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Selective modulation of cellular voltage dependent calcium channels by 


hyperbaric pressure - a suggested HPNS partial mechanism. 


 


Abstract 


Professional deep sea divers experience motor and cognitive impairment, known as 


High Pressure Neurological Syndrome (HPNS), when exposed to pressures of 100 


msw (1.1MPa) and above, considered to be the result of synaptic transmission 


alteration. Previous studies have indicated modulation of presynaptic Ca
2+


 currents at 


high pressure. We directly measured for the first time pressure effects on the currents 


of voltage dependent Ca
2+


 channels (VDCCs) expressed in Xenopus oocytes. Pressure 


selectivity augmented the current in CaV1.2 and depressed it in CaV3.2 channels. 


Pressure application also affected the channels' kinetics, such as ƮRise, ƮDecay. Pressure 


modulation of VDCCs seems to play an important role in generation of HPNS signs 


and symptoms.  


 


Introduction 


HPNS: Unlike chemical factors, pressure acts instantaneously and throughout the 


organism. Every chemical reaction contributing to the continued existence of the 


organism is a potential target for pressure effects on biological processes. The major 


neurological problems associated with hyperbaric environments include N2 narcosis 


(inert-gas narcosis), O2 toxicity, which occurs due to increased oxidative stress (Allen, 


Demchenko et al. 2009), and HPNS (Halsey 1982; Talpalar and Grossman 2006). By 


controlling partial-pressures of absorbed tissue gases while under pressure these 


neurological problems, excluding HPNS, can be alleviated and even eliminated, 


leading to the notion that HPNS occurs due to effects of pressure per se (Abraini 


1997; Bennett 1997). Deep sea divers (approximately >100 m), as well as animals 


exposed to hyperbaric  pressure (HP), may experience HPNS, which includes in 


humans dizziness, nausea, tremors, vision and auditory disturbances, decrements in 


locomotor activity (Tarasiuk and Grossman 1990; Darbin, Risso et al. 2000)  and 


intellectual performances (Logue, Schmitt et al. 1986; Vaernes, Bergan et al. 1988; 


Overman, Brauer et al. 1989; Abraini 1997; Steevens, Russell et al. 1999), confusion, 


changes in EEG & sleep disorders (Rostain, Gardette-Chauffour et al. 1997), 


myoclonus (Darbin, Risso et al. 2000), convulsions, and loss of conciseness. 


 


Synaptic transmission: Changes in synaptic transmission properties is a possible 


explanation for this constellation of signs and symptoms (for review see (Daniels and 


Grossman 2003). Indeed, it has been previously shown that synaptic transmission is 


suppressed by HP whether in vertebrate CNS synapses (Parmentier, Shrivastav et al. 


1981; Schleifstein-Attias, Tarasiuk et al. 1994), squid giant synapse (Parmentier, 


Shrivastav et al. 1981) or crustacean neuromuscular junction (NMJ) (Campenot 1975; 


Grossman and Kendig 1990), either in excitatory  (Grossman and Kendig 1988; 


Golan, Moore et al. 1994)or inhibitory (Golan, Moore et al. 1994) synapses. The 


process of transmitter release from presynaptic terminals is believed to be the same 


for excitatory and inhibitory synapses; hence it seems acceptable that HP similarly 







affects excitation and inhibition. Postsynaptic reduction in receptor sensitivity, 


observed in glycine receptors (Shelton, Doyle et al. 1993), will exacerbate pressure 


induced suppression in specific synapses (Daniels and Grossman 2003). Various 


mechanisms for HP effects on synaptic transmission have been suggested over the 


past few decades, including modulation of ionotropic receptors activity (Heinemann, 


Conti et al. 1987; Shelton, Doyle et al. 1993), decreased AP amplitude (Aviner, 


Gradwohl et al. 2013) and slowed kinetics (Grossman and Kendig 1986; Etzion and 


Grossman 1999), generally observed depression of neurotransmitter release 


(Parmentier, Shrivastav et al. 1981; Ashford, MacDonald et al. 1982; Gilman, Colton 


et al. 1987; Etzion, Mor et al. 2008), decreased vesicle fusion (Ashford, MacDonald et 


al. 1982; Heinemann, Conti et al. 1987), and the reduction of Ca
2+


 currents (Talpalar 


and Grossman 2003; Aviner, Gradwohl et al. 2013). HP also causes an increase in 


synaptic facilitation and tetanic potentiation (Grossman and Kendig 1988), and a 


decrease in the frequency of spontaneous miniature excitatory postsynaptic potentials 


(Ashford, MacDonald et al. 1982). The latter phenomena may also suggest that [Ca
2+


]i 


could be involved in manifesting these HP effects. Indeed, it was also found that HP 


mimics the effects of low [Ca
2+


]o (Grossman and Kendig 1990; Etzion, Mor et al. 


2008), and in contrast, high [Ca
2+


]o can antagonize HP effects (Golan and Grossman 


1992; Talpalar, Giugliano et al. 2010; Aviner, Gradwohl et al. 2013). Taken together, 


we may postulate that one of the major mechanism by which HP suppresses synaptic 


transmission is a depresion of Ca
2+


 influx into the presynaptic terminal through 


voltage dependent Ca
2+


 channels (VDCC), which is the natural trigger of this process. 


Indeed, Grossman and his colleagues have presented an indirect (Grossman and 


Kendig 1990; Grossman, Colton et al. 1991; Etzion and Grossman 2000) and a semi-


direct (Aviner, Gradwohl et al. 2013) evidence for this HP effect on voltage 


dependent Ca
2+


 currents.  


 


Pressure and voltage dependent Ca
2+


 channels: Various VDCC types exist, 


characterized by their electrophysiological and pharmacological traits (CaV1.1-4, 


CaV2.1-3, CaV3.1-3) and comprised of the α1, α2δ, β and γ subunits (Meir, Ginsburg 


et al. 1999; Catterall 2000).  The major difference between the channels results from 


the variation in the α1 subunit, which holds the ion conducting pore, the voltage 


sensor, the channel gating section, and the known sites of channel regulation by 


second messengers, drugs and toxins (Ertel, Campbell et al. 2000). Evidence have 


accumulated, mostly indirectly, for HP effects on VDCC (Aviner, Gnatek et al. 2010). 


Pressure inhibited the brief reversal of swimming direction in the Paramecium, 


suggesting that an unclassified Ca
2+


 current, which is associated with the reflex, is 


impaired (Otter and Salmon 1985). Depolarization dependent Ca
2+


 influx into rat 


brain synaptosomes was depressed by pressure (Gilman, Kumaroo et al. 1986). 


Membrane retrieval, another Ca
2+


 dependent process (Vogel, Smith et al. 1999; Wu, 


McNeil et al. 2009), was also inhibited by pressure (Heidelberger, Zhou et al. 2002). 


Analysis of studies on crustacean neuromuscular synapses that examined the 


relationship between [Ca
2+


]o , EPSC amplitude and facilitation (Grossman and Kendig 


1988; Grossman and Kendig 1990; Golan and Grossman 1992) suggests that pressure 


is acting to reduce Ca
2+


 influx, rather than to affect intracellular removal of Ca
2+


 or 


the release process. 


 







The amplitude of slow after-hyperpolarization (sAHP) in rat CA1 was reduced by HP 


(Southan and Wann 1996). This reduction could be explained by a depression of the 


SK potassium channel, responsible for the sAHP. But since this channel is activated 


by the rise of [Ca
2+


]i  during each AP, it can also be pointing to a reduction in Ca
2+


 


influx through VDCCs, not only in the synaptic terminal but also along the axon and 


possibly in the soma and dendrites as well. 


 


In the frog motor nerve HP significantly suppressed fast Ca
2+ 


currents (presumed 


CaV2.2), and to a much lesser degree a slow Ca
2+


 currents (presumed CaV1 (Aviner, 


Gradwohl et al. 2013)), suggesting HP selective effect on different types of 


colocalized VDCCs. The high sensitivity of the CaV2.2 Ca
2+


 channel to pressure was 


also suggested in experiments done in the synapse of parallel fibers on Purkinje cells 


in guinea pig cerebellum (Etzion and Grossman 2000). 


 


On the other hand, in bovine chromaffin cells a slow inactivating Ca
2+


 current was 


reported insensitive to pressure (Heinemann, Conti et al. 1987), similarly to the Ca
2+


 


action potentials , mediated via currents in CaV2.1 channel , in guinea pig cerebellar 


Purkinje cells (Etzion and Grossman 1999).  


 


To date, no attempt was made to directly measure isolated Ca
2+


 currents at pressure. 


The work detailed in this manuscript aims to do so for the first time. 


 


Alteration in the properties of these channels at pressure can significantly influence 


one’s cognition, sensual perception and ability to control posture and muscle activity, 


in a manifestation which could depict the HPNS. 


 


Methods 


Oocytes extraction and cRNA injection: oocytes of Xenopus laevis mature female frog 


were surgically extracted from its ovary and treated with 1.5 mg/ml collagenase for 


30-60 minutes in order to remove connecting tissue. Suitable oocytes were sorted out 


by size, quality and developmental stage (VI), and kept in NDE96 solution containing 


(in mM): 96 NaCl, 2 KCl, 1 MgCl2, 1 CaCl2, 2.5 sodium pyruvate, 50 µg/ml 


gentamycine, 5 HEPES, pH 7.5 .  


cRNAs of the subunits of L or T type Ca
2+


 channels (LTCC or TTCC, respectively) 


were synthesized from rabbit cDNA by in-vitro transcription with T7 or SP6 


Amplicap High-Yield Message Maker Kit (Epicentre Technologies, Madison, WI). 


Oocytes were then injected with the specific cRNA mix (2.5 ng) encoding for the 


pertinent subunits to express LTCC or TTCC were kept in an incubator for 4 days at 


18 °C in NDE96 solution. The following subunits were used: α1Χ+β2Α+α2δ, 


comprising the LTCC CaV1.2 and α1Η+α2δ, comprising the TTCC CaV3.2 whose gene 


code numbers are α2δ - M21948, β2 - X64297, α1C - X15539, and α1H - AF051946.  







Electrophysiological recordings: 4 days post injection the oocytes were placed in a 


specially designed bath, and two electrodes voltage clamp (TEVC) experiments with 


10 mV increments and 5-10 sec interval between -70 to 40 mV were performed inside 


a compression chamber, utilizing an AXOCLAMP 2B amplifier (Molecular Devices, 


Axon Instruments, Inc, CA, USA ), Master-8-cp Pulse Generator (A.M.P.I.) and 


AxoScope 9.2 software. While in the chamber, each oocyte was continuously 


perfused with a Ba
2+


 solution containing (in mM) :  40 Ba(OH)2, 50 NaOH, 2 KOH, 


and 5 HEPES, titrated to pH 7.5 with methanesulfonic acid. Ba
2+


 was used as charge 


carrier, replacing the Ca
2+


 ions, in order to avoid Ca
2+


 dependent inactivation and the 


activation of Ca
2+


 activated Cl
-
 channels (Cl


-
Ca), known to be endogenously expressed 


in oocytes membrane (Miledi and Parker 1984). The channels also have higher 


conductance to Ba
2+  


(Tsien, Hess et al. 1987), allowing measurement of minute 


currents that otherwise would have been unnoticed. The solution, saturated with air at 


atmospheric pressure, was introduced to the chamber by the use of a high pressure 


pump (Minipump, LDC Analytical Inc, Riviera Beach, FL, USA) at room temperature 


(24-25
o
C), at a rate of 1.5-2 ml/min. Temperature was constantly monitored 


throughout the experiments by the use of a thermistor submerged in the solution in the 


vicinity of the oocyte groove. Deviation of only ±0.5°C was allowed from the control 


temperature for later measurements. 


 


Typical recording traces are shown in Fig 1A-B. For the oocytes expressing CaV1.2 


holding potential was -70 mV (Fig 1A). Each depolarizing step duration was 500 ms 


which was preconditioned by a 100 ms hyperpolarizing step to -80 mV in order to 


release the VDCC from partial inactivation. The latter was also used to calculate and 


monitor the oocytes instantaneous input resistance which was accounted for at each 


recorded trace separately.  For the oocytes expressing CaV3.2 holding potential was -


80 mV (fig. 1B) and each depolarizing step duration was 100 ms which was 


preconditioned by a 150 ms hyperpolarizing step to -90 mV, for similar reasons.  


 


Every series of depolarizing pulses was used to construct an I-V curve and repeated at 


least three times in order to verify stability of the currents. Recorded traces with 


voltage fluctuation greater than 2 mV were disregarded. We studied HP effects 


(examples in fig. 1A-B bottom panels) on I-V curve, maximal currents, activation and 


inactivation functions, channel’s kinetics such as time to peak and time constants (Ʈ), 


and voltage dependency. Maximal currents were measured as the lowest point of the 


current curve (Fig 1 inset, left arrow). Inactivation (I/Imax) was measured towards the 


end of the depolarizing step (Fig 1 inset, right arrow) in comparison to the measured 


maximal current (as above). A fit was calculated for each decaying section of the 


current in every recorded trace (fig. 1 inset, blue fit) according to a biexponential 


equation, defining two time constants for decay: 


Fit = -A1exp(-t/ƮDecay Fast) -A2exp(-t/ƮDecay slow) +C . 


For the rising phase and the tail currents a single exponential fit was performed (fig. 1 


inset, red fits). 







Activation volume (ΔV
‡
) was calculated for time constants of channels activation, 


inactivation and deactivation under normobaric and hyperbaric conditions, following 


the known equation: ΔV
‡ = RT(ӘlnƮ/ӘP)T 


 


Truncated K channel: The current measurement using TEVC method was carried out 


for long duration and under HP conditions. Since it was our first attempt, a 


verification of the recording stability was needed. AS a first approximation, truncated 


variant of a Drosophila K
+
 channel (KCNKØ) missing its carboxy-terminal tail (700 


residues) was injected into oocytes (n=4), causing a shift of their normal resting 


potential from about -40  ̶  -50 mV to approximately -80mV (Zilberberg, Ilan et al. 


2000). The membrane potential of these oocytes was then measured for 1-2 h and 


demonstrated stable resting potential of -80 +2 mV (not shown) . This result showed 


that the setup measurements are accurate and do not drift during the experiment. 


 


Ca
2+


-activated Cl
-
 channels blocker: In an attempt to clarify whether Ba


2+
 currents 


measured in the VDCCs, over-expressed in the oocytes membrane, are subjected to 


artifacts caused by currents via endogenous channels, we have performed a series of 


experiments in CaV1.2 channels using 9-Anthracene carboxylic acid (9-AC), a 


pharmacological blocker of the Cl
-
Ca (Boton, Dascal et al. 1989). The use of a Ca


2+
 


chelators, e.g. BAPTA or EGTA, was not feasible due to their short time-span 


effectiveness in relation to the duration of our experiments (see Results, Time stability 


of HP effect).  9-AC was dissolved at 0.2-0.5M in a 1M solution of NaOH. This stock 


solution was then added to the physiological measurement solution to a final 2-4mM 


concentration (Boton, Dascal et al. 1989). Titration to pH 7.5 was then done using 


Methanesulfonic acid. 


 


Helium Compression: After control measurement at 0.1 MPa, compressions steps to 


0.5, 1.0, 2.5 and 5.0 MPa were performed by compressed helium. Compression was 


done manually from a tank through a set of valves into the pressure chamber. 


Compression rate was approximately 0.25-0.5 MPa / min, and never exceeded 1.0 


MPa / min. The use of helium instead of air is due to its inert quality and the need to 


avoid known nitrogen narcosis and oxygen toxicity related effects (Dean, Mulkey et 


al. 2003). 


 


Statistical analysis:  The full set of parameters was calculated for each recorded trace 


separately, considering the instantaneous input resistant and leak currents where 


appropriate, using a self-designed Matlab software program. The data was exported to 


Microsoft Excel software, by which averaging and binning were performed. Each 


oocyte was used as its own control, normalized to 0.1 MPa. Where data from more 


than one oocyte was pooled, binning was performed relative to the voltage generating 


the maximal current in the I-V curve (VImax), hence in figures representing these data 


(1.E-H and 3-9.C-F) the X axis title is '∆V' . 'Paired sample t-tests' was used to 


analyze the significance of the results.  







 


Results 


Increased current in CaV1.2 


Generally, HP was expected to suppress currents of VDCCs (see Introduction). 


Surprisingly, Ba
2+


 currents in CaV1.2 were significantly increased in oocytes exposed 


to HP (0.5-5.0 MPa, see example in fig 1C) in a dose dependent manner, throughout 


the channels' voltage range of activity. Compression to 0.5, 2.5 and 5.0 MPa 


augmented the maximal currents by 28 ± 10, 58 ± 22 and 70 ± 32%, respectively (fig. 


1E, Average ± SEM, p<0.01, n=9-17). Decompression back to 0.1 MPa only partially 


reversed the HP effect, leaving the maximal current 44 ± 19 % increased. Neither the 


threshold voltage nor the depolarization (VImax) that generated the largest currents 


(negative peak in IV curve) were affected. 


Normalizing each IV curve under the various pressures to its own maximal (negative) 


peak (fig. 1G) show almost identical curves, and therefore suggest that the channel's 


sensitivity to the membrane voltage did not alter as a result of the compression. 


 


Adiabatic temperature change and time stability 


Elevation of ambient pressure in these experiments was achieved by gaseous (helium) 


compression, hence an adiabatic temperature rise has always occurred (typically 0.5-


2, but never more than 4 ºC), which was controlled by the rate of compression. Only 


measurements within 0.5 ºC or less of control temperature were taken under 


consideration. Therefore, it was needed to wait for the chamber's atmosphere (bath 


fluid) to cool down (lasting 10-30 min), resulting in 1-2 h long experiments. Fig. 2A 


shows IV curves in an oocyte expressing CaV1.2 recorded at 5.0 MPa (post-


compression) while cooling back to control temperature (24ºC). As expected, elevated 


temperature (in addition to the HP) led to an increase in the currents. However, even 


after the control temperature was regained, the augmented current persisted. This 


strongly indicates that the temperature fluctuation cannot solely explain the increase 


in the channel's current and it should reflect a direct effect of HP (as shown in fig. 


1C). In order to verify that, and to rule out the possibility that the surprising 


augmentation of CaV1.2 current at pressure is only the result of the adiabatic 


temperature change or a transient HP effect, currents were measured for 1-2 hours 


post-compression (different experiments n=2, fig. 2B). As can be seen, currents 


remained stable at HP for long durations after cooling back to control temperature, 


thus suggesting that the augmentation effect is stable and pressure induced. 


 


Eliminating Ca
2+


-activated Cl
-
 channels current contamination 


Xenopus oocytes are known to endogenously express the Ca
2+


-activated Cl
-
 channels. 


In order to avoid their activation (leading to inaccurate current measurement) we have 


used a Ba
2+


 solution with no added Ca
2+


 in our experiments. In order to avoid any 


current flowing through these channels in the unlikely event of their activation, the 


solution was also Cl
-
 free. Performing TEVC experiment on naïve oocytes generated 


maximal currents in the 10-30 nA range (not shown), considered negligible compared 







to 1000 nA and more measured in oocytes expressing the CaV1.2 channel. 


Nevertheless, we preformed two sets of experiments aimed to verify that the 


theoretical Cl
-
Ca current does not play a role in the HP related effect, by adding 9-AC 


(a Ca
2+


-activated Cl
-
 channel blocker, see Methods) to the solution before or after 


compression (fig. 2C). Neither adding 9-AC pre-compression alter the HP-induced 


augmentation of CaV1.2 current (fig. 2D), nor did 9-AC affected this augmentation 


when added post-compression, indicating that the HP effect is real. 


 


Ba
2+


 – Ca
2+


 substitution 


Since Ca
2+


 was substituted for by Ba
2+


 due to the reasons mention in Methods, we 


wanted to verify that the HP effect is still valid when using the native Ca
2+


 ion. As 


expected, changing the bath solution to contain Ca
2+


 (using the CaV1.2 channel) 


resulted a decrease in the measured current and a faster and stronger inactivation (fig. 


2E and 2F black curves). Application of pressure has augmented this current as well 


(fig. 2F, red curve). 


  


Decreased current in CaV3.2 


Ba
+
 currents in CaV3.2 were significantly decreased at HP (0.5-5.0 MPa) in a dose 


dependent manner (see example in fig. 1D), in contrast to the findings of CaV1.2. 


Preliminary results showed that the HP effect did not change between 2.5 and 5.0 


MPa, therefore another pressure step to 1.1 MPa was added in subsequent 


experiments in order to reveal the HP effect saturation. Neither the threshold voltage 


nor the VImax were affected. Compression to 0.5, 1.1, 2.5 and 5.0 MPa depressed the 


maximal currents by 33 ± 2, 42 ± 6, 34 ± 5 and 27 ± 5 %, respectively (fig. 1F, 


Average ± SEM, p<0.01, n=4-9). Decompression to 0.1 MPa failed to recover the 


current, which remained depressed by 40 ± 7 %. Normalizing each IV curve under the 


various pressure conditions to its own maximal (negative) peak (fig. 1H) reveals an 


increase of the currents in CaV3.2 at sub-maximal membrane potentials (∆V -10 mV), 


but not at VImax and above. We may hypothesize that this might occur due to a higher 


probability for transition to the 'open' state of the channel in this voltage range. 


 


Channels conductance 


Calculating the channels conductance in relation to the membrane potential show 


similar results to the general findings in the IV curves (see examples in fig. 3A-B). 


HP decreased the conductance in the CaV3.2 channel (fig. 3D) and increased it in the 


CaV1.2 channel (fig. 3C). On average, the change from threshold to maximal 


normalized response occurred within 20 mV depolarization range for CaV3.2 channel 


and 30 mV for the CaV1.2 channel. Normalizing each curve to its own maximal value 


(fig. 3E-F) reveals in the CaV3.2 channel the same tendency seen in the normalized IV 


curve (Fig. 1H) for higher conductance at HP in the ∆V -10 mV membrane potential, 


whereas the CaV1.2 channel did not show such trait (fig. 3E). For depolarizations 


above VImax only compression to 0.5 MPa caused a consistent small reduction in 


normalized conductance in both channels. 







 


Currents inactivation 


The eminent effect of HP on these channels manifested in the current and 


conductance parameters has lead us to ask why does pressure changes the total flux 


through them during supra-threshold depolarizations. A possible explanation could be 


that the channels' kinetics is affected by pressure. Previous findings have correlated 


HP to slowed inactivation in Na
+
 channel (Henderson and Gilbert 1975; Conti, 


Fioravanti et al. 1982) and compared the effect of higher pressure to lower 


temperature (Grossman and Kendig 1984; Grossman and Kendig 1986). We have 


therefore embarked on testing a few of the channels' kinetic properties. We first 


examined channels' inactivation, measured as the ratio between remaining fraction of 


the current at the end of the depolarizing voltage step and its maximal value (Iend/Imax, 


see examples in fig. 4A-B). The lack of Ca
2+


 ions in the experimental solution has 


eliminated the Ca
2+


 dependent inactivation and most likely guaranteed that only the 


voltage & time dependent inactivation will be measured. To verify this assumption, 


and in order to serve as a reference, a few experiments were conducted (n=5) using a 


solution in which the Ba
2+


 was replaced with an equivalent concentration of Ca
2+


 


(example in fig. 2E) .As expected, in the presence of  Ca
2+


 a stronger (2 folds) and 


faster (4 folds) inactivation was observed.  


 


For the CaV1.2 channel inactivation was stronger at VImax , but was weakened at 


stronger depolarizations (∆V 10-40 mV, fig. 4C). Decompression did not relieve the 


HP effect. For the CaV3.2 channel, the inactivation was stronger around the threshold 


voltage (∆V -20  ̶  -10 mV) at HP, but was weakened at VImax at lower HP (1.1 MPa). 


 


Normalizing each curve to its own minimal value stresses the tendency for the 


strongest inactivation to occur in the CaV1.2 channel at VImax at HP, whereas at 


normobaric pressure and post-decompression it occurs at the strongest depolarization, 


as expected for this VDCC (fig. 4E). For the CaV3.2 channel although the normalized 


curves converge at high depolarization, in most supra-threshold membrane potentials 


inactivation remained stronger at HP (fig. 4F).  


 


Currents time to peak 


If the rate of activation of the VDCCs is affected by HP, that may change the time 


window for the ionic flow through them before the voltage & time dependent 


inactivation will take place. In case activation is as slow as inactivation, that will 


affect the Imax  in each depolarization. We have therefore measured the time passing 


from the stimulating depolarizing step to the development of Imax (time to peak, TTP). 


Examples can be seen in fig. 5A-B.  


For the CaV1.2 channel the TTP was increased at HP near VImax (∆V -10 – 10 mV, fig. 


5C). Decompression did not relieve this effect. 







For the CaV3.2 channel TTP was decreased in the range between of ∆V -20 - 0 mV 


(fig. 5D). An increase of TTP was observed after decompression above VImax. 


Normalizing each TTP curve to its own minimal value (normally achieved at strong 


depolarization) showed the same tendencies: an increased TTP in the CaV1.2 channel 


(fig. 5E) and a decreased TTP in the CaV3.2 channel (fig. 5F). 


 


Currents ƮRise  


A complementary trait for the TTP in regards to the opening of the channel is the time 


constant of the rising phase of the current, ƮRise. Slower TTP should mean greater 


ƮRise , and vise versa. Indeed, in the CaV1.2 HP caused an increase in the ƮRise values 


at VImax and 10 mV above (fig. 6A). Greater depolarizations lead to convergence of 


ƮRise to control values (fig. 6B). Decompression only partially recovered ƮRise , which 


remained elevated at VImax. Normalizing each curve to its own minimal value 


demonstrates a similar rise in ƮRise at VImax and ∆V 10mV (fig. 6C), which might 


support the notion that HP interferes with the opening mechanism of this channel, i.e 


slows its kinetics. ΔV
‡
 of current activation for CaV1.2 at VImax was calculated to be 


454 ml/mole at 5.0 MPa. 


Unfortunately, relatively large currents measured in the CaV3.2 channel were 


accompanied by an artifact during their rising phase, which prevented accurate 


measurement of their ƮRise. 


 


Currents Fast ƮDecay  


The changes in inactivation (Iend/Imax) found in both channels at HP could arise from 


its effect on their rate of decay, since Iend was measured here after a specific time and 


not under steady state conditions. The analysis revealed fast and slow time constants 


for the decay (see examples in fig. 7A-B and 8A-B), the first being shortened by 


stronger depolarizations and the latter being elongated.  


For the CaV1.2 HP caused a decrease in the fast ƮDecay (ƮDecay fast) at VImax and 10 mV 


below (fig. 7C). Stronger depolarizations (∆V 10-40 mV) at HP did not change ƮDecay 


fast, but after decompression its values were slightly smaller (∆V 30-40 mV). At the 


rest of the depolarizing range decompression has fully recovered ƮDecay fast. For the 


CaV3.2 the ruling trend was a reduction of ƮDecay fast at HP, mainly from VImax and 


above (fig. 7D), while decompression did not relieve this effect. Normalizing each 


curve to its own minimal value showed for the CaV1.2 channel a depression at 2.5 and 


5.0 MPa, but not at 0.5 MPa (fig. 7E), while decompression increased  the normalized 


ƮDecay fast. In the CaV3.2 channel at ∆V -10 – 0 compression to 1.1 and 5.0 MPa (but 


not to 0.5 and 2.5 MPa) increased the normalized ƮDecay fast (fig. 7F), which remained 


elevated after decompression in this activity range.  


ΔV
‡
 of fast decay inactivation at VImax was calculated to be -332 and -55 ml/mole at 


5.0 MPa for CaV1.2 and CaV3.2, respectively. 


 







Currents slow ƮDecay 


The slow ƮDecay (ƮDecay Slow) in both channels was increased by stronger 


depolarizations at 0.1 MPa (fig. 8A-B).  


For the CaV1.2 channel ƮDecay Slow does not seem to be sensitive to HP, as no 


consistent significant difference was found in its values after compression or 


decompression (fig. 8C). For the CaV3.2 channel ƮDecay Slow was shortened only by 


strong depolarization (∆V 30-40 mV) at HP, while decompression eliminated this 


effect (fig. 8D). The normalized curves of ƮDecay Slow for both channels did not reveal a 


different behavior than that described above (fig. 8E-F). 


ΔV
‡
 of slow decay inactivation at VImax was calculated to be -32 and 179 ml/mole at 


5.0 MPa for CaV1.2 and CaV3.2, respectively. 


 


Currents ƮTail 


The tail current time constant (ƮTail), representing the kinetics of the channels' 


deactivation, was shortened by increasing depolarization in the CaV1.2 channel (see 


example in fig. 9A). This trend persisted with the application of HP, but at 5.0 MPa 


ƮTail remained minimal throughout the activity range of the channel (fig. 9B).Strong 


depolarization (∆V 10-40 mV) at HP (0.5 & 5.0, but not 2.5 MPa) shortened ƮTail. The 


normalized curves of ƮTail stress the absence of a significant slope at 5.0 MPa (fig. 


9C). ΔV
‡
 of deactivation for CaV1.2 at VImax was calculated to be -432 ml/mole at 5.0 


MPa. 


Unfortunately, the reciprocal artifact for the one interfering with measuring ƮRise in 


the CaV3.2 channel also prevented an accurate measurement of ƮTail . 


 


Discussion 


Establishing the methodology  


The use of truncated K
+
 channel proved the stability of measurements in our setup in 


these unusually long oocytes experiments, which were necessary due to adiabatic 


temperature fluctuations. Furthermore, There was no indication to long term (1h) 


effects of the fluctuating adiabatic temperature on barium currents once control 


temperature was restored (fig. 2B), suggesting that it cannot account for the much 


greater pressure-induced changes in maximal currents. Due to the relatively quick 


response of the preparation (Fig. 2A) and in comparison to previous studies 


(Grossman and Kendig 1984), it is likely that the time course of recovery from 


temperature transients is not longer than a few minutes, and therefore at the time of 


current measurements, when the ambient temperature is within 0.5°c deviation from 


control value, the membrane does not exhibits properties of a few degrees 


higher/lower temperature.   


Additional support for this assumption arises from experiments in lobster (Panulirus 


interruptus) bifurcating axon, which showed that 10-15 min were sufficient to allow 







the responses to recover to the original levels and remain stable (Grossman and 


Kendig 1986). 


 


In the present experiments, cooling back to control temperature after compression 


steps lasted 12-15 min, with at least additional 5-6 min required for verifying stability 


of currents. Thus, the total time of 17-21 min seems pertinent to allow the preparation 


to 'relax' to its new pressure condition without temperature change interference. 


However, we can not rule out completely the possibility that transient adiabatic 


temperature fluctuation contributes to the current change at pressure per se. In order 


to do so, conditions of compression need to allow a constant temperature during 


pressure changes, i.e. preventing or minimizing adiabatic temperature fluctuations. 


Only liquid compression can achieve this stipulation to a high degree, but 


unfortunately cannot be employed in our current setting. Nevertheless, Schmalwasser 


et al. (1998) (Schmalwasser, Neef et al. 1998) have managed to design and operate a 


hydrostatic (oil) pressures chamber, in which adiabatic temperature fluctuation in 


compressions steps of 10 MPa was only 0.5°C or less, and demonstrated a reversible 


reduction of currents in the Shaker potassium channel mutant Shaker BD6-46 T449K. 


These results show that high pressure induced its effects on the channel even when 


temperature fluctuation was minimized, suggesting that our results were not distorted 


by the small temperature change.  


 


The use of the 9-AC blocker both in normobaric and HP conditions strongly 


suggested that the endogenous Cl
-
Ca currents are of no significant importance in our 


experiments (fig. 2C-D). Furthermore, the use of Ba
2+


 as a charge carrier proved to be 


efficient, as currents were stronger and the Ca
2+


 inactivation was eliminated (fig. 2E) 


as expected (Lyford, Strege et al. 2002). 


Taken together, these control experiments show that the changes demonstrated after 


compression are indeed pressure related. 


The HP induced depression demonstrated in the CaV3.2 channel further strengthened 


our findings in the CaV1.2 channel, ruling out the possibility for it to be a setup related 


artifact. 


