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Over the past two decades, mounting evidence has demonstrated that a mechanism known as store-operated Ca2+ entry (SOCE) plays a crucial role in sustaining skeletal muscle contractility by facilitating Ca2+ influx from the extracellular space during sarcoplasmic reticulum (SR) Ca2+ depletion. We recently demonstrated that, in exercised fast-twitch muscle from mice, the incidence of Ca2+ entry units (CEUs), newly described intracellular junctions between dead-end longitudinal transverse tubular (T-tubule) extensions and stacks of sarcoplasmic reticulum (SR) flat cisternae, strictly correlate with both the capability of fibers to maintain contractions during fatigue and enhanced Ca2+ influx via SOCE. Here, we tested the broader relevance of this result across vertebrates by searching for the presence of CEUs in the vocal muscles of a teleost fish adapted for extended, high-frequency activity. Specifically, we examined active vs. inactive superfast sonic muscles of plainfin midshipman (Porichthys notatus). Interestingly, muscles from actively humming territorial males had a much higher incidence of CEU SR stacks relative to territorial males that were not actively vocalizing, strengthening the concept that assembly of these structures is dynamic and use-dependent, as recently described in exercised muscles from mice. Our results support the hypothesis that CEUs represent a conserved mechanism, across vertebrates, for enabling high levels of repetitive muscle activity, and also provide new insights into the adaptive mechanisms underlying the unique properties of superfast midshipman sonic muscles.
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1 INTRODUCTION
To maintain an adequate cytosolic Ca2+ concentration to support contraction and relaxation, skeletal muscle relies on a highly organized internal ultrastructure of proteins and membrane compartments. Ca2+ release units (CRUs), also called triads, are specialized intracellular junctions composed of a central transverse-tubule (T-tubule), an invagination of the sarcolemma membrane, flanked by two SR terminal cisternae or junctional SR (jSR) (Franzini-Armstrong and Jorgensen, 1994). CRUs are the site of excitation-contraction (EC) coupling, the mechanism that allows the transduction of the electrical signal coming from the motoneuron and depolarizing the exterior membranes (sarcolemma and transverse tubules or T-tubule), into Ca2+ release from the ryanodine receptors (RyRs), the calcium release channels of the SR (Schneider and Chandler, 1973).
In addition to the activation of EC coupling, over the past two decades, mounting evidence demonstrated that there is another mechanism, called store operated-Ca2+ entry (SOCE), that helps to maintain sustained contractility by facilitating the influx of external Ca2+ when the SR stores are depleted (Liu et al., 2005). In adult skeletal fibers from mice, we recently discovered and characterized exercise-dependent, intracellular junctions at the I band of sarcomeres which have been named Ca2+ entry units (CEUs). CEUs are proposed to enable rapid recovery of Ca2+ lost to the extracellular spaces during activity and thus to maintain sustained SR Ca2+ release and high-frequency, repetitive muscle contraction (Boncompagni et al., 2017, 2018; Michelucci et al., 2019, 2020). CEUs have a well-defined structural signature due to the association between stacks of multiple flat cisternae of SR origin and short, dead-end longitudinal extensions of the transverse tubular network, and in mouse muscles are exclusively located at the level of the I band. (Boncompagni, et al., 2017).
The function of CEUs is defined by the presence of the two core machinery proteins of the SOCE mechanism: STIM-1, the stromal interaction molecule-1 (STIM1) which acts as the Ca2+ sensor in the SR, and Orai1, a Ca2+ -permeable channel in the T-tubule (Boncompagni et al., 2017). Although previous works place STIM-Orai interaction at the triads, the sites of EC-coupling, CEUs provide a unique opportunity for close interaction between Orai1 T-tubule channels and STIM1 proteins in the SR. Indeed, small projections on the cytoplasmic surface of stack elements within CEUs (Boncompagni, et al., 2017) are also present in CEUs of other cells (Perni et al., 2015), and are tentatively suggested to be STIM1 molecules. These small projections are an additional identifying feature of CEUs, since such frequent tethers are not present in other SR areas. Presence of STIM1 at sites where CEUs are preferentially located has been recently confirmed (Zhang et al., 2021).
CEUs are not static organelles: while present at low incidence in muscles of resting mice (free to move about their cages), they are induced to assembly in significantly higher incidence in exercised muscles (Boncompagni, et al., 2017). Thus, CEUs are identified on the basis of specific criteria: their structural signature, their specific location, and their dependence on activity.
CEUs with these characteristics have been recently identified in mice (Boncompagni et al., 2017; Michelucci et al., 2019, Michelucci et al., 2020, Michelucci et al., 2022), and proposed as an exercise-dependent mechanism for SOCE, particularly to maintain sustained contractions of muscle fibers during fatigue. We tested this hypothesis by searching for the presence of CEUs in a completely different vertebrate muscle, adapted for extended, high-frequency activity. Specifically, we examined active vs inactive sonic muscles of plainfin midshipman (Porichthys notatus), a well-characterized and highly vocal species of teleost fish. Territorial male midshipman fish establish nesting sites under rocks in the intertidal zone during their breeding season. From these nests, males broadcast extremely long-duration (up to several hours; JMK, personal observation; Balebail and Sisneros, 2022), 100 Hz hums, by rapid contraction of a pair of sonic muscles located on the wall of their highly-inflated gas-filled swim bladders (Brantley and Bass, 1994; Bass, et al., 1999). The continuous contraction of these muscles creates a humming sound, with a 1:1 relationship between the frequency of muscle contraction and the fundamental frequency of the sound produced (a 100% duty cycle, Bass and Baker, 1990). The requirement for such extended, high frequency contraction necessitates specialized adaptations within the sonic muscles, to sustain both the energetics and Ca2+ dynamics of contraction (Rome, 2006). These adaptations are not fully understood, though it has been established that the superfast swim bladder muscles of territorial male midshipman have highly unusual morphological and physiological properties, that differ from the fast-acting sonic muscles of other, related, species of vocal fishes (e.g., the oyster toadfish, Opsanus tau), and of the less-vocal female and non-territorial male midshipman (Bass and Marchaterre, 1989; Brantley et al., 1993; Lewis et al., 2003; Nelson et al., 2018).
