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Polar and deep marine environments are physiologically challenging to invertebrates. Low temperature and high hydrostatic pressure both reduce the functionality of membranes, affect the function of macromolecules, and induce macromolecular damage, with diverse physiological consequences that have resulted in physiological adaptation among taxa inhabiting these environments (see Pörtner and Playle, 2010; Sébert, 2010 and references cited therein). The similar molecular and cellular effects of, and adaptations to, low temperature and high hydrostatic pressure have prompted the hypothesis that a common mechanism underlies physiological tolerance to both factors (Brown and Thatje, 2014, 2015). The physiological concept of oxygen- and capacity-limited thermal tolerance describes a mechanism where temperature tolerance is constrained by the ability to supply sufficient oxygen to meet metabolic demand (Pörtner, 2010). Recent experimental evidence indicates that hyperbaric tolerance is oxygen- and capacity-limited, too (Brown et al., 2017). However, whether the same fundamental mechanism limits both temperature and hydrostatic pressure tolerance, and what that mechanism may be, remains uncertain. Here, we synthesize relevant literature focusing on reptant decapods, the invertebrate taxon with most thoroughly explored low temperature (<5°C) and high hydrostatic pressure (>5 MPa ≈ >500 m depth) tolerance, and identify a potential mechanism limiting tolerance of both environmental factors.

Thermal cardiac dependence in crustaceans is predominantly mediated by temperature effects on the cardiac ganglion (Worden et al., 2006). Temperature-dependent mechanisms of synaptic transmission and pre- and post-synaptic transmitter-receptor interactions are putatively critical to temperature-dependent cardiac function in crustaceans (Frederich et al., 2000a,b). Neurotransmitter release is reduced at low temperature (Dunn and Mercier, 2003), which contributes to reducing neuromuscular transmission and consequently heart rate (Wittmann et al., 2010). However, inability to down-regulate haemolymph [Mg2+] has been implicated in constraining low-temperature tolerance and range limitation in reptant decapods (Frederich et al., 2000a,b): neurostransmitter release is also reduced at high extracellular [Mg2+] (Parnas et al., 1994). Reduction of ambient [Mg2+] typically increases heart rate and metabolic rate performance at low temperature in reptant decapods (Frederich et al., 2000a,b) due to reduced neurotransmission interference (Wittmann et al., 2010). The negative correlation between heart rate and haemolymph [Mg2+] in decapods may, therefore, depend on calcium channel blockade by magnesium, which slows neuromuscular transmission (see Wittmann et al., 2010, and references cited therein).

Moderating [Mg2+]-dependent thermal tolerance appears to have been critical to the relative success of lithodid crabs at extremely low, polar temperatures (≤2°C) (Wittmann et al., 2012). Lithodid crabs dominate reptant decapod occurrences approaching Antarctica (see Griffiths et al., 2013, and references cited therein)—the lowest temperature marine environment. However, recent experimental evidence suggests that the temperature-dependent mechanism of synaptic transmission, and pre- and postsynaptic transmitter-receptor interaction may be more critical to temperature-dependent physiological function in lithodids than [Mg2+] regulation (Wittmann et al., 2011, 2012). Nonetheless, experimental evidence indicates that heartbeat and ventilation beat frequencies in lithodids remain affected by [Mg2+] (Wittmann et al., 2012). The lithodid crab Lithodes maja appears capable of greater haemolymph [Mg2+] down-regulation than other examined lithodids (cf. Wittmann et al., 2010; Brown, 2015) and is reported in colder waters (0°C) than Southern Ocean lithodids (0.2°C) (cf. Hall and Thatje, 2011; Brown et al., 2017). Consistent with this hypothesis, heart rate is greater in L. maja than in the sub-Antarctic lithodid Paralomis granulosa at 0.1 MPa and 6°C; respectively ~28 bpm and ~21 bpm at rest (Wittmann et al., 2012). Co-occurring differences in thermal distribution and in [Mg2+] regulation suggest that [Mg2+] regulation remains capacity limiting in lithodids.