 


Currents activation 


Currents' amplitude  


We show here, for the first time by direct measurement, that pressure effect can be 


selective: currents through CaV1.2 are increased, whereas currents through the CaV3.2 


channel are depressed at HP. It is noteworthy that the CaV3.2 is more sensitive to 


pressure changes than the CaV1.2 channel, as the HP effect saturated already at 1.1 


MPa. Furthermore, currents in the CaV1.2 were partially recovered on return to 


atmospheric pressure, whereas in the CaV3.2 currents did not recover. Although the 


CaV3.2 channel is found in neuronal somata and much less in the nerve terminals, the 


findings demonstrate the possibility of selective pressure effects on other types of 


Ca
2+


 channels (P/Q, N, R) that are believed to be present at the presynaptic nerve 







terminals (Uchitel, Protti et al. 1992; Etzion and Grossman 2000). Such a selectivity 


was already indirectly suggested in our experiments done on frog motor nerve 


terminals (Aviner, Gradwohl et al. 2013). 


 


The effect on the CaV1.2 is apparently in contrast to previous reports that suggested 


reduction in Ca
2+


 influx through CaV2.2,(Grossman, Colton et al. 1991), a lesser 


(Etzion and Grossman 2000; Aviner, Gradwohl et al. 2013) or no effect (Heinemann, 


Conti et al. 1987) in L-type VDCC (CaV1) at pressure. The CaV3.2 current reduction 


conforms to the above notion. However, in part of the studies (Grossman, Colton et al. 


1991; Etzion and Grossman 2000) CaV1.2 involvement was excluded 


pharmacologically, while in others it was assumed absent based on information 


obtained from similar or identical preparations (Robitaille, Adler et al. 1990; French, 


Lanning et al. 2002). In the chromaffin cells the channels were denoted as CaV1 


simply due to their similar behavior to these channels in neuronal cells, and have not 


been characterized pharmacologically. Lastly, the one change observed in Ca
2+


 


currents in the bovine chromaffin cells was a slight increase at 40 MPa, which might 


support our finding of augmentation of currents in the CaV1.2 (probably a different 


isoform) at lower pressure. Thus the HP induced increase of current in CaV1.2 could 


be specific and excludes other types of channel of the same family (CaV1). 


 


The augmentation of the currents in CaV1.2 channel at HP demonstrated here is 


reminiscent of another member of this protein superfamily behavior, the K
+
 channels. 


The non-inactivating ‘delayed rectifier’  K
+
 channels pass greater steady-state currents 


at pressure in invertebrates such as  squid (Henderson and Gilbert 1975; Shrivastav 


BB 1981; Conti, Fioravanti et al. 1982) , snail (Harper, Macdonald et al. 1981) and 


lobster (Grossman and Kendig 1984). Enhanced  K
+
 currents at pressure were also 


proposed as the basis for the firing patterns of Ca
2+


 action potentials in guinea pig 


Purkinje cells (Etzion and Grossman 1999), and for slowing of the sinus-node 


pacemaker activity in various mammalian hearts (Ornhagen and Hogan 1977). On the 


other hand, the reduction of currents in the CaV3.2 shown here is in agreement with 


other experiments concerned with an inactivating type of the K
+
 channel, 


demonstrating a depression of currents at pressure in snail (Harper, Macdonald et al. 


1981) and in mouse Shaker B K
+
 channels expressed in Xenopus oocytes (Meyer and 


Heinemann 1997; Schmalwasser, Neef et al. 1998). 


 


Previous studies in our laboratory in rat dentate gyrus corticohippocampal slices 


suggested that high pressure increases the transfer function between synaptic inputs 


and somatic spike generation by granule cells, despite the observed reduction of 


single field excitatory post synaptic potential (fEPSP) amplitude and slope by nearly 


50% (Talpalar and Grossman 2004). This suggests that high pressure depresses 


synaptic activity while increasing excitability in the neuronal dendrites but not in the 


axons.  The CaV1.2 channels that were studied here are  known to be present in the 


cell bodies and proximal dendrites of neurons in the dentate gyrus (Hell, Westenbroek 


et al. 1993). It is suggested that pressure-potentiated CaV1.2 currents in the dendrite 


may boost subthreshold synaptic potentials to generate action potentials. Such a 


dendritic hyperexcitability could explain the increased transfer function and is a good 







example for another way through which pressure selective effects on VDCC might 


impact neuronal networks, other than synaptic transmission. 


 


It is interesting to note that the CaV1.2 is also expressed in the cardiac muscle, and the 


CaV3.2 in the cardiac Purkinje fibers. Both changes in the maximal current amplitude 


described here correlate with previous findings: an increase in the contractility force 


of isolated rat hearts (Ornhagen and Sigurdsson 1981; Gennser and Ornhagen 1989) 


and a decrease in the contraction pace in rat (Gennser and Ornhagen 1989) and 


humans (Linnarsson, Ostlund et al. 1999; Kurita, Nagayoshi et al. 2002). 


 


A positive ionotropic pressure effect at steady-state that was reported for skeletal and 


cardiac muscles was previously explained by increase of cytosolic Ca
2+


 that may 


occur due to inhibition of Ca
2+


 removal from the cytosol, either into cellular or 


extracellular compartments (Daniels and Grossman 2003). Our study may offer a 


different or additional mechanism for these changes in inotropy.  


 


The augmented CaV1.2 currents may increase neuronal dendritic excitability and 


therefore contribute to the generation of HPNS. The contribution to HPNS of the 


reduction of CaV3.2 currents is less obvious. These low threshold activated channels  


are involved especially in generating bursting behavior and rhythmic activity in pace-


maker neurons in the reticular thalamic nucleus, thalamus, striatum and cortex, where 


they are involved in controlling sleep, awareness, executive function, movement 


planning and modulation and sensory inputs, respectively. We may speculate that the 


current reduction will slow this activity and impair these neuronal 'clocks' function. 


This may interfere with time processing, coincidence detection as well as motor and 


sensory functions in a manner similar to HPNS signs and symptoms. A slower 


rhythmus at HP was found in humans, where EEG waves shifted from α to θ patterns 


(Rostain, Gardette-Chauffour et al. 1997). The same study also demonstrated sleep 


disturbances which were more prominent during the beginning of the compression, 


subsided later and abolished at decompression, suggesting both transient and 


reversible HP effect, similarly to the results shown in our experiments. 


 


It is worth noticing that at our hand pressure effect on CaV3.2 is saturating at about 


1.1 MPa. This is well correlated with the pressure experienced by professional divers 


in the depth of seawater in which they begin to complain of the HPNS signs and 


symptoms. Therefore, this might be an indication that the CaV3.2 is also involved in 


the underlying mechanism of this phenomenon.  


 


It is postulated that the mild symptoms observed at lower pressures such as impaired 


cognitive capabilities and motor dexterity are the consequence of pacemakers mal 


function as a result of reduction in CaV3.2 maximal currents. 


 







Channels conductance 


Overall, the calculated conductance behavior relative to the membrane potential (fig. 


3) is in accordance with the I-V curves described in figure 1. Although generally the 


HP effect for CaV1.2 and CaV3.2 channels is opposite, at ∆V -10 mV both 


demonstrate an increase of conductance at HP (5.0 MPa, fig. 3C-D). The CaV3.2 


normalized-to-max conductance curve better shows the channels' postulated tendency 


to shift to an open state at HP in membrane potentials just over the threshold. 


However, once depolarization is increased the maximal currents and the conductance 


are depressed by HP. If HP raises the probability to shift to an open state, why would 


the currents depress? A possible explanation could be a stronger and faster 


inactivation of the channel at HP throughout the channels' activity range. Indeed, an 


indication for that can be seen by a decrease in both Iend/Imax and ƮDecay fast at HP (fig. 


4D,F and 7D,F, respectively). 


 


The fact that only compression to 0.5 MPa caused a reduction in the normalized-to-


max conductance curve above VImax in both channels (fig. 3E-F)  may suggest a 


transient sensitivity of their 'voltage sensor' to HP. 


 


 Currents TTP and ƮRise 


Both TTP and ƮRise have elongated at HP for the CaV1.2 channel, strongly suggesting 


a slower activation (fig. 5C and 6C, respectively). A similar HP effect was reported in 


previous studies on VDCCs in guinea pig single cerebellar Purkinje cells (probably 


CaV2.1) (Etzion and Grossman 1999) and frog motor nerve (possibly CaV2.2) 


(Aviner, Gradwohl et al. 2013). The velocity of an action potential (AP) was also 


reduced at HP after a transient increase (Grossman and Kendig 1986). 


 


On the other hand TTP was shortened in a narrow voltage range (-20 mV up to VImax) 


in the CaV3.2 (fig. 5D), suggesting a faster activation of the channel at HP. 


Nevertheless, shortening of TTP may also point out to a faster inactivation process, 


which will make the maximal current to appear earlier. This indeed was found in the 


CaV3.2, where ƮDecay Fast has shortened at HP (fig. 7D). Unfortunately the inability to 


measure ƮRise for CaV3.2 in this case prevents distinguishing between the two options. 


However, the opposite HP effect on TTP, conductance and maximal currents for these 


channels, together with the fact that ƮDecay Fast was not significantly elongated for the 


CaV1.2 at HP (fig. 7C) although TTP was increased, may indicate that for the CaV3.2 


ƮRise may be shortened at HP. 


 


Currents inactivation 


As expected for a fast inactivating channel, the CaV3.2 shows a lower value of 


Iend/Imax (stronger inactivation) than the CaV1.2 for any given membrane potential (fig. 


4A-D). At VImax the Iend/Imax value has decreased for the CaV1.2 at HP, and the same 


happened for the CaV3.2 at ∆V -10  ̶  -20 mV. This correlates well with smaller ƮDecay 







Fast (faster inactivation) in both channels in this voltage range at HP (fig. 7C-D). On 


the other hand, stronger depolarization (∆V 10-40 mV) at HP has lead to weaker 


inactivation in the CaV1.2, but not in the CaV3.2 channel (fig. 4C-D). These findings 


are not supported by the measured ƮDecay Fast in both channels in the same voltage 


range: it was not changed in the CaV1.2 and it was still reduced in the CaV3.2. For the 


latter it seems that since the inactivation has managed to reach its maximal values at 


the end of the 100 ms time window (end of depolarizing step), the faster ƮDecay Fast at 


HP has only facilitated the already strong inactivation and did not change its values. 


For the CaV1.2 channel the ƮDecay Fast averages are generally higher at HP for ∆V 10 


and above, although not statistically significant, but probably enough to weaken the 


measured inactivation. A slower inactivation at HP was also reported in Na
+
 channel 


in bovine chromaffin cells (Heinemann, Conti et al. 1987), but not in the Helix snail 


(Harper, Macdonald et al. 1981). 


 


The flatter normalized-to-minimum curve of inactivation in CaV1.2 at 0.1 MPa 


relative to HP curves (fig. 4E) and the linear behavior of ƮDecay Fast at 0.1 MPa & after 


decompression as opposed to the behavior at HP (fig. 7C) both suggest that the 


molecular mechanism controlling the voltage dependent inactivation is affected by 


HP. 


 


Notwithstanding, no significant changes were observed in the ƮDecay Slow  at HP in both 


channels, supporting the concept of different mechanisms for the fast and slow 


inactivation (Hering, Berjukow et al. 2000; Sokolov, Weiss et al. 2000), which can 


also react differently to external treatment (Livneh, Cohen et al. 2006). It was also 


demonstrated that the molecular structures responsible for these two types of 


inactivation are differently located in the VDCCs protein (Berjukow, Gapp et al. 


1999) and that the fast inactivation may act similarly to the 'ball and chain' 


mechanism in K
+
 channel (Cens, Restituito et al. 1999), while the slow inactivation 


seems to be at least partially dependent on the interaction between α1 and β subunits 


(Sokolov, Weiss et al. 2000). We suggest that the selective HP effect between the two 


channels inactivation (Iend/Imax and  ƮDecay) may arise from different conformational 


changes at HP, resulting from a different basic spatial organization of the channels, 


specifically of their inactivation controlling regions. 


 


Currents deactivation 


Currents ƮTail  


Compression to 0.5 and 5.0 MPa, but not 2.5 MPa, has shortened ƮTail for CaV1.2, 


implying a faster deactivation of the channel at HP (fig. 9B). The lack of consistency 


in the HP effect on ƮTail may suggest a transient effect caused by the initial 


compression (0.5 MPa) on one hand, and the inability of the deactivating mechanism 


to compensate for the higher HP (5.0 MPa).  


The normalized curves show that in the CaV1.2 the reduction of ƮTail has saturated at 


VImax at normobaric and hyperbaric pressure (fig. 9C). However, at 5.0 MPa 







saturation was achieved already at ∆V -10 mV, which may indicate that the closure of 


the channel is facilitated by high HP. 


 


Summary  


HP affected the behavior of both CaV1.2 and CaV3.2, whether throughout their 


membrane potential activity range (maximal current, conductance, ƮTail at 5.0 MPa), 


or just at a confined voltage range (ƮRise, TTP, inactivation, ƮDecay Fast). The HP effect 


on the two channels was generally opposite (maximal currents, conductance, TTP), 


but some kinetic traits shared the same HP-induced tendencies (inactivation at VImax, 


ƮDecay Fast). Some of the effects may indicate a transient nature (conductance and 


partially ƮTail), while other suggested that the HP effect can be reversible (mostly for 


CaV1.2 ; ƮDecay Fast, ƮTail, and partially also maximal current and ƮRise). A summary of 


the major HP-induced findings is given in table 1. 


 


 Imax Conductance Inactivation TTP ƮRise ƮDecay Fast ƮDecay Slow ƮTail 


CaV1.2 ↑ ↑ ↑ (↓) ↑ ↑ ↓ (=) = ↓ 


CaV3.2 ↓ ↓ ↑(=) ↓ N.A. ↓ = (↓) N.A. 


Table 1. General qualitative effect of HP found in our study on channel 


characteristics. ↑- increase, ↓- decrease, =- no change, ( )- stronger depolarization. 


 


General considerations 


The effect of HP can be targeted either at the channel (and its subunits), or at any 


external modulator. Some of the characteristics examined in this study exhibited 


sensitivity (sometimes opposite) to HP that was also dependent on the membrane 


potential, suggesting the HP affects the channel itself. More specifically, HP may 


target the channels' 'voltage sensor' and thus affects voltage dependent mechanisms of 


activation, inactivation and deactivation.  


 


Several studies have demonstrated that replacing a section within a subunit (Tang, 


Yatani et al. 1993; Zhang, Ellinor et al. 1994) or even a single amino acid (Bourinet, 


Soong et al. 1999; Hans, Urrutia et al. 1999) can dramatically change its reaction to 


depolarization. Furthermore, it was suggested that these changes are caused by 


different spatial organization of the subunits, influencing their interactions (Hering, 


Berjukow et al. 2000). 


 


Similarly, the HP-induced effects demonstrated in this study may indicate that the 


conformational changes involved in the channels' activity are facilitated (e.g. 


activation in the CaV1.2, fast inactivation in the CaV3.2) or opposed (e.g. activation in 


the CaV3.2, rate of activation in the CaV1.2) by an elevated ambient pressure. Indeed, 







this notion is supported by the calculated activation volumes corresponding to these 


processes, probably affecting the total ionic flux through the channels at HP.  


Furthermore, even the basic (i.e. not activated) spatial organization of the subunits 


and their interactions may be altered by the HP application (e.g. a segment within S4 


transmembrane region, holding the positively charged amino acids sequence that 


serve as a voltage sensor), thus leading to HP sensitivity shown here. For example, the 


human and rat glycine receptor affinity to its ligand was reduced at HP (Roberts, 


Shelton et al. 1996). The reduced activity of this inhibitory mechanism may explain 


the tendency to hyperexcitability upon exposure to HP (HPNS manifestations). A 


genetic sequencing of the receptor demonstrated a few amino acid switches between 


the mammals mentioned above and the Pilot whale, one of them in the ligand binding 


site from the non-polar cysteine (human and rat) to the polar arginine (C41R). This 


switch may protect the whale from hyperexcitability at HP and provide it the ability to 


dive to extreme depths. 


 


It can therefore be postulated that performing HP experiments on a specific VDCC 


with altered subunits or a VDCC chimera might further elucidate what is the HP 


targeted site. Preliminary results from experiments on the NMDA receptor at HP may 


suggest that even changes in the extracellular N terminal domain can influence the 


magnitude and direction of the pressure effect (Mor, Kuttner et al.).  


 


Conclusions 


a. HP Modulation of various VDCCs is part of HPNS mechanisms and may explain 


some of its signs and symptoms. 


b. HP effects could be quite selective for the type of channel, various mechanisms 


underlying the channels' activity, and even specific regions of the protein.  


c. HP effects on the channels' kinetics should be extensively studied in order to reveal 


small functional differences under HP conditions.   


d. Our study emphasizes the importance of pressure modulation of the membrane 


potential 'sensor' which may determine the extent of pressure effects on the channels.    
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et al., 1998), and for sound localization (Stevens, 2003b; Cook et al., 
2003). Excitatory synapses in the CNS display FDD because of 
limited synaptic resources (SR) including a relatively small readily 
releasable-pool (Schikorski and Stevens, 1997, 2001; Aravanis et al., 
2003) and fast desensitization of non-NMDA receptors (Tsodyks 
and Markram, 1997). Then, FDD occurs when fast synaptic activity 
exceeds the recovery rate of SR (Bailey and Chen, 1988; Wang and 
Kaczmarek, 1998; Stevens and Wesseling, 1999). High extracel-
lular calcium ([Ca2+]


o
) increases both single EPSP responses and 


FDD (Dittman and Regehr, 1998) and the opposite happens at 
low [Ca2+]


o
 (Talpalar and Grossman, 2003). High pressure (HP) of 


10.1 MPa decreases single fEPSP by about 50% (Fagni et al., 1987; 
Talpalar and Grossman, 2003; Etzion et al., 2009), but the effect 
on SR dynamics is still unclear. Quantal analysis of crustacean 
neuromuscular synapses revealed reduction of quantal content 
and number of available release sites and spared quantal size and 
release probability at HP (Golan et al., 1994, 1995). HP-induced 
reduction of synaptic inputs was relieved by increasing [Ca2+]


o
, and 


mimicked by lowering [Ca2+]
o
 in both, brain and crustacean prepa-


rations. HP and low [Ca2+]
o
 increased facilitation/potentiation in 


crustacean neuromuscular (Grossman and Kendig, 1990; Golan 
and Grossman, 1992) and cerebellar parallel fiber (Etzion and 
Grossman, 2000) “unsaturated” synapses. But “saturated” synapses 
exhibited either pressure-independent paired-pulse-depression 


Introduction
The high pressure neurological syndrome (HPNS), experienced 
by deep-divers and animals at pressures above 1.1 MPa (reviewed 
Bennett and Rostain, 2003; Talpalar, 2007), displays signs of corti-
co-hippocampal involvement, including impairment of episodic 
and spatial memory (Logue et  al., 1986; Vaernes et  al., 1989), 
and cognitive malfunction (Vaernes et  al., 1985, 1988; Abraini 
et al., 1993; Abraini, 1997). Synaptic changes, including depres-
sion of Ca2+-entry into presynaptic terminals (reviewed Daniels 
and Grossman, 2003; Talpalar, 2007) and disruption of synap-
tic depression at short intervals (Talpalar and Grossman, 2003), 
distorts the low-pass filter properties of the dentate gyrus (DG) 
resulting in hyperexcitability (Talpalar and Grossman, 2004). The 
medial perforant path (MPP), originating at the entorhinal cor-
tex and synapsing on granule cells of the DG, exhibits marked 
frequency-dependent-depression (FDD; Beck et al., 2000; Kilbride 
et al., 2001; Talpalar and Grossman, 2003). Neuronal networks use 
FDD (Liley and North, 1953; Elmqvist and Quastel, 1965; Zucker 
and Regehr, 2002) for low-pass filtering (Fortune and Rose, 2001; 
Fuhrmann et al., 2002; Stevens, 2003a), coding based on firing rate 
and spike-timing (Tsodyks and Markram, 1997), sorting informa-
tion (Cook et al., 2003), avoiding habituation (Best and Wilson, 
2004), dynamic gain-control of synaptic signaling (Abbott et al., 
1997), for direction selectivity and contrast adaptation (Chance 
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provided they do not elicit population spikes, contamination 
with voltage-dependent conductances, including the NMDA 
receptor fraction, may impair the estimation of synaptic strength. 
To avoid these interferences, we exclusively used fEPSPs’ slopes 
for the calculations. Trains of five stimuli at 50  Hz, delivered 
once per minute, were used to evaluate the frequency response. 
Parameters of each response in these trains (E


2–5
) were usually 


normalized with respect to the first fEPSP (E
1
). Paired-pulse-


depression (PPD) and paired-pulse-facilitation (PPF) are used 
for referring respectively to the relative depression or enhance-
ment of E


2
 in relation with E


1
. The “generic” expression paired-


pulse-modulation (PPM; positive or negative) was used for both 
depression and facilitation. Frequency-dependent-potentiation 
(FDP), frequency-dependent-depression (FDD) and the generic 
term frequency-dependent-modulation (FDM) (positive or 
negative) are used for referring to such forms of dynamic syn-
aptic modulation.


Statistical analysis of electrophysiological experiments
The results are expressed as mean ± SE. The n is the number of 
slices; each comes from a different animal successfully used in 
each experiment. Paired Student’s t-test was used for parameters 
taken under control and experimental conditions in the same slice. 
Other statistical tests (independent t-test, ANOVA, etc.) were used 
for comparing parameters (slope, amplitude, time constant, etc.) 
under various conditions. Degree of significance was indicated by 
the values of p (the results were considered statistically different 
for p < 0.05).


Mathematical Modeling
We considered a standard phenomenological model for the inter-
pretation of our experimental results. This model was originally 
introduced by Tsodyks and Markram (1997) to account for use-
dependent monosynaptic transmission in the cortex, and it was 
employed here to describe the dependence of field-responses on the 
frequency of repeated MPP extracellular stimulation as in Abbott 
et al. (1997). Because MPP synapses onto granule cells occur in their 
proximal dendritic area and because granule cells have no recur-
rent collaterals in healthy hippocampi, the validity of the model in 
the interpretation of population responses such as the fEPSPs has 
been assumed, invoking linearity and superposition of the elicited 
individual synaptic responses.


The model captures the frequency-dependent modulation of 
fEPSPs upon repetitive stimulation, by two variables: (i) the readily 
available synaptic resources r, and (ii) their fraction u, recruited 
at each stimulus for neurotransmission. It is then assumed that 
recruited resources r × u become instantaneously inactive, so that 
only the remaining amount r  ×  (1  −  u) is available for further 
neurotransmission. In the lack of synaptic activation, the unavail-
able resources slowly recover so that the value r increases back to 
its resting level R, exponentially with a time constant D. R repre-
sents therefore the upper limit to the amount of resources available 
for neurotransmission.


In order to capture possible short-term facilitation effects, u 
is not fixed but increases by U(1 − u) at each synaptic activation. 
Similarly to r, when no stimulation occurs u slowly decreases back 
to its resting level U, exponentially with a time constant F.


(PPD) at cerebellar climbing fibers (Etzion et al., 2009) or dimin-
ished MPP’s PPD (Talpalar and Grossman, 2003). Curiously, while 
lowering [Ca2+]


o
 switched MPP’s FDD into frequency-dependent-


potentiation, HP preserved FDD (Talpalar and Grossman, 2003). 
This dichotomy led us to hypothesize that HP has special effects 
on the dynamics of SR. We used electrophysiology and quanti-
tative mathematical modeling for studying the dynamics of the 
MPP synapse under different [Ca2+]


o
 and pressure conditions in 


an attempt to understand HPNS and adaptation to HP.


Materials and Methods
Brain slice preparation
Sprague-Dawley rats of both sexes (150–250 g) were anesthetized 
with pentobarbital (60  mg/kg) and then decapitated accord-
ing to regulation of the Animal Care Committee of Ben-Gurion 
University. The brain was extracted in less than 1 min and immersed 
in cold Ringer’s solution (4–6°C). As previously described (Talpalar 
and Grossman, 2003), brain slices (400 μm) containing cortico-
hippocampal areas were cut in a horizontal vibratome (Campden 
Instruments) and conserved in an incubation container at 25°C 
for later utilization. Control Ringer’s solution contained (in mM): 
NaCl 124, KCl 3, CaCl


2
 2, MgSO


4
 2, NaH


2
PO


4
 1.25, NaHCO


3 
26,


 


and d-Glucose 10. This solution was continuously bubbled with 
95% O


2
 and 5% CO


2
 for a pH of 7.4.


Pressure and compression
fEPSPs experiments at HP were carried out in a pressure cham-
ber (Canty Inc., USA). The compression/decompression proce-
dures have been previously described (Talpalar and Grossman, 
2003, 2004). Briefly, HP up to 10.1  MPa was attained by com-
pressing inert helium gas at rates between 0.15 and 0.2 MPa/min. 
Electrophysiological samples were taken at control (0.1–0.4 MPa), 
5.1 and 10.1 MPa. Ringer’s solution was saturated at normal pres-
sure with 95% O


2
–5% CO


2
 and was injected into the experimental 


bath by a fast high pressure pump (LDC analytical minipump, 
USA). Trials were collected under strict conditions of temperature 
(30°C) and at least after 15–20 min of stable recording. Complete 
recovery was attained during decompression from 10.1 to 5.1 MPa. 
Partial degree of recovery was observed in decompression from 5.1 
to 0.4 MPa. Very slow decompression below 0.4 MPa was successful 
in ∼50% of the experiments.


Electrophysiological recordings
HP conditions do not allow the use of whole-cell recordings 
because of impossibility of manipulating pressures at the elec-
trode level for opening of a seal for whole-cell configuration. 
Therefore, we used in the present study extracellular fEPSPs of 
the MPP, whose synaptic dynamics resembled those of synap-
tic currents (EPSCs) recorded during whole-cell configuration 
(Rush et al., 2002; Talpalar, 2002). Recordings of MPP fEPSPs 
at the inner dendritic region of the DG, their parameters, and 
interpretation have been previously described in detail (Talpalar 
and Grossman, 2003, 2004). In summary, fEPSP’s amplitude indi-
cating inward synaptic currents, and fEPSP’s slope expressing 
the rate of activation of the glutamatergic non-NMDA recep-
tors, were used for assessing synaptic activity. Though fEPSP’s 
amplitude can be used for calculation of synaptic dynamics 
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For each experiment, the Levenberg–Marquardt least-square 
algorithm (Press et al., 1992) was used to fit the model response 
to the data, adjusting A, U, D, and F to obtain the best-fit. The X2-  


goodness of fit (Press et al., 1992) was used as a standard test of the 
quality of the model in capturing the experimental observations, 
with a required level of significance above 99%.


Results
High [Ca2+]o saturates MPP synaptic responses at normal and 
high pressure
We previously reported that single MPP fEPSPs were depressed 
by ∼25% and ∼55% at 5.1 and 10.1-MPa pressure (Talpalar and 
Grossman, 2003). These experimental pressures are relevant 
because of two reasons: (a) deep-diving cetaceans reach such 
ambient pressures during foraging (Talpalar and Grossman, 2005, 
2006); (b) they better model HP effects in humans since rodents 
have higher threshold for pressure-induced seizures than primates 
(Brauer et al., 1979).


Synaptic release is dependent on cytosolic Ca2+ levels at the ter-
minals. Consequently, a larger Ca2+ driving force (V


Ca
) increases 


Ca-entry, strengthening synaptic response until reaching satura-
tion. HP reduced MPP fEPSPs probably by depressing synaptic 
release (Talpalar and Grossman, 2003) but it is not clear how these 
changes affected the level of saturation in response to variable V


Ca
. 


We dealt with this question by comparing synaptic saturation under 
different conditions of atmospheric pressure and HP.


Raising [Ca2+]
o
 from 2 to 4 mM at control pressure (0.1 MPa) 


increased fEPSPs’ amplitudes and slopes by 19 ± 5% and 27 ± 5% 
respectively (n  =  6; Figures  1A,B). Synaptic release apparently 
reached saturation at 4 mM [Ca2+]


o
, since further increase of [Ca2+]


o
 


to 6–8 mM (n = 4) did not maintained the elevated saturation level 
but rather brought it down to the control levels (Figure 1B).


Then, the model predicts that each slope S
1
, S


2
, S


3
,...S


N
 of fEPSPs, 


elicited by a train of N stimuli occurring at times t
1
, t


2
, t


3
,...t


N
, depends 


only on the time since last activation and on the running values of 
r and u, in the form S


i
 = A r


i 
u


i
, where r


i+1
 = R + [(1 − u


i
) × r


i
 − R] 


× exp[−(t
i+1


 − t
i
)/D], u


i+1 
= U + [(1 − U) × u


i
] × exp[−(t


i+1
 − t


i
)/F] 


(Tsodyks and Markram, 1997), and A representing an amplitude-
scaling factor. Such a phenomenological approach is particularly 
appropriate when interpreting averaged or population responses, 
as opposed to quantal analysis (but see Loebel et al., 2009). On a 
first approximation, the following correspondences can be estab-
lished (Markram et al., 1998; Fuhrmann et al., 2002): U relates to 
the probability of release, while A is equivalent to the product of the 
quantal size, the number of release sites (“quantal content” i.e., the 
mean number of released quanta), the maximal number of synapses 
recruited by extracellular MPP stimulation, and an extracellular 
attenuation factor.


In addition, because of linearity of the iterative equations reported 
above, a change in R 


 
cannot be distinguished from a change in A. 


For such a reason R was set to 1 in the equation, and A was inter-
preted as both pre- and postsynaptic effective parameter.


To some extent, the same model may also describe the desen-
sitization of the postsynaptic receptors upon repeated activation 
(Destexhe et al., 1994).


Best-fit values and statistics of model parameters
Optimal fitting of the model parameters was carried out through 
minimization of the root mean square error X2 among measured 
fEPSP slopes E


1
, E


2
, E


3
,...E


N 
and the corresponding model responses 


S
1
, S


2
, S


3
,...S


N
. The quality of each fit was expressed as a percentage 


error, normalized to the maximal fEPSP in the train. In experiments 
with varying [Ca2+]


o
, HP or both, simultaneous fit of two or three 


sets of responses were performed.


Figure 1 | Enhancement of single MPP fEPSP’s by elevated [Ca2+]o under 
normobaric conditions. (A) fEPSPs recorded at the inner dendritic area of the 
dentate gyrus at [Ca2+]o 2 and 4 mM. (B) Statistical analysis of single fEPSPs 
amplitudes and slopes under 2, 4, (n = 6) and 6–8 mM [Ca2+]o (n = 4). Note that 


maximal slope and amplitude were reached at 4 mM [Ca2+]o, apparently reaching 
saturation since further increase of [Ca2+]o to 6–8 mM resulted in no change or 
even depression of the fEPSPs (not significantly different from fEPSPs at 
2 mM). Scatter bars indicate mean ± SE.
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five consecutive fEPSPs (E
T
) should represent the SR at that time. 


Normalization of E
T
 with respect to E


T
’, the E


T
 of saturated release at 


0.1 MPa and 4 mM [Ca2+]
o
, allowed comparing SR under different 


conditions. Since E
T 


represents the total resources of the synapse 
under each condition, we may also estimate how much of these 
resources are being used by the first fEPSP (E


1
). For this matter we 


calculated P
1
, the proportion of E


T
 used by E


1
 (P


1
 = E


1
/E


T
).


Table 1 reveals several characteristics of the SRs: (a) at normal pres-
sure E


T
 remains constant despite [Ca2+]


o
 increase from 2 to 4 mM; (b) 


an analogous [Ca2+]
o
 change at HP paradoxically reduces E


T
 by 17 ± 12% 


(n = 6, p < 0.02); (c) E
T
 at HP is remarkably reduced in comparison 


with control pressure (n = 6, p < 0.01). These calculations also revealed 
changes in P


1
: (a) elevated [Ca2+]


o
 at normal pressure increased P


1
 by 


27 ±  19% (n = 6, p < 0.01); (b) similar [Ca2+]
o
 change at HP enhanced 


P
1
 by 46 ± 21% (n = 6, p < 0.005). Neither the P


1
 for the same [Ca2+]


o
 at 


different pressures, nor the ∆P
1
 generated by raising [Ca2+]


o
 were statisti-


cally significant between control and HP (n = 6, ANOVA).
We conclude that high [Ca2+]


o
 saturated synaptic responses by 


similar relative amount at control and HP. But, the saturation level 
of E


1
 at HP (E


1
/E


T
’) was significantly lower than that at 0.1 MPa. This 


finding was correlated with reduction of P
1
 and E


T
 at HP, suggesting 


that some of the normal SR became unavailable at HP.