Here, we present evidence for the presence of numerous groupings of flat SR cisternae into multiple stacks with a preferred location opposite the border of the A band and I regions of the myofibrils in the superfast sonic muscles of territorial male midshipman fish. We tentatively identified the organelles as CEUs based on their morphology, and confirmed the identification on the basis of response to muscle activity: muscles from actively humming territorial males had a much higher incidence of these SR stacks relative to territorial males that were not actively vocalizing, similar to the findings in exercised vs. non-exercised mice (Boncompagni et al., 2017). This finding helps to strengthen the concept of a dynamic use-dependent assembly of these structures (Michelucci et al., 2019).
These results support the hypothesis that CEU SR stacks represent a conserved mechanism, across vertebrates, for enabling high levels of repetitive muscle activity, and also provide new insights into the adaptive mechanisms underlying the unique properties of superfast midshipman sonic muscles.
2 METHODS
2.1 Fish: Housing, recording and selection of humming and not humming fish
Territorial male and gravid female midshipman fish were collected from nest sites in the intertidal zone in Bodega Bay, California (2016) or Seal Rock Beach, Washington (2019), during their breeding season in early June. Fish were shipped to the Marine Biological Laboratory in Woods Hole, MA, where they were housed in large (∼132 × 56 × 30 cm) tanks, with 4–6 males and 0–3 females per tank. Tank bottoms were covered with ∼3 cm of gravel substrate, and six artificial nest sites (∼30 cm diameter inverted ceramic flower pot saucers) were placed in each tank. Aerated, filtered flow-through seawater, at 12–15°C, was supplied to each tank. Fish were maintained on a 16:8 h light: dark cycle, and fed a diet of minnows (Fundulus heteroclitus). All animal care and use procedures were approved by the Marine Biological Laboratory’s Institutional Animal Care and Use Committee (protocol #’s 16–25 and 19–33).
Under these conditions, most (50%–80%) territorial male midshipman typically take up residence in a nest site, and begin producing their long-duration courtship “humming” vocalizations within 1–2 weeks of arrival in the lab. Once they begin, they hum nightly, for up to 8 h, for as long as about 4 weeks. Vocal behavior was monitored with hydrophones (Cetacean Research Technology model SQ26-MT) connected to digital recorders (Zoom model H1; input levels constant; sampling frequency = 44 kHz). Recordings were subsequently downloaded, and displayed and analyzed using Audacity software (v 3.0.2). When multiple fish in a tank were humming, individual humming fish were identified by moving the hydrophone closer to or further from different nest sites, and comparing relative amplitudes of the recorded hums, to determine the nest site(s) from which different fish were humming. After a putative humming fish was collected for perfusion (see below), recording was continued to confirm that humming from that nest site ceased. Furthermore, fish were confirmed to have been humming based on their dramatically inflated swim bladders; non-humming fish have obviously deflated bladders, and bladders deflate within about 24 h of the cessation of humming.
All fish identified here as “humming” were recorded to be humming immediately before muscle collection for perfusion; perfusion was complete within 30 min of last recorded humming in all cases. One fish (embedding identifier: PN19-003; as discussed below) had been humming regularly, but ceased humming 24 h before perfusion. This fish was defined as “humming,” as it still had a highly inflated swimbladder at the time of perfusion. Fish identified here as “non-humming” were never found to be humming during daily observations for at least 10 days prior to perfusion. “Non-humming” fish were nonetheless confirmed to be territorial because of their periodic or regular residence in a nest, and their body mass (typically 10-fold greater than that of the non-territorial male morph (Brantley and Bass, 1994) and other morphometric properties (see Section 3 and Section 4).
2.2 Perfusion and electron microscopy
For perfusion, fish were deeply anesthetized by immersion in 0.025% benzocaine in seawater. Morphometric measurements (body mass and length) were taken, and fish were then perfused transcardially with teleost Ringer’s solution followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2. The swimbladders with their attached muscles were dissected out and stored in 4% paraformaldehyde in 0.1 M phosphate buffer. Testes were also dissected out and weighed. Subsequently, a portion of each sonic muscle was dissected off of each excised bladder, post-fixed in 4% paraformaldehyde with 2.5% glutaraldehyde, and either used immediately for embedding, or shipped to Italy (to SB) for electron microscopy.
For E.M. embedding, the muscles were further post-fixed in 2% OsO4 in 0.1 M cacodylate buffer pH 7.2, washed in 0.1 M acetate buffer pH 5.4, en-bloc stained in 2% aqueous uranyl acetate for 1 h, dehydrated and embedded in Epon. Thin (∼80 nm) sections were cut using a Leica Ultracut R microtome (Leica Microsystem) with a Diatome diamond knife (Diatome Ltd.) and double-stained with uranyl acetate in 50% EtOH for 5 min and then 5 min in Sato’s lead solution.
