor and distribution of apSPTR#GF#DP2 

immunopositive neurons in the buccal and cerebral ganglia. (a), apSPTR precursor. The sequence in green represents 

the signal peptide. Confirmed peptide sequences are underlined. The confirmed amidation site is in bold, and an 

intramolecular�disulfide bridge is confirmed as shown. (b), Immunostaining in the buccal ganglion. There are 2#3 

apSPTR#GF#DP2 positive somata on the rostral surface (b1), whereas there is no staining on the caudal surface (b2). (c), 

Immunostaining in the cerebral ganglion. There are several positive neurons distributed over the dorsal (c1) and ventral 

(c2) surface. Extensive fibers and neuropile in the cerebral ganglion are also stained. Scale Bars: 200 µm. Nerve 

abbreviations: EN, esophageal nerve; CBC, cerebrobuccal connective; UL, Upper labial nerve; AT, anterior tentacular 

nerve; CPe, cerebropedal connective; CPl, cerebropleural connective.  

 

��0 ���.*�Alignment of 18 C#terminal neuropeptides from SPTR#gene family precursors from 13 molluscs and 5 

annelids using Bioedit. Note that that most of the C#terminal neuropeptides have two cysteines, which may form a 

disulfide bridge. An exception appears to be  !�
�
����
���
��, but this may simply be a reflection of the fact that it is a 

partial sequence missing second required Cys residue. Not all of the C#terminal neuropeptides are amidated. *, 

represents amidated C termini which have been verified by MALDI; #, represents potential amidated C termini; 

peptides not labeled represent potential nonamidated C termini. 

 

��0 ���6*�Some BCIs and CBIs (including CBI#12) are apSPTR#GF#DP2 immunoreactive. (a, b), CBCs were 

backfilled with biocytin (a1, b1) and immunostained with an antibody to apSPTR#GF#DP2 (a2, b2). Right buccal 

hemiganglion is shown in (a) and Right cerebral ganglion ventral M and E clusters are shown in (b). Immunostaining 

CBIs and BCIs are shown with arrows or an arrowhead. For panel b, possible CBIs from left to right: CBI#11, CBI#12, 

CBI#3 (arrowhead), CBI#8/9. (c), Carboxyfluorescein injected CBI#12 (arrow) and C12 cell (c1). CBI#12 immunostains 

for apSPTR#GF#DP2 (c2, arrow), but C12 does not. Scale Bars: 100 µm.�

�

��0 ���7*�Distribution of apSPTR#GF#DP2 positive neurons and fibers in the pleural#pedal ganglia and the abdominal 

ganglion (whole mounts). (a), pleural#pedal ganglion. (a1, a2), left ganglion, dorsal (a1) and ventral (a2) surfaces. (a3, 
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a4), right ganglion, dorsal (a3) and ventral (a4) surfaces. There is no obvious staining on the dorsal surfaces (a1, a3), 

but there are several somata and processes on the ventral surfaces (a2, a4) in the pleural and pedal ganglia. (b), 

abdominal ganglion. There is no obvious staining on the dorsal surface (b1), but there are several somata on the ventral 

surfaces (b2) in the abdominal ganglia. Extensive fibers and neuropile in the pedal ganglion are also stained. Scale Bars: 

200 µm. Nerve abbreviations: CPe, cerebropedal connective; CPl, cerebropleural connective; BN, branchial nerve.�

�

��0 ���8*�Processing of the ������� SPRP prohormone as detected by MALDI#TOF MS in individual cerebral and 

buccal neurons, and cerebrobuccal connective. (a), a cerebral neuron in the M cluster; (b), a buccal neuron on the 

rostral surface; (c), cerebrobuccal connective. Detected peptides, apSPTR#GF#DP1 and apSPTR#GF#DP2 are labeled. 

Average mass accuracy of assignment calculated from six measurements (4 neurons and 2 samples of CBC) is 8 ppm 

and 4 ppm, respectively. Additional known detected peptides: SCPs, FRF, PEP, and thymosin b4 are also labeled. 

 

��0 ���9*�apSPTR#GF#DP2 modulates feeding motor programs elicited by CBI#2 through its actions on the interneuron 

B20, but not B64. (a), apSPTR#GF#DP2 shortens protraction duration in a concentration#dependent manner. (a1#4), a 

representative example; a single cycle of a motor program was elicited by stimulating CBI#2 at 9 Hz until the end of the 

protraction phase, detected by the onset of the sharp synaptic inhibition of CPG neuron B31 and the abrupt ending of I2 

nerve activity. Protraction phase (open bar) is defined by the activity in the I2 nerve. Retraction phase (filled bar) is 

defined by a period of hyperpolarization of B31 after the protraction phase is terminated and also by a period of 

high#frequency activity of the radula closing motoneuron B8. Upon wash, protraction duration returned to its control 

value. (a5), group data on protraction duration. In contrast, apSPTR#GF#DP2 had no significant effect on the duration 

of retraction (a6) or B8 activity during either protraction (a7) or retraction (a8). (b), apSPTR#GF#DP2 has no effect on 

B64 excitability. (b1), a representative example, (b2), group data. (c), apSPTR#GF#DP2 increases B20 excitability and 

shortens B20 spike latency. (c1), a representative example, (c2, c3),�group data. Recordings in (a) were made in ASW, 

whereas recordings in (b) and�1c) were made in high divalent saline. *, p < 0.05; **, p < 0.01; ***, p < 0.001 

(Bonferroni post hoc tests). Error bars, S.E. 

�

��0 ���:* Depolarizing interneuron B20 shortens the protraction duration of CBI#2#elicited motor programs. (a1#3), A 
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25 
 

representative example; a single cycle of a motor program was elicited by stimulating CBI#2 at 9 Hz until the end of the 

protraction phase. Bar in (a2) denotes current injections in B20. (b), Group data. Recordings were made in ASW. **, p 

< 0.01 (Bonferroni post hoc tests). Error bars, S.E. 

�

��0 ���;*�CBI#12 increases excitability of B20 (a, b) and B64 (c, d) in a frequency#dependent manner. (a, c), 

representative examples showing the effect of CBI#12 stimulation at 15 Hz. (b, d), Group data. Recordings were made 

in high divalent saline. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (Bonferroni post hoc tests). Error bars, S.E. (e), A 

schematic diagram of two parallel peptidergic pathways through which CBI#12 may modulate the protraction duration 

of feeding motor programs. 

�

   

 

�

�
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