High [Ca2+]o increases paired-pulse depression under control 
and HP conditions
The above assessment of SR status showed reduction of the estimated 
SR at HP whereas change in [Ca2+]


o
 was not effective. Paired-pulse 


protocols normally allow the study of short-term synaptic plasticity, 
namely paired-pulse-facilitation (PPF) or paired-pulse-depression 
(PPD). By comparing the strength (slope) of the second fEPSP (E


2
) 


with respect to E
1
 we can also estimate the proportion of E


T
 used by 


subsequent E
i
 for the two responses. In a previous study (Talpalar 


and Grossman, 2003) we showed that under control conditions of 
[Ca2+]


o
 and pressure, the MPP input displayed variable plasticity 


Compression to 10.1 MPa in the present experiments reduced 
MPP fEPSP’s slope by 48 ± 11% (n = 8). Similarly, we assessed the 
ability of increased [Ca2+]


o
 to relieve this decline. Raising [Ca2+]


o
 


from 2 to 4 mM increased fEPSPs slopes by 20% (Figures 2A,B). 
This enhancement of fEPSP’s slope at 10.1 MPa was not statistically 
different (one-way ANOVA) from the enhancement produced by 
a similar raise in [Ca2+]


o
 at 0.1 MPa (27%, as above).


It is worth noticing that the enhancement of fEPSP’s slope by 
raising [Ca2+]


o
 to 4 mM at 10.1 MPa was comparable to the effect 


of decompression from 10.1 to 5.1 MPa at 2 mM [Ca2+]
o
, which 


increased single fEPSPs’ slope by approximately 22% with respect 
to 10.1 MPa (see below). However, this [Ca2+]


o
 increase was not 


sufficient to restore the responses to the control levels.
For quantitative comparison of differences in saturation level 


of MPP synapses under various conditions, all the responses were 
normalized with respect to a single “saturated” maximal fEPSP 
(E


1
) under conditions of 4 mM [Ca2+]


o
 and 0.1 MPa pressure (for 


a more developed insight, see later Table 1). Thus, for example, the 
saturated response of E


1
 at 10.1 MPa and 4 mM [Ca2+]


o
 decreased by 


approximately 56% (p < 0.01, n = 6) compared to 4 mM [Ca2+]
o
 at 


control pressure. Such a result may be the consequence of either a 
decrease in the fraction of synaptic resources (SR) used by E


1
 (prob-


ably because of impaired Ca2+ entry into the terminals without a 
modification of SR), or a general decrease of SR dictating reduction 
of the E


1
 fraction, or from both.


Empirical assessment of synaptic resources at different 
pressures and [Ca2+]o


As a first approximation for the SR size under different conditions, 
we adopted a simplified empirical estimation. We activated the MPP 
with trains of five identical stimuli at frequency of 50 Hz, assum-
ing that the inter-stimulus interval (20 ms) and the total duration 
of the train (100 ms) are short enough to avoid replenishment of 
used vesicles to their release sites. Thus the sum of the slopes of the 


Figure 2 | High [Ca2+]o partially antagonizes HP depression of single MPP 
fEPSP. (A) fEPSPs, recorded at the inner dendritic area of the dentate gyrus, 
showing the effects of pressure (0.1, 5.1, 10.1 MPa) at 2 mM [Ca2+]o, and the 
partial restoration of fEPSPs at HP by 4 mM [Ca2+]o. (B) Statistical analysis of the 


above experiments. fEPSPs are depressed in a pressure-dependent manner. At 
10.1 MPa the fEPSP’s slope is significantly increased at 4 mM [Ca2+]o 
(p < 0.0001, n = 8). Further increasing [Ca2+]o to 6 mM paradoxically resulted in 
reduction of fEPSP’s slopes (p < 0.05, n = 2). Scatter bars indicate mean ± SE.
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For easier comparison, all the values of E were normalized with 
respect to the largest E


1
, obtained under 0.1 MPa and 4 mM [Ca2+]


o 


conditions. It should be noted that at 0.1 MPa, although the amount 
of PPD is greater at 4 mM than at 2 mM [Ca2+]


o
, the size of E


2
 was 


not statistically different for these two conditions. Under HP and 
regular [Ca2+]


o
 conditions, reduction of E


1
 (>50%) was followed by 


an increase of E
2
/E


1
 suggesting that E


2
 was utilizing a fraction of 


SR that was not available to E
1
. In contrast, raising [Ca2+]


o
 at HP 


increased E
1
 by 20% but produced an E


2
 that was smaller by 24 ± 8% 


(p < 0.05, n = 6) than E
2
 at 2 mM [Ca2+]


o
. These observations suggest 


that the SR is more limited at HP than at 0.1 MPa. Thus, high [Ca2+]
o
 


increases E
1
 while keeping E


2
 unchanged at control pressure, whereas 


it increases E
1
 at the expenses of E


2
 at HP. As noted above the synaptic 


responses can be modulated by pressure and [Ca2+]
o
. We hypothesized 


that an identical E
1
, obtained under different conditions may yield 


dissimilar paired-pulse modulation and thus may yield new insight 
into the availability of SR. To that goal, we compared paired-pulse 
plasticity under two conditions that produced similar E


1
: increas-


ing [Ca2+]
o
 to 4 mM at 10.1 MPa and decompressing to 5.1 MPa at 


2 mM [Ca2+]
o
. Despite the similar E


1
, which increase by about 20% 


(compared to 10.1 MPa – 2 mM [Ca2+]
o
 condition) during changes 


in both variables, the relative size of E
2
 differ greatly: PPF is present 


at ISIs > 30 ms at 5.1 MPa, while only pure PPD is evident at 4 mM 
[Ca2+]


o
 – 10.1 MPa (Figure 3B). These results suggest again that the 


SR is more limited at HP. Other possibility could be less effective 
summation of [Ca2+]


i
 due to reduced entry at the highest pressure.


Dynamics of synaptic resources during short train 
stimulation
Synaptic activity at various frequencies leads to time-depend-
ent changes in the availability of SR resulting either in FDD or 
frequency-dependent facilitation (FDF) (Tsodyks and Markram, 
1997). Most of the mechanisms responsible for this modulation 
are presynaptic. Sustained action potentials firing, may initiate 


depending on the duration of the inter-stimulus interval (ISI): ISIs 
of <30 ms produced pure PPD (E


2
/E


1
 < 1) while ISIs of 35–80 ms 


produced a small∼5% PPF (E
2
/E


1
 > 1). HP reduced PPD at short ISIs, 


and increased PPF of longer ISIs (Talpalar and Grossman, 2003), 
suggesting that synaptic release of E


1 
was reduced shifting away from 


saturation. These observations were reproduced in the present set 
of experiments, in which 10.1 MPa pressure reduced PPD at the 
10–20 ms ISIs and increased PPF at the 40–120 ms ISIs (Figure 3A). 
In addition, we compared the effect of raising [Ca2+]


o
 on similar 


paired-pulse modulation at control and HP.
Raising [Ca2+]


o
 from 2 mM to 4 mM at normal pressure increased 


PPD (20 ms ISI) from 0.76 ± 0.08 to 0.58 ± 0.08 (n = 6, p < 0.01). At 
10.1 MPa, similar change of [Ca2+]


o
 increased E


1
 by approximately 


20% and relatively reduced E
2
, consequently increasing PPD and 


reducing PPF (Figure 3A). For example, PPD at 20 ms ISI increased 
from 0.98 ± 0.11 at 2 mM [Ca2+]


o
 to 0.61 ± 0.07 at 4 mM [Ca2+]


o
 


(by 36 ± 7%, n = 6, p < 0.01).
The increase of PPD by raising [Ca2+]


o
 at HP was not statistically 


different from that produced at 0.1 MPa (ANOVA, n = 6). Table 2 
summarizes the combined effects of [Ca2+]


o
 and pressure on single, 


and paired-pulse fEPSPs.


Table 1 | Estimation of ET (SR) and P1 for single fEPSPs under various 


conditions.


	 2 mM [Ca2+]o	 4 mM [Ca2+]o


Pressure	 P1	 ET	 P1	 ET


0.1 MPa	 0.35 ± 0.11	 1.03 ± 0.37	 0.44 ± 0.1§	 1 ± 0.23 (ET’)


10.1 MPa	 0.27 ± 0.04	 0.64 ± 0.09**	 0.39 ± 0.07§	 0.53 ± 0.1*,**


P1 at HP was calculated using the ET for their respective conditions. Mean ± SE, 
n = 6. §p < 0.01 with respect of its respective control pressure; *p < 0.02, ET is 
significantly smaller (17%) at constant HP and increased [Ca2+]o, n = 6; **p < 0.01, 
HP significantly reduces ET with respect to control pressure.


Figure 3 | High [Ca2+]o promotes paired-pulse-depression of MPP fEPSPs 
under HP. (A) Single experiment shows the antagonistic effect of high (4 mM) 
[Ca2+]o on HP (10.1 MPa) paired-pulse modulation. At 10.1 MPa the initial 
phase of paired-pulse-depression (PPD) was attenuated, while the later 
paired-pulse-facilitation (PPF) was increased. Increased [Ca2+]o at HP partially 


restored the slope of E1, but increased PPD for short ISI and abolished the 
later phase of PPF for ISI 35–120 ms. (B) Comparison between PPM at 
5.1 MPa (2 mM [Ca2+]o) and 10.1 MPa (4 mM [Ca2+]o). Note that E1 under these 
two conditions is almost equal; however PPD is much greater under the 
latter condition.
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2003). Increasing [Ca2+]
o
 from 2  mM to 4  mM at atmospheric 


pressure resulted in enhanced FDD, exhibiting shorter time con-
stant of decay and reduction of the asymptotic level of the exponent 
compared with controls (Figure 4B, note that the responses in the 
train were normalized with respect to E


1
 in each train). Compression 


to 10.1 MPa keeping 2 mM [Ca2+]
o
 reduced PPD, i.e., increased the 


component of PPF (as in Figure 3) and accelerated FDD during 
E


2–5
 (Figures 4C,D). Raising [Ca2+]


o
 to 4 mM at HP increased E


1
 by 


20%, abolished any sign of PPF and namely returned the system to 
a “pure” PPD mode, with even faster exponential decay to a lower 
asymptotic level of FDD (Figure 4D).


The decay rates of the five stimuli train and the E
5
/E


1
 ratios 


obtained at 4 mM [Ca2+]
o
 under control and HP conditions were 


not significantly different from each other (Figure 5A).


multivesicular release that facilitates the responses (Foster and Regehr, 
2004) while the rates of vesicle docking, exocytosis, and replenish-
ment determine the synaptic decay (Fernandez-Alfonso and Ryan, 
2004). HP decreases the use of SR by single events (E


1
), reduces the 


sum of five fEPSPs at 50 Hz (E
T
), and modulates PPF/PPD.


These observations suggest that HP reduces also the availabil-
ity of SR. We suspected that these changes result from slowed SR 
dynamics (see the mathematical parameters expressing the kinet-
ics of the synaptic response in the paragraph below). To assess SR 
dynamics, we analyzed the course of five stimuli trains at 50 Hz 
under various conditions (Figures 4A,C). Under control condi-
tions of 0.1 MPa and 2 mM [Ca2+]


o
 stimulation at 50 Hz generated 


only PPD (between E
1
–E


2
) as part of the general exponential FDD, 


observed at E
2–5


 (Figures 4A,B; see also Talpalar and Grossman, 


Table 2 | Effects of pressure and [Ca2+]o on single and paired fEPSPs at 20 ms ISI.


	 2 mM [Ca2+]o	 4 mM [Ca2+]o


Pressure	 E1	 E2	 E2/E1	 E1	 E2	 E2/E1


0.1 MPa	 0.79 ± 0.08	 0.60 ± 0.06	 0.76 ± 0.08	 1.00 ± 0.04	 0.58 ± 0.07	 0.58 ± 0.08


10.1 MPa	 0.41 ± 0.09	 0.40 ± 0.09	 0.98 ± 0.11	 0.49 ± 0.09	 0.30 ± 0.08	 0.61 ± 0.07


Values display fEPSPs’ slopes normalized with respect to E1 at 0.1 MPa and 4 mM [Ca2+]o, n = 6 for 0.1 MPa, n = 8 for 10.1 MPa.


Figure 4 | High [Ca2+]o increases frequency-dependent-depression (FDD) 
at atmospheric pressure. Left: Dendritic recordings showing the effect of  
[Ca2+]o on trains of 5 fEPSPs (50 Hz) at pressure of 0.1 MPa (A) and 10.1 MPa 
(C). Calibration bars are the same for both conditions. Right: Statistical 
analysis of FDD at 50 Hz. Each Ex was normalized with respect to its E1 at  


its corresponding condition of [Ca2+]o and pressure. Effect of [Ca2+]o on FDD 
at pressure of 0.1 MPa (B) and at 10.1 MPa (D). *p < 0.05, 
**p < 0.01 depict statistical difference between stimuli at 2 mM and  
4 mM [Ca2+]o (independent t-test). All graphs display means ± SE (n = 6 for 
each condition).
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these findings, we calculated the utility factor (P
n
); the portion of 


SR used by each E
n
. P


n
 is calculated as the ratio of E


n
/E


T
 for each 


condition. Figure 6A depicts the values of P
1
–P


5
 at 2 and 4 mM 


[Ca2+]
o
 at 0.1 MPa. It should be noted that the increased P


1
 at 4 mM 


[Ca2+]
o
 was at the expenses of later fEPSPs because the estimated 


E
T
 was similar for these two [Ca2+]


o
. This excluded the possibility 


of changes in SR depletion and replenishment. At HP (Figure 6B), 
an identical increase in [Ca2+]


o
 produces a similar enhancement of 


P
1
 and redistribution of the rest of P


X
. By normalization of P


n 
with 


respect to E
T
’ (0.1 MPa – 4 mM [Ca2+]


o
) we may estimate how much 


of the maximally available SR is used by each E
n
 under the different 


conditions (Figure 6C).
Comparison of HP effect at 2 mM [Ca2+]


o
, showed that 10.1 MPa 


significantly reduced P
1 
and P


2
 alone (p < 0.01 for each, independent 


t-test, n = 6), while the size of the following P
3–5


 were not signifi-
cantly different from control pressure. In contrast, when compar-
ing pressure effects at high [Ca2+]


o
, all P


n
 values were significantly 


reduced at HP (p < 0.05 for all the events, n = 6 for each condition; 
Figures 5A and 6C).


In sum, at atmospheric pressure all the described dynamics 
occurred while E


T
 seemed to be constant. But at HP the E


T
 was 


severely diminished in a pressure-dependent manner.


Tsodyks-Markram model: synaptic resources and their 
dynamic utilization under the experimental conditions
Empirical results suggest: (a) that SR and the utilization of these 
resources by individual synaptic inputs are reduced in a pressure-
dependent manner; (b) that varying [Ca2+]


o
 at constant pressure 


changes the relative utilization of SR but not the absolute value of SR. 
We employed a standard mathematical model, originally proposed 
by Tsodyks and Markram (1997), to estimate the relative changes 
in dynamics of the processes. This model captures the frequency-
dependent modulation of fEPSPs upon repetitive stimulation, by 
describing the temporal evolution of the amount of the readily avail-
able synaptic resources r, and of their fraction u, recruited at each 
stimulus for neurotransmission (see Materials and Methods).


These similar dynamics were observed despite the significant 
reduction of E


T
 and the difference in saturation levels of E


1
 at 


increased [Ca2+]
o
 between the two pressure conditions.


Likewise the analysis of paired-pulse fEPSPs under two differ-
ent conditions that generate similar E1, we compared also FDD 
(Figure  3B). An increase of E


1
 by ≈ 20% with respect to E


1
 at 


10.1 MPa pressure and 2 mM [Ca2+]
o
 is brought about by either 


4 mM [Ca2+]
o
 or decompression to 5.1 MPa. However, the FDD 


induced by 10.1 MPa and 4 mM [Ca2+]
o
 was significantly faster 


than the FDD observed at 5.1 MPa and 2 mM [Ca2+]
o
 (Figure 5B). 


This difference suggests that 10.1 MPa may indeed further reduce 
Ca2+-entry (Gilman et al., 1986; Grossman and Kendig, 1990) in 
comparison to 5.1 MPa, since the increased Ca2+-driving force at 
10.1 MPa was not sufficient to induce additional synaptic release 
by E >1 when E


1
 was already saturated at a subnormal level. Then, 


increasing [Ca2+]
o
 was followed by enhancement of E


1
 and by a 


relative reduction of the following E
2
–E


5
 (see above) while keeping 


approximately constant the relationship E
5
/E


1
.


The above calculations compared how pressure and [Ca2+]
o
 


modulated the relationship between E
2–5


 with respect to E
1
 under 


similar conditions. These calculations may serve for estimation of 
the utilization of E


5
 fraction when compared to E


T
 (approximately 


SR) under different conditions, and then to compare it with E
T
’, 


the maximal available SR.
Table 3 compares the relationship E


5
/E


1
 under various condi-


tions indicating the degree of depression at the end of the train. E
1 


and E
5
 values were normalized with respect to the largest E


1
 when SR 


is maximal at 0.1 MPa and 4 mM [Ca2+]
o
. Using this normalization 


clearly demonstrates again (in addition to Figures 4B,D in which 
the normalization is to E


1
 for each condition) that the amount of 


FDD (E
5
/E


1
) is quite similar for both pressure conditions but it is 


significantly larger for 4 mM [Ca2+]
o
.


As described above (Table 1) HP reduced E
1
 and E


T 
(the sum of 


E
1–5


) but elevated [Ca2+]
o
 affected largely E


1
 and much less E


T
. This 


difference suggests that E
T 


is mainly pressure-sensitive whereas E
n
 


is determined by both HP and [Ca2+]
o
. In order to further elucidate 


Figure 5 | Effect of pressure on the dynamics of MPP’s FDD. (A) Similar 
FDD is induced by 4 mM [Ca2+]o at pressures of 0.1 MPa and 10.1 MPa. Ex 
were normalized with respect to their corresponding E1 (n = 6 for each 
condition; differences at each stimulus were not statistically significant). 


(B) FDD is more significant at 10.1 MPa – 4 mM [Ca2+]o than at 
5.1 MPa – 2 mM [Ca2+]o, (n = 6; *p < 0.05). Note that larger FDD occurs at 
10.1 MPa despite of the similarity of E1 under both conditions. All graphs show 
means ± SE.
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takes into explicit account the number of free parameters. We then 
focused on finding the minimal set of model parameters that most 
likely were affected by the experimental condition. In the case (e.g.) 
of the change in [Ca2+]


o
, data from the two conditions were simul-


taneously fitted (i.e., 5 + 5 fEPSP responses). We then alternatively 
allowed one, two, three or all four parameters to change across the 
conditions, thus resulting in 5–8 free parameters. Ranking each fit 
performance on the basis of its X2-test score provided an explicit 
indication of the parameter(s) that most often appeared to result 
in a good fit, when changed.


From this systematic analysis, summarized in Table 4, we con-
clude that: (1) when [Ca2+]


o 
is increased, U is the parameter that is 


most sensitive to such a change, in agreement with the underlying 
biophysical interpretation of U as the presynaptic release prob-
ability; (2) when the pressure alone is varied, A is the parameter 
that is most sensitive to such a change, reminiscent of a change in 
the size of the readily-releasable pool and/or of postsynaptic excit-
ability (see discussion).


In details, we found that the change in [Ca2+]
o 


from 2 mM to 
4 mM, decreased A by 10% while increasing U by 47%. Only the 
change in U was considered significant, on the basis of the param-
eters range indicated previously. Similar considerations apply when 
U alone was allowed to change, resulting in a slightly worse root 
mean square error of 3.9%, as expected, but an equally significant 
increase in U of ∼30%.


The model is fully specified by (i) the time constant associated 
to the recovery from depression D, (ii) the time constant associ-
ated to the recovery from facilitation F, (iii) the phenomenological 
description of the probability of release U, and (iv) the maximal 
synaptic efficacy A, that captures both the postsynaptic receptor 
density and conductance as well as the presynaptic size of the readily 
releasable neurotransmitter pool.


Regardless of the experimental condition, the fit performance 
of the model was generally satisfactory in describing the experi-
mental recordings. When its four free parameters were best-fitted 
to each of the 54 experiments (i.e., five fEPSP responses each), 
the relative root mean square error was below 4% in 45/54 cases, 
and below 1% in 26/54 cases. In addition, the statistical X2-test for 
assessing the goodness of the fit (Press et al., 1992) was passed in 
38/54 cases, even though the conditions for this test were unfavo-
rable in terms of the degrees-of-freedom of the X2-distribution 
(i.e., difference between the number of data points and optimized 
model parameters, 5–4, was small). Thus the model quantitatively 
captured the experimental data-set within the parameters range 
(mean ± SD) A ∼ 3.06 ± 3.05, U ∼ 0.37 ± 0.16, D ∼ 200.6 ± 130.2 ms, 
and F ∼ 50 ± 98.3 ms. When the experimental conditions (e.g., 
[Ca2+]


o
, pressure, or both) changed, the fEPSP responses changed 


accordingly. In order to investigate which of the model parameters 
accounted for each experimental condition explored, we consid-
ered the best-fit performance as estimated by the X2-test, since this 


Figure 6 | Effects of [Ca2+]o on dynamics of MPP synaptic variables during 
50 Hz stimulation at two different pressures. (A) High [Ca2+]o significantly 
increases P1, but it significantly reduces the P3-5 with respect to their respective 
controls. (B) At 10.1 MPa high [Ca2+]o also increases P1 at expenses of P2–5 
denoting reduction of ET. Graphs display means ± SE, n = 6 for each  
condition *p < 0.05 and **p < 0.01 (paired t-test). (C) Differential effects of  


[Ca2+]o and pressure on the dynamics of MPP synaptic variables. All the fractions 
were normalized with respect to ET at control pressure and 4 mM [Ca2+]o, (ET’). 
The effect of [Ca2+]o and pressure on sequential Ps: P1–2 display significant 
difference between 0.1 MPa and 10.1 MPa in control [Ca2+]o (n = 6, **p < 0.01). 
At high [Ca2+]o all Ps were significantly depressed by 10.1 MPa (n = 6, ♦p < 0.05 
for all of them). SE bars have been omitted for the sake of clarity.


Table 3 | Effects of pressure and [Ca2+]o on fEPSPs produced during five stimuli trains at 50 Hz.


	 2 mM [Ca2+]o	 4 mM [Ca2+]o


Pressure	 E1	 E5	 E5/E1	 E1	 E5	 E5/E1


0.1 MPa	 0.79 ± 0.08	 0.32 ± 0.09	 0.41 ± 0.29	 1.00 ± 0.04	 0.25 ± 0.05	 0.25 ± 0.13*


10.1 MPa	 0.41 ± 0.09	 0.21 ± 0.03	 0.51 ± 0.16	 0.56 ± 0.09	 0.16 ± 0.03	 0.28 ± 13**


Values display fEPSPs’ slopes normalized with respect to E1 at 0.1 MPa and 4 mM [Ca2+]o. n = 6 for 0.1 MPa, n = 8 for 10.1 MPa. Significance level for the E5/E1 
between low and high [Ca2+]o at the corresponding pressure is *p = 0.07 and **p < 0.001.
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discrete components at axon branches, terminals or release sites. 
However, the modest effect of HP on axon terminals (input vol-
ley) compared with the effect on synaptic inputs (Etzion and 
Grossman, 2000; Talpalar and Grossman, 2003) makes it unlikely 
a predominant effect of pressure on axonal branches. Moreover, 
quantal analysis in crustacean neuromuscular synapses exposed to 
HP resulted in reduction of p and n, and unchanged q, implying 
a pressure-dependent reduction of the release probability and a 
pressure-independent quantal size at the release sites.


The fact that synaptic responses elicited by the more challeng-
ing stimulation rate of 50-Hz decay more or less like controls, and 
the coincident effect of pressure on different types of synapses, led 
us to favor the hypothesis that HP reduces the number of release 
sites and unveils a “modular” organization of the RRP consisting in 
“pressure-sensitive” and “pressure-resistant” modules rather than 
a random “depletion” of the RRP. This last possibility could not 
be totally excluded since the mechanisms underlying short-term 
plasticity are inconclusive. The use of the phenomenological model 
for short-term synaptic plasticity to fit the experimental responses 
is a first attempt at exploring whether pressure might influence 
other features and mechanisms underlying frequency-dependent 
synaptic depression.


The input/output consequences of a potential reduction of the 
RRP have been investigated earlier for different pressures, by exam-
ining granule cell firing in response to MPP stimulation (Talpalar 
and Grossman, 2004). Despite of the reduction in synaptic inputs, 
the output was conserved for stimulation frequencies below 25 Hz, 
for which there is no difference between control and 10.1 MPa. 
For stimulation at higher frequencies (50 Hz), there was instead 
an increased excitability and loss of filter properties of the circuit. 
This may be likely attributed to a similar pressure-dependent effect 
on inhibitory synapses, leading to a proportional reduction in the 
inhibitory synaptic contributions from inhibitory interneurons.


HP and [Ca2+]o


This study has compared the use of SR by MPP synapses under 
various conditions of pressure and [Ca2+]


o
. Increasing [Ca2+]


o
 under 


both normal and HP conditions enhances MPP’s single fEPSPs, E
1
. 


Saturation of a single response was attained with 4 mM [Ca2+]
o
, 


whereas higher [Ca2+]
o
 depressed E


1
. This effect of [Ca2+]


o
 is probably 


The change in HP from 0.1 to 10.1 MPa, while keeping [Ca2+]
o
 


fixed at 4 mM (as in Figure 6A), caused A to decrease by 45% while 
U was unaffected (i.e., −7%). Similar conclusions could be drawn 
when only A was allowed to change.


When HP was changed from 5.1 to 10.1 MPa and simultaneously 
[Ca2+]


o
 from 2 to 4 mM (as in Figure 6B), A decreased significantly 


by 30% while U increased by 48%.
Finally, when HP was changed from 0.1 to 10.1 MPa, with [Ca2+]


o
 


set first to 2 mM, and later to 4 mM, respectively (Figure 5B), A first 
decreased by 50% and later remained unaffected (−56% with respect 
to the initial 0.1 MPa condition), while U remained first unaffected 
(+3%) and then increased by 60%, confirming that [Ca2+]


o 
affects 


U while HP affects A.


Discussion
The results reported in this work were collected under strict steady-
state conditions for both pressure and temperature (see Materials 
and Methods). As reported previously (Talpalar and Grossman, 
2003) the reduction of MPP synapse parameters is directly pro-
portional to the applied pressure, but the full effect of pressure 
is quantified after stabilization. Under these conditions, the MPP 
synaptic responses remain stationary for a long period of time 
(i.e., up to 2  h at maximal pressure, 10.1  MPa) with no obvi-
ous run-down (see also Etzion and Grossman, 2000). Then, we 
confidently assume that the response is stable and not affected 
in a time-dependent manner by the pressure. The relatively long 
(1 min) interval between subsequent stimulus trains apparently 
allows the replenishment of the RRP at all pressure conditions 
(we observed extremely small sample variance either at control 
or HP). We contemplated the possibility that the reduction of the 
single MPP fEPSP at HP may result also from a partial random 
“depletion” of its RRP, which was unable to recover its control size 
after synaptic release. But such kind of time-dependent depletion 
at HP may have produced a progressive and larger decline of single 
(not trains) fEPSP responses (sampled at 0.1 Hz), that we did not 
see in the experiments.


Single-fiber stimulation of the MPP at 50 Hz during whole-cell 
recordings of granule cells in perinatal rat slices showed failure of 
discrete 10–20 pA synaptic events (Talpalar, 2002). Such experi-
ments suggest that FDD results from progressive exhaustion of 


Table 4 | Markram–Tsodyks model best-fit parameters for different conditions.


Cond.	 A	 U	 F (ms)	 D (ms)	 A’	 U’	 A’’	 U’’	 %Err	 Conf.


[Ca2+]o 2→⁣4	 3.0285	 0.3422	 19.8	 128.4	 2.5821	 0.5057			   2.7	 0.0003


[Ca2+]o 2→⁣4	 2.7921	 0.3676	 152.7	 125.4	 2.7921	 0.4694			   3.9	 0.0002


HP: 0.1→⁣10.1 [Ca2+]o: 4	 2.7824	 0.4676	 160.7	 137.4	 1.5361	 0.4324			   2.1	 0.0005


HP: 0.1→⁣10.1 [Ca2+]o: 4	 2.8584	 0.4511	 25000	 138.4	 1.5202	 0.4511			   2.5	 0.0001


HP: 5.1→⁣10.1 [Ca2+]o: 2→⁣4	 2.0318	 0.3201	 1400	 105.8	 1.4027	 0.4731			   3.3	 0.0004


HP: 0.1→⁣10.1 [Ca2+]o: 2→⁣2→⁣4	 3.0940	 0.3087	 30000	 97.0	 1.5708	 0.3173	 1.3482	 0.4912	 3.9	 0.009


The table contains the best-fit parameters, accounting for the experimental data with the minimal number of parameters affected by the condition. Only U and A 
were found to be significantly affected by the changes in [Ca2+]o and pressure, respectively while the other parameters remained fixed. The rightmost columns report 
for each case the fit error on the absolute response amplitudes and the best-fit confidence. For the experiments involving two conditions (i.e., before and after; the 
first five rows of the table), 2 × 5 fEPSPs were available to be fitted by the model. Therefore, five (e.g., A, U, F, D, A’) or six (e.g., A, U, F, D, A’, U’) free parameters 
were identified simultaneously. In bold we outlined the parameters that were allowed to change and, as expected, the lesser degrees or freedom, the higher fit 
confidence (underlined).
For the other experiments, 3 × 5 fEPSPs were available to be fitted by the model, therefore requiring identifying eight (e.g., A, U, F, D, A’, U’, A’’, U’’) parameters.
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Ca2+ spikes elicited by P/Q-channels were only minimally reduced 
at 10.1 MPa (Etzion and Grossman, 1999), suggest that N-type 
channels fraction is the likely target for HP depression. Though 
there is no information about HP effect on the kinetics of N-type 
currents, the fact that they seem to be mechano-sensitive (Calabrese 
et  al., 2002), and potentially highly pressure-sensitive in guinea 
pig cerebellar synapses (Etzion and Grossman, 2000) and frog 
neuromuscular junction (Grossman et al., 1991) strongly suggest 
their involvement also in HP effects on MPP synapses. If this is the 
case, saturation of MPP synaptic response at a subnormal level and 
occurrence of exponentially decaying FDD, combined with reduc-
tion of the RRP suggest a close functional dependence between 
the N-type pressure-sensitive Ca2+-channels, and a specific portion 
of the RRP. In another words, a portion of the RRP seems to be 
dependent on a Ca-domain that is provided solely by N-type chan-
nels (for a review see Oheim et al., 2006). This is also consistent with 
the effect of raising [Ca2+]


o
, which under both pressure conditions 


could increase P
n
 but not E


T
 whereas at HP increased Ca2+-entry 


through pressure-resistant channels could only partially enhance 
E


1
 but not to restore release to control level. Moreover, these effects 


invoke the hypothesis that MPP synaptic strength may be based 
on a modular structure composed of different portions exclusively 
dependent on specific Ca2+-channels (N type-E


T
, P/Q type-E


T
, etc.), 


which at high [Ca2+]
o
 may behave as saturated pools.