2.3 Quantitative analyses of EM images
The number of flat-long stacks of cisternae at the I band of sarcomere per 100 μm2 area/section were determined from electron micrographs of non-overlapping regions randomly collected from transverse EM sections. For each specimen, three photographs taken at ×28,000 of magnification were obtained from sections of randomly selected areas of 5–10 different fibers. Only stacks of flattened and parallel series of cisternae with visible small electron dense strands apparently linking the cisternae were counted.
2.4 Statistical analyses
Statistical analyses were performed using JMP 8.0. Distributions were tested for normalcy using the Shapiro-Wilk test, and for equality of variance using Bartlett’s test. Standard t-tests were performed to compare data between groups when the data were normal and the variances equal. When variances were found to be unequal, a Welch test was used instead of a t-test; when distributions were not normal, a Wilcoxon test was used.
3 RESULTS
3.1 Morphometric male midshipman fish parameters
In territorial male fish, we analyzed a number of morphometric parameters related to body size (standard length and body mass), condition (body mass index, or BMI, also known as Fulton’s K index, which equals: (body mass minus gonad mass) divided by the cube of the standard length; BMI is a standard indicator of body condition indirectly related to energy reserves in fish (Chellappa et al., 1995; Sutton et al., 2000; Bose et al., 2018)), and reproductive status (testes mass, and gonado-somatic index, or GSI, which equals testes mass expressed as a percent of body mass). All five parameters (Table 1) were not statistically different between humming and non-humming male fish.
TABLE 1 | Humming (N = 5) and non-humming (N = 6) fish did not differ in size, body condition, or gonad size.
[image: Table 1]3.2 Striking structural features of midshipman fish superfast muscles
As in other fast acting sonic muscles (Fawcett, 1961; Revel, 1962), the myofibrils of midshipman fish swimbladder muscles are flat and ribbon like (Figure 1), which presumably allows rapid exchange of Ca2+ from its release sites at the triad to troponins. As others have noted previously (Bass and Marchaterre, 1989; Lewis, et al., 2003), mitochondria are segregated in the core and at the periphery of the fibers (not shown). The muscles have a highly unusual sarcomeric structure: standard A bands (A) alternate with short I bands and extended Z bands (Z) whose length equals that of the A band (Figure 1; Bass and Marchaterre, 1989; Lewis, et al., 2003). Since the thin filaments are excluded from the extensive Z lines, this reduces by approximately 50% the content of thin filaments and thus the amount of troponin that needs to be bound to Ca2+ for a full activation of the myofibril (see Section 4). The width of I bands, that is the region of the sarcomere that are composed only of thin filaments, depends on the muscle length at fixation and thus on the size of the swimbladder. Even in inflated swimbladders, after an active period of humming the I bands are narrow and most of the thin filaments’ lengths overlap the thick filaments in the A band. The I band is only slightly wider in muscles from actively humming fish, where the bladder is inflated (not shown).
[image: Figure 1]FIGURE 1 | Representative EM image in longitudinal section of a sonic swimbladder muscle fiber from a territorial male midshipman. The upper part of the image shows the fiber cross striation. The A bands (A) alternate with Z bands (Z) of approximately equal width. The I band (I) is pale and very narrow because most of the thin filaments ovarlap with the thick filaments in the A band. In the lower half of the image, the thin section plane coincides with the layer of SR. In correspondence of each sarcomere, two triads (black arrows) are located at approximately one-third of the distance between the center and the edges of the A band. The SR forms an abundant convoluted network over the center of the A band and over the lateral sides of the sarcomere. Scale bars: 0.5 μm.
There are two triads/sarcomere, each located at one-third of the distance between the center and edges of the A band (Figure 1, black arrows). This position is the same as in the toadfish swimbladder (e.g., see Appelt et al., 1991), but is distinctly different from the position of triads in other muscles (e.g., mammals), where the triads are located at the very edges of the A band and thus partly occupy an area opposite the I band.
The intermyofibrillar spaces are occupied by abundant SR elements divided into three segments. The A band SR (Figure 2) is associated with the myofibril surface limited by the positions of the two sets of triads. The SR at this level forms a double layer constituted of numerous tubules. The lateral edges of the A band and the adjacent narrow I band are the A-I zone (Figure 2). This region is occupied by numerous SR components continuous with the cisternae of the SR constituting the lateral domains of the A band triads. Near the ends of the Z line are groups of many short SR elements clustered together, while near the center of the Z line SR elements are scarce (Figure 2).
[image: Figure 2]FIGURE 2 | Representative EM image showing sarcomeric band regions in longitudinal section. Due to the position of triads within the A band region and to the extended Z lines (see Figure 1), the myofibrils’ surface is divided into three domains, each associated with defined portion of the sarcoplasmic reticulum network. One domain (A) covers the center regions of the A band between the triads. A second zone (A–I) covers the lateral thirds of the A band, the I band and the edges of the Z line. A third zone (Z) surrounds the myofibril at the level of the wide Z line. Z line. Scale bar: 0.5 μm.