Hyperbaric tolerance in L. maja is also limited by hyperbaric effects on heart rate (Brown et al., 2017). Decreasing heart rate observed in L. maja in response to increasing hydrostatic pressure is similar to the decrease in heart rate observed in P. granulosa in response to decreasing temperature, suggesting that [Mg2+] regulation may also critically influence hyperbaric performance. Linear regression indicates that heart rate decreases by 1.01 bpm °C−1 in P. granulosa (Wittmann et al., 2012) and by 0.889 bpm MPa−1 in L. maja (Brown et al., 2017). Disparity between hydrostatic pressure thresholds in relatively effective and ineffective haemolymph [Mg2+]-regulating crustaceans supports this interpretation. Hydrostatic pressure tolerances are significantly lower in decapod taxa typically incapable of regulating haemolymph [Mg2+] concentration below 90% ambient seawater (anomurans and brachyurans) than in decapod taxa typically capable of doing so (amphipods, carideans, and isopods) [one-way ANOVA: F(1, 13) = 9.292, p = 0.009; for data see Brown and Thatje, 2015]. [Mg2+] regulation may therefore be involved in limiting both low temperature and high hydrostatic pressure tolerance, but through what mechanism/s? Mg2+ may directly influence cardiac muscle activity at low temperature high hydrostatic pressure by inhibiting activity in myosin motors (Hogan and Besch, 1993). However, cardiac activity in decapod crustaceans is neurogenic (Anderson and Cooke, 1971) and low temperature high hydrostatic pressure effects on neurotransmission may precede effects on muscle activity (Friedrich, 2010). We therefore hypothesize that [Mg2+] regulation contributes to limiting tolerance to both low temperature and high hydrostatic pressure through effects on N-methyl-D-aspartate (NMDA) receptors.

NMDA receptors are ligand-gated and voltage dependent glutamate receptors: ion channels that mediate excitatory neurotransmission (Dingledine et al., 1999). NMDA receptors appear to be concentrated in all major ganglia of decapods, demonstrating strong localization in synaptosomal membranes (Hepp et al., 2013). Inhibition of NMDA receptor activity depends predominantly on Mg2+ blockade (Blanke and Van Dongen, 2009), although Zn2+ can also inhibit NMDA receptor function (Amico-Ruvio et al., 2011). Information on [Zn2+] regulation in decapod crustaceans is extremely limited (Lignot and Charmantier, 2015), precluding thorough exploration of the potential contribution of [Zn2+] regulation to limitation of low temperature tolerance. However, improvements in reptant decapod low-temperature performance with decreased ambient [Mg2+] (including heart rate and metabolic rate; Frederich et al., 2000a,b, 2001) suggest that low-temperature neurotransmission interference may result from NMDA receptor under-activity. Indeed, shifts in NMDA receptor regulation occur during cold stress in reptant decapods (Stillman and Tagmount, 2009).

The hyperbaric decrease in L. maja's heart rate may also be mediated by depressed neurotransmission, resulting from shifts in NMDA receptor activity (Brown et al., 2017). Indeed, pressure depresses synaptic transmission at all examined synapses in shallow-water taxa (see Aviner et al., 2010), including the crustacean neuromuscular junction (Campenot, 1975). Studies in vertebrates indicate that pressure can diminish the efficacy of receptor blockade and augment NMDA receptor synaptic responses, leading to hyper-excitability, and potentially to neurotoxicity through excessive cellular influx of Ca2+ (Mor and Grossman, 2006, 2007, 2010). NMDA receptor stimulation certainly appears to significantly increase hyperbaric sensitivity (Millan et al., 1989; Darbin et al., 2000). However, neural and muscular symptoms of hydrostatic pressure effects are also compatible with slowing NMDA receptor kinetics (e.g., Talpalar and Grossman, 2006). Shifts in NMDA receptor activity may result from impaired rather than augmented NMDA receptor function. NMDA receptor subtypes display differential responses to elevated pressure, and ionic currents can be decreased rather than increased by elevated pressure (Mor et al., 2012).