CA1 hippocampal synapses (and possibly MPP synapses) active-
zones contain approximately 10 (2–27) docked vesicles (the RRP) 
and nearly ∼200 free “storage” vesicles (Schikorski and Stevens, 
1997) of potentially releasable vesicles (Fernandez-Alfonso and 
Ryan, 2004) while each terminal contains between 1 (Schikorski and 
Stevens, 1997) and 2–4 active-zones (Geinisman, 1993). These mor-
phological features are suggestive of synaptic modularity; namely, 
observed LTP in CA1 may increase RRP (number of active zones) 
and LTD, may decrease RRP (Bolshakov et al., 1997; Toni et al., 1999; 
Geinisman et al., 2001). However, it is unknown if these suggested 
changes in RRP fit with our proposed Ca-channel-type dependent 
modules. It is worth noticing that Tsodyks and Markram (1997) 
concluded, based on a theoretical model and experimental data, 
that once the synaptic depression rate is set, release probability 
(i.e., by the model parameter U) becomes the important factor 
in determining and fine-tuning the neural code, by shaping and 
redistributing the synaptic efficacy across subsequent responses 
(Markram and Tsodyks, 1996). Here we suggest that the size of the 
RRP, especially if it is modular may also play a crucial role in deter-
mining the communication between neurons, acting as an absolute 
amplification or attenuation factor (i.e., by the model parameter A) 
of synaptic transmission but leaving the relative EPSPs amplitudes 
relationship unaffected.


General considerations
From a network point of view, a synapse composed of pressure-
sensitive and pressure-resistant modules, depending on their 
Ca-channel domains, may have adaptational advantages. In envi-
ronmental conditions such as pressure or temperature (thermody-
namic equivalents) a modular synapse will allow the maintenance 
of constant frequency-dependent properties (FDD). Consistently, 
Moser and Andersen (1994) showed that changes in temperature 
(within a moderate range) did not significantly disturb the behavior 


due to increase in Ca2+-entry at the terminals and consequently an 
increase of the probability of synaptic release. Thus, these results 
suggest that release by E


1
 is unsaturated at control [Ca2+]


o
 under 


both normal (Schneggenburger and Neher, 2000) and HP condi-
tions (Golan and Grossman, 1992).


Under normobaric conditions the total synaptic release, E
T
, dur-


ing five stimuli at 50 Hz was used as a first estimation of the SR. 
E


T
 did not change in the range of 2–4 mM [Ca2+]


o
, suggesting that 


[Ca2+]
o
 affects mainly the P


1
, the proportion of E


T
 used by E


1
. At 


10.1-MPa pressure both, E
1
 and E


T
 were significantly reduced in 


comparison with their normobaric controls. The effect of increas-
ing [Ca2+]


o
 at HP was similar to that at normal pressure.


The reduced E
1
 was associated with conserved FDD. If FDD is 


generated by depletion of synaptic vesicles (Abrahamsson et al., 
2005), these results may disagree with the hypothesis that stimula-
tion at high frequency increases Ca2+


 
influx which accelerate vesicle-


recycling rate (Wang and Kaczmarek, 1998).
Raising [Ca2+]


o
 at HP enhanced synaptic release, but its maximal 


effect only partially restored synaptic transmission (Grossman and 
Kendig, 1990; Golan and Grossman, 1992; Golan et al., 1994, 1995, 
1996). Thus, synaptic release was saturated but at a subnormal 
level, i.e., reduced RRP (which represents the presynaptic compo-
nent of the SR), and exhibited exponential FDD during stimula-
tion at 50 Hz. Similar to normal pressure, increasing [Ca2+]


o
 at HP 


enhanced E
1
 concomitantly with faster rate of the FDD (Figure 4D). 


But FDD rates at high [Ca2+]
o
 were not significantly different at 


both pressures (Figure 5A). Interestingly, when identical E
1
 to that 


at 10.1 MPa, 4 mM [Ca2+]
o
 was obtained by partial decompression 


to 5.1 MPa at 2 mM [Ca2+]
o
, the FDD was reduced and its rate was 


slowed (Figure 5B). This indicates that similar to normal pressure, 
FDD is independent of E


1
 initial size but depends on [Ca2+]


o
.


Unexpectedly, higher [Ca2+]
o
 further reduced SR at HP (see 


Figure 6B). The reduction of PPD and/or increase PPF at HP sug-
gests that E


1 
receded from saturation, probably by reduced Ca2+-


entry, leaving a larger fraction of unused RRP, which may partially 
enhance E


2
. In addition, the data provide strong evidence for pres-


sure reduction of the RRP, independent of Ca2+-entry.


Ca2+ domains and active zones
One of the major mechanisms postulated for the effects of HP on 
CNS synaptic function is reduced synaptic release that has been 
shown in chromaffin cells (Heinemann et al., 1987) and supported 
by an increased facilitation at reduced [Ca2+]


o
 mimicking HP effects 


(Talpalar and Grossman, 2003). Various lines of evidence suggest 
that HP impairs Ca2+-entry in protozoa (Otter and Salmon, 1979, 
1985), brain synaptosomes (Gilman et al., 1986), and presynaptic 
terminals of crustacean synapses (Grossman and Kendig, 1990). 
Furthermore, detailed quantal analysis of crustacean neuromus-
cular synapses revealed that in all types of synapses HP depressed 
release (i.e., decreased quantal content, m) by reducing the number 
of active release sites (n) with variable small effect on the prob-
ability of release (p) depending on the type of the synapses (Golan 
et al., 1994, 1995, 1996). Similar quantal analysis for CNS and MPP 
synapses are not available. However, it is known that a combina-
tion of N- and P/Q-channels mediate synaptic release in the mice’s 
MPP (Qian and Noebels, 2001). The facts that L-type Ca2+-currents 
were resistant to 40 MPa pressure (Heinemann et al., 1987) while 
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epartment of Physiology and Neurobiology, Faculty of Health Sci-
nces and Zlotowski Center for Neuroscience, Ben-Gurion University
f the Negev, Beer-Sheva 84105, Israel


bstract—Human divers exposed to hyperbaric pressure
ay suffer from cognitive and motor impairments thought to


e related to high pressure effects per ce. These effects,
ermed high pressure neurological syndrome (HPNS), appear
t pressure above 1.1 MPa. HPNS involves CNS hyperexcit-
bility that is partially attributed to augmented responses of
he glutamatergic N-methyl-D-aspartate receptor (NMDAR).
MDAR is blocked by Mg2� (physiologically) and by DL-2-
mino-5-phosphonopentanoic acid (AP5, pharmacologi-
ally). We have recently reported that hyperbaric pressure
ugments rat hippocampus NMDAR synaptic response and
enerates hyperexcitability. We now test pressure effects on
he blockade efficacy of Mg2�and AP5. Under high pressure
onditions more than double [Mg2�]o and [AP5]o were needed
o achieve similar effects on NMDAR synaptic response’s
mplitude, decay time, and time integral comparable to con-
rol conditions. [Mg2�]o and [AP5]o concentration-response
urves and the concentration for 50% responses’ inhibition
IC50s) showed similar normalized pattern at control and
ressure for each parameter. We conclude that hyperbaric
ressure reduces the efficacy of these NMDAR blockers that
ay be associated with the receptor conformational


hange(s). This provides additional mechanism for pressure
ver activation of NMDAR. Taken together with our previous
eports, high pressure modification of NMDAR activity signif-
cantly contributes to CNS hyperexcitability and possibly for
ong term vulnerability. © 2010 IBRO. Published by Elsevier
td. All rights reserved.


ey words: hippocampus, magnesium, AP5, NMDAR, HPNS,
ynaptic transmission.


igh ambient (e.g. hydrostatic) pressure above 1.1 MPa
nduces the high pressure neurological syndrome (HPNS)
n animals and human divers (for review: Bennett and
ostain, 2003). HPNS is conceivably associated with CNS
yperexcitability. It is mainly characterized by dizziness,
ausea, stomach cramps, vomiting, muscle twitching, and
remors (Brauer, 1984), EEG changes and a reduction in
ognitive function (Abraini, 1997). At greater depths, myo-


Corresponding author. Tel: �972-50-8840757.
-mail address: morami@bgu.ac.il (A. Mor).
bbreviations: AP5, DL-2-amino-5-phosphonopentanoic acid; DNQX,
,7–dinitroquinoxaline -2,3-dione; fEPSP, field excitatory post-synap-
ic potential; HPNS, high pressure neurological syndrome; IC50, an-
agonist’s concentration needed to reach fifty per cent response inhi-

l
ition; NMDA, N-methyl-D-aspartate; NMDAR, N-methyl-D-aspartate
eceptor; PS, population spike.
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lonia (Darbin et al., 2000), convulsions and seizures may
ccur (Bennett and McLeod, 1984). Rats seem to be more
esistant to high pressure than humans. Tremor and con-
ulsions thresholds for rats are at 6 MPa and at 9 MPa
espectively (Brauer et al., 1974).


Previous neuropharmacological studies at high pres-
ure indirectly showed that there may be an increase of
xcitatory N-methyl-D-aspartate receptor (NMDAR) re-
ponse in CA1 pyramidal cells (Fagni et al., 1985, 1987b)
nd a possible decrease in inhibitory GABA activity. These
ndings may explain the hyperexcitability observed in rat
ippocampal slices in vitro (Zinebi et al., 1988, 1990) and
he epileptiform activity in the whole animal (Fagni et al.,
985).


By using microdialysis and electrochemical tech-
iques in freely moving rats, Darbin et al. (1999, 2000,
001) and Kriem et al. (1999) showed an increased
ensitivity of NMDAR and an elevated extracellular con-
entration of dopamine and glutamate at 8 MPa. The
icrodialysis technique was performed at the level of


he basal ganglia and has been implicated in locomotor
nd motor hyperactivity.


However, the authors report that the increase of gluta-
ate level recorded in the striatum with helium pressure
ight have an exocytotic and a non-exocytotic origins.
arlier studies on invertebrates have shown that high pres-
ure depressed neuromuscular glutamatergic excitatory
ynapses by decreasing the quantal content but not the
uantal size (Golan et al., 1995, 1996). Grossman and
endig (1988) showed that both excitatory (glutamatergic)
nd inhibitory (GABAergic) synapses in crustacean neuro-
uscular synapses were depressed at pressure. Further-
ore, Fagni et al. (1987a); Etzion and Grossman (2000)
nd Talpalar and Grossman (2003) have also shown that
igh pressure depressed single normal glutamatergic syn-
ptic responses in brain slices from hippocampus, cere-
ellum, and dentate gyrus respectively. Reduction in pre-
ynaptic Ca2� entry was also indirectly implicated with this
ynaptic depression.


Despite the above reported general depression of
voked glutamate synaptic release, we have recently dem-
nstrated in CA1 hippocampal brain slices (Mor and
rossman, 2006) that, the single isolated NMDAR field
xcitatory post-synaptic potential (fEPSP) is augmented at
0.1 MPa. This unusual augmentation includes increased


nitial slope, larger amplitude and longer decay time. Fur-
hermore, in the same preparation, population spikes
PSs) generated by NMDAR fEPSP tended to appear ear-


ier in a train indicating hyperexcitability. However, the
s reserved.
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rains’ PSs number, amplitude, and frequency were de-
reased indicating hypo-excitability (Mor and Grossman,
007).


Up to date, it seems that NMDAR can be significantly
ffected by high pressure causing fEPSP augmentation
nd PSs firing pattern change. Recently NMDAR ionic
urrents have been measured directly under high pres-
ure. Preliminary experiments of expressing NMDAR in
enopus laevis oocytes showed that one of the most abun-
ant NMDAR subtypes (in the mammalian brain—NR1-
a�NR2A) activation is augmented under hyperbaric con-
itions (Mor et al., 2008).


NMDAR is both a ligand and voltage gated non specific
ation channel (Cull-Candy et al., 2001). Mg2� physiolog-
cally blocks the channel pore and is removed by depolar-
zation. Reducing the normal extracellular Mg2� concen-
ration ([Mg2�]o, �1 mM) greatly potentiates NMDAR func-


ig. 1. [Mg2�]o blockade of NMDAR fEPSP. Single experiment (last 3
ynaptic response by elevating [Mg2�]o. Under high pressure conditio
hree times higher than the control conditions. Twenty min washout o


ig. 2. [AP5]o blockade of NMDAR fEPSP. Single experiment (5 stim


levating [AP5]o. Under high pressure conditions (10.1 MPa) more than double
ashout of the [AP5]o resulted in almost full recovery. All AP5 experiments we

ion (Mayer et al., 1984; Nowak et al., 1984). Therefore,
ur previous measurements of NMDAR fEPSPs (Mor and
rossman, 2006, 2007) were made under [Mg2�]o�0, in
rder to allow maximal response in the absence of AMPA
eceptors depolarization. DL-2-Amino-5-phosphonopen-
anoic acid (AP5) is a potent NMDAR pharmacological
nhibitor. It is a competitive antagonist on the NMDAR
lutamate binding site (Clements and Westbrook, 1994;
aube et al., 1997; Cull-Candy et al., 2001).


Despite the reduction in evoked glutamate release in
he hippocampal formation at pressure, NMDAR activity is
otentiated. Up to date, NMDAR blockade mechanisms
ave never been studied at high pressure. Therefore, the
ajor goal of the present study was to examine pressure
ffects on the efficacy of NMDAR blockade by [Mg2�]o and
AP5]o in an attempt to understand the pressure induced
ugmentation in NMDAR response.


muli train are shown, 25 Hz) demonstrating increased blockade of the
MPa) complete block of the fEPSPs was achieved by 3 mM [Mg2�]o,
2�]o resulted in almost full recovery.


Hz) demonstrating increased blockade of the synaptic response by

of a 5 sti

uli, 100


[AP5]o was needed to achieve �80% block. At high pressure, 20 min
re carried out at [Mg2�]o�0 mM.
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EXPERIMENTAL PROCEDURES


rain slices preparation


nimal experiments were carried out in compliance with the Na-
ional Institute of Health Guide for the Care and Use of Laboratory
nimals (NIH Publications No. 80-23) revised 1996, and in accor-
ance with guidelines laid down by the institute ethics committee


or the care and use of animal for experimental work. The prepa-
ation of rat corticohippocampal slices is described in detail in Mor
nd Grossman (2006). Regular Ringer solution contained (in mM)
24 NaCl, 3 KCl, 2 CaCl2, 2 MgSO4, 1.25 NaH2PO4, 26 NaHCO3,
nd 10 D-glucose. Solution was constantly bubbled with 95% O2


nd 5% CO2 for a pH of 7.4.


ressure and compression


he pressure chamber and helium compression protocol are de-
cribed in detail in Mor and Grossman (2006). Samples were
aken at control (0.1–0.3 MPa, when 0.2–0.3 MPa were more
table for further compression) and at 10.1 MPa. At this stage,
nly one pressure step was used to reduce waiting time for
quilibration and minimize rundown of the preparation. The single
tep to 10.1 MPa was chosen in order to obtain full expression of
he HPNS since tremor and convulsions thresholds for rats are at


MPa and at 9 MPa respectively (Mor and Grossman, 2006;


ig. 3. High pressure shifts [Mg2�]o and [AP5]o concentration-respons


f single experiment for each blocker) demonstrate that higher [Mg ]o and
mplitude, decay time, and time integral at high pressure (a “shift to the right”)

rauer et al., 1974). Decompression was always attempted with
ood recovery at 0.2–0.4 MPa but only 20% success upon de-
ompression to 0.1 MPa. Fresh Ringer solution containing no
Mg2�]o at 30 °C (gas saturated at normobaric pressure, as
bove) was continuously injected into the experimental bath by a
ast high-pressure pump. Consequently, the brain slices were
ashed with solutions maintaining constant levels of pH, antago-
ists’ concentrations, and partial pressures of oxygen and CO2


nder control and hyperbaric conditions. Despite the fast wash of
he solutions, only the partial pressure of helium in the tissue might
ave slightly increased, but even at the maximal compression
10.1 MPa) helium is considered to be an inert gas (see also Mor
nd Grossman, 2006, 2007).


lockers application


n order to isolate the NMDAR response, AMPA receptors com-
onent of the fEPSP was blocked by the selective non-NMDAR
ntagonist 6,7–dinitroquinoxaline-2,3-dione (DNQX, 20 �M, Toc-
is, Bristol, UK). GABAergic inhibition was eliminated by picrotoxin
50 �M, Tocris, Bristol, UK). These blockers concentrations were
aintained constant throughout the experiment (for details see
or and Grossman, 2006). Mg2� (as MgCl2 salt) or DL-AP5 (Toc-


is, Bristol, UK) were added to the solutions in increasing concen-
rations up to the level of at least 75% NMDAR response block-


to the right. The normalized concentration-response curves (example

e curves
2�

 [AP5]o were needed to decrease the NMDAR synaptic response’s


.







a
u


S


S
w
h
i
T
o
2
l
p
C
a
o


D


S
t
d
B
c
m
e
m
l
r
S
a
T
o


S


I
b
T
p
t
f
T
R
s
(
m
W


H
o


U
a
m
a
T
1
b
D
w
r


H
c


T
i
a
a
t
r
a
i


r
c
b
r
s
a
5
(


F
p
r


A. Mor and Y. Grossman / Neuroscience 169 (2010) 1–74

de. The same protocol was applied for each slice preparation
nder control and hyperbaric conditions.


timulation and recording


timulation (250 �s duration) at submaximal intensities (4–6 mA)
as conducted by bipolar tungsten microelectrode located on the
ippocampus Schaffer collaterals pathway in CA2 region. Single


solated NMDAR synaptic response amplitude was usually low.
herefore, trains of three to five stimuli (25–100 Hz) were used in
rder to potentiate the responses (see also Mor and Grossman,
006). Recording of evoked fEPSPs was performed by extracel-


ular glass microelectrode (0.6–1.0 M� resistance) using Axo-
atch-1D amplifier (Molecular Devices, Axon Instruments, Inc.,
A, USA) from the hippocampal CA1 pyramidal neurons at the
pical dendritic layers. The presented responses are an average
f five traces.


ata analysis


ynaptic recordings of CA1 fEPSPs at the apical dendritic layer of
he hippocampus, their parameters, and their interpretation, were
escribed in our previous publication (Mor and Grossman, 2006).
riefly, fEPSP amplitude, decay time and time integral were re-
orded in order to thoroughly assess the NMDAR response’s
agnitude. Time integral was calculated in order to provide an
stimate for the cations influx magnitude (see also Mor and Gross-
an, 2006). Effective inhibitory concentrations (IC50) were calcu-


ated and analysed for [Mg2�]o and [AP5]o. The experiments’
esults are expressed as mean�1 standard error of mean (SEM).
ince high-pressure experiments often took a long time, eventu-
lly they were carried out using a single slice from each animal.
he n expresses the number of successful experiments (number
f slices) for each experimental protocol.


tatistical analysis


n each experiment, control conditions (0.1–0.3 MPa) and hyper-
aric conditions (10.1 MPa) were tested on the same brain slice.
hus, we used paired samples t-test analysis, assuming electro-
hysiological recordings meet the conditions of a normal distribu-
ion. Paired t-tests were applied for the following scaled variables:
EPSP amplitude, fEPSP decay time, and fEPSP time integral.
he degree of significance was denoted by the values of P.
esults are considered statistically different when P�0.05. All
tatistical data were analyzed and calculated using SPSS13.0
SPSS Inc., Chicago, IL, USA). Graphical representations were
ade by using Microsoft Office Excel (Microsoft Inc., Redmond,
A, USA) and SPSS 13.0.


RESULTS


igh pressure reduced [Mg2�]o and [AP5]o potency
f blocking NMDAR responses


nder control conditions responses were blocked by the
ntagonists [Mg2�]o or [AP5]o in a concentration-response
anner. After reaching a significant blockade of �75% the
ntagonist was washed out and the responses recovered.
hen, the same preparation was further compressed to
0.1 MPa. The responses were recorded again without the
locker and with increasing antagonist concentrations.
ouble to almost triple [Mg2�]o (Fig. 1) and [AP5]o (Fig. 2)
ere needed to reach a near complete block of NMDAR

esponses.
d
n


igh pressure shifts [Mg2�]o and [AP5]o
oncentration-response curves to the right


he NMDAR fEPSPs’ amplitude, decay time, and time
ntegral, were significantly increased at high pressure (Mor
nd Grossman, 2006, 2007). These parameters are char-
cteristic of the fEPSP capability to generate action poten-


ials, and therefore were analyzed in detail. The concentration
esponse (normalized to the “zero blocker” response) curves
t pressure were all shifted to the right indicating a reduction


n blockade efficacy of [Mg2�]o and [AP5]o (Fig. 3).
Further statistical analysis (paired t-test) of [Mg2�]o


esponses revealed that high pressure significantly in-
reased IC50 for amplitude, decay time, and time integral
y 210.0%�86.7%, 187.2%�59.4%, and 164.1�51.9%
espectively (Fig. 4). The same analysis of [AP5]o re-
ponses showed that pressure similarly increased IC50 for
mplitude, decay time, and time integral by 196.5%�
8.7%, 219.0%�80.1%, and 201.4�85.8% respectively
Fig. 4, see also for P-values).


ig. 4. Effects of high pressure on the [Mg2�]o and [AP5]o IC50. High
ressure (10.1 MPa) significantly increased the [Mg2�]o and [AP5]o
equired for 50% block of the NMDAR synaptic responses amplitude,


ecay time, and time integral. Statistical analyses: paired t-tests,
—number of experiments. Bars represent �1 SEM.
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he pattern of [Mg2�]o and [AP5]o blockade under
ormal and high pressure conditions


n order to compare the relative efficacy of the blockers at
ormal and high pressure, we normalized the blockers
oncentrations (0% represents no blockers in the solution,
00% represents maximal blocker effect) in addition to the
ormalization of the responses (as in Fig. 3). High pres-
ure did not change the “double normalized” concentra-
ion-response curves of the three analyzed parameters.
n other words, higher antagonists concentrations are
eeded to block NMDAR responses at high pressure but it
eems that the pattern of the blockade is unchanged (Fig.
, see discussion).


DISCUSSION


MDAR is regulated by a variety of extracellular factors
uch as H�, Mg2�, Zn2�, reductive or oxidative environ-
ent, and partial agonists and antagonists (Low et al.,
003; Williams et al., 1996; Choi and Lipton, 2000).
MDAR is also modulated by intracellular factors such as
a�, phosphorylation (kinases), dephosphorylation (phos-


ig. 5. High pressure does not change [Mg2�]o and [AP5]o blockad
ynaptic responses’ amplitude, decay time, and time integral vs. n
xperiments is identical to the values (“n”) depicted in Fig. 4.

hatases) processes, and scaffolding proteins (Yamakura b

nd Shimoji, 1999; Yu and Salter, 1998; Wenthold et al.,
003). As such, the receptor is involved in various cogni-
ive, learning, and memory processes (Rebola et al.,
009). Deciphering the mode of action of [Mg2�]o and


AP5]o on this receptor at high pressure may contribute
ignificantly to understanding the involvement of NMDAR


n short and possibly long term manifestations of HPNS
nd under other physiological or pathophysiological con-
itions (Marino and Conn, 2002; Petrenko et al., 2003;
ogawski and Wenk, 2003; Smith, 2003). The results
how that [Mg2�]o and [AP5]o blockade is significantly
educed at hyperbaric environment. Moreover, the physi-
logical [Mg2�]o blockade is practically abolished: double
o triple the physiological [Mg2�]o (1–1.5 mM) are needed
o reach the same inhibitory effect at pressure. These
unctional changes suggest another mechanism for pres-
ure augmentation of NMDAR response, in addition to
hose previously described (Mor and Grossman, 2006)
ncluding increased initial slope, larger amplitude and
onger decay time of single NMDAR fEPSP under
Mg2�]o�0 conditions (i.e. in the absence of Mg2� block).


Mg2� occupies the channel pore and can be removed


n of NMDAR response. Summarized normalized results for NMDAR
d [Mg2�]o and [AP5]o. Bars represent �1 SEM. The number of

e patter

y membrane depolarization. However, Mg2� blockade







e
p
m
t
c
1
c
a
n
d
N


t
[
g
“
l
f
s
p
c
w
m
d
r
a
m
t
t
r
s
b
p
p
t
“
s
e
h
C
p
s
o
t
s
r
t
t


n
t
n


a
N
f
a
n


A
F
S
t
r
n


A


B


B


B


B


C


C


C


C


D


D


D


D


E


F


F


F


A. Mor and Y. Grossman / Neuroscience 169 (2010) 1–76

limination by simple pressure dependent membrane de-
olarization can be ruled out since no significant change in
embrane potential and input resistance was reported for


he CA1 pyramidal cells (identical to our preparation) re-
orded somatically at pressure (Southan and Wann,
996). The practical elimination of Mg2� blockade indi-
ates that at pressure depolarization of the receptor by
djacent AMPA receptors or by any other input is no longer
ecessary for receptor activation. Thus, even under re-
uced synaptic glutamate release (see Introduction) the
MDAR can still be activated and even over activated.


Pressure induced shift to the right, in the concentra-
ion-response curves, seems to be similar for [AP5]o and
Mg2�]o (Fig. 3). At least for AP5, that interferes with the
lutamate binding site (see Introduction), it may indicate a
competitive inhibition.” The general increase in extracel-
ular (extra synaptic) concentration of glutamate reported
or rat striatum (see Introduction) could barely support
uch a simple interaction. In contrast, the numerous re-
orts about reduced evoked synaptic release imply lower
oncentration of glutamate at the synaptic cleft per se,
hich cannot support such a simple explanation. Further-
ore, additional analysis (Fig. 5) suggests that pressure
id not affect the mode of blockade but just shifted the
ange of concentrations for both antagonists. The simple
ssumption for the pressure effect(s) would be a confor-
ational change in the receptor protein. However, conven-


ionally such a change requires very high pressure beyond
he range of pressures used in the present study (for
eview: Daniels and Grossman, 2003). It is difficult to as-
ume a common pathway for pressure effects on both
lockers (since they interact with different sites of the
rotein) unless we postulate a general modification in the
rotein (receptor)—phospholipids (membrane bilayer) in-


eractions that may take place at lower pressure. Another
common effect” could be postulated based on recently
uggested theory of protein’s hydrophobic cavities. Schiltz
t al. (2003) have used compressed xenon and krypton as
eavy atoms in order to determine protein structure and
olloc’h et al. (2007) have studied protein crystallogra-
hy under xenon and nitrous oxide pressure. These
tudies may suggest a new approach to the mechanisms
f narcosis. However, if pressure per se could affect
hese “flexible hydrophobic cavities”, it may lead to
lower kinetics, and even conformational rigidity that will
educe accessibility of ions (and molecules such as our
ested blockers) thereby interfering with the normal pro-
ein and cell function.


At this stage, we are unable to determine precisely the
ature of any of the possible modifications. More sophis-
icated methods such as high pressure crystallography are
ecessary to decipher this question.


Nevertheless, this study provides further evidence and
dditional mechanism for pressure augmentation of
MDAR response. This augmentation results in enhanced


EPSPs involved in short term HPNS, and excessive Na�


nd Ca2� influxes that may lead to long term excitotoxic


euronal injury in the CNS (Lynch and Guttmann, 2002).
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Professional deep-water divers exposed to high pressure (HP) above 1.1 MPa suffer
from High Pressure Neurological Syndrome (HPNS), which is associated with CNS
hyperexcitability. We have previously reported that HP augments N-methyl-D-aspartate
receptor (NMDAR) synaptic responses, increases neuronal excitability, and potentially
causes irreversible neuronal damage. We now report that HP (10.1 MPa) differentially
affects eight specific NMDAR subtypes. GluN1(1a or 1b) was co-expressed with one
of the four GluN2(A–D) subunits in Xenopus laevis oocytes. HP increased ionic currents
(measured by two electrode voltage clamps) of one subtype, reduced the current in four
others, and did not affect the current in the remaining three. 3D theoretical modeling
was aimed at revealing specific receptor domains involved with HP selectivity. In light
of the information on the CNS spatial distribution of the different NMDAR subtypes, we
conclude that the NMDAR’s diverse responses to HP may lead to selective HP effects on
different brain regions. These discoveries call for further and more specific investigation
of deleterious HP effects and suggest the need for a re-evaluation of deep-diving safety
guidelines.


Keywords: 3D model, ion channel modulation, HPNS, magnesium, NMDA receptor


INTRODUCTION
Professional divers may suffer from the effects of direct high pres-
sure (HP). Animals and humans exposed to ambient pressure
above 1.1 MPa (100 m depth) develop High Pressure Neurological
Syndrome (HPNS; Bennett and Rostain, 2003; Grossman et al.,
2010), which is characterized by reversible but significant cog-
nitive and motor decrements. At greater depths, myoclonia,
convulsions, and seizures occur, indicating CNS hyperexcitabil-
ity. However, prolonged exposure to HP (through repeated deep
dives) may result (although this is still disputed) in permanent
memory and motor impairment (Sundal et al., 2006; Troland
et al., 2006a,b).


The glutamate N-methyl-D-aspartate receptor (NMDAR) has
been implicated with CNS hyperexcitability as part of HPNS
(Fagni et al., 1987; Daniels and Grossman, 2010). We have
recently demonstrated in rat hippocampal brain slices that, under
HP conditions, NMDAR synaptic responses are significantly aug-
mented and less susceptible to Mg2+ blockade. These effects may
lead to hyperexcitability and potentially to neurotoxicity (Mor
and Grossman, 2006, 2007, 2010). It is important to note that rats
seem to be more resistant than humans to HP. Tremor and con-
vulsion thresholds for rats are at 6 MPa and at 9 MPa, respectively
(Brauer et al., 1974). Thus, our past and present experiments have


Abbreviations: CNS, central nervous system; CTD, C-terminal domain; HP,
high pressure; HPNS, high pressure neurological syndrome; LBD, ligand bind-
ing domain; NMDA, N-methyl-D-aspartate; NMDAR, NMDA receptor; NTD,
N-terminal domain; TMD, transmembrane domain.


been performed at similar levels of HP; humans are affected at
lower pressures (see above). 10.1 MPa is considered a “saturating
pressure” for experiments on rat preparations.


The first attempt to directly measure NMDAR currents at HP
was made by Daniels et al. (1998). By extracting rat cerebellum
non-specific NMDAR mRNA and using a Xenopus laevis oocyte
expression system, they showed that HP increased the recep-
tors’ currents. We recently expanded this research by measuring
the currents of discrete NMDAR subtypes similarly expressed in
oocytes. Surprisingly, preliminary results of two subtypes showed
a selective HP effect (Mor et al., 2008). These data revealed a
more complex NMDAR behavior at HP that necessitated further
research.


Conventional NMDAR is assembled from different combi-
nations of GluN1 and GluN2 subunits in a tetrameric “dimer
of dimers” structure (Furukawa et al., 2005; Paoletti, 2011).
GluN3 (A and B) subunits may co-assemble with the for-
mer subunits to form triheteromeric GluN1/GluN2/GluN3 or
diheteromeric GluN1/GluN3 unconventional NMDARs. To date,
there are limited data on the spatial distribution and function
of the GluN3 subunits (Paoletti, 2011). Therefore, we concen-
trated on examining conventional NMDARs that do not contain
GluN3 subunits. The GluN1 subunit has eight alternative splicing
isoforms: GluN1-1a, GluN1-1b; GluN1-2a, GluN1-2b; GluN1-
3a, GluN1-3b; GluN1-4a, GluN1-4b (Collingridge et al., 2009).
All “b” isoforms have an extra 21–amino-acid loop (see below).
The four GluN2(A–D) subunits are encoded by four different
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genes [GRIN2(A–D); Paoletti, 2011]. Considerable effort has
been invested in understanding NMDAR structure-function rela-
tions. One approach is to resolve the NMDAR crystal structure.
To date, the full NMDAR structure has not been identified.
However, partial structural data are available on the GluN1
and GluN2A subunits’ ligand-binding domain (LBD; Furukawa
et al., 2005) and on the GluN2B N-terminus domain (NTD;
Karakas et al., 2009). Interestingly, Traynelis et al. (1995, 1998
reviewed 2010) have shown that the specific region of the GluN1
NTD (exon 5 insert loop in the −1b variant) reduces the inhi-
bition exerted by Zn2+, H+ and polyamines on the receptor
current. Furthermore, the GluN1 and GluN2 NTDs, which are
not part of the LBD, are significant modulators of the ion per-
meation pathway, most probably through their conformational
changes (Karakas et al., 2009), which affect the transmem-
brane domains (TMD) and possibly the intracellular C-terminus
domain (CTD).