3.3 SR stacks: Unique SR configurations
In the A-I region, the lateral sacs constituting the peripheral side of the junctional triadic SR are on occasion morphed into elongated flat elements closely apposed to each other (the “stacks”), often, but not always, in circular forms (Figure 3B). The stacks of cisternae occupy the entire A-I region and their components are clearly continuous with the SR elements of the adjacent triadic cisternae (Figure 3). Three details indicate the uniqueness of the stacks. First, the stacks are always in continuity with the SR composing the lateral sacs on the peripheral side of the triads, i.e., junctional SR (jSR) (Figure 3C) and only the SR lateral sacs facing the edges of the sarcomere and not those from the triad side facing the center of the A band are involved in forming stacks. For this reason, the stacks are never located opposite the A band region of the sarcomere, but are always positioned opposite the lateral third of the A band, in the intermyofibrillar spaces region identified as A-I in Figure 2. This is a region equivalent to the I band of sarcomeres in other muscles (e.g., from mouse) where the triads are located at the very edges of the A band. No stacks are found opposite either the A band or in the region opposite the Z lines. Second, the stack cisternae are of fairly constant width and closely apposed to each other, forming either concentric circles (Figure 3B) or flat parallel aggregates (Figure 3C). Third, the spacing between the surfaces of cisternae is constant and crossed by frequent links or tethers (Figure 3A, inset). Such short tethers are not present on the surface of other SR elements. Four to five elements are involved in each stack. The arrangement is quite distinct from that of the remaining SR, which is composed of randomly arranged sacs and cisternae in variable, sometimes close, proximity to each other but with variable shapes, width and distances and no tethering components. Thus, the stacks are unique, well defined SR components.
[image: Figure 3]FIGURE 3 | Representative EM images of sonic muscle fibers from a humming male midshipman, showing SR stacks. At random intervals within the fibers, the intermyofibrillar spaces are occupied by flat SR cisternae arranged into tight stacks (large black arrows) forming either flat aggregates (A) or concentric circles (B). The stack components are in direct continuity with the SR elements (jSR) constituting the lateral sacs of the triad (C) (TT i.e., T-tubule). The spacing between the surfaces of cisternae is apparently constant and crossed by frequent links or tethers (inset in A). The stacks are found in the sonic swimbladder muscles of all territorial male fish, but more frequently in muscles that have been used for an extended period of humming, as in the fish depicted here (see also Table 2). Scale bars: 0.5 μm (A), 0.05 μm (inset), 0.1 μm (B), 0.2 μm (C).
The stacks are not evenly distributed within the fiber and their incidence is variable even within the same specimen [note below the large standard deviation (SD) of data in Table 2]. Variations in incidence between and within muscles fibers indicate that stacks are not apparently fixed components of the fibers, such as the triads, but components that may form and dissociate over time. This is confirmed by the EM quantitative analysis of stacks incidence (see data below).
TABLE 2 | SR stack incidence in sonic muscles from humming (N = 5) vs. non-humming (N = 6) fish.
[image: Table 2]3.4 Active sonic muscle fibers exhibited higher incidence of SR stacks compared to non-active male midshipman fish
Based on their structural signature and location, the stacks can be tentatively identified as CEUs (see Section 4). If this identification is correct, the stacks’ incidence should be affected by muscle usage, as is the incidence of CEUs in exercising mice (Boncompagni et al., 2017). This was tested by stereology as follows. Sonic swimbladder muscles from “resting” and active fish (i.e., from non-humming and humming fish, respectively) were obtained as indicated in the Methods section. The relative incidence of SR stacks was estimated by counting the number of stack profiles per unit area in cross sections of muscle from random images (see Section 2). The ratio of stacks to section area is directly proportional to the ratio of stacks to fiber volume. The ratio is affected by the sarcomere length at which the muscles were fixed, but since this varied by very little in different specimens (not shown), no correction was applied. Stacks were counted based on the structural criteria defined above (flat, parallel cisternae with visible small electron dense strands; see also Figure 3). The data are presented as the ratio of stacks per unit area in Table 2 (as in Boncompagni et al., 2017).
Fish that had been humming immediately or shortly prior to muscle collection exhibited a 2-fold higher incidence of SR stacks, on average, in their sonic swimbladder muscles than fish that had not been humming for at least 10 days (Table 2; mean of 40.1±9.2 stacks per 100 μm2 in humming fish vs. mean of 19.1±7.2 stacks per 100 μm2 in non-humming fish). The difference in stack incidence between humming and non-humming fish was statistically significant (Students’ t-test: t (9) = −4.25; p < 0.003). The ranges of stack incidence for humming and non-humming fish were non-overlapping: the greatest observed incidence for non-humming fish (28.0) was less than the lowest observed incidence for humming fish (30.6). Interestingly, the one fish (PN 19–003) that had ceased humming shortly (24 h) prior to collection, and still had a highly inflated bladder had a relatively high content of stacks, though lower than the incidence of other actively humming fish (see Section 4). Stacks did remain present, albeit at lower incidence, in “resting” sonic muscles from non-humming fish, even after a delay of as long as a month after the fish ceased humming. Among non-humming fish, there was no statistically significant relationship between stack incidence and the minimum number of days since the fish last hummed [ANOVA, F (1,5) = 0.081, p > 0.79].
4 DISCUSSION
We examined sonic muscles in territorial male midshipman, not in the non-vocal and non-territorial “Type II” male morph. Only territorial males produce courtship hums (Brantley and Bass, 1994). We are confident that non-humming males in our study were nonetheless territorial based on three criteria: 1) body mass, > 40 g, was at least double the known mass of the largest Type II males (Bass and Marchaterre, 1989; Brantley, et al., 1993; Brantley and Bass, 1994), and was no different from our humming male population; 2) gonadosomatic index, which was ∼1% of body mass, in both humming and non-humming males, was similar to previously published reports of GSI in territorial males, and was about 10-fold less than GSI in Type II males (Bass and Marchaterre, 1989; Brantley and Bass, 1994); and 3) behavior, as some of our non-humming males were observed to be humming at some point, and many at least periodically took up residence in a nest, behaviors not observed in Type II males.