Mor et al. (2012) examined eight NMDA receptor subtypes for responses to high pressure (10.1 MPa) and reported that only one subtype produced significantly larger ionic current at high pressure, whereas ionic currents in three subtypes appeared unresponsive to high pressure, and four subtypes produced significantly smaller ionic currents at high pressure. Acute cold reduces voltage-dependent Ca2+ channel currents similarly and prolongs action potential duration, reducing Ca2+ flux and depressing cardiac contractility (e.g., Shiels et al., 2014). Hydrostatic pressure effects on membrane properties and ion channel structure (Tillman and Cascio, 2003) may affect quaternary structure, destabilizing the ligand-binding cores of glutamate receptors enhancing neurotransmitter desensitization (Sun et al., 2002). However, further exploration has revealed that high pressure effects on NMDA receptor subtypes can vary among different splice variants (Bliznyuk et al., 2015), even switching between increasing and decreasing ionic currents (Bliznyuk et al., 2017). The mechanism underlying the switch remains unknown (Bliznyuk et al., 2017). Whether decapod crustaceans have a similar diversity of receptor subtypes is unknown, but the arthropod Drosophila spp. demonstrates the alternative splicing that generates different gene transcripts encoding different protein isoforms, which may form different receptor subtypes (Xia et al., 2005), suggesting that crustaceans may also possess different receptor subtypes. Nonetheless, the function of decapod NMDA receptor subtypes may still differ from function identified in other taxa.

Variation in [Mg2+] regulation among decapod crustaceans highlights the potential influence of glutamergic NMDA synaptic processes in limitation of high hydrostatic pressure tolerance. NMDA receptors typically have higher Ca2+ conductance than other synaptic receptors (Aviner et al., 2010) suggesting greater potential for high hydrostatic pressure impact on neurotransmission than other synaptic receptors. However, high hydrostatic pressure affects glutamergic AMPA, GABAergic, glycinergic, dopaminic, serotonergic, and cholinergenic synaptic processes similarly (Grossman et al., 2010), likely contributing to limitation of high hydrostatic pressure tolerance. The effects of high hydrostatic pressure on other ion channels may contribute to limitation of high hydrostatic pressure, too. For example, high hydrostatic pressure impairs the function of Na+, K+-ATPase (Gibbs and Somero, 1989). Na+, K+-ATPase contributes to Ca2+ homeostasis in crustaceans (Freire et al., 2008) and is critical to maintaining membrane potential needed to generate action potentials in cells regulating cardiac function (Lodish et al., 2003). Indeed, Na+, K+-ATPase dysfunction can eventually render the crustacean heart unable to beat (Stillman, 2002). Critical pressure effects on Na+, K+-ATPase are supported by enzymatic functional pressure-adaptation in deep-sea organisms (Gibbs and Somero, 1989). However, the Na+, K+-ATPase function is reduced by high hydrostatic pressure in a nonlinear decrease (Gibbs and Somero, 1989), in contrast to the linear decrease in hyperbaric heart rate (Brown et al., 2017). Regardless, the apparent influence of [Mg2+] on high hydrostatic pressure tolerance suggests a significant role for NMDA receptors in limitation of high hydrostatic pressure.

Testing the role of NMDA receptors in limiting tolerance of high hydrostatic pressure may be achieved by assessing the hyperbaric performance of reptant decapods in seawater with reduced [Mg2+]. However, resolving the relative importance of NMDA receptor subtypes and splice variants and other ion channels to low temperature and high hydrostatic pressure tolerance in decapod Crustacea will require exploration of latitudinal and bathymetric trends in adaptation in these structures. Such study may be crucial to understanding potential future impacts of changing climate on deep-sea ecosystems: the interaction of low temperature and high hydrostatic pressure establishes a physiological bottleneck at bathyal depths (Brown and Thatje, 2014), which will be affected by ocean warming (Brown and Thatje, 2015).
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