To date, there are abundant but incomplete data on the spatial
distribution and function(s) of NMDAR subtypes in the mam-
malian brain (Monyer et al., 1994; Paoletti, 2011). Furthermore,
the subunit composition of NMDARs changes during develop-
ment (Cull-Candy et al., 2001) and differs among various types
of neurons (Monyer et al., 1994). Studies on recombinant recep-
tors have revealed how the subunit composition endows each
NMDAR subtype with unique biophysical and pharmacological
properties. Altogether, those studies have revealed the large diver-
sity in the function of NMDAR subtypes in different regions
of the mammalian brain. Therefore, an understanding of the
HP modulation of specific NMDAR subtypes will reveal impor-
tant information on their function in different brain areas and
perhaps even in specific neuron types.


The goal of the present study was to directly examine the cur-
rents of eight NMDAR subtypes in the absence of CNS network
influence. The NTD theoretical 3D structures of selected subtypes
were modeled in order to reveal the possible biophysical basis for
the selective NMDAR response to HP.


MATERIALS AND METHODS
OOCYTE PREPARATION
Animal experiments were carried out in accordance with the
guidelines laid down by Ben-Gurion University of the Negev’s
ethics committee for the care and use of animals for experimental
work. Naive Xenopus laevis oocytes were prepared and maintained
in NDE96 solution (at 18◦C) containing (in mM): 96 NaCl, 2 KCl,
1 MgCl2, 1 CaCl2, 2.5 sodium pyruvate, 5 HEPES (pH 7.5), and
50 µg/ml gentamicin.


The oocytes were injected with cRNA for co-expression of
one of the four rat GluN2 subunits (A–D, 5 ng) with either
GluN1-1a or GluN1-1b (5 ng) subunits. All cRNAs were pro-
duced by Prof. M. Hollmann’s laboratory (Ruhr University,
Bochum, Germany). The NMDAR cDNA accession numbers
are: GluN1-1a, U08261; GluN1-1b, U08263; GluN2A, AF001423;
GluN2B, U11419; GluN2C, U08259; GluN2D, U08260.


A total of eight different NMDAR subtypes (combinations)
were successfully expressed on the oocytes’ membrane. After
incubation for 3–5 days, individual oocytes were placed in a
custom-designed recording chamber and perfused (7–8 ml/min)


with a frog physiological solution containing (in mM): 115 NaCl,
2.5 KCl, 1.8 CaCl2, 10 HEPES, and zero added Mg2+. The ratio-
nale for [Ca2+]o-containing recording solutions is provided in
the “Data and Statistical Analyses” section. The solutions were
introduced into the pressure chamber by means of a high-
pressure pump (“minipump,” LDC Analytical Inc., Riviera Beach,
FL, USA).


PRESSURE, COMPRESSION, AND DECOMPRESSION
The pressure chamber, perfusion system, helium compression,
and the experimental setup are described in detail in Mor and
Grossman (2006). Briefly, the experiments were carried out in
a pressure chamber (Canty Assoc., NY, USA). HP was attained
with compressed helium, a gas that is chemically inert under the
experimental pressures (0.1–10.1 MPa). Some controls were taken
after pressurization to only 0.2–0.3 MPa since, in many experi-
ments, we lost the control recordings after sealing the chamber
or with the first attempt to pressurize. This protocol was used
in order to increase our yield, assuming that such low pressure
effect (if any) is negligible compared to the 10.1 MPa testing pres-
sure. Rates of compression/decompression varied between 0.5
and 1.0 MPa/min. To avoid transient effects of pressure, record-
ings were taken under strict temperature conditions (25 ± 1◦C)
and after at least 15 min of stable recording. This timeframe
excludes the time needed for the stabilization of temperature
transients of ±4◦C during compression and decompression.
Decompression was attempted to prove the reversibility of HP
effects. At this stage, only one pressure step (from control to
10.1 MPa) was used, to minimize waiting time for equilibra-
tion and rundown of the preparation. This pressure step is used
routinely in our laboratory to faithfully demonstrate HP effects.


NMDAR CURRENT RECORDINGS
Oocytes were voltage-clamped at −70 mV employing the two-
electrode voltage clamp technique using an Axoclamp-2B ampli-
fier (Molecular Devices, Axon Instruments Inc., CA, USA).
The co-agonists glutamate (100 µM, Sigma, Israel) and glycine
(10 µM, Sigma, Israel) were added to the physiological solu-
tion and applied during 20 s exposure. In order to eliminate the
possibility that endogenous functional NMDAR or NMDAR-like
proteins would interfere with the recordings, naive oocytes were
voltage-clamped and washed with the two agonists. No ionic cur-
rents were observed under these conditions (data not shown).
It is worth noting, though, that Schmidt and Hollmann (2008)
have recently shown that Xenopus oocytes can express endoge-
nous XenGluN2 subunits at the protein level, the highest being
XenGluN2B. The XenGluN2B subunit by itself will not generate
any currents (as above), but, upon expression of heterologous
GluN1 subunits in these oocytes, currents may become observ-
able. However, the amplitude of these currents is in the range
of only 5–15 nA , which would contribute only a very small
percentage of our total observed currents (see Figures 4A,B).
Additionally, we confirmed that the recorded currents were
NMDAR-mediated as evidenced by the necessity of co-activation
by glutamate and glycine, and by the inhibition of the currents
by increasing [Mg2+]o (Figure 1). Thus, we conclude that “pure”
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FIGURE 1 | Confirmation of NMDAR expression in Xenopus laevis


oocytes. Top: increasing extracellular [Mg2+] blocked NMDAR ionic current
in a concentration-dependent manner (expected for all wild-type NMDARs).
Bottom: activation of NMDAR requires simultaneous application of the
co-agonists glutamate (100 µM) and glycine (10 µM), with no [Mg2+]o
added. Agonist application time was 20 s (horizontal bars). GluN1-1b +
GluN2B currents are shown as an example. The same measurements were
performed with the other subunit combinations, confirming NMDAR
currents in each case.


NMDAR currents were recorded (excluding the “fast chloride
channels spike”; see below).


As noted above, currents were acquired under control
(0.1–0.3 MPa) and hyperbaric (10.1 MPa, compressed helium)
conditions, and analyzed offline. Recovery at 0.1 MPa was always
attempted. Leak (baseline) currents were subject to change dur-
ing the compression and decompression procedures and they
sometimes differ under hyperbaric versus control conditions.
Nonetheless, under constant conditions (pressure, temperature,
solution flow rate, pH, etc.), leak currents are stable and thus they
could be easily subtracted from NMDAR responses. Oocyte mem-
brane holding potential (−70 mV) was monitored continuously;
up to ±1 mV deviations were accepted. Time control protocols
for 2–3 h were carried out and showed oocyte stability under
control, HP, and decompression conditions (data not shown).


EXPERIMENTAL DATA ANALYSES
Classical GluN1 + GluN2 receptors form channels with two con-
ductance levels: a main and a sub-conducting state (for review:
Wyneken et al., 2004). Sub-conducting states probably result from
fluctuations in the energetics of permeation through a single
NMDAR pore. Interestingly, lowering [Ca2+]o markedly reduces
the frequency of sub-conductance levels (Dravid et al., 2008).
This effect can be obtained by replacing [Ca2+]o with [Ba2+]o


(a common procedure used by many researchers). It is already
known that such calcium-free solutions enable the acquisition of
better NMDAR current recordings with clear steady states due
to the reduction of sub-conductance states and the elimination
of the fast currents of Ca2+-dependent Cl− channels. However,
we chose to work with calcium-containing solutions in order to
better simulate physiological conditions.


The recorded currents were composed of one or two
peaks/phases. In the case of two peaks (e.g., Figure 2B), the first


relatively fast-appearing and rapidly desensitizing peak proba-
bly reflects current flowing through the oocyte’s native Ca2+-
dependent Cl− channels (Leonard and Kelso, 1990). The second
“long and delayed peak” represents the NMDAR’s steady state,
maximal cationic inward current amplitudes. Therefore, only
the amplitude of the second peak was measured and analyzed.
In the case of a single “long peak” (e.g., Figure 3B), Ca2+-
dependent Cl− channels were absent or not active (possibly fol-
lowing repeated stimulations). The single peak always appeared
after a significant delay. Therefore, it fitted a late NMDAR current
component rather than a fast Cl− channel current.


Demonstration of the relative “square” NMDAR currents was
difficult to achieve due to two reasons: (1) It was impossible
to avoid a relatively large solution volume (“dead space”) inside
the HP pump and the tubing. This technical limitation, to a
certain extent, reduced our ability to introduce the agonists to
the oocytes in an abrupt manner. (2) Ca2+ containing solutions
were used (see previous paragraph). However, current recordings
could be faithfully analyzed because, in each experiment, control
and hyperbaric conditions were applied to the same oocyte. In
other words, the same oocyte was examined under similar con-
ditions of pH, temperature, solution concentration, flow rate,
and agonist concentrations. The only change was the exposure
to different pressures. Therefore, confounding factors such as the
number of Ca2+-dependent Cl− channels, the number/density of
expressed NMDARs, and the size of the oocyte could be avoided.
Moreover, in each pressure step, the identical agonist application
procedure was repeated at least three times, yielding similar and
steady current responses.


STATISTICAL ANALYSIS
Due to the fact that each oocyte was used as its own control,
and, assuming electrophysiological recordings meet the condi-
tions of a normal distribution, we used paired-sample Student
t-test analyses. The results of maximal current amplitude mea-
surements are expressed as mean amplitude ± 1 standard error
of mean (SEM), with n denoting the number of successful exper-
iments (number of oocytes) for each experimental protocol. The
degree of significance is denoted by the values of p. Results are
considered statistically different when p < 0.05. All statistical data
were analyzed and calculated using SPSS 13.0 software (SPSS Inc.,
Chicago, IL, USA). Graphical representations were made by using
OriginLab 7.5 software (OriginLab Corp., Northampton, MA,
USA).


PROTEIN STRUCTURE MODELING
Sequence alignment
GluN1-1a and GluN1-1b were aligned by Lalign program using
a web server running local alignment with default parameters
[http://fasta.bioch.virginia.edu/fasta_www2/fasta_www.cgi?rm=
lalign] The four GluN2(A–D) were multi-aligned using Clustal W
(Larkin et al., 2007).


Homology structure modeling
The known bacterial amino acid binding protein, leucine-
isoleucine-valine binding protein (LIVBP, PDB coordinates 2LIV;
Sack et al., 1989), was used to model the tertiary structure of the
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FIGURE 2 | High pressure (HP) effects on GluN2A and GluN2B NMDAR


subtypes. (A) HP selectively modulates currents of GluN2A subtypes.
Top: HP augments GluN1-1a + GluN2A current. Bottom: HP decreases
GluN1-1b + GluN2A current. (B) GluN2B subtypes GluN1-1a + GluN2B and


GluN1-1b + GluN2B are not affected by HP. For all traces: The applied agonist
concentrations were 100 µM (glutamate) and 10 µM (glycine) with no
[Mg2+]o added. The 20 s agonist application time is indicated by horizontal
bars. The HP effect is reversed after full decompression for all subtypes.


FIGURE 3 | HP effects on GluN2C and GluN2D NMDAR subtypes.


(A) HP differentially modulates GluN2C subtype currents. Top: HP moderately
decreases GluN1-1a + GluN2C current. Bottom: HP greatly decreases
GluN1-1b + GluN2C current. Note only partial recovery of the response.
(B) HP selectively modulates GluN2D subtype currents. Top: GluN1-1a +


GluN2D seem to be “pressure-resistant.” Bottom: HP decreases GluN1-1b +
GluN2D current. Note complete recovery after a full decompression. For all
traces: the applied agonist concentrations were 100 µM (glutamate) and
10 µM (glycine) with no [Mg2+]o added. The 20 s agonist application time is
indicated by horizontal bars.


GluN2A LIVBP-like NTD following the procedure described by
Paoletti et al. (2000). For GluN1 (1a and 1b) subunit homol-
ogy modeling, the GluN2B NTD crystal structure (PDB coor-
dinates 3JPW; Karakas et al., 2009) was used as a template for
modeling. The GluN1 NTD homology models were built using
SWISS-MODEL—a fully automated protein structure homology-
modeling server (Kiefer et al., 2009). These structures were vali-
dated using Procheck (Laskowski et al., 2005), which showed that
the model was stereo-chemically significant.


Docking
In order to visualize, analyze, and understand the interaction of
GluN1-1a with GluN2A, and GluN1-1b with GluN2A, we docked


the protein pairs using PatchDock (Schneidman-Duhovny et al.,
2005). The result with the biologically most relevant structural
and functional significance was selected from the 10 best docking
results.


RESULTS
CURRENT ANALYSES
As expected, GluN2A and GluN2B subtypes containing
receptors generated large currents (Figures 2A,B and 4A);
GluN1-1b + GluN2A produced the largest currents measured.
HP selectively affected the two GluN2A subtypes; HP greatly
increased GluN1-1a + GluN2A ionic current, while reducing
GluN1-1b + GluN2A currents, thus surprisingly resulting in
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FIGURE 4 | Statistical analysis of NMDAR currents. (A) Mean current
amplitude under control and hyperbaric conditions (GluN1-1a or GluN1-1b
with GluN2A or GluN2B). (B) Mean current amplitude under control and
hyperbaric conditions (GluN1-1a or GluN1-1b with GluN2C or GluN2D).


(C) Mean % change of amplitude (calculated for each pair of measurements
and averaged). “Control,” 0.1–0.3 MPa; “Pressure,” 10.1 MPa; n, number of
experiments (oocytes); p, degree of statistical significance; SEM, standard
error of mean. Statistical tests: paired t-test (0.1–0.3 MPa vs. 10.1 MPa).


diametrically opposed response patterns (Figures 2A and 4C). In
all GluN2A subtype experiments, a full or near complete recovery
was observed.


In contrast with the GluN2A subtypes, the two GluN2B
subtypes showed similar behavior; the current amplitude of nei-
ther GluN1-1a + GluN2B nor GluN1-1b + GluN2B was sig-
nificantly affected by HP, or after the decompression process
(Figures 2B, 4A and C).


As anticipated, GluN2C and GluN2D subtypes generated
relatively small currents (Figures 3A,B and 4B). The cur-
rents of the two GluN2C subtypes, GluN1-1a + GluN2C and
GluN1-1b + GluN2C, were both depressed by HP, the latter to
a greater extent (Figures 3A, 4B and C). However, for unknown
reason(s), GluN1-1b + GluN2C subtype currents failed to fully
recover after decompression.


GluN2D subtype currents were differentially modulated by
HP; GluN1-1a + GluN2D currents were not changed, whereas
GluN1-1b + GluN2D currents were significantly depressed by HP
(Figures 3B,4A and C). Following decompression, a full recovery
was observed for the GluN1-1b + GluN2D subtype (Figure 3B).


3D STRUCTURE MODELING
In order to understand the molecular basis for the HP responses
of the NMDARs, we first compared the known sequences of the
two GluN1-1 subunits. As shown in Figure 5A, GluN1-1a and
GluN1-1b have almost identical sequences, yet GluN1-1b con-
tains an additional 21 amino acids (exon 5 insert, starting at
position 193) at the NTD (see Figure 5C). These extra amino
acids are mainly hydrophilic and many of them are charged (see
details in Figure 5A). In contrast, the sequence differences among
the GluN2 subunits are large (Figure 5B). There are many areas
with a high consensus (e.g., in the LBD), areas with less homology
(NTD), and other areas with great diversity (TMD-CTD). These
variable sequences may partially underlie the different behavior
of various NMDAR subtypes.


As a first attempt to understand 3D structure-function rela-
tions at HP, we chose to focus only on GluN1-1a + GluN2A vs.
GluN1-1b + GluN2A subtypes. This pair is the most interesting
because the subtypes were inversely affected by HP despite the fact
that they are almost identical; they differ only by one exon insert
in the NTD of the GluN1-1b subunit, while the GluN2 subunits
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FIGURE 5 | GluN1 and GluN2 sequence alignments and GluN1 NTD


predicted structures. (A) Sequence alignment of GluN1-1a vs. GluN1-1b.
The only difference between the two subunits is the extra 21 amino acids in
the GluN1-1b NTD. s, Serine; “+,” positive charge residue; “–,” negative
charge residue; l, hydrophilic; b, hydrophobic; a, aromatic. (B) Consensus and
variation regions of the four GluN2 subunits. Summarized are the results of
the multiple sequence alignments of GluN2A, B, C, and D using Clustal W
(Larkin et al., 2007). Each black line represents a sequence homology of at
least two of the four compared sequences. Line length represents the


consensus level. As expected, the LBD is the most conserved. Blank areas
represent the absence of sequence homology. (C) GluN1-GluN2 dimer
model. Red square frame indicates GluN1 NTD. (D) Predicted GluN1 NTD
tertiary structures. GluN1-1a (red) and GluN1-1b (blue) are superimposed.
The orange arrow indicates the loop of the extra 21 amino acids of GluN1-1b.
Note that this loop points away from the structure. The figure was created
using PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger,
LLC. NTD, N-terminus domain; LBD, ligand binding domain; TMD-CTD,
transmembrane domain and C-terminus domain.


are identical. Using homology modeling (see “Materials and
Methods”), we built predicted tertiary structures of GluN1-1a and
GluN1-1b NTDs. Superimposition of these structures showed
that the main difference is a surface loop (depicted by the
orange arrow in Figure 5D). Next, following the assumptions of
Furukawa et al. (2005) of a “dimer of dimers” structure, we exam-
ined the interaction of the subunit variants among themselves.
We modeled GluN1-1a↔GluN1-1a and GluN1-1b↔GluN1-1b
homodimers (Figure 6A) as well as GluN1-1a↔GluN2A and
GluN1-1b↔GluN2A heterodimers (Figure 6B). The extra loop
appears to interfere with the interaction of subunits in the
GluN1-1b↔GluN1-1b homodimer (Figure 6A). However, in the
GluN1-1b↔GluN2A heterodimer 3D model, the loop faces out-
ward and does not interfere with any sub-domain interactions
(Figure 6B). At this point, we were unable to calculate a 3D
model prediction of the NMDAR NTDs tetramer due to soft-
ware limitations and the lack of a fully resolved NMDAR crystal
structure.


DISCUSSION
The NMDAR has been repeatedly implicated in HPNS gener-
ation. The evidence accumulated to date indicates that at HP
the NMDAR response is increased (Fagni et al., 1987; Mor and
Grossman, 2006, 2007, 2010). This augmentation is thought to
be one of the key elements causing HPNS and possibly long-term
irreversible CNS impairment.


DISTRIBUTION OF SUBUNITS: LOCAL EFFECTS
Our present study together with our preliminary work (Mor et al.,
2008) indicate a more complex picture of NMDAR-mediated
HP effects. Of the eight NMDAR subtypes examined, only one,
GluN1-1a + GluN2A, produces significantly larger ionic cur-
rents under HP conditions. Three subtypes are “HP-resistant”
and four were significantly depressed by HP. Since NMDAR sub-
unit distribution in the brain may vary, HP-dependent NMDAR
hyperexcitability in the CNS (with possible neurotoxicity) is
expected to be region-specific. For example, the GluN1-1a and
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FIGURE 6 | Predicted dimer structures. (A) GluN1 homodimers. Left
(red)—A 3D model of GluN1-1a↔GluN1-1a NTD interactions. Right
(blue)—A 3D model of GluN1-1b↔GluN1-1b NTD interactions (manual
docking). Box—the extra 21 amino–acid-loop (exon 5). This structure might
interfere with the interaction of GluN1-1b subunits. Broken lines indicate the


cleft. Arrows represent the cleft’s direction. (B) GluN1-GluN2 heterodimer 3D
structures. Left—docking of GluN1-1a NTD (red) to GluN2A NTD (green).
Right—docking of GluN1-1b NTD (blue) to GluN2A NTD (green). Note that the
loop of 21 extra amino acids in GluN1-1b (orange box) faces out and does not
interfere with sub-domain interaction. The figure was created using PyMOL.


GluN1-1b variants have largely overlapping CNS expression pat-
terns but the “1a” forms outnumber the “1b” forms in most,
but not all, brain regions (expression level ratio 5:1, respec-
tively, in the forebrain but 1:5 in the cerebellum). Notably, in the
hippocampus, while the GluN1-1a isoform is expressed at high
levels in all principal cell layers (in the dendate gyrus and CA1-3
regions), the GluN1-1b isoform is largely restricted to the CA3
layer (Paoletti, 2011). Dominant NMDAR subtypes in the mam-
malian hippocampal CA1 region are GluN1-1a + GluN2A and
GluN1-1a + GluN2B. If HP augments the former and does not
affect the latter, the net effect would be response augmentation as
indeed shown in our previous studies (Mor and Grossman, 2006,
2007, 2010). This increase may lead to the hippocampal hyperex-
citability (see “Introduction”) and the epileptiform activity in the
whole animal observed by Fagni et al. (1985). It is worth mention-
ing that once epileptiform activity has begun, brain regions with
a preponderance of “HP-resistant” or “HP-depressed” NMDAR
subtypes may no longer be protected. The observed increase of
the inward current via the most abundant NMDAR subtype may
also offer an explanation for the permanent CNS impairment
reported for professional divers. Such impairment may be medi-
ated through an increased Ca2+ influx (via NMDARs) into the
neurons (Cull-Candy et al., 2001). The repeated deep dives could
expose an increasing number of CNS neurons to this deleterious


effect; with time, the loss of neurons may reach a critical level of
clinical manifestation(s).


SUBUNITS STRUCTURE: DIFFERENTIAL EFFECTS
The observed HP selectivity raises the question of what could
be the possible physical site(s) that may promote conformational
changes favoring NMDAR channel conductance augmentation or
attenuation. We scanned the amino acids sequences of selected
NMDAR subunits. GluN2(A–D) sequences differ considerably
(exclusive of their LBD sequences, Figure 5B). Therefore, at this
stage it would be impractical to look for NMDAR functional
properties through GluN2 structural differences until additional
information regarding the full NMDAR crystal structure becomes
available. As an alternative approach, we made an attempt to
explain HP selectivity by restricting our comparison to the 3D
structures of GluN1-1a + GluN2A and GluN1-1b + GluN2A
receptors that differ only in the single 21 amino acid loop of the
GluN1-1b exon 5 insert in the NTD, which is absent in GluN1-1a
variant. Since these two subtypes are inversely affected by HP,
the difference should be attributed, by default, to the extra loop.
Therefore, we modeled only the NTDs of the GluN1-1a and
GluN1-1b and tried to dock them either as homodimers or het-
erodimers (see Figure 6) since the exact relations in the receptor
tetramer are not clear. The insert loop appears to interfere with
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subunit interactions in the GluN1-1b↔GluN1-1b homodimer
but not in the GluN1-1b↔GluN2A heterodimer. Due to the lack
of exon 5 expression, the homodimer GluN1-1a↔GluN1-1a has
less impairment in subunit interaction. It is important to note
that Traynelis et al. (1995, 1998) have reported that GluN1-1b,
−2b, −3b, and −4b splices, which contain the extra loop (see
“Materials and Methods”), are very potent in inhibiting the Zn2+,
H+ (pH), and polyamine-induced depression of NMDAR cur-
rents. In contrast, GluN1-1a, −2a, −3a, and −4a, which lack this
loop, do not have that capability. They even suggested that all
three mechanisms may converge on a single site. Furthermore,
they have shown that this behavior is restricted to NMDAR com-
binations with GluN2A and GluN2B but not with GluN2C and
GluN2D. These two features, namely, the differential effect of the
GluN1-b vs. GluN1-a splice variants and the selectivity for spe-
cific GluN2 combinations, are very similar to our present results.
We may postulate, therefore, that all the combinations of GluN1-
Xb (i.e., GluN1-1b, or GluN1-2b, or GluN1-3b, or GluN1-4b
with GluN2A) will be depressed by HP and that all GluN1-Xa
(i.e., GluN1-1a, or GluN1-2a, or GluN1-3a, or GluN1-4a with
GluN2A) will be potentiated by pressure. This hypothesis will
be the subject of future research. Another support for the spe-
cific role of GluN1-b variants comes from the observation that
the exon 5 loop contributes to the receptor deactivation, resulting
in an acceleration of the current’s decay time course (Rumbaugh
et al., 2000).


Unfortunately, due to incomplete crystal structure data, we
were unable to model the complete tetrameric NTD structure.
Nevertheless, based on the limited 3D structure model and the
information on receptor function, we may postulate the fol-
lowing: The GluN1-1b NTD extra loop interferes with inter-
subunit interactions and that might result in reduced inhibition
on the channel pore. Consequently, under control conditions,
GluN1-1b + GluN2A currents are much larger when com-
pared to GluN1-1a + GluN2A currents (Figures 4A,C). However,
under HP conditions, a small local conformational change in the
loop may significantly reduce the channel’s open state proba-
bility (in our experiments about 18% reduction in current). In
accordance with that model, three of the four tested GluN1-1b +
GluN2 combinations were similarly depressed at HP while only
one was not significantly affected.


It is more difficult to suggest an underlying mechanism for
the rarely observed increase in receptor conductance under HP
conditions. Yet, such an increase would not be a single obser-
vation since an increase in ionic currents of voltage-dependent
potassium channels (in invertebrate neurons) and of specific
L-type (CaV1.2) Ca2+ channels (expressed in Xenopus oocytes)
has been reported (for review see Aviner et al., 2010). We pos-
tulate that HP disrupts the relatively stable inter-subunit interac-
tions in the GluN1-1a homodimer due to, for example, changes
in local charge movement or water molecule rearrangement.
Consequently, the GluN1-1a homodimer may be less stabilized
and promote greater channel conductance. In contrast, in a sin-
gle channel recording from an acetylcholine receptor at high
hydrostatic pressure (Heinemann et al., 1987) it was found that
the maximal conductance of the channel is pressure-resistant,
while the kinetics of the channel opening is significantly slowed.


The Ach receptor 3D structure is completely different from
that of the NMDARs; therefore an immediate inference could
not be made. Since the pressure effect could be differential,
it is reasonable to assume that, in some splice variants of the
NMDARs, pressure may also reduce the channel’s open state
probability.


However, at this stage, we are unable to determine whether
the surprising observations result from a change in allosteric
inhibitory effect (like the -1b loop control), direct alternation
of conductance through the channel pore, functional modi-
fication of auxiliary protein(s) (Neto1; Ng et al., 2009), or
membrane lipid-channel protein interaction. Future studies with
site-directed mutagenesis (such as substitution of amino acids
involved in the -b loop activity; Traynelis et al., 1995, 1998), single
channel recordings, and further NMDAR crystallographic data at
HP are necessary in order to fully answer these questions.


In conclusion, even without fully understanding the exact
mechanism(s) of pressure effects, our data support the postulated
NMDAR involvement in HPNS hyperexcitability and suggest a
possible cause for the suspected long-term HP health effects.
Moreover, our findings demonstrate a selective role for the spe-
cific combination(s) of receptor subunits. Thus, the physiological
consequences of pressure exposure are also dependent on the
NMDAR subtype distribution in the brain. It has already been
reported that subtype-specific allosteric inhibitors of NMDAR
exhibit much fewer side-effects than broad-spectrum NMDAR
antagonists (direct channel blockers or competitive antagonists;
Traynelis et al., 2010). There is growing interest in the therapeu-
tic potential of compounds capable of fine-tuning the activity of
specific NMDAR subtypes. It is hoped that, with additional 3D
modeling of the various NMDAR subtypes, it will be possible
to develop subtype-targeted medications, which will antagonize
or at least reduce the negative HP effects on divers’ performance
and health. These discoveries also call for cautious consideration
of safety procedures (e.g., frequency of diving, exposure time,
and depth limitations) for repeated deep diving of commercial
divers in order to reduce the postulated accumulating deleterious
effects of HP.
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Abstract


Presynaptic Ca2+-dependent mechanisms have already been implicated in depression of evoked synaptic transmission by high
pressure (HP). Therefore, pressure effects on terminal Ca2+ currents were studied in Rana pipiens peripheral motor nerves. The
terminal currents, evoked by nerve or direct stimulation, were recorded under the nerve perineurial sheath with a loose macro-
patch clamp technique. The combined use of Na+ and K+ channel blockers, [Ca2+]o changes, voltage-dependent Ca2+ channel
(VDCC) blocker treatments and HP perturbations revealed two components of presynaptic Ca2+ currents: an early fast Ca2+


current (ICaF), possibly carried by N-type (CaV2.2) Ca2+ channels, and a late slow Ca2+ current (ICaS), possibly mediated by
L-type (CaV1) Ca


2+ channels. HP reduced the amplitude and decreased the maximum (saturation level) of the Ca2+ currents, ICaF
being more sensitive to pressure, and may have slightly shifted the voltage dependence. HP also moderately diminished the Na+


action current, which contributed to the depression of VDCC currents. Computer-based modeling was used to verify the interpre-
tation of the currents and investigate the influence of HP on the presynaptic currents. The direct HP reduction of the VDCC cur-
rents and the indirect effect of the action potential decrease are probably the major cause of pressure depression of synaptic
release.


Introduction


Exposure to high pressure (HP) (> 1.0 MPa) profoundly depresses
evoked excitatory transmission in a variety of vertebrate (Kendig
et al., 1975; Kendig & Cohen, 1976) and invertebrate (Campenot,
1975; Henderson et al., 1977; Parmentier et al., 1981; Grossman &
Kendig, 1988) synapses. The uniformity of the response in all chem-
ical synapses, excitatory as well as inhibitory (Colton & Colton,
1982; Grossman & Kendig, 1988), suggests that the pressure primar-
ily diminishes a presynaptic process, i.e. transmitter release from the
presynaptic terminals (Campenot, 1975; Ashford et al., 1982; Gross-
man et al., 1991a) or synaptosomes (Gilman et al., 1986a, 1989),
rather than affecting the maximal currents in different postsynaptic
receptors (Parmentier et al., 1981; Heinemann et al., 1987; Shelton
et al., 1990; Macdonald et al., 1993). However, pressure may also
decrease neurotransmission by interfering with the function of spe-
cific neurotransmitter receptors (Shelton et al., 1993; Mor et al.,
2008). Pressure could impede the inflow of Ca2+ into the nerve ter-
minals, which is an important step in the release process [for review,
see Aviner et al., 2010)]. Early measurements of HP depression of


voltage-dependent radiolabeled Ca2+ uptake into brain synaptosomes
(Gilman et al., 1986b) suggested this possibility. The relationship
between external Ca2+ and single and facilitated invertebrate synap-
tic potentials (Grossman & Kendig, 1990) or synaptic currents
(Grossman et al., 1991a; Golan & Grossman, 1992) at HP, and sim-
ilar responses of field potentials in rat cerebellar and hippocampal
brain slices (Etzion & Grossman, 1999, 2000; Talpalar et al., 2010),
indirectly support the hypothesis that pressure reduces the maximal
voltage-dependent Ca2+ channel (VDCC)-mediated Ca2+ influx into
the presynaptic terminal.
Preliminary results (Aviner et al., 2009) suggest that pressure


may selectively affect Ca2+ currents in specific VDCCs expressed in
frog oocytes. However, more direct evidence is necessary in order
to establish this notion in axonal presynaptic terminals.
Voltage-dependent Ca2+ channels are members of a superfamily


of transmembrane ion channel proteins that includes voltage-gated
K+ and Na+ channels (Yu & Catterall, 2004). Various VDCC types
exist, composed of four or five distinct subunits (a1, a2, d, b, c) that
are encoded by multiple genes (Catterall, 2000). Traditionally, the
different Ca2+ currents were defined by physiological and pharmaco-
logical properties (Tsien et al., 1988; Bean, 1989; Hess, 1990), and
were termed L, P/Q, N, R and T types, but a modern nomenclature
is also in use: the CaV1, CaV2 and CaV3 families, respectively. In
addition to its role in synaptic release, the transient Ca2+ influx
(leading to a cytosolic [Ca2+] increase) controls neuronal excitability,
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initiates excitation–contraction coupling, hormone secretion, and cili-
ary movement, and activates various signaling pathways, including
gene expression.
The methodology of recording voltage signals extracellularly


under the perineurial sheath proximal to the motor nerve terminals
of the frog (Gundersen et al., 1982; Mallart, 1984; Hevron et al.,
1986; Anderson et al., 1988), the mouse (Brigant & Mallart, 1982;
Mallart, 1985; Penner & Dreyer, 1986), the lizard (Lindgren &
Moore, 1989, 1991) and the chick (Stanley, 1989) has been used
successfully to study the ionic currents in the motor nerve terminals.
Using a similar, although modified, loose patch clamp technique, we
examined the effect of HP on Na+ and Ca2+ currents in frog nerve
terminals. The data demonstrate a considerable, although differential,
pressure-dependent reduction in fast inactivating (N-type-like) and
slow inactivating (L-type-like) Ca2+ currents, associated with a mod-
erate decrease in the Na+ action current.
A computer simulation model was used to verify the analysis of


the experimental perineurial current recorded at the node of Ranvier.
We successfully reconstructed this extracellular current by synthesis
of individual ionic currents [Na+ current (INa), ICa, and K+ current
(IK)] at both the node and the axonal terminal (end plate). By adjust-
ing the magnitude and the kinetics of INa, ICa and IK blockade under
various conditions, we were also able to simulate the pressure
effects.
The combination of simulation and experimental data strongly


indicate that the reduction in the terminal VDCC current is caused
directly by HP, and also indirectly by the moderate reduction in INa
caused by the same pressure. This indicates that ICa reduction is one
of the major factors determining the depression of synaptic release
(i.e. transmission) under hyperbaric pressure conditions.