Individual territorial male midshipman remain in their nests, courting females and guarding eggs, for up to about 60 days in the wild (Brantley and Bass, 1994). In captivity, under the housing conditions used here, individual males will hum nightly for up to about a month before ceasing (JMK, personal observations). Territorial males are thought to eat very little while defending nests, both in the wild and in captivity (Cogliati et al., 2013; JMK personal observations). Thus, it is possible that fish stop humming due to a decrease in energy reserves, and that an important difference between our non-humming fish and our humming fish, that could be related to the differences in SR stack counts, could thus be a difference in overall body condition. However, the fact that body mass index did not differ between our humming and non-humming fish argues against this possibility. Furthermore, because gonadosomatic index did not differ between humming and non-humming males, and was consistent with GSI values in breeding territorial males from other studies, the known seasonal decline in testes size (and also testosterone levels) occurring after the end of the breeding season (Sisneros et al., 2004) could not have been a factor influencing the observed differences in SR stack incidence between the two groups. We therefore conclude that the increased incidence of SR stacks in sonic muscles is directly correlated with muscle activity occurring during humming, rather than to some other aspect of the fish’s condition.
Stacks of SR cisternae in the sonic muscles of the midshipman fish fit the four criteria that identify Ca2+ Entry Units (CEUs) in mouse muscles: 1) configuration of SR into multiple flat, parallel cisternae linked by visible tethers; 2) continuity of stack elements with the jSR constituting the peripheral side of triads; 3) specific location of the stacks at the A-I region (see description above); and 4) increased incidence of SR stack elements with muscle exercise. An additional structural detail, the presence of extensions of the T tubule network into the stacks, is not shown in these data, because it requires a structural technique that was not applied in this work (Michelucci et al., 2019). In addition, a limitation of this study is that we did not directly demonstrate the presence of the two molecular players of SOCE (STIM1 and Orai1) in SR stacks and T-tubules, respectively. Future studies designed to monitor STIM1 And Orai1 specifically within the “CEUs” in midshipman will be needed.
However, for the reasons listed above, it is reasonable to assume that the SR stacks we describe here in midshipman swimbladder muscles are indeed functional CEUs, involved in the replenishment of intracellular Ca2+ lost during the period of prolonged activity of a hum. This identification of presumptive CEUs in midshipman sonic muscles shows that CEUs are physiological components of muscle fibers at a considerable phylogenetic distance from mammals, where they were first observed, and thus are common, plastic organelles of skeletal muscles, enabling adaptation to prolonged periods of high activity.
The sonic muscles in midshipman swimbladder are fully and continuously active, contracting at frequencies of ∼100 Hz for well over 1 h at a time during episodes of courtship “humming”. When electrically stimulated in the lab, midshipman sonic muscles are unable to contract at higher frequencies (Nelson, et al., 2018), suggesting that they are operating at or near their physiological maximum. Midshipman vocalizations are longer than those of any other known vertebrate, providing a unique opportunity to study how muscles adapt to sustain high frequency contractions over extended time periods. Two major functional and structural adaptations have been identified as the basis of the extraordinary behavior of the midshipman muscles. One is the very small size of the Ca2+ transients, which minimizes both the energy required for Ca2+ cycling, and the amount of Ca2+ that needs to be pumped back into the SR in the ∼10 msec before the next contraction (Nelson et al., 2018). The second is the structural adaptation of the extended Z lines (Bass and Marchaterre, 1989; Lewis, et al., 2003) that reduces by approximately 50% the content of troponin that needs to be activated by Ca2+. Since midshipman sonic muscles have relatively low levels of Ca2+-buffering parvalbumin (Tikunov and Rome, 2009), equilibrium requires that Ca2+ is fully recycled into the SR at the end of each humming cycle (Nelson et al., 2018). The cytoplasmic free Ca2+ level, although reduced, is higher than in the toadfish muscle (Nelson et al., 2018) and it is expected that some leak of Ca2+ to the outside may occur during each humming period, requiring a complementary Ca2+ entry mechanism, to sustain SR Ca2+ concentrations over the hours-long duration of a hum, through the SOCE machinery. This study demonstrates an additional specialization of active midshipman sonic muscle fibers: the presence and activity-related induction of organelles, i.e., CEUs, that are presumably dedicated to the function of maintaining Ca2+ equilibrium over the duration of an hours-long hum.
Our experimental data allow some limited conclusions about the rate of decay of exercise-induced SR stack incidence after muscle activity ends. Our non-humming fish ceased humming between at least 10 and at least 32 days prior to muscle collection. Over this time period, we observed no statistically significant correlation between SR stacks incidence and days since the last possible humming. Furthermore, we noted that the one humming fish (PN19-003) that had ceased humming 24 h prior to muscle collection had the lowest SR stack incidence of any humming fish, only slightly above the highest incidence observed in non-humming fish. It therefore appears that SR stacks begin to decrease in incidence within 24 h after fish stop humming (similar to the time course of swimbladder deflation), reaching an asymptotic baseline level after sometime between 1 and 10 days. Therefore, SR stacks rapidly remodel after sustained muscle activity ends. This is consistent with data reported for exercise-induced assembly of CEUs these SR/T-in extensor digitorum longus (EDL) fast-twitch muscle in mice, as they increase during acute exercise and then progressively disassemble following a subsequent period of inactivity (≥6 h) (Michelucci et al., 2019).
Previous to this study, SR stacks, identified here as putative CEUs based on comparison with studies in mice (Boncompagni, et al., 2017), had not been noted in publications examining midshipman sonic muscles by EM (e.g., Bass and Marchaterre, 1989; Lewis et al., 2003). Lack of previous observations is likely due to the fact that CEUs were not identified until recently and thus easily escaped attention as worthy of note. Furthermore, as we describe here, these structures are significantly upregulated by humming activity, and previous studies did not use actively humming fish. We were also surprised to note that stacks (or CEUs) have never been reported in the sonic muscles of Opsanus tau (oyster toadfish), despite the fact that the muscle has been the subject of numerous investigations by electron microscopy, included several by Prof. Clara Franzini-Armstrong’s laboratory (Franzini-Armstrong and Nunzi, 1983; Ferguson et al., 1984; Block et al., 1988; Appelt et al., 1991). A careful re-examination of a large number of samples, based on our current knowledge of CEUs identifying features, confirms this absence (data not shown). Since the vocal behavior status of the toadfish used in the previously published studies was not checked, we cannot confirm the effect, if any, of activity on CEU incidence in these muscles. However, we can conclude that, unlike midshipman sonic muscles, where CEU’s appear present even in the baseline, resting, state, comparable CEU’s are not present in resting sonic muscles of Opsanus tau. The mating calls of toadfish are fundamentally different from those in midshipman: they are periodic, as the vibration is maintained for only for 200–300 msec and then stops for 5–15 s before the next call, providing the muscle time to re-charge (Fine et al., 1977). Although the small Ca2+ transients in toadfish are larger than in the midshipman, the cytoplasmic concentration of Ca2+ remains low due to the presence of parvalbumin, a protein with high affinity for Ca2+ that effectively binds all the free Ca2+ (Tikunov and Rome, 2009; Nelson et al., 2014; Nelson et al., 2018.) Thus, presumably, little or no Ca2+ is lost outside the fibers during calling. Equilibrium is reached during the recovery period between calls, when Ca2+ is slowly released from parvalbumin and pumped back into the SR. Essentially, Ca2+ cycling in toadfish sonic muscles may not involve the extracellular space and thus the muscle activity does not require CEUs. Comparison of the sonic muscles in toadfish and midshipman may thus illustrate the concept that CEUs presence and incidence are controlled by cellular SOCE requirements imposed by the vocal behavior itself.
Finally, in the control of skeletal muscle Ca2+ homeostasis, a pivotal role is also played by the mitochondria as they take up Ca2+ in response to cytosolic [Ca2+] increases for stimulating oxidative metabolism (Rudolf et al., 2004). In midshipman fish fibers, the numerous mitochondria necessary to sustain energy consumption for fast Ca2+ pumping are segregated in the core and at the periphery of the fiber (Bass and Marchaterre, 1989; Lewis et al., 2003), and are not mixed with myofibrils and SR as they are in mammalian muscles (not shown; Boncompagni et al., 2009). However, investigation of the possible role of mitochondria Ca2+ uptake in the regulation of Ca2+ homeostasis in midshipman vocal muscle fibers is beyond the scope of the current study.
5 CONCLUSION
The results presented in this study strengthen the concept that CEUs are intracellular structures whose incidence strictly correlates with intense/sustained muscle activity. As for EDL (extensor digitorum longus) muscles from exercised mice, also in superfast midshipman sonic muscles from humming fish, we found a high incidence of SR stacks structurally identical to SR stacks described in CEUs as sites involved in SOCE (see Protasi et al., 2021 for a review).
Worthy of note is that, as clearly appears in EM images, within a CEU, the SR stacks’ lumen is continuous with the jSR lumen of a triad. In addition, in a recent elegant and careful work by Lavorato et al., 2019, it has been described that the whole SR lumen is continuous throughout an entire muscle fiber. Our works, in exercised mouse muscles (Boncompagni et al., 2017) and, here, in actively humming fish, showed a higher incidence of CEUs, and thus of SR stack elements, which, at least in mice, contain STIM1 proteins, in fibers that experience sustained/repetitive muscle contraction. Therefore, it is reasonable to think that SR stacks could create a preferential pathway for extracellular Ca2+ to refill nearby jSR needed to maintain SR Ca2+ release, when SR Ca2+ content and/or buffering capacity may be reduced, as also occurs in mice that are deficient of the SR Ca2+ buffer proteins, calsequestrins (Michelucci et al., 2022).
These results may help explain how superfast midshipman sonic muscles are adapted to sustain the long duration, high frequency contractions necessary for production of courtship vocalizations in this species. An additional important finding of this study is that CEUs may represent a conserved evolutionary mechanism for enabling high levels of repetitive muscle activity across vertebrates.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by All animal care and use procedures were approved by the Marine Biological Laboratory’s Institutional Animal Care and Use Committee (protocol #’s 16–25 and 19–33).
AUTHOR CONTRIBUTIONS
CF-A and SB conceived and directed the study. JK and SB designed and performed E.M. experiments, CF-A and SB analyzed and interpreted data, and wrote/edited the manuscript; JK provided resources and midshipman fish, performed morphometric measurements, analyzed and interpreted data, and wrote/edited the manuscript.
FUNDING
This study was supported by a grant from the National Institutes of Health (RO1 AR059646-06) subcontract to SB. JMK received support from the Grass Foundation and from Gettysburg College.
ACKNOWLEDGMENTS
We thank Larry Rome and Allen Mensinger for their generous support during his residence at the Marine Biological Laboratory in Woods Hole, MA.
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.
ABBREVIATIONS
CEU, Ca2+ entry unit; CRU, Ca2+ release unit; EC coupling, excitation-contraction coupling; EM, electron microscopy; SR, sarcoplasmic reticulum; SOCE, store-operated Ca2+ entry; STIM1, stromal interacting molecule-1; T-tubule, transverse tubule.