Materials and methods


Preparation and solutions


Frogs (Rana pipiens) were obtained from a local dealer, and kept in
fresh-water containers in an air-conditioned room at a temperature
of 18–19 °C. Experiments were carried out during early spring or
autumn. Cutaneous pectoris nerve–muscle preparations were dis-
sected from the frog as previously described (Braun & Schmidt,
1966; Mallart, 1984). The muscle was mounted in an experimental
bath constantly perfused with physiological solution aerated at ambi-
ent pressure. The normal perfusate had the following composition :
116 mM NaCl; 2 mM KCl; 1.8 mM CaCl2; 5 mM Tris buffer; pH
7.4. The temperature was monitored with a thermistor next to the
preparation, and was maintained at 18 °C. d-Tubocurarine (5 mg/L),
a nicotinic acetylcholine receptor inhibitor, was added to block syn-
aptic transmission and muscle contraction. Excess of thin connective


tissue, which covers the muscle surface, was manually removed.
The bath was placed in a hyperbaric chamber equipped for remote-
controlled neurophysiological studies (Grossman et al., 1991a).
Drugs, toxins and divalent ions, which were used in low concentra-
tions to block various channels, were added to the physiological
solution. Tetraethyl ammonium (TEA) was applied (10 mM)
throughout all experiments in order to block all types of IK current
and reveal the Ca2+ current (see below). The L-type VDCC blocker
nifedipine was first dissolved in ethanol, and then diluted to the
desired concentration in the perfusate. Experiments with this drug
were carried out in very dim light, owing to its photosensitivity.
The solutions were introduced to the chamber with an HP pump
(Milton-Roy, USA). The rate of perfusion was 6–8 mL/min, which
was equal to a change of three to four bath volumes per minute.
This experimental procedure and animal use were approved by the
Naval Medical Research Institute and Ben Gurion University of the
Negev ethics committees.


Stimulation and recording


After the chamber had been sealed, the perineurial sheath of a super-
ficial preterminal nerve bundle was impaled with an NaCl-filled
(1 M) microelectrode (2–5 MΩ). This was accomplished by using a
Z-axis microstepper (Transvertex, Sweden) and X–Y microtranslators
(Oriel, USA). The whole procedure was monitored with a video cam-
era mounted on a 4-inch reflecting microscope (Questar, USA) posi-
tioned outside the chamber in front of a Plexiglas view port
(Grossman et al., 1991a). The potential below the electrode tip was
clamped to ground (zero) potential (Dagan model 8800; Dagan,
USA), with a loose patch clamp technique (Parnas et al., 1982).
Under these conditions, it was possible to extracellularly record the
circuit currents flowing between the terminals and the parent axons
(Fig. 1, node 2) following stimulation of the main nerve by a distally
located suction electrode (Fig. 1, node n). Examples of the control
current are shown in Figs 2A (control) and Fig. 3B (control). The
current records showed low noise and were relatively stable. During
the experiment, the nerve was stimulated at 0.2 Hz in order to verify
the viability and stability of the preparation. Averaging of the
responses during the desired time periods was performed off-line.
As the present study is the first to employ perineurial current


measurement at pressure, we tested for possible mechanical artefacts
resulting from pressure application. In preliminary experiments at
normal pressure, the electrode was withdrawn from its optimal posi-
tion with 1–2-lm steps of the micromanipulator. For each step, the
normalised (percentage of control) peak K+ current was plotted as a
function of the normalised peak of the concomitant Na+ current (not
shown). The electrode was then inserted back into its original posi-
tion, and TEA was added in order to block all K+ currents, revealing
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Fig. 1. Simplified diagram of the terminal part of the frog motor nerve. Dashed thin lines indicate current pathways, and arrows indicate their direction of flow.
The point of electrode penetration was most probably not next to the very first node, but next to an adjacent one, e.g. node 2. Modified from Mallart (1985).
Rf, feedback resistance; St, stimulus; Vc, command voltage; Vo, output voltage.
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the Ca2+ current components (Fig. 2). The same procedure of elec-
trode withdrawal and peak amplitude normalisation was repeated for
the fast Ca2+ current and Na+ currents.
We found that both K+ and Ca2+ currents and the Na+ current


were similarly reduced by withdrawing the recording electrode,
despite their different sites of origin, indicating that the actual differ-
ential effect of HP is not a mechanical artefact (data not shown).


Direct stimulation


Direct stimulation of the terminals and recording of the resulting
currents (Fig. 1, node 2) (Parnas et al., 1982) were achieved by use
of a macropatch clamp amplifier specifically designed to accommo-
date patch electrodes with a resistance of up to 10 MΩ (Zeitz Instru-
ments Model 8510; Zeitz Instruments, Germany). The circuit
specifications, the use of the patch electrodes and the benefits of the


method are described and discussed in detail in Parnas et al. (1982).
Briefly, the positive or negative pulses saturate the input stage,
which recovers very rapidly; however, unavoidable capacitive arte-
facts following the pulse had to be compensated for beyond the
input stage by subtraction of a complementary artefact waveform
generated by a special circuit. Negative pulses (0.1–1.0 lA; dura-
tion, 1–3 ms) depolarised the axon membranes and evoked
responses, whereas the corresponding positive pulses were ineffec-
tive. Because, under the perineurial sheath in the vicinity of the ax-
ons, the large current response of the terminals immediately
followed the end of the stimulating negative pulse, it was impossible
to compensate for its concomitant artefact. Therefore, for any chosen
intensity, the artefact was optimally compensated for only the posi-
tive polarity, and the terminals were then stimulated 10 times at
0.5 Hz with an otherwise identical negative pulse, and averaged on-
line. In an off-line analysis, the compensated current trace evoked
by the positive pulse was digitally subtracted from its corresponding
negative stimulus record to reveal the net terminal response.


Experimental protocol


After establishment of a stable recording, the preparation was
perfused with physiological solution containing TEA during all
experiments (as above). Perfusion for 20–30 min was sufficient to
stabilise the resultant recordings. Control measurements of the
unmasked Ca2+ currents were made after 40 min, and this was fol-
lowed by helium compression to pressures of 1.8, 2.3, 3.5, 4.6, 5.2
and 6.9 MPa (usually not all steps for each experiment, owing to
viability concerns) at a compression rate of 0.2 MPa/min. Record-
ings at each pressure step were made after a minimum of 20 min, to
allow the temperature to return to the control level after the transient
increase (1–3 °C) and the preparation to stabilise (Grossman &
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Fig. 2. (A) TEA (10 mM) blocks K+ currents and reveals the Ca2+ current
component. The time of drug application is indicated. (B) Progressive
decrease of gK in the computer simulation.
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Fig. 3. (A) [Ca2+]o dependence of the fast (ICaF) and slow (ICaS) Ca
2+ currents at the terminal. The dashed line indicates baseline (zero) current. Both currents


are diminished by reduced [Ca2+]o. All traces were recorded after TEA application. (B) Cd2+ blocks Ca2+ currents. Cd2+ at 10 lM blocks both fast and slow
Ca2+ currents. Increasing the concentration to 100 lM does not enhance the effect. The remaining positive phase probably reflects conducted AP beyond the
point of recording (back reflection), and not a residual Ca2+ current (see Fig. 7). (C) Reduction of Ca2+ (gCa) in the computer simulation, imitating reduced
extracellular Ca2+ or VDCC blockade. In ‘Control’ – conductance parameters are equal to those in Fig. 2B, blue. Nd, nodal.
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Kendig, 1984, 1986). Decompression to 0.1–0.3 MPa was always
attempted, but was successful in only 35% of the experiments.


Analysis


Currents were amplified (bandpass DC 3 kHz for the Dagan ampli-
fier, and DC 9 kHz for the Zeitz amplifier), viewed on a digital
oscilloscope, digitised (Labmaster; Scientific Solutions, USA), and
stored for later analysis with computer-based software (PCLAMP;
Axon Instruments, USA). Where appropriate, results were analysed
for statistical significance with Student’s paired t-test, with each
preparation as its own control.


Computer simulations


The electric currents beneath the perineurial sheath wrapping the
frog nerve fibers were simulated with a computer model representing
the axon terminal, the nodes of Ranvier, and the intersegmental
compartments (Fig. 1), based on morphological and electrophysio-
logical experiments in mouse and frog terminals (Mallart, 1984,
1985). The simulation model was executed by the NEURON simulator
(Hines, 1989). Na+, K+ and Ca2+ channels were inserted at specific
locations, imitating their postulated axonal distribution. The total
current was evaluated at the node located most proximally to the
axon terminal (Fig. 1, node 1). The extracellular current at the
recording site was produced by local currents, currents between the
myelinated axon and the perineurial sheath, and currents initiated at
the terminal and reflected passively to node 1. We used the right
portion of Eqn 1 to calculate the total membrane current:


Itotal ¼ Cm
dvj
dt


þ iion ¼ D
4Ra


� vjþ1 � 2vj þ vj�1


Dx2
ð1Þ


where index j describes the segment of the recording site and j � 1
and j + 1 are the neighboring segments, Dx is the length of the
segment j, and D is its diameter, Ra is the axial specific resistance
of the axon, Cm is the capacity, v is the membrane potential, and iion
is the sum of the different ionic currents. The model included five
nodes of Ranvier, each of diameter 5 lm diameter and length
1.8 lm, and a heminode with the same diameter but a length of
1 lm. The axon terminal diameter and length were 5 and 25 lm,
respectively. The estimated ‘unusual’ length of the terminal reflects
the branching at the end plate. A short ‘extra’ segment was added at
the terminal end with very high intracellular and membrane resis-
tances in order to simulate a sealed end of the terminal. The inter-
node length was 70 lm, and it was 25 lm from to the heminode.
The capacities at the different segments were: 1 lF/cm2 at the
terminal, 2 lF/cm2 at the nodes/heminode, and 0.1 lF/cm2 at the in-
ternodes. The intracellular resistance was 1000 Ω/cm at the sealed
end segment, and 70 Ω/cm at the other compartments. The resting
potential was set to �70 mV. Channels characteristic of Na+,
delayed rectifier K+ (KDR), slow K+ (KS) (Traub & Miles, 1991),
L-type Ca2+ and N-type Ca2+ (Booth et al., 1997) were inserted at
the axon terminal. Similar Na+, KDR and KS channels with relatively
higher conductance density (g) were inserted in the nodes, but with
no gCa. The other internode compartments remained passive. The
stimulation step current was injected either at node 5 to simulate
nerve stimulation, or at node 1, the model recording site, to simulate
the ‘direct stimulation’ method experiments (see above). The model
is obviously simplified, lacking possible additional voltage-depen-
dent channels and other active compartments. However, it was
intended to facilitate the analysis under hyperbaric conditions of the


terminal–node 1 interactions as reflected by the extracellular
currents.


Results


TEA-disclosed Ca2+ currents


The characteristic currents flowing at the recording site under the
perineurial sheath are shown in Fig. 2(A) (control) and Fig. 3(B)
(control). The early short positive (upward) phase (after the stimu-
lus artefact) represents the passive depolarisation of the axons by
propagating the action potential (AP). The first negative (down-
ward) component represents the large AP Na+ inward current at
the nodes, which leads to terminal depolarisation. The second
smaller negative component reflects the outward K+ current at the
remote repolarising terminals, and possibly from node 1 (Mallart,
1984, 1985; Hevron et al., 1986), and thus measured at the node
as an inward current. The interruption between the two negative
peaks may represent a short local outward K+ current as part of
the nodal AP (see modeling below). Application of TEA, a K+


channel blocker (10 mM, non-specific concentration) (Stanfield,
1983), abolished the second current negativity in a time-dependent
manner (Fig. 2A; TEA 5 min), slightly widened the first negative
component, and disclosed a large outward current (Fig. 2A; TEA
10 min), which stabilised after 20–30 min as a long-duration out-
ward current that could be recorded for several hours (Fig. 2A;
TEA 60 min). This current was [Ca2+]o-dependent; an example of
the decreased current during exposure to reduced [Ca2+]o is shown
in Fig. 3A. This Ca2+ current was composed of two overlapping
phases: a fast transient phase that followed the end of the Na+ cur-
rent (ICaF), and a slow phase (ICaS) (Fig. 3A and B). ICaF reached
its peak within 1–4 ms, whereas ICaS usually reached its peak
within 8–12 ms, similar to the known activation times for VDCCs
(Byerly et al., 1984; Boland & Bean, 1993; Formenti et al., 1998;
Artim & Meriney, 2000; O’Connell & Dirksen, 2000). These two
separate peaks, or their corresponding time windows (when abso-
lute peaks were not clear), were used for measurement of the
amplitudes of ICaF and ICaS.
To further verify the role of Ca2+ in this current, we tested the


effect of Cd2+ blockade. Application of 10 lM Cd2+ blocked both
ICaF and ICaS (Fig. 3B). At this concentration, Cd2+ is known to
block various types of VDCC, including N-type and L-type VDCCs.
The remaining small positive deflection, which was not blocked
even by 100 lM Cd2+ (Fig. 3B), is most probably a passive back
reflection of the AP from a distal terminal site (Grossman et al.,
1979) carried by K+ ions at the node via residual gK in the presence
of TEA (see Simulation below and Discussion). Therefore, these
two phases of the positive deflection were identified as inward Ca2+


flux at the terminal.


Simulation of TEA blockade of IK and ICa modification


The following values of the ionic conductances were found to best
simulate (Fig. 2B, control) the experimental control nodal currents
(Fig. 2A, control) at atmospheric pressure (in S/cm2): at the termi-
nal, Na+ (gNa) = 0.11, delayed rectifier K+ (gKDR) = 0.42, slow K+


conductance density (gKs) = 0.05, N-type Ca2+ (gCaN) = 0.01, and
L-type Ca2+ (gCaL) = 0.0025; and at the node, gNa = 1.6,
gKDR = 0.26, and gKs = 1.0 (Fig. 2B, black line).
In order to verify our interpretation of the TEA effects, the time-


dependent blockade of the two IKs (Fig. 2A) was simulated by
decreasing gK in gradual steps, as detailed in Table 1.
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Interestingly, the outward current in step b is larger than in step c
(also observed experimentally), as the nodal IK is not blocked. In
step c, the long-duration ICaS could be detected. It was impossible to
cancel the total gKs at all the segments of the model, because the
remaining gCa caused oscillations, a phenomenon that was not
observed in the experiments. This set of simulations fits quite well
with the experimental data, and suggests a time-dependent gradual
blockade of various IKs from the exposed terminal to the concealed
node. Furthermore, it suggests that, under the steady-state conditions
for measuring ICa, some residual IK is present at the nodes.
[Ca2+]o reduction (Fig 3A) and Cd2+ blockade (Fig. 3B) were used


to demonstrate that the fast and slow phases of the disclosed current
are indeed Ca2+ currents. We simulated these conditions (Fig. 3C) by
equally decreasing both types of gCa, as detailed in Table 2.
The simulation successfully replicated the experimental results,


supporting the notion that the long-duration positive deflection rep-
resents fast and slow components of Ca2+ current. However, it also
indicated that the early positive ‘hump’ of the current, in addition to
being a passive back reflection of the AP from the terminal (as
suggested by the experimental results), could also represent a par-
tially active IK, as residual gKs probably remain at the node, a fact
that would prevent voltage oscillation.


Characterisation of the Ca2+ currents


After establishment of the nature of the long-duration current as a
terminal Ca2+ current, various VDCC blockers were applied in order
to identify the types of channel associated with it (see Table 6).


Ni2+


The effect of Ni2+, which is known to block T-type VDCCs at
10 lM, and N-type and L-type channels at > 100 lM, was examined
(Fig. 4A). A dose–response curve (Fig. 4C) revealed that 15 lM had
no significant effect on the currents, excluding the involvement of
T-type VDCCs. Ni2+ at 25–50 lM reduced the amplitude of ICaF by
65%, concomitantly with an only 18–22% decrease in ICaS. This dif-
ferential effect was highly significant (Fig. 4C, arrows). The INa
amplitude was not significantly affected.


Cd2+


Cd2+ (10 lM) blocked both ICaF and ICaS (Fig. 3B, green trace). At
this concentration, Cd2+ is known to block N-type and L-type
VDCCs (n = 4). Therefore, it was used to block all Ca2+ currents at
the terminal.


Phenytoin


This antiepileptic drug has been implicated in blocking T-type
channels at concentrations as low as 1 lM (Hevron et al., 1986; Ya-


ari et al., 1987). Under such conditions, the drug had no effect on
any of the Ca2+ currents. Phenytoin similarly suppressed both Ca2+


currents only at much higher (probably non-specific) concentrations
(ED50 = 50 lM, n = 3). This indicates again the lack of T-type
VDCC involvement in the frog terminal currents.


Nifedipine (dihydropiridine)


The effect of nifedipine, a well-known L-type VDCC blocker, was
examined (Fig. 4B). A dose–response curve of nifedipine (Fig. 4D)
revealed that 25 lM reduced ICaS by 90%, whereas ICaF was reduced
by 32%. This differential effect was highly significant (Fig. 4D,
arrows). A concentration of 30 lM had a slightly lesser effect,
although it was differential and significant. A concentration of
50 lM completely blocked both currents (Fig. 4B).


Bay K 8644


As expected, the L-type channel agonist had no effect on ICaF at
concentrations up to 10 lM. The drug slightly increased (10%) ICaS
(n = 3).
Despite some inconsistencies of the responses relative to what is


generally known of the effects of the drugs, the combined data sug-
gest that ICaF is carried by N-type VDCCs and that ICaS is mediated
by one of the L-type VDCCs. Ni2+ (as an ‘ICaF blocker’) and nifedi-
pine (as an ‘ICaS blocker’) were used in subsequent experiments as a
means for studying pressure effects on each current separately.


Pressure effects on Ca2+ currents


High pressure depressed Ca2+ currents in a pressure-dependent
manner (Fig. 5C). At 6.9 MPa, the peak amplitude of the maximal
Ca2+ current was suppressed by 85 � 5% (mean � standard error
of the mean, n = 6). Concomitantly, the Na+ action current was
reduced by 25 � 10%. A significant reduction of 40 � 4%
(n = 11) in the Ca2+ current was also observed at much lower
pressure of 1.8 MPa.
In the above series of experiments, no attempt was made to sepa-


rate the specific Ca2+ currents. In order to clearly reveal pressure
effects on each current phase, compression was carried out in the
presence of either 25 lM Ni2+ (partially blocking ICaF; Fig. 5A), rep-
resenting mostly ICaS, or 25 lM nifedipine (which reduced ICaS;
Fig. 5B), representing mostly ICaF. Pressure depressed ICaS almost
linearly. ICaF was more sensitive to the lower pressure range, show-
ing approximately 42 � 7% (n = 7) depression at 1.8 MPa, as com-
pared with an estimated (interpolation) 21% reduction of ICaS at the
same pressure (Fig. 5D). The ICaF experiments were carried out at
four pressure steps (instead of three for ICaS), starting at a lower
pressure, as we suspected that this current had higher pressure sensi-
tivity (Etzion & Grossman, 2000).


Table 1. Channel blockade in simulation of TEA effect


Step


Terminal
(% block) Node (% block)


Fig. 2(A)gKDR gKs gKDR


a 80 80 – TEA 5 min, red trace
b 100 100 – TEA 10 min, green trace
c 100 100 60 TEA 60 min, blue trace


Table 2. Channel blockade in simulation of [Ca2+]o reduction and Cd2+


blockade effects


Step


Terminal (% block)
Node
(% block)


Fig. 3(C)gKDR gKs gCa(F&S) gKDR gKs


a 100 100 50 60 – Red line
b 100 100 100 80 – Green line
c 100 100 100 92 50 Blue line
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Interaction of pressure and [Ca2+]o


The general effect of pressure on Ca2+ currents (Fig. 5) was examined
at normal 1.8 mM [Ca2+]o. In order to estimate the [Ca2+]o–pressure


interaction, the preparation was initially perfused with normal physio-
logical solution during compression to 3.5 MPa (Fig. 6A, red trace).
The expected depression of Ca2+ currents was observed. Then, the
solution was changed to one containing 9 mM [Ca2+]o (five-fold
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A B


C D
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Fig. 4. Selective effects of Ni2+ and nifedipine on the Ca2+ currents. Bars indicate standard errors of the mean; numbers in parentheses indicate n. (A) Traces
recorded in the presence of increasing concentrations of Ni2+. (B) Traces recorded in the presence of increasing concentrations of nifedipine. (C) Dose–response
curve of Ni2+ reveals high potency in blocking ICaF as compared with ICaS, without an effect on the amplitude of INa. (D) Dose–response curve of nifedipine
shows that the drug selectively suppresses ICaS at a concentration range from 20 to 35 lM, with no effect on INa.
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Control
25 μM Ni2+


2.2 MPa
4.4 MPa


Control
25 μM Nifedipine
1.8 MPa
3.5 MPa


6 ms


0.15 nA


4 ms


0.15 nA


Fig. 5. High pressure (HP) depresses Ca2+ currents. Bars indicate standard errors of the mean; numbers in parentheses indicate n. (A) Traces recorded in the
presence of Ni2+ with increasing pressure. (B) Traces recorded in the presence of nifedipine with increasing pressure. (C) HP depresses (85 � 5% at 6.9 MPa)
the maximal Ca2+ current amplitude of the early phase (ICaF) in a dose-dependent manner, with a concomitant decrease in INa by 25 � 9% at 6.9 MPa. Note a
significant reduction in the Ca2+ current at a moderate pressure of 1.8 MPa. No Ca2+ blockers were used in this series of experiments. (D) HP effects on iso-
lated ICaS and ICaF. Pressure depresses ICaS (isolated by 25 lM Ni2+) and ICaF (isolated by 25 lM nifedipine) in a dose-dependent manner. Note, however, the
relatively large reduction at the moderate pressure of 1.8 MPa. The effect on the Na+ current is similar to that in C.
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higher than the normal concentration). As a result, ICaS was greatly
increased (Fig. 6A, green trace), showing a recovery to a level even
greater than that under control conditions (Fig. 6A, black trace). In
contrast, ICaF was not affected by the [Ca2+]o increase, and remained


~70% depressed (Fig. 6A, green trace). Increasing the pressure to
6.1 MPa further suppressed the enhanced ICaS to approximately its
level at 3.5 MPa with normal [Ca2+]o (Fig. 6A, blue trace). This
result indicated different behavior of the two currents at various


2 ms


5 nA


0.1 MPa, 1.8 mM Ca2+


3.5 MPa, 1.8 mM Ca2+


3.5 MPa, 9 mM Ca2+


6.1 MPa, 9 mM Ca2+


6 ms


0.15 nA


A


C


B


Fig. 6. (A) Pressure and [Ca2+]o effects on the nerve terminal currents. All current records are from the same site, with the conditions specified in the legend.
At normal 1.8 mM [Ca2+]o, pressure of 1.8 MPa (not shown) and 3.5 MPa (red trace) depresses the amplitudes of the fast and slow components of the Ca2+ cur-
rent. Increasing [Ca2+]o to 9 mM at a pressure of 3.5 MPa partially overcomes HP effects, especially on the slow component. Increasing the pressure to
6.1 MPa further depresses the Ca2+ currents, regardless of the elevated [Ca2+]o. (B) Computer simulation of HP and [Ca2+]o effects on Ca2+ currents measured
at the node remotely from the axon’s terminal. (C) [Ca2+]o effects on Ca2+ currents at pressure, as measured from A. At normal pressure (0.1 MPa), the normal-
ised ICaF (measured at 1–2 ms after the peak Na+ current) and ICaS (measured with a 10-ms delay) are similar in their response to increased [Ca2+]o. However,
at 3.5 and 6.9 MPa, ICaF saturates at a much lower level than ICaS. Bars indicate standard errors of the mean; numbers in parentheses indicate n.
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0.2 nA
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Control
TTX, 7 min
TTX, 13 min
TTX, 18 min


B
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0.2 nA


Control
25% [Na+]O , 15 min
25% [Na+]O , 30 min
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5 nA
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Control 
Partial block of gNa at the terminal 
Total block of of gNa at the terminal
and partial block of gNa at Nd 
Total block of of gNa at the terminal
and nearly total at Nd 


Fig. 7. Terminal currents under reduced Na+ current conditions. (A) Nerve treated with 0.3 lM TTX. The duration of exposure is indicated. (B) Another nerve
perfused with a solution in which 75% of the Na+ was substituted with equimolar choline. The duration of exposure is indicated. Both treatments block the ter-
minal Ca2+ current, whereas the Na+ action current at the recording site is increased initially (see Discussion). Only with longer exposure is the Na+ current
diminished and ultimately blocked by TTX. (C) Computer simulation of progressive decrease of Na+ conductance. Nd.
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[Ca2+]o levels. Therefore, an additional set of experiments was
performed in which each preparation was exposed to various [Ca2+]o
levels at normal pressure and HP (Fig. 6C). It can clearly be seen that,
at atmospheric pressure, the curves depicting a normalised current
amplitude–[Ca2+]o relationship were similar for both Ca2+ currents.
However, at 3.5 MPa, the two curves, surprisingly, deviated from
each other. ICaF remained considerably more depressed than ICaS, and
could not be revamped by increasing [Ca2+]o. In contrast, increasing
[Ca2+]o to 9 mM boosted ICaS almost up to the control level. Increas-
ing [Ca2+]o to 18 mM or even to 36 mM (n = 2) did not further
enhance any of the currents (not shown).
High pressure of 6.9 MPa (Fig. 6C, dotted lines) similarly reduced


the currents at 1.8 mM, but greatly reduced the ability of 9 mM


[Ca2+]o to boost ICaS. This may indicate that there are fewer available
channels to carry this current at pressure, as even five-fold [Ca2+]o
did not suffice to generate an increased flux through the remainder of
less HP-affected channels. However, the two curves remained apart.


Simulation of pressure and [Ca2+]o effects


In this set of experiments (Fig. 6C), 3.5 MPa decreased ICaF by
70 � 8% and ICaS by 47 � 11% at normal [Ca2+]o of 1.8 mM


(n = 5). In the model, ICaF and ICaS were simulated by N-type and L-
type VDCCs, respectively (Fig. 6B, black line). Pressure effects were
simulated (Table 3) as a first approximation by similar reductions in
the corresponding gCaN and gCaL, whereas gKs were blocked at the
terminal and at the node, imitating the TEA application (Fig. 6B, red
line). In order to simulate the partial recovery of ICa when [Ca2+]o
was increased to 9 mM at 3.5 MPa (Fig. 6A and B, green trace), both
gCaN and gCaL were increased by a factor of 1.8 (while gKs remained
unchanged). The simulated enhancement of ICa under pressure and
elevated [Ca2+]o conditions appears to occur mainly at the ICaS
phase.


An attempt to evoke Ca2+ currents by reduced APs


In the experiments described so far, Ca2+ currents were induced by
remotely evoked APs. As the Na+ current component was also
reduced by pressure (as previously reported for invertebrates; see
Introduction) it was not clear whether pressure directly affects the
VDCCs and/or has an indirect effect by reducing the amplitude of
the AP invading the motor nerve terminal. A simple approach to
answer this question could have been to correlate the Ca2+ currents
under normal conditions with the amplitude of the pre-terminal Na+


action current (recorded at the electrode site) reduced to levels
observed with HP (Fig. 5C) by treatments other than pressure. This
would have shown whether the HP-induced depression of Na+ can
solely explain the reduction in Ca2+ currents. In order to attenuate
the AP amplitude, the preparations were perfused with either
0.1–1 lM tetrodotoxin (TTX) (n = 7) or 0–50% Na+ solutions
substituted with equimolar amounts of choline (n = 3) or N-methyl-


glucamine (n = 4). Unfortunately, TTX (Fig. 7A; 7 min) and low
[Na+]o (25%; Fig. 7B; 15 min) first abolished the terminal Ca2+ cur-
rents (indicated by the positive deflection following the nodal Na+


current), and therefore temporarily increased the apparent Na+ cur-
rent at the recording site. Only later, with continuous perfusion, was
the Na+ current at the recorded nodes also reduced, with conduction
ultimately being blocked with TTX (Fig. 7A; 18 min). Conduction
could also be blocked experimentally by using a solution with
[Na+]o = 0, but that usually required a long perfusion time (not
shown). Despite the inability to perform the desired experiment, this
revealed that the exposed heminode and the terminal are always
blocked before the nodes under the nerve sheath at the recording
site, similar to the time dependency of the K+ current blockade
(Fig. 2). The simulation of Na+ current blockade supports this
notion. Furthermore, the absence of the Ca2+ currents normally seen
after the nodal inward Na+ current strongly indicates that the AP at
the terminal is blocked, and consequently the terminal Ca2+ currents
and back reflection nodal K+ current are missing (Fig. 3B). These
unexpected findings set the basis for the use of TTX in the direct
stimulation protocol (see below).


Simulation of INa blockade


The interesting time-dependent spatial differential blocking of the AP
by TTX was simulated by decreasing gNa in several steps (Fig. 7C;
Table 4) as compared with a control of nodal current (black line)
under similar conditions to those of Fig. 3C (black line).
The simulation verified the ‘paradoxical’ experimental observa-


tion, that ICa measured at the node can be reduced by TTX, even
when the AP current at the node is not yet affected by the drug.
This is a result of the reduction in the Na+-dependent depolarising
AP in the terminal that activates gCa. With additional time exposure
(experimentally) and further reduction of gNa, additional decrease of
ICa concomitantly with a reduction in the nodal AP current were
simulated. After blocking of gNa at all segments, no currents could
be recorded at the node (not shown).


Ca2+ currents induced by direct stimulation


As the attenuated AP approach could not be used to distinguish
between the two mechanisms by which pressure might reduce the
Ca2+ currents, the method of direct stimulation via the patch
clamp amplifier was employed (see Materials and methods). In
order to test the applicability of the new method, direct stimula-
tion was compared with normal nerve stimulation in the same
preparations (n = 5). Single direct stimulus with sufficient inten-
sity elicited a Ca2+-dependent response (Fig. 8E, 2) that was quite
similar to that elicited by remote extracellular stimulation of the
same nerve (Fig. 8E, 1). It is important to note that twin pulse
interactions between the direct stimulus and the nerve stimulation
indicated the existence of refractoriness between the two
responses; that is, the direct stimulus elicited an AP that could


Table 3. Channel blockade in simulation of pressure and [Ca2+]o effects;
the negative number indicates percentage increase


Step


Terminal (% block) Node (% block)


Fig. 6(B)gKDR gKs gCaL gCaN gKDR


a 100 100 40 80 80 Red line
b 100 100 –8 64 80 Green line


Table 4. Channel blockade in simulation of gNa reduction


Step


Terminal (% block) Node (% block)


Fig. 7(C)gNa gK(S&DR) gNa gKDR


a 50 100 – 60 Red line
b 100 100 50 60 Green line
c 100 100 80 60 Blue line


© 2013 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–14


8 B. Aviner et al.







A


C


B


D


3 ms


E


0.2 nA


3


1


2


Fig. 8. Pressure effects on Ca2+ currents evoked by direct stimulation. Bars indicate standard errors of the mean; numbers in parentheses indicate n. (A) HP
effects on the fast component of the Ca2+ current as a function of direct stimulus intensity (1 ms). (B) As in A for the slow component. (C) Initial slope of
Ca2+ current. (D) Time integral of Ca2+ current. (E) Directly evoked (�0.5 lA, 1 ms) Ca2+ currents at normal pressure (2) are similar to those evoked by con-
trol nerve stimulation (1). Nerve stimulation in the same preparation demonstrates refractoriness after the direct stimulus (3).


Control, 0.1 MPa, –0.5 μA, 1 ms.
0.5 μM TTX, –0.6 μA.
100 μM NiCl2 + 20 μM CdCl2
Electrode pooled out of nerve, 6.9 MPa


3 ms
1 nA


0.1 MPa
6.9 MPa
0.1 MPa + TTX
6.9 MPa + TTX


3 ms


0.2 nA


A B


C D


Fig. 9. Pressure effects on Ca2+ currents evoked by direct stimulation in TTX-treated nerves. (A) Experimental measurements. Black – control. Red – conduc-
tion is blocked. Green – blockade of Ca2+ currents. Blue – the electrode was pulled out of the nerve at HP, showing stability of the artefact compensation pro-
cedure (see Materials and methods). (B) Computer simulation of HP effects on naive and TTX-treated axons, directly stimulated at the node (see text for
details). (C) HP effects on the fast component of the Ca2+ current as a function of direct stimulus intensity (1 ms). TTX (1 lM) was added at pressure
(6.9 MPa). Values for normal pressure (0.1 MPa) were obtained after decompression (Dec, TTX is present). (D) As in C, for the slow component.
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not be detected during the stimulus period (Fig. 8E, 3) (see
below).


Ca2+ current amplitude


ICaF and ICaS were measured as the maximal amplitude at 0.5–2 and
12–15 ms after the stimulus artefact, respectively. A detailed
description of the relationship between stimulus intensity and the
averaged current responses of ICaF (Fig. 8A) and ICaS (Fig. 8B) is
shown. Under normal conditions (0.1 MPa), the current threshold
for a detectable Ca2+ response was 0.2 lA among different prepara-
tions. At stimulus intensities of 0.4–1.0 lA, both currents tended to
saturate. Exposure to HP of 3.5 MPa shifted the curves to the right
by 0.1–0.2 lA, and apparent saturation occurred at a stimulus range
of 0.8–1.0 lA. The apparent saturation (measured at 1.0 lA) of ICaF
was reduced by 21%, and that of ICaS was reduced by 31%. The
reduction in the responses at 0.4 lA was much greater (by 61 and
63%, respectively). Further pressurising to 6.9 MPa reduced the
mean currents at a stimulus intensity of 0.4 lA by 80% for ICaF and
by 84% for ICaS. However, increased stimulus intensity could par-
tially compensate for the reduction in ICaS caused by the pressure
increase, and more effectively for ICaF. Nevertheless, the responses
increased monotonically without showing any saturation level. This,
in contrast to the control curves, may suggest that HP also reduces
the contribution of the AP to the generation of the Ca2+ currents
(see Discussion).


Ca2+ current initial slope


A simple estimate of pressure effects on the kinetics of the Ca2+


current could be derived by examining the change in the initial
slope of the current, measured between 10 and 90% of the first
peak. Obviously, this reflects mostly the behavior of ICaF, which
peaks between 0.5 and 2 ms after the end of the stimulus. Pressure
of 3.5 MPa and additionally 6.9 MPa reduced the initial slope of
the current at a stimulus range of 0.2–0.6 lA (Fig. 8C), where a
curve shift of ~ 0.1 lA was observed for each pressure step. Stimu-
lus intensities above 0.6 lA tended to compensate for the pressure
effects, even at 6.9 MPa. Again, the response was saturating at stim-
ulus intensities in the range of 0.6–1.0 lA at levels close to control
values (note that the points at 1.0 lA are not statistically different).
This is similar to the above mentioned observation of the amplitude
change of ICaF. The rightward shift in the curve, possibly resulting
from reduced voltage sensitivity, and the compensation of the initial
slope suggest that the slope is also controlled by the AP amplitude
and its terminal distribution, rather than solely by pressure effects
on the channel kinetics.


Ca2+ current time integral


As synaptic release is dependent on, among other factors, the
amount of Ca2+ entry into the nerve terminal, it was of interest to
examine pressure effects on the total ionic charge movement, esti-
mated by the time integral of the current (measuring the area
between the trace and baseline) during the first 30 ms (after which
the recorded current has subsided). As the directly evoked Ca2+ cur-
rent is relatively very long, the integral obviously reflects mainly
ICaS. Pressure of 3.5 MPa and additionally 6.9 MPa greatly reduced
the time integral at 0.4 lA (65 and 85%, respectively) (Fig. 8D).
The responses at pressure did not saturate at stimulus intensities in
the range of 0.4–1.0 lA, but maximal stimulus intensity was able to
partially compensate for the pressure induced depression, reaching


up to 77% of control. HP shifted the curves to the right by ~0.1 lA
for each pressure step. This shift, which is similar to the HP effect
on the ICaS amplitude (Fig. 8B), and the absence of full recovery
strongly indicate that the integral reflects mostly the change in the
amplitude of ICaS.


Ca2+ current amplitude in the presence of TTX


The observed refractoriness, its similarity to nerve stimulation and
the tendency for saturation of the Ca2+ currents at moderate stimulus
intensities indicated that the direct stimulus (0.4 lA and above)
evoked an AP in the axon (and its terminals), the current of which
could not be detected because it coincides with the direct pulse stim-
ulation that saturated the amplifier. Despite the above suggestion
that high saturating stimulus intensities may reveal the channels’
maximal response to pressure alone, repeating some of these experi-
ments in the presence of TTX in order to eliminate the AP-depen-
dent processes could be helpful. Therefore, the following
experiments were carried out.
Initially, control Ca2+ currents evoked by direct stimulation were


recorded (Fig. 9A, black trace). Then, TTX was added to the exter-
nal solution under normal pressure conditions, and maintained
throughout the experiment (n = 2). When conduction was
completely blocked (similar to the experiment shown in Fig. 7A,
18 min), a similar Ca2+ current could be elicited with a slightly
stronger current (Fig. 9A, red trace). This current was also Ca2+-
dependent, as perfusion with a solution containing both 20 lM Cd2+


and 100 lM Ni2+ (similar to Figs 3 and 5 for nerve stimulation)
eliminated ICaS and most of ICaF (Fig. 9A, green trace). The remaining
fast phase totally disappeared (while the stimulus artefact remained
well compensated) when the electrode was pulled out of the nerve,
even at high pressure (Fig. 9A, blue trace), thus providing assurance
of the stability of the artefact compensation procedure. However, in
order to monitor the stability of the recording during compression to
6.9 MPa (by frequently testing the response to the nerve stimula-
tion), TTX was added in a different protocol after this critical com-
pression step. Values for normal pressure were obtained after
decompression was performed (n = 3). With this protocol, it was
possible to compare pressure effects on naive vs. TTX-treated axons
in the same preparation. Details of the pressure effects on the curves
describing the relationship between the stimulus intensity and the
Ca2+ currents are shown in Fig. 9C and D. The introduction of TTX
into the solution at 6.9 MPa reduced both Ca2+ currents in response
to a stimulus of ≥ 0.6 lA. The Ca2+ current increased monotoni-
cally with moderate stimulus intensities. In the presence of TTX,
HP reduced ICaF by 59% for the 1.0-lA stimulus intensity as com-
pared with Ca2+ currents after decompression, whereas ICaS was not
affected. It seems again that ICaS is less sensitive to HP than ICaF,
but the lack of any HP effect is in apparent contrast to the results
for currents evoked by APs (see Discussion).


Simulation of pressure effects with local direct stimulation


The experimental results of the direct local stimulation (Fig. 8) and
AP blockade by TTX (Fig. 9A, C, and D) suggest that the apparent
reduction in ICa could result from a combination of pressure effects
on both VDCCs and the AP.
In order to further clarify this point, we simulated ICa under the


following specific conditions: (i) HP; (ii) normobaric pressure with
gNa blockade by TTX; and (iii) HP with TTX (Fig. 9B; Table 5).
However, in preliminary simulations of direct stimulation, we
encountered unstable responses (such as oscillations). Therefore, we
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had to adjust the following control conductances (Fig. 9B, black
line, in S/cm2): at the terminal, gNa = 0.16; at the node,
gKDR = 0.32, and gKs = 0.7.
Obviously, the stimulus currents are not compensated for by the


simulation, and thus there is some distortion of the current lines in
the first millisecond. However, the simulations suggest that, during
direct stimulation, activation of AP-like response (which cannot be
detected during the stimulus) contributes to the generation of ICa,
because, under both normobaric and HP conditions, ICa is reduced
in the absence of INa. Furthermore, even during the blockade of INa,
the HP depression of ICa is still prominent, further supporting a
direct HP effect on VDCCs.


Discussion


This study is the first direct analysis of presynaptic nerve terminal
Ca2+ currents under HP conditions. Presynaptic Ca2+-dependent
mechanisms have already been implicated in pressure depression of
evoked synaptic transmission (Grossman & Kendig, 1990; Gross-
man et al., 1991a,b; Golan & Grossman, 1992). However, the pres-
ent study clearly demonstrates that reduction in Ca2+ currents, i.e.
Ca2+ entry into the nerve terminal, could be a major (although not
the sole) cause for pressure depression of synaptic release. The dif-
ferential pressure effects further support the notion that the motor
nerve terminal entails at least two kinds of Ca2+ current (Lemos &
Nowycky, 1989; Takahashi & Momiyama, 1993; Regehr & Mintz,
1994; Meir et al., 1999; Fisher & Bourque, 2001; Reid et al., 2003;
Ishikawa et al., 2005), ICaF and ICaS, which, in the frog, are likely
to reflect N-like and L-like types of VDCC, respectively. These cur-
rents may play different physiological roles in synaptic release and
respond variably to HP exposure (Talpalar et al., 2010).


Methodology – recording conditions


The quality of the loose patch clamp recording was previously eval-
uated (Lindgren & Moore, 1991) by modeling such a recording at
an exposed nerve terminal. It was concluded that the recording is
quite localised; that is, the recorded currents originate at the mem-


brane underneath the tip of the electrode, but may be sensitive to
the distance (in lm) of the electrode from the membrane. The effi-
cacy of the constant current stimulus was evaluated by Dudel
(1981), who showed, surprisingly, very similar ranges of stimulus
intensity for crayfish and frog (Parnas et al., 1982) nerve terminals.
We conclude that the loose patch clamp technique combined with
recording under the perineurial sheath, where the voltage is clamped
to ground potential in a confined space beneath the electrode tip,
which increases the seal resistance (2–5 MΩ), has yielded a steady,
reliable current measurement.
Another important question was how faithfully this type of


recording in the nodal region (Fig. 1) reflects the currents flowing in
the terminal zone. Mallart (1984, 1985) has already concluded that
the nerve sheath allows K+ and Ca2+ currents originating at the ter-
minal to be recorded in the nodes, concomitantly with local Na+ and
K+ currents (Dubois, 1981). However, the amplitude of the retro-
grade currents will be dependent on the distance (mm) from the
terminal, as shown by Penner & Dreyer (1986) in mouse motor
nerve terminals. Yet, relatively large currents can be measured at
distances > 1 mm from the terminal [Fig. 2 of Penner & Dreyer
(1986)]. The amplitude of the K+ current in the present experiments
was in the range of 30–50% of the Na+ current, and the estimated
distance from the terminals (based on visual inspection) was in the
range of 0.3–1.0 mm. Furthermore, the extracellular current recorded
from the exposed frog terminal at a location close to the terminal
(myelin ending) is very similar to that found with our perineurial
sheath loose patch clamp recording [Fig. 1A of Mallart (1984)].
Several additional observations support the assumption that the


recording electrode (under the sheath) is electrically close enough to
detect terminal currents: (i) when the AP was blocked at the termi-
nals by TTX, the ‘back reflection’ current (as seen in Fig. 3B, blue
trace) disappeared (Fig. 7A, red trace); (ii) the direct stimulation
method in the presence of TTX could evoke voltage-dependent Ca2+


currents at the terminals – thus, the electrode was close enough to
the terminal to support passive spread of the stimulus when AP
propagation was blocked; (iii) similar direct stimulus parameters
(duration and intensities) were utilised to evoke synaptic currents in
exposed naive or TTX-treated terminals of similar frog preparations
(Parnas et al., 1982); and (iv) our theoretical simulations based on
realistic morphological and ionic conductances have confirmed the
interpretation of various experimental current phases. We conclude
that the recordings faithfully reflect both the remote terminal and the
local nodal currents.


Methodology – blocking IK


As the present recording technique shows only the net summated
current, there is always a possibility of specific currents masking
each other. TEA (10 mM) was used to block all IKs in this prepara-
tion, in order to reveal ICa. A similar method was used successfully
in frog (Mallart, 1984; Hevron et al., 1986; Anderson et al., 1988),
mouse (Mallart, 1985; Penner & Dreyer, 1986) and lizard (Lindgren
& Moore, 1989, 1991) terminals. Quite often, this procedure slightly
diminished the Na+ component of the current, owing to the cancel-
ing effect of the opposite polarity of ICa (Figs 2A and 3B). The pos-
sibility that, at a non-treated terminal, the remaining IKs are also
reduced by HP, and thus enhance apparent ICa (‘counteracting pres-
sure effects’), could not be examined experimentally under TEA
blockade. However, previous studies in voltage-clamped squid
(Conti et al., 1982) and lobster (Grossman & Kendig, 1984) axons
revealed that pressure primarily increases the steady state IK, sug-
gesting that the HP effect on IK in our study does not affect the


Table 5. Channel blockade in simulation of pressure effects using local
direct stimulation


Step


Terminal (% block) Node (% block)


Fig. 9(B)gCa(F&S) gK gKDR gNa gKDR gKs gNa


a 33 100 100 – 50 – – Red line
b – 100 100 100 90 57 100 Green line
c 33 100 100 100 97 67 100 Blue line


Table 6. The effects of Ca2+ channel blockers on preterminal Ca2+ currents


Ca2+ blocker ICaF ICaS N


CdCl2 10 (R) 10 (R) 4
NiCl2 20–25 30–50 (R) 6
Nifedipine 40 20–25 7
Bay K 8644 NE (10) 6–8 3
w-Conotoxin 1–2 (P) 1–2 (P) 3
Phenytoin 50 (P) 50 (P) 3


NE, no effect; P, persistent; R, reversible. Concentrations in lM for ED50.
Numbers in parentheses indicate the maximal concentration used.
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apparent ICa. Furthermore, we used the simulation model to more
carefully examine the kinetics of IK blockade. We were able to
simulate the experimental time-dependent results (Fig. 2A) by first
blocking only the terminal IKs without any influence on the nodal
IKs. The latter response was simulated by totally blocking terminal
IK while the nodal IKs were only partly blocked (Fig. 2B, blue line).
In most of the other simulations (e.g. TTX and compression), we
had to leave a residual IK in order to simulate the results, or, in rare
extreme cases, to prevent membrane potential oscillations resulting
from unbalanced ICa. Thus, it seems that TEA application did not
totally eliminate IK in the nodes.
In conclusion, it is conceivable that the amplitude of the measured


ICa cannot be taken as the absolute value of that current. However,
all of the methods, aided by the model simulations, are useful for
measuring the relationships between the various components of the
terminal currents and the relative changes caused to them by HP
exposure.


Terminal Ca2+ currents at normal and high pressure


The close similarity between our results describing ICa as a function
of the direct stimulus intensity (Figs 8B and C, and 9C and D), and
the previously reported curve depicting the actual synaptic release in
similar frog synapses as a function of the same stimulus currents (in
both naive and TTX-treated terminals) (Parnas et al., 1982), strongly
indicates that our measured ICa is indeed associated with synaptic
release. Our pharmacological tests, HP modulation and [Ca2+]o
changes in the frog nerve terminals revealed that this presynaptic ICa
is composed of ICaF [mediated by N-type VDCCs; see also Gunder-
sen et al. (1982) and Katz et al. (1995)] and ICaS (mediated by L-
type VDCCs), which are common to many nerve terminals (Penner
& Dreyer, 1986; Anderson & Harvey, 1987; Sher et al., 1991;
Fisher & Bourque, 2001; Reid et al., 2003; Ishikawa et al., 2005).
The differential pressure sensitivity of ICaF and the known pressure
depression of synaptic transmission (see Introduction) seem to
support the notion that the N-type VDCCs are mainly associated
with the evoked release in the frog neuromuscular junction, whereas
other types of channel may be more resistance to pressure (Etzion &
Grossman, 2000). The slow L-type current, which is only moder-
ately depressed by pressure, may also be involved in maintaining
[Ca2+]i, as pressure also reduces the frequency of spontaneous min-
iature postsynaptic potentials in a similar preparation (Ashford et al.,
1982). Pressure also shifted the curve showing the relationship
between ICa and direct stimulus current to the right. This change
may indicate a comparable shift in the relationship between ICa and
the actual membrane potential. A similar shift has been reported for
INa of lobster axons under voltage clamp conditions (Grossman &
Kendig, 1984).
Pressure selectively altered the relationship between ICa and


[Ca2+]o. At normobaric pressure, the normalised curves for ICaS and
ICaF were almost identical (Fig. 6C). At HP, both currents showed a
tendency for saturation at levels below control, as predicted by
Grossman & Kendig (1990), but the fast component was more
depressed. This could also be attributed to a reduced number of
functional Ca2+ channels that cannot be fully compensated for by
elevated [Ca2+]o. A similar phenomenon was reported for crayfish
synapses, in which pressure also revealed an otherwise undetectable
dependency of the synaptic delay on [Ca2+]o (Golan & Grossman,
1992).
Pressure effects on the naive terminal could be simulated by


reducing N-type and L-type VDCC conductance, and the partial
recovery at elevated [Ca2+]o was successfully simulated by a propor-


tional increase. Recently, Talpalar et al. (2010), using experimental
data and mathematical modeling of central nervous system (dentate
gyrus) synaptic responses, suggested that such a recovery could take
place by increased flow through the least depressed channels, in this
case the L-type channels, rather than the strongly inhibited channels,
i.e. the terminal N-type channels.
The direct stimulation of naive and TTX-treated nerves (Figs 8


and 9, respectively) and the simulations of the general changes in
ICa under these conditions (Fig. 9B) strongly indicate that HP
directly depressed the currents through Ca2+ channels. However,
they also suggest that the natural AP plays an important role in
inducing terminal inward ICa, and is thus a part of the mechanism
of pressure effect. In naive nerves, HP reduced both currents. On
the other hand, in the absence of the AP (INa blockade in the sim-
ulation), the relative pressure depression of ICaF (evoked by direct
stimulation; Fig. 9C) was only 31% (as compared with 45% at
naive terminals), whereas ICaS was not affected. It seems that the
pressure effect on the terminal ICaF results from combined depres-
sion of the AP and the channels themselves, whereas the ICaS
channels seem to be resistant to pressure; most of the pressure
effect is indirectly mediated by the AP depression. Thus, it is of
importance to examine how faithfully the nodal INa reflects the ter-
minal INa. It is also worth noting that, when ICa at the terminal
was reduced by [Ca2+]o modification (Fig. 3A) or nearly blocked
by short-duration exposure to TTX (Fig. 7A, 7 min), the apparent
nodal INa was either elongated or increased, respectively. It was
only a few minutes later that the TTX blocked AP conduction at
the node. The initial change is probably attributable to summation
of local and reflected currents (detailed in Ca2+ currents evoked by
reduced APs). Thus, the presently reported small (10–15%) pres-
sure depression of the nodal INa might be slightly underestimated.
In fact, pressure diminution of the terminal INa of up to 30% was
reported for crustacean neuromuscular synapses (Grossman et al.,
1991a; Golan & Grossman, 1992) and the presynaptic volley in
mammalian brain slices (Etzion & Grossman, 2000; Talpalar &
Grossman, 2003).


General considerations


The molecular basis for pressure effects is not clear. The differential
effects of HP on various channels (Aviner et al., 2009, 2010) or
even a lack of effect (Heinemann et al., 1987; Etzion & Grossman,
1999; Aviner et al., 2011) are difficult to explain by a single mecha-
nism. However, it is possible to speculate that, at moderate pres-
sures, the primary target is the phospholipid membrane phase state,
and the diversity of the response is the result of the specific interac-
tion of each protein with the cell membrane. Other possible mecha-
nisms could be related to minute structural differences between the
various Ca2+ channels that lead to different conformational changes
and variable activation volumes. HP may also affect some channel
regulation pathways.
The complex effects of pressure on the two types of physiologi-


cally different presynaptic Ca2+ currents, i.e. reduction in amplitude,
decrease in maximal (saturated) current, and possible shift in voltage
dependency, in addition to concomitant diminution of the Na+ AP,
constitute the major basis of pressure depression of synaptic trans-
mission that contributes, in part, to HP neurological syndrome
(HPNS).
HP neurological syndrome is a term used to encompass a group


of signs and symptoms arising in the majority of living organisms
when they are exposed to HP. The level of pressure sufficient to
trigger this phenomenon seems to be species-dependent: complete
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seizures have been seen in fish at 5–13 MPa, in reptiles at 10–
13 MPa, in birds at 10–12 MPa, in mammals at 7–9 MPa, and in
primates at 6–10 MPa (Macdonald, 1982). Over 22 species of verte-
brate have been exposed to pressure, and all have shown the same
basic pattern of motor effects.
HP neurological syndrome affects professional deep sea divers,


who are routinely exposed to pressure > 1 MPa, with both motor
and cognitive manifestations (Logue et al., 1986; Vaernes et al.,
1988; Abraini, 1997), including visual and auditory deficiencies,
impaired coordination, sleep disorders, dizziness, and nausea. These
alone may impact on the divers’ performance and safety under
water, but even more dangerous seizures, convulsions and loss of
consciousness may also evolve, posing a serious threat to their lives
when they are working at extreme depths. HPNS generally manifests
as nervous hyperexcitability, but most findings to date have
suggested a depression of synaptic mechanisms at pressure. The
observed selective pressure effect on different types of VDCC (even
within the same family) may provide a rationale through which this
contradiction can be explained.
Further direct current measurements in VDCCs are needed in


order to elucidate the HPNS mechanism.


Acknowledgements


This work was supported by USA ONR grants no. N00014-91-J-1908 (early
phase) and no. N00014-10-1-0163 (recent phase) to Y. Grossman. We thank
Drs Y. Yaari and E. Hevron, who introduced Y. Grossman to the prepara-
tion, Mrs K. Miller for skilfull technical support, and Ms S. Aviner for her
dedicated graphical assistance.


Abbreviations


AP, action potential; gCa, Ca
2+; gCaL, L-type Ca2+; gCaN, N-type Ca2+; gKDR,


delayed rectifier K+; gKs, slow K+ conductance density; gNa, Na
+; HP, high


pressure; HPNS, high-pressure neurological syndrome; ICaF, fast Ca2+ cur-
rent; ICaS, slow Ca2+ current; IK, K


+ current; INa, Na
+ current; TEA, tetraeth-


yl ammonium; TTX, tetrodotoxin; VDCC, voltage-dependent Ca2+ channel.


References


Abraini, J.H. (1997) Inert gas and raised pressure: evidence that motor decre-
ments are due to pressure per se and cognitive decrements due to narcotic
action. Pflug. Arch., 433, 788–791.


Anderson, A.J. & Harvey, A.L. (1987) Omega-conotoxin does not block the
verapamil-sensitive calcium channels at mouse motor nerve terminals.
Neurosci. Lett., 82, 177–180.


Anderson, A.J., Harvey, A.L., Rowan, E.G. & Strong, P.N. (1988) Effects of
charybdotoxin, a blocker of Ca2+-activated K+ channels, on motor nerve
terminals. Brit. J. Pharmacol., 95, 1329–1335.


Artim, D.E. & Meriney, S.D. (2000) G-protein-modulated Ca(2+) current
with slowed activation does not alter the kinetics of action potential-
evoked Ca(2+) current. J. Neurophysiol., 84, 2417–2425.


Ashford, M.L., MacDonald, A.G. & Wann, K.T. (1982) The effects of
hydrostatic pressure on the spontaneous release of transmitter at the frog
neuromuscular junction. J. Physiol., 333, 531–543.


Aviner, B., Gnatek, Y., Gradwohl, G. & Grossman, Y. (2010) Hyperbaric
pressure effects on voltage-dependent Ca2+ channels: relevance to HPNS.
Undersea Hyperbar. M., 37, 245–258.


Aviner, B., Mor, M. & Grossman, Y. (2009) Pressure modulation of Ca2+


channel activity may elucidate HPNS mechanisms. In: Proceedings Euro-
pean Undersea Baromedical Society, 35th Annual Meeting, Aberdeen,
Scotland.


Aviner, B., Mor, M. & Grossman, Y. (2011) P/Q type voltage dependent
Ca2+ channel (CaV2.1) seems resistant to hyperbaric pressure. In: Proceed-
ings Undersea and Hyperbaric Medical Society, 44th Annual Scientific
Meeting, Fort Worth, TX, 83.


Bean, B.P. (1989) Classes of calcium channels in vertebrate cells. Annu. Rev.
Physiol., 51, 367–384.


Boland, L.M. & Bean, B.P. (1993) Modulation of N-type calcium channels
in bullfrog sympathetic neurons by luteinizing hormone-releasing
hormone: kinetics and voltage dependence. J. Neurosci., 13, 516–533.


Booth, V., Rinzel, J. & Kiehn, O. (1997) Compartmental model of vertebrate
motoneurons for Ca2+-dependent spiking and plateau potentials under
pharmacological treatment. J. Neurophysiol., 78, 3371–3385.


Braun, M. & Schmidt, R.F. (1966) Potential changes recorded from the frog
motor nerve terminal during its activation. Pflug. Arch. Ges. Phys., 287,
56–80.


Brigant, J.L. & Mallart, A. (1982) Presynaptic currents in mouse motor
endings. J. Physiol., 333, 619–636.


Byerly, L., Chase, P.B. & Stimers, J.R. (1984) Calcium current activation
kinetics in neurones of the snail Lymnaea stagnalis. J. Physiol., 348, 187–
207.


Campenot, R.B. (1975) The effects of high hydrostatic pressure on transmis-
sion at the crustacean neuromuscular junction. Comp. Biochem. Phys. B,
52, 133–140.


Catterall, W.A. (2000) Structure and regulation of voltage-gated Ca2+ chan-
nels. Annu. Rev. Cell Dev. Bi., 16, 521–555.


Colton, C.A. & Colton, J.S. (1982) An electrophysiological analysis of
oxygen and pressure on synaptic transmission. Brain Res., 251, 221–227.


Conti, F., Fioravanti, R., Segal, J.R. & Stuhmer, W. (1982) Pressure depen-
dence of the potassium currents of squid giant axon. J. Membrane Biol.,
69, 35–40.


Dubois, J.M. (1981) Evidence for the existence of three types of potas-
sium channels in the frog Ranvier node membrane. J. Physiol., 318,
297–316.


Dudel, J. (1981) The effect of reduced calcium on quantal unit current and
release at the crayfish neuromuscular junction. Pflug. Arch., 391, 35–40.


Etzion, Y. & Grossman, Y. (1999) Spontaneous Na+ and Ca2+ spike firing of
cerebellar Purkinje neurons at high pressure. Pflug. Arch., 437, 276–284.


Etzion, Y. & Grossman, Y. (2000) Pressure-induced depression of synaptic
transmission in the cerebellar parallel fibre synapse involves suppression
of presynaptic N-type Ca2+ channels. Eur. J. Neurosci., 12, 4007–4016.


Fisher, T.E. & Bourque, C.W. (2001) The function of Ca(2+) channel
subtypes in exocytotic secretion: new perspectives from synaptic and non-
synaptic release. Prog. Biophys. Mol. Bio., 77, 269–303.


Formenti, A., Martina, M., Plebani, A. & Mancia, M. (1998) Multiple modu-
latory effects of dopamine on calcium channel kinetics in adult rat sensory
neurons. J. Physiol., 509(Pt 2), 395–409.


Gilman, S.C., Colton, J.S. & Dutka, A.J. (1989) Pressure-dependent changes
in the release of GABA by cerebrocortical synaptosomes. Undersea
Biomed. Res., 16, 253–258.


Gilman, S.C., Colton, J.S., Dutka, A.J. & Boogaard, J.S. (1986a) Effects of
high pressure on the release of excitatory amino acids by brain synapto-
somes. Undersea Biomed. Res., 13, 397–406.


Gilman, S.C., Kumaroo, K.K. & Hallenbeck, J.M. (1986b) Effects of pres-
sure on uptake and release of calcium by brain synaptosomes. J. Appl.
Physiol., 60, 1446–1450.


Golan, H. & Grossman, Y. (1992) Synaptic transmission at high pressure:
effects of [Ca2+]o. Comp. Biochem. Physiol. Comp. Physiol., 103, 113–
118.


Grossman, Y. & Kendig, J.J. (1984) Pressure and temperature: time-depen-
dent modulation of membrane properties in a bifurcating axon. J. Neuro-
physiol., 52, 693–708.


Grossman, Y. & Kendig, J.J. (1986) Pressure and temperature modulation of
conduction in a bifurcating axon. Undersea Biomed. Res., 13, 45–61.


Grossman, Y. & Kendig, J.J. (1988) Synaptic integrative properties at hyper-
baric pressure. J. Neurophysiol., 60, 1497–1512.


Grossman, Y. & Kendig, J.J. (1990) Evidence for reduced presynaptic Ca2+


entry in a lobster neuromuscular junction at high pressure. J. Physiol.,
420, 355–364.


Grossman, Y., Colton, J.S. & Gilman, S.C. (1991a) Interaction of Ca-channel
blockers and high pressure at the crustacean neuromuscular junction.
Neurosci. Lett., 125, 53–56.


Grossman, Y., Colton, J.S. & Gilman, S.C. (1991b) Reduced Ca currents in
frog nerve terminals at high pressure. Ann. NY Acad. Sci., 635, 411–412.


Grossman, Y., Parnas, I. & Spira, M.E. (1979) Differential conduction block
in branches of a bifurcating axon. J. Physiol., 295, 283–305.


Gundersen, C.B., Katz, B. & Miledi, R. (1982) The antagonism between
botulinum toxin and calcium in motor nerve terminals. P. Roy. Soc. Lond.
B Bio., 216, 369–376.


Heinemann, S.H., Conti, F., Stuhmer, W. & Neher, E. (1987) Effects of
hydrostatic pressure on membrane processes. Sodium channels, calcium
channels, and exocytosis. J. Gen. Physiol., 90, 765–778.


© 2013 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–14


Presynaptic Ca2+ currents at pressure 13







Henderson, J.V., Lowenhaupt, M.T. & Gilbert, D.L. (1977) Helium pressure
alteration of function in squid giant synapse. Undersea Biomed. Res.,
4, 19–26.


Hess, P. (1990) Calcium channels in vertebrate cells. Annu. Rev. Neurosci.,
13, 337–356.


Hevron, E., David, G., Arnon, A. & Yaari, Y. (1986) Acetylcholine modu-
lates two types of presynaptic potassium channels in vertebrate motor
nerve terminals. Neurosci. Lett., 72, 87–92.


Hines, M. (1989) A program for simulation of nerve equations with branch-
ing geometries. Int. J. Biomed. Comput., 24, 55–68.


Ishikawa, T., Kaneko, M., Shin, H.-S. & Takahashi, T. (2005) Presynaptic
N-type and P/Q-type Ca2+ channels mediating synaptic transmission at the
calyx of Held of mice. J. Physiol., 568, 199–209.