REFERENCES
 Appelt D., Shen V., Franzini-Armstrong C. (1991). Quantitation of Ca ATPase, feet and mitochondria in superfast muscle fibres from the toadfish, Opsanus tau. J. Muscle Res. Cell Motil. 12, 543–552. doi:10.1007/BF01738442
 Balebail S., Sisneros J. A. (2022). Long duration advertisement calls of nesting male plainfin midshipman fish are honest indicators of size and condition. J. Exp. Biol. 225, jeb243889. doi:10.1242/jeb.243889
 Bass A. H., Baker R. (1990). Sexual dimorphisms in the vocal control system of a teleost fish: Morphology of physiologically identified neurons. J. Neurobiol. 21, 1155–1168. doi:10.1002/neu.480210802
 Bass A. H., Bodnar D., Marchaterre M. A. (1999). “Complementary explanations for existing phenotypes in an acoustic communication system,” in The design of animal communication ed . Editors M. D. Hauser, M. Konishi (Cambridge, MA: MIT Press), 493–514. 
 Bass A. H., Marchaterre M. A. (1989). Sound-generating (sonic) motor system in a teleost fish (Porichthys notatus): Sexual polymorphism in the ultrastructure of myofibrils. J. Comp. Neurol. 286, 141–153. doi:10.1002/cne.902860202
 Block B. A., Imagawa T., Campbell K. P., Franzini-Armstrong C. (1988). Structural evidence for direct interaction between the molecular components of the transverse tubule/sarcoplasmic reticulum junction in skeletal muscle. J. Cell Biol. 107, 2587–2600. doi:10.1083/jcb.107.6.2587
 Boncompagni S., Michelucci A., Pietrangelo L., Dirksen R. T., Protasi F. (2018). Addendum: Exercise-dependent formation of new junctions that promote STIM1-Orai1 assembly in skeletal muscle. Sci. Rep. 8, 17463. doi:10.1038/s41598-018-33063-0
 Boncompagni S., Michelucci A., Pietrangelo L., Dirksen R. T., Protasi F. (2017). Exercise-dependent formation of new junctions that promote STIM1-Orai1 assembly in skeletal muscle. Sci. Rep. 7, 14286. doi:10.1038/s41598-017-14134-0
 Boncompagni S., Rossi A. E., Micaroni M., Beznoussenko G. V., Polishchuk R. S. Dirksen R. T., et al. (2009). Mitochondria are linked to calcium stores in striated muscle by developmentally regulated tethering structures. Mol. Biol. Cell 20, 1058–1067. doi:10.1091/mbc.e08-07-0783
 Bose A. P. H., Cogliati K. M., Luymes N., Bass A. H., Marchaterre M. A. Sisneros J. A., et al. (2018). Phenotypic traits and resource quality as factors affecting male reproductive success in a toadfish. Behav. Ecol. 29, 496–507. doi:10.1093/beheco/ary002
 Brantley R. K., Bass A. H. (1994). Alternative male spawning tactics and acoustic signals in the plainfin midshipman fish Porichthys notatus girard (Teleostei, Batrachoididae). Ethology 96, 213–232. doi:10.1111/j.1439-0310.1994.tb01011.x
 Brantley R. K., Tseng J., Bass A. H. (1993). The ontogeny of inter- and intrasexual vocal muscle dimorphisms in a sound-producing fish. Brain Behav. Evol. 42, 336–349. doi:10.1159/000114170
 Chellappa S., Huntingford F. A., Strang R. H. C., Thomson R. Y. (1995). Condition factor and hepatosomatic index as estimates of energy status in male three-spined stickleback. J. Fish. Biol. 47, 775–787. doi:10.1111/j.1095-8649.1995.tb06002.x
 Cogliati K. M., Neff B. D., Balshine S. (2013). High degree of paternity loss in a species with alternative reproductive tactics. Behav. Ecol. Sociobiol. 67, 399–408. doi:10.1007/s00265-012-1460-y
 Fawcett D. W. (1961). The sarcoplasmic reticulum of skeletal and cardiac muscle. Circulation 24, 336–348. doi:10.1161/01.cir.24.2.336
 Ferguson D. G., Schwartz H. W., Franzini-Armstrong C. (1984). Subunit structure of junctional feet in triads of skeletal muscle: A freeze-drying, rotary-shadowing study. J. Cell Biol. 99, 1735–1742. doi:10.1083/jcb.99.5.1735
 Fine M. L., Winn H. E., Joest L., Perkins P. J. (1977). Temporal aspects of calling behavior in the oyster toadfish, Opsanus tau. Fish. Bull. 75, 871–874. 
 Franzini-Armstrong C., Jorgensen A. O. (1994). Structure and development of E-C coupling units in skeletal muscle. Annu. Rev. Physiol. 56, 509–534. doi:10.1146/annurev.ph.56.030194.002453
 Franzini-Armstrong C., Nunzi G. (1983). Junctional feet and membrane particles in the triads of a fast twitch muscle fiber. J. Muscle Res. Cell Motil. 4, 233–252.
 Lavorato M., Iyer R., Franzini-Armstrong C. (2019). A proposed role for non-junctional transverse tubules in skeletal muscle as flexible segments allowing expansion of the transverse network. Eur. J. Transl. Myol. 29, 8264. doi:10.4081/ejtm.2019.8264
 Lewis M. K., Nahirney P. C., Chen V., Adhikari B. B., Wright J. Reedy M. K., et al. (2003). Concentric intermediate filament lattice links to specialized Z-band junctional complexes in sonic muscle fibers of the type I male midshipman fish. J. Struct. Biol. 143, 56–71. doi:10.1016/s1047-8477(03)00121-7
 Michelucci A., Boncompagni S., Pietrangelo L., Garcia-Castaneda M., Takano T. Malik S., et al. (2019). Transverse tubule remodeling enhances Orai1-dependent Ca(2+) entry in skeletal muscle. Elife 8, e47576. doi:10.7554/eLife.47576
 Michelucci A., Boncompagni S., Pietrangelo L., Takano T., Protasi F., Dirksen R. T. (2020). Pre-assembled Ca2+ entry units and constitutively active Ca2+ entry in skeletal muscle of calsequestrin-1 knockout mice. J. Gen. Physiol. 152, e202012617. doi:10.1085/jgp.202012617
 Michelucci A., Pietrangelo L., Rastelli G., Protasi F., Dirksen R. T., Boncompagni S. (2022). Pre-assembled Ca2+ entry units and constitutively active Ca2+ entry in skeletal muscle of calsequestrin-1 knockout mice. J. Gen. Physiol. 5 (154), e202213114. doi:10.1085/jgp.202213114
 Nelson F. E., Hollingworth S., Marx J. O., Baylor S. M., Rome L. C. (2018). Small Ca(2+) releases enable hour-long high-frequency contractions in midshipman swimbladder muscle. J. Gen. Physiol. 150, 127–143. doi:10.1085/jgp.201711760
 Nelson F. E., Hollingworth S., Rome L. C., Baylor S. M. (2014). Intracellular calcium movements during relaxation and recovery of superfast muscle fibers of the toadfish swimbladder. J. Gen. Physiol. 143, 605–620. doi:10.1085/jgp.201411160
 Perni S., Dynes J. L., Yeromin A. V., Cahalan M. D., Franzini-Armstrong C. (2015). Nanoscale patterning of STIM1 and Orai1 during store-operated Ca2+ entry. Proc. Natl. Acad. Sci. U. S. A. 112, E5533–E5542. doi:10.1073/pnas.1515606112
 Protasi F., Pietrangelo L., Boncompagni S. (2021). Calcium entry units (CEUs): Perspectives in skeletal muscle function and disease. J. Muscle Res. Cell Motil. 42, 233–249. doi:10.1007/s10974-020-09586-3
 Revel J. P. (1962). The sarcoplasmic reticulum of the bat cricothroid muscle. J. Cell Biol. 12, 571–588. doi:10.1083/jcb.12.3.571
 Rome L. C. (2006). Design and function of superfast muscles: New insights into the physiology of skeletal muscle. Annu. Rev. Physiol. 68, 193–221. doi:10.1146/annurev.physiol.68.040104.105418
 Rudolf R., Mongillo M., Magalhaes P. J., Pozzan T. (2004). In vivo monitoring of Ca(2+) uptake into mitochondria of mouse skeletal muscle during contraction. J. Cell Biol. 166, 527–536. doi:10.1083/jcb.200403102
 Schneider M. F., Chandler W. K. (1973). Voltage dependent charge movement of skeletal muscle: A possible step in excitation-contraction coupling. Nature 242, 244–246. doi:10.1038/242244a0
 Sisneros J. A., Forlano P. M., Knapp R., Bass A. H. (2004). Seasonal variation of steroid hormone levels in an intertidal-nesting fish, the vocal plainfin midshipman. Gen. Comp. Endocrinol. 136, 101–116. doi:10.1016/j.ygcen.2003.12.007
 Sutton S. G., Bult T. P., Haedrich R. L. (2000). Relationships among fat weight, body weight, water weight, and condition factors in wild Atlantic salmon parr. Trans. Am. Fish. Soc. 129, 527–538. doi:10.1577/1548-8659(2000)129<0527:rafwbw>2.0.co;2
 Tikunov B. A., Rome L. C. (2009). Is high concentration of parvalbumin a requirement for superfast relaxation?J. Muscle Res. Cell Motil. 30, 57–65. doi:10.1007/s10974-009-9175-z
 Zhang H., Bryson V. G., Wang C., Li T., Kerr J. P. Wilson R., et al. (2021). Desmin interacts with STIM1 and coordinates Ca2+ signaling in skeletal muscle. JCI Insight 6, 143472. doi:10.1172/jci.insight.143472
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.
Copyright © 2022 Kittelberger, Franzini-Armstrong and Boncompagni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-1036594-t002.jpg
Fish/embedding identifier Stack incidence (no. Humming status Time from last

per 100 um?®) Mean+SD observed humming to
perfusion

PN16-001/6125 103 £ 189 Not humming >10 days (never observed humming)
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Morphometric parameter

Standard Length (cm)

Body Mass (g)

Body Mass Index (BMLI, g/cm3)
Testes Mass (g)

Gonado-Somatic Index (GSI) (%)

Humming fish Mean+SD

1674 £ 1.35
638 192
0.0131 £ 0.0006
081 £ 0.42
124 £ 034

Non-humming fish mean+SD

18.82 + 3.66
995 + 638
0.0133 + 0.0018
0.89 £ 0.76
096 + 0.56

Statistical comparison

F (1,6.54) = 1.66, p > 0.24"
F (1,6.06) = 1.70, p > 0.24"
F (1,6.24) = 0.053, p > 0.82°
Z(32)=027,p>078"
t(9) = -0.95, p > 0.36°

*Welch ANOVA; variances significantly unequal (p < 0.05) by Bartlett’s test.
"Wilcoxon rank-sum; one or both distributions significantly non-normal (p < 0.05) by Shapiro-Wilk test.
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