Katz, E., Ferro, P.A., Cherksey, B.D., Sugimori, M., Llinas, R. & Uchitel,
O.D. (1995) Effects of Ca2+ channel blockers on transmitter release and
presynaptic currents at the frog neuromuscular junction. J. Physiol., 486,
695–706.


Kendig, J.J. & Cohen, E.N. (1976) Neuromuscular function at hyperbaric
pressures: pressure–anesthetic interactions. Am. J. Physiol., 230, 1244–
1249.


Kendig, J.J., Trudell, J.R. & Cohen, E.N. (1975) Effects of pressure and
anesthetics on conduction and synaptic transmission. J. Pharmacol. Exp.
Ther., 195, 216–224.


Lemos, J.R. & Nowycky, M.C. (1989) Two types of calcium channels coex-
ist in peptide-releasing vertebrate nerve terminals. Neuron, 2, 1419–1426.


Lindgren, C.A. & Moore, J.W. (1989) Identification of ionic currents at pre-
synaptic nerve endings of the lizard. J. Physiol., 414, 201–222.


Lindgren, C.A. & Moore, J.W. (1991) Calcium current in motor nerve end-
ings of the lizard. Ann. NY Acad. Sci., 635, 58–69.


Logue, P.E., Schmitt, F.A., Rogers, H.E. & Strong, G.B. (1986) Cognitive
and emotional changes during a simulated 686-m deep dive. Undersea
Biomed. Res., 13, 225–235.


Macdonald, A.G. (1982) Hydrostatic Pressure Physiology. Balliere Tindall,
London.


Macdonald, A.G., Ramsey, R.L., Drewry, J. & Usherwood, P.N. (1993)
Effects of high pressure on the channel gated by the quisqualate-sensitive
glutamate receptor of locust muscle and its blockade by ketamine; a sin-
gle-channel analysis. Biochim. Biophys. Acta, 1151, 13–20.


Mallart, A. (1984) Presynaptic currents in frog motor endings. Pflug. Arch.,
400, 8–13.


Mallart, A. (1985) Electric current flow inside perineurial sheaths of mouse
motor nerves. J. Physiol., 368, 565–575.


Meir, A., Ginsburg, S., Butkevich, A., Kachalsky, S.G., Kaiserman, I., Ahdut,
R., Demirgoren, S. & Rahamimoff, R. (1999) Ion channels in presynaptic
nerve terminals and control of transmitter release. Physiol. Rev., 79, 1019–
1088.


Mor, A., Levy, S., Hollmann, M. & Grossman, Y. (2008) Differential effect
of high pressure on NMDA receptor currents in Xenopus laevis oocytes.
Diving Hyperb. Med., 38, 194–196.


O’Connell, K.M. & Dirksen, R.T. (2000) Prolonged depolarization promotes
fast gating kinetics of L-type Ca2+ channels in mouse skeletal myotubes.
J. Physiol., 529(Pt 3), 647–659.


Parmentier, J.L., Shrivastav, B.B. & Bennett, P.B. (1981) Hydrostatic pres-
sure reduces synaptic efficiency by inhibiting transmitter release. Undersea
Biomed. Res., 8, 175–183.


Parnas, I., Parnas, H. & Dudel, J. (1982) Neurotransmitter release and its
facilitation in crayfish muscle. V. Basis for synapse differentiation of the
fast and slow type in one axon. Pflug. Arch., 395, 261–270.


Penner, R. & Dreyer, F. (1986) Two different presynaptic calcium currents
in mouse motor nerve terminals. Pflug. Arch., 406, 190–197.


Regehr, W.G. & Mintz, I.M. (1994) Participation of multiple calcium chan-
nel types in transmission at single climbing fiber to Purkinje cell synapses.
Neuron, 12, 605–613.


Reid, C.A., Bekkers, J.M. & Clements, J.D. (2003) Presynaptic Ca2+ chan-
nels: a functional patchwork. Trends Neurosci., 26, 683–687.


Shelton, C.J., Doyle, M.G., Price, D.J., Daniels, S. & Smith, E.B. (1993)
The effect of high pressure on glycine- and kainate-sensitive receptor
channels expressed in Xenopus oocytes. P. Roy. Soc. B-Biol. Sci., 254,
131–137.


Shelton, C.J., Zhao, D.M., Inman, N., Price, D.J., Daniels, S. & Smith, E.B.
(1990) The effects of anesthetics and pressure on a synaptic receptor from
the mamalian central nervous system expressed in Xenopus oocytes. In
Drouet, J., Risso, J.J. & Rostain, J.C. (Eds), Proceedings of the 2nd Inter-
national Meeting on High Pressure Biology. EASSM-CERB, Toulon,
pp. 12.


Sher, E., Biancardi, E., Passafaro, M. & Clementi, F. (1991) Physiopathology
of neuronal voltage-operated calcium channels. FASEB J., 5, 2677–2683.


Stanfield, P.R. (1983) Tetraethylammonium ions and the potassium perme-
ability of excitable cells. Rev. Physiol. Bioch. P., 97, 1–67.


Stanley, E.F. (1989) Calcium currents in a vertebrate presynaptic nerve termi-
nal: the chick ciliary ganglion calyx. Brain Res., 505, 341–345.


Takahashi, T. & Momiyama, A. (1993) Different types of calcium channels
mediate central synaptic transmission. Nature, 366, 156–158.


Talpalar, A.E. & Grossman, Y. (2003) Modulation of rat corticohippocampal
synaptic activity by high pressure and extracellular calcium: single and fre-
quency responses. J. Neurophysiol., 90, 2106–2114.


Talpalar, A.E., Giugliano, M. & Grossman, Y. (2010) Enduring medial per-
forant path short-term synaptic depression at high pressure. Front. Cell
Neurosci., 4, 128.


Traub, R.D. & Miles, R. (1991) Multiple modes of neuronal population
activity emerge after modifying specific synapses in a model of the CA3
region of the hippocampus. Ann. NY Acad. Sci., 627, 277–290.


Tsien, R.W., Lipscombe, D., Madison, D.V., Bley, K.R. & Fox, A.P. (1988)
Multiple types of neuronal calcium channels and their selective modula-
tion. Trends Neurosci., 11, 431–438.


Vaernes, R.J., Bergan, T. & Warncke, M. (1988) HPNS effects among 18
divers during compression to 360 msw on heliox. Undersea Biomed. Res.,
15, 241–255.


Yaari, Y., Hamon, B. & Lux, H.D. (1987) Development of two types of cal-
cium channels in cultured mammalian hippocampal neurons. Science, 235,
680–682.


Yu, F.H. & Catterall, W.A. (2004) The VGL-chanome: a protein superfamily
specialized for electrical signaling and ionic homeostasis. Sci. STKE, 2004,
re15.


14 B. Aviner et al.


© 2013 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–14








 1 


Pressure Effects on Cells 
 


Stephen Daniels 


Wales Research and Diagnostic Positron Emission Tomography Imaging Centre 


School of Medicine, Cardiff University, Cardiff CF14 4XN, UK 


Yoram Grossman 


Department of physiology, Faculty of Health Sciences, Zlotowski Center for Neuroscience, 


Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel 


 


Introduction 


 


Animals exhibit a variety of behavioural and physiological changes as a result of exposure to both 


constant raised pressure and to changes in pressure. Furthermore, having manifested changes at 


pressure animals frequently show some adaptation, either in terms of the frequency of signs of 


change or in the magnitude of the changes. In general, during compression above their normal 


ambient pressure both aquatic and terrestrial animals show increased locomotion, reduced co-


ordination, impaired reflexes, tremor, seizures, paralysis, cardiac arrhythmia’s, respiratory difficulty 


and ultimately death. Physiological changes that can be measured in the laboratory include changes 


in metabolism and thermo-regulation. In man more subtle physiological signs and symptoms are 


observed including nausea, sleep disruption, cognitive deficits and psychological responses 


(possibly related to stress). The changes in motor function and nervous system excitability 


apparently arise as a result of effects of pressure on the central nervous system (CNS) and have 


been termed collectively the High Pressure Neurological Syndrome (HPNS). This terms covers a 


complex set of neurological pathologies and although a single cause of HPNS is unlikely, if the 


major perturbations in CNS function are identified, then successful amelioration might provide 


substantial relief from HPNS. 


 


The greatest pressures found in nature exist in the deep ocean; with the Mariana Trench in the 


Pacific Ocean 10.9 km deep, giving a bottom pressure of 109 MPa. Bacteria and a few animals have 


been discovered living at this pressure (Bruun, 1957). Although there are interesting biochemical 


and chemical changes at greater pressures (e.g. enzyme inhibition and protein coagulation at 


pressures above 100 MPa) these pressure are incompatible with life. Accordingly only pressures in 


the range from atmospheric pressure to approximately 100 MPa will be considered. 


 


In air-breathing animals raised partial pressure of the respirable gases lead to; pulmonary oxygen 


toxicity, with prolonged exposure to oxygen partial pressures above 20 kPa, central nervous system 


oxygen toxicology, acute exposure to partial pressures of oxygen above 200 kPa, (Clark, 1982), 


nitrogen narcosis, exposure to nitrogen at partial pressures above 500 kPa, (Bennett, 1982) and 


elevated partial pressures of carbon dioxide lead to effects on respiratory responses, narcosis and 


hypoxia (Schaefer, 1969). However, in 1967 it was shown that helium acted essentially as a pure 


pressure transmitting fluid (Miller et al., 1967) and this opened the way for analytic experiments on 


the effects of pressure on mammals, including man. 


 


Manifestations of Pressure Effects in Cells 


 


There are many elements within cells that may exhibit sensitivity to changes in ambient pressure 


including the cell membrane, ion channels located in the plasma membrane (which mediate cellular 


excitability amongst other functions), neurotransmitter receptors (which mediate both fast and slow 


neurotransmission), ion transporters and pumps (which also mediate cellular excitability and also 


electrical homeostasis) and the cellular cytoskeleton (which has important functions in intracellular 
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transport of materials and the regulation of cellular activity). These elements demonstrate 


differential sensitivity to pressure but the collective expression of these effects defines how various 


cell types will respond to pressure and hence how the organism as a whole will respond. 


 


(a) Phospholipids, membranes 


 


Phosphatidylcholines are the major membrane component in eukaryotic organisms and vital 


components of human lung surfactant and serum lipids. Accordingly, their phase-transition 


behaviour is of acute interest because of the impact that might have on a wide spectrum of 


biological processes, reviewed recently by Koynova & Caffrey (1998). The phase transition 


temperature (gel to liquid-crystalline) may be altered and the bilayer may be compressed by 


pressure. These changes may, in turn, affect the function of cellular proteins crucial in controlling 


the excitability of cells and the synaptic communication between cells. 


 


Liu & Kay (1977) reported that the isothermal compressibility of dipalmitoyl-phosphatidylcholine 


(DPPC) bilayers in pure water and above the transition temperature was about 1 cm
3
.mol


-1
.MPa


-1
. 


Compression is anisotropic with increasing pressure a hydrated DPPC bilayer above its transition 


temperature increased in thickness by 0.07%.MPa
-1


. However, a net volume reduction occurred 


because there was a simultaneous reduction in lateral spacing (Stamatoff et al., 1978). 


 


The effect of pressure on the phase-transition temperatures is well documented for a variety of 


phosphatidylcholines (Koynova & Caffrey, 1998). The rippled gel-phase to liquid crystalline 


transition temperature for symmetrical fully-hydrated phosphatidylcholines of chain-length 14 


increases from 27
o
C at 15 MPa to 50


o
C at 110 MPa. The sensitivity of the temperature of the chain 


melting transition to pressure has been found to remain constant, at approximately 0.24
o
C.MPa


-1
, 


for a variety of saturated and unsaturated phosphatidylcholines (Winter & Pilgrim, 1989). At high 


pressures, above 100 MPa, additional gel phases have been reported (Prasad et al., 1987). These 


may be of relevance to organisms adapted to living at very great depths. 


 


In the range of pressures that have a profound effect on neurological function, 2.5 MPa to 10 MPa, 


the transition temperature would change by less than 2
o
C. This is borne out by experiments on 


human erthyrocyte membranes equilibrated with spin-labelled stearic acid in which little effect on 


bilayer fluidity was observed at 10 MPa (Finch & Kiesow, 1979). However, it is possible that a 


specialised region of the lipid bilayer has a transition temperature close to normal body temperature. 


In this case, if the transition occurs over a narrow temperature range, say 1
o
C, then a relatively 


small increase in pressure might profoundly reduce membrane fluidity. 


 


The role of phospholipids in cell signalling must also be considered, where the association with the 


basal membrane, either the plasma membrane or that of an intracellular organelle, may indeed be 


critical and capable of being influenced by pressure changes below 10 MPa. The inositol 


phospholipids are a family of membrane lipids found in all mammalian and plant cells that have 


important roles in cellular functions. They covalently anchor many cell surface proteins (Low, 


1987) and they are a source of second messengers that link metabotropic receptor activation with a 


cellular function (Higgins, Hitchin & Low, 1989). A study of an inositol phospholipid from soya 


bean in a bilayer environment examined the effects of pressure on intra- and inter-molecular 


interactions (Carrier & Wong, 1996). In hydrated inositol phospholipid bilayers at normal 


temperature and pressure the phosphate groups and a major portion of the carbonyl functions 


undergo strong hydrogen bonding with water molecules. Increasing pressure, up to 600 MPa 


strengthens these bonds. Above this pressure, water is forced from the hydrophobic interior but the 


phosphate head group remains strongly hydrogen bonded. In dehydrated inositol phospholipid 







 3 


bilayers increasing pressure up to 200 MPa causes a conformational change that results in a smaller 


area per molecule and an extension of the inositol moiety away from the phosphate group. These 


changes may be of greater significance for physiological function, especially if they occur to any 


marked degree at lower pressures. 


 


(b) Cellular Proteins 


 


Hydrostatic pressure effects on proteins in aqueous solution have been extensively studied 


(Heremans, 1982; Sibenaller & Somero, 1989; Somero, 1990). In general, water soluble proteins 


(and polypeptides) may undergo limited self-conformational changes when exposed to pressure. 


These processes involve small negative volume changes (∆V) and include transitions in the spatial 


coil structure (-1 to -3 cm
3
.mole


-1
), reversible denaturation (-20 to -75 cm


3
.mole


-1
) and some 


interactions with small molecules (-1 to -10 cm
3
 mole


-1
). Other self-organization processes, such as 


isomerization, exhibit positive ∆V (30-50 cm
3
.mole


-1
). Interactions between larger molecules are 


associated with larger positive volume changes; these include protein-protein association (25-390 


cm
3
.mole


-1
), self-assembly of polymeric proteins (60-140 cm


3
.mole


-1
) and binding of cofactors or 


substrate molecules (30-70 cm
3
.mole


-1
). The volume change of these interactions depends on 


several, sometimes opposing, mechanisms such as the degree of ligand ionization, of protonation of 


protein groups and hydration of the protein surface.  


 


Enzymes 


 


Enzyme catalysed reactions often involve multiple sub-reactions and it can be difficult to pinpoint 


the critical, rate-determining step. With high substrate concentration, the rate determining step has 


been shown to be the dissociation of the enzyme-substrate complex to yield the reaction products 


(Laidler, 1951). In this case the effect of pressure will be determined by the volume change 


associated with this process. For a variety of enzymes (including myosin ATPase, trypsin, sucrase, 


myokinase) this volume change has been shown to be negative and of the order -10 cm
3
.mole


-1
 to  


-40 cm
3
.mole


-1
 (Macdonald, 1982). Thus pressures greater than 40 MPa would be required to 


significantly increase the rate of reaction. Another group of enzymes (including creatine kinase, 


alkaline phosphatase and a number of ATPase’s) have been shown to have a positive volume 


change on dissociation of enzyme and substrate (Macdonald, 1982). Pressure would therefore 


inhibit the action of these enzymes but again a significant effect is only observed at very great 


pressure. However, in physiological conditions the concentration of the substrate is not high when 


compared to the enzyme concentration. Under these conditions association of enzyme with 


substrate or enzyme-substrate dissociation may be rate determining. Morild (1977) has given an 


example of the detailed analysis required under these conditions for alcohol dehydrogenase. 


 


Although very high pressures are generally required to modify the activity of an enzyme in isolated 


conditions (Balny et al., 1997) much lower pressures (<10 MPa) can modify enzyme activity by 


altering the membrane environment of the enzyme (Sébert, 1997). Relatively low pressure (10 


MPa) has been shown to modify glycolysis in Chinese freshwater crabs, increasing flux per unit 


time more than threefold (Sébert et al., 2000). Experiments on the inactivation of creatine kinase by 


high pressure indicate that the low pressure inactivation arises from a change in environment which 


precedes the dissociation of the enzyme dimer and the unfolding of the hydrophobic core, at 


pressures above 300 MPa (Zhou et al., 2000). 


 


It appears that under physiological conditions enzyme catalysed reactions are not altered by 


pressure acting directly on the enzyme itself (until extreme pressures are reached that are 


incompatible with biological processes) but rather arise through a modification to the environment 
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of the enzyme. The action of pressure on enzymatic processes must therefore be studied under 


physiological conditions.  


 


Voltage-gated ion channels 


 


Voltage-gated channels are proteins produced by a super-family of related genes and thus exhibit 


remarkable homology in their structure and similarity in basic functions. They are usually activated 


by membrane depolarization and deactivate when the membrane potential returns to its resting 


level. Many of the channels also exhibit various degrees of voltage-dependent channel inactivation, 


i.e. channel closing during maintained membrane depolarisation. The conduction of electrical 


impulses (action potentials) along neurons, axons, and muscle fibres is based on a delicate interplay 


between voltage-activated Na
+ 


and K
+
 channels. Upon threshold depolarisation from the resting 


potential, Na
+
 channels open rapidly to cause fast depolarisation this is followed by slower channel 


inactivation. In parallel, K
+
 channels, opening at a slower rate, re-polarise the membrane. It is this 


voltage and time dependent channel interplay that accounts for the transient voltage "spike" of the 


action potential.  


 


Bruner and Hall (1983) made the first attempt to understand pressure effects on a membrane-bound 


polypeptide channel, the pore-forming antibiotic alamethicin. When incorporated into artificial lipid 


bilayer membranes, these peptides form ion-conducting oligomers composed of a variable number 


of units (about 10) in a voltage-dependent fashion. When exposed to helium pressure up to 100 


MPa, both the voltage-dependent "opening" and the "closing" reactions became slower, indicating 


∆V* on the order of 100 cm
3
.mole


-1
 in both directions. Kinetic considerations at pressure also 


suggested that the alamethicin channel has at least two closed states which are indistinguishable at 


normobaric pressure. Neither the voltage-dependence of channel opening nor the single-channel 


conductance was affected by pressure. These results imply that the formation and disassembly of a 


functional alamethicin channel are associated with molecular rearrangements that cause transient 


increases in free volume of the entire channel. In addition, the flow of ions through the channel does 


not require significant volume changes, very similar to free-ion diffusion in aqueous solutions. 


Although the alamethicin ‘pore’ is not a biological ion channel, many of these pressure effects were 


later observed for membrane bound ion channels.  


 


Na
+
 channels 


 


Early studies on Na
+
 channel currents were carried out in squid giant axons (Henderson & Gilbert, 


1975; Shrivastav et al. 1981; Conti et al. 1982a,). Pressure (up to 60 MPa) slightly depresses Na
+
 


current amplitude and slows the kinetics of activation and inactivation of the current. Inactivation 


seems more affected than the activation, but only a slight change in the voltage dependence of the 


steady-state inactivation is observed. These data are consistent with ∆V* in the range 30-70 


cm
3
.mole


-1
. Conti et al. (1984) and Heinemann et al. (1987a) also observed a considerable ∆V* 


associated with the channel gating current (17-28 cm
3
.mole


-1
). Gating current precedes channel 


opening. It represents the movement of charge as a result of conformational changes in the channel 


voltage sensor, rather than the flow of ions through the channel. Thus, about 50% of ∆V* for the 


channel opening is attributed to the gating currents. 


 


Similar responses were observed using other invertebrate preparations, such as snail (Helix) neurons 


(Harper et al., 1981) and lobster (Panulirus) axons (Grossman & Kendig, 1984). However, 


inactivation of the current in Helix was not affected by pressure. The lobster axons revealed a 


transient increase of the current upon fast pressurization to 5-10 MPa, which reversed to leave a 


moderate decrease after 10-15 min of exposure. The findings in vertebrate cells are more diverse. In 







 5 


single isolated myelinated axons of frogs (Xenopus) (Kendig, 1984) similar pressures considerably 


slow the rate of development of inactivation so that the channels stay open longer and more 


channels are available for opening. In another frog (Rana), action potential Na
+
 currents recorded 


under the perineurial sheath of peripheral motor nerves (Grossman et al., 1991b) were reduced by 


25% at 10 MPa and the kinetics were slightly slower. Recent studies of Na
+
 action potential 


currents in mammalian neurons revealed only a 10% decrease in amplitude and rise time at 10 MPa 


in single cerebellar Purkinje cells (Etzion & Grossman, 1999) and hippocampal pyramidal cells 


(Southan & Wann, 1996). A study on non-neuronal bovine adrenal chromaffin cells (Heinemann et 


al., 1987a) revealed similar pressure effects with considerable slowing of inactivation. Detailed 


statistical analysis of the steady-state current fluctuations in these cells (Heinemann & Conti, 1992) 


indicated that the single channel current amplitude was not affected, even at 45 MPa hydrostatic 


pressure, whereas the number of functional channels was reduced, by up to 50%. 


 


In summary, in spite of species differences, membrane bound neuronal Na
+
 channels seem quite 


resistant to compression. Pressure only slightly reduces the mean current amplitude by a minor 


slowing of the activation process or by decreasing the number of functional channels. In some 


neurons in which the inactivation is impeded more than the activation process, pressure may 


enhance or elongate, sometimes transiently, the Na
+
 current. 


 


K
+
 channels 


 


Voltage clamp studies of the non-inactivating “delayed rectifier” K
+ 


current in invertebrate squid 


(Henderson & Gilbert, 1975; Shrivastav et al., 1981; Conti et al., 1982b), snail (Harper et al., 1981) 


and lobster (Grossman & Kendig, 1984) axons reported slowing of the rising phase of the current 


after step depolarization, which corresponds to a ∆V* of 25-60 cm
3
.mole


-1
. However, the steady-


state plateau current was increased. In the lobster (reminiscent of the Na
+
 current response) this 


increase developed with time after an initial decrease in the current. Similar K
+ 


current 


augmentation was postulated for mammalian cells. Analysis of the firing pattern of Ca
2+


 action 


potentials in guinea pig Purkinje cells indicated pressure enhancement of this current (Etzion & 


Grossman, 1999). Increased K
+ 


current was also proposed as the basis for slowing of the sinus-node 


pacemaker activity in various mammalian hearts, as a result of slower diastolic depolarization 


(Ornhagen & Hogan, 1977). Another potassium channel type, whose current is inactivating, was 


studied in snail (IAK) (Harper et al., 1981) and recently in mouse Shaker B K
+
 channels and mutants 


thereof, expressed in Xenopus oocytes (Schmalwasser et al., 1998; Meyer & Heinemann, 1997). 


Activation of both currents is depressed by pressure (∆V*= 45 cm
3
.mole


-1
). However, whereas 


inactivation in the snail was not affected by pressure, the two different types of inactivation in the 


mouse channels were differentially affected. While rapid N-type inactivation, mediated by the so-


called “ball-and-chain” mechanism is slowed down at high pressure (∆V* = 22-54 cm
3
.mole


-1
), the 


slow C/P-type inactivation is accelerated (∆V* = -58-125 cm
3
.mole


-1
). 


 


A different type of K
+
 channel, which are activated by increased intracellular Ca


2+
 ([Ca


2+
]i) rather 


than a change of membrane potential, are also modulated by pressure. Pressure exposure probably 


decreases this channel conductance in rat hippocampal pyramidal neurons, as evident from the 


change in their action potential after-hyperpolarizing potential (AHP) and the increase in firing 


frequency (Southan & Wann, 1996). Very similar results were recently obtained for pressure 


sensitive neurons in rat brain stem (solitary complex) compressed by helium to only 0.4 MPa (Dean 


& Mulkey, 2000). In contrast, high pressure increased the probability of openings of Ca
2+


-activated 


BK-type channel in bovine chromaffin cells (Macdonald, 1997). 


 


In summary, pressure slows the kinetics of activation and inactivation of membrane bound 
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potassium channels as reported above for sodium channels. However, due to the larger impact on 


inactivation rather than activation, and the existence of more than one molecular mechanism of 


inactivation, which may respond differently to pressure, pressure, overall, quite often increases the 


channel current 


 


Ca
2+


 channels 


 


Many fundamental cellular processes are controlled, modulated or triggered by cytosolic Ca
2+


 


levels. Muscle contraction, ciliary movement, synaptic transmission, egg fertilization and activation 


of various second messenger systems are just a few of these processes. Several mechanisms such as 


membrane pumps, ion exchangers and buffering systems rigorously keep the resting cytosolic 


[Ca
2+


] as low as 0.1 μM. A transient increase of cytosolic [Ca
2+


] may serve as the signal for the 


targeted process at the relevant cellular compartment. Ca
2+


 may enter the cell from the external fluid 


via various types of channels or be released from internal stores via specific receptor channels.  


 


The data on Ca
2+


 channel function at pressure are limited. Measurements of radiolabelled Ca
2+


 


influx into synaptosomes (sealed vesicles from broken nerve terminals, containing Ca
2+


 channels 


and the synaptic release apparatus) revealed that pressure depresses the depolarization-dependent 


Ca
2+


 influx (Gilman et al., 1986b). It is of interest to note that, in the same preparation, pressure 


slightly increased Ca
2+


 influx through an artificially added Ca
2+


 ionophore (A23187) (Gilman et al., 


1991). Otter and Salmon (1985) have provided indirect evidence for the effect of hydrostatic 


pressure on unclassified calcium channels in Paramecium. The brief reversal of swimming 


direction, which is Ca
2+


 influx-dependent, that normally occurred when the protozoan encountered 


the wall of the pressure chamber was inhibited by 10 MPa hydrostatic pressure. However, they 


failed to demonstrate an inhibition of Ca
2+


 influx in a later study in mouse fibroblasts (Crenshaw & 


Salmon 1996).  


 


Several high voltage-activated Ca
2+


 channels have been described and termed N-, L-, P-, and Q- 


type, based on their kinetics, voltage range of activation and inactivation and pharmacological 


properties. An additional channel, which is resistant to all known channel-blocking drugs, was 


termed R-type. A low voltage-activated channel, which has been less well studied, is termed T-type. 


It has been confirmed, using molecular biological techniques, that these channels also differ in their 


α1 pore-containing protein subunit. Various Ca
2+


 channels mediate synaptic transmission between 


CNS neurons in the hippocampus (Takahashi & Momiyama, 1993; Luebke et al., 1993; Wu et al., 


1998) and cerebellum (Regehr & Mintz, 1994; Mintz et al., 1995). Specific GABA containing 


inhibitory interneurons in the hippocampus also utilize different Ca
2+


 channels for their release 


processes (Poncer et al. 1997). Furthermore, colocalization of different Ca
2+


 channels in a single 


motor nerve terminal of frog (Mallart, 1984; 1985), mouse (Penner & Dreyer, 1986) and CNS 


terminals (Lemos & Nowycky, 1989) has also been shown.  


 


The effect of pressure on two types of colocalized Ca
2+


 currents was first tested in the frog motor 


nerve (Grossman et al. 1991b; Kendig et al., 1993). In addition to the action potential Na
+
 current 


of the axons, blocking K
+
 channels using TEA, revealed a slower Ca


2+
-dependent current comprised 


of fast (ICaF) and slow (ICaS) components (Mallart, 1984) that reflect inward Ca
2+


 current at the 


terminals. Pharmacological analysis indicated that ICaF is carried by N-type channels and ICaS by L-


type channels. Helium pressure (6.9 MPa) suppressed N-type channels by about 87%, whereas L-


type channels were much less sensitive to pressure. Part of the effect could be antagonized by 


increased [Ca
2+


]o. Similar results were obtained when the terminal was depolarized directly instead 


of by natural nerve stimulation. These data suggest that pressure may exert a differential effect on 


various types of Ca
2+


 channels at nerve terminals. In fact, Heinemann et al. (1987a) have reported 
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that L-type Ca
2+


 current was not sensitive to high pressure in mammalian chromaffin cells. Recently 


it has also been reported that similar results are obtained for P-type Ca
2+


 action potentials in guinea 


pig cerebellar Purkinje cells (Etzion & Grossman, 1999). Finally, Etzion and Grossman (2000) have 


suggested that pressure blocks mainly the N-type (and much less so other types) Ca
2+ 


channel-


dependent component of the synaptic response between the parallel fibers and Purkinje cells’ 


synapse in guinea pig cerebellum.  


 


Given the large diversity even within this single channel ‘family’ and the limited data available, 


pressure effects can not be generalised. A systematic study will be necessary in order to analyse the 


pressure response of the various Ca
2+


 channels. It is conceivable that synapses utilising N-type Ca
2+


 


channels will be more vulnerable to pressure exposure than others. The extent of the consequent 


behavioural modification will be dependent on the role of such a synapse is playing in the network 


activity.  


 


Receptors  


 


Receptors are proteins that bind affector substances and transduce that binding into a physiological 


effect. They are grouped, on the basis of structure and signal transduction mechanism, into 4 


superfamilies; ionotropic, metabotropic, ligand-gated enzymes and protein-regulating receptors. 


Ionotropic receptors, also known as ligand-gated ion channels, are responsible for regulating fast 


synaptic neurotransmission. Activation of the receptor by binding a neurotransmitter causes a 


conformational change that allows ions to pass through a channel integral to the protein. 


Metabotropic receptors, also known as G-protein coupled receptors, bind neurotransmitters, 


hormones and neuropeptides that cause a conformational change in the receptor. In turn, this allows 


the receptor to bind to and activate a G-protein (guanyl nucleotide-binding protein). The activated 


G-protein then activates another protein or enzyme or ion channel, the “so-called” second 


messenger, which effects the cellular response. These receptors primarily mediate slower processes 


than the ionotropic receptors. This is by far the largest family of receptors with approximately 1% 


of the human genome encoding the different proteins. The ligand-regulated enzymes (e.g. insulin 


receptor) are a smaller family of receptors responsible for a variety of homeostatic systems. Lastly, 


the protein synthesis-regulating receptors are found in the cytosol and the nuclear membrane and, in 


response to binding hormones, steroids or retinoic acid, affect the transcription of DNA to RNA and 


hence the synthesis of proteins. 


 


Ionotropic Receptors 


 


The ionotropic receptor superfamily is composed of three families, categorised on the basis of 


amino acid homology in the primary structure; the Cys-loop receptors, the glutamate receptors and 


the P2X receptors. The Cys-loop family comprises the nicotinic acetylcholine receptor (nACh), the 


-aminobutyric acid-A receptor (GABAA), the glycine receptor (Gly) and the third member of the 5-


hydroxytryptamine family of receptors (5-HT3). The nACh and 5-HT3 receptors both gate a cation 


channel (permeable to Na
+
, K


+
 and Ca


2+
) and are consequently responsible for mediating excitatory 


synaptic transmission. The GABAA and Gly receptors both gate a Cl
-
 channel and are thus 


responsible for mediating inhibition. The glutamate receptor family, activated by glutamate and 


aspartate, comprises three distinct receptors known by the agonists that selectively activate them, 


the N-methyl-D-aspartate sensitive receptor (Glu
NMDA


), the -amino-3-hydroxy-5-methyl-4-


isoxazoleproprionic acid sensitive receptor (Glu
AMPA


) and the kainic acid sensitive receptor (Glu
KA


). 


These receptors all gate a cation channel, and are therefore excitatory, but Glu
NMDA


 is far more 


permeable to Ca
2+


 than the other two members of the family. Finally, the P2X familiy of receptors 


is activated by adenosine triphosphate (ATP). They gate a cation channel, therefore mediating fast 
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excitatory synaptic transmission. At present nothing is known about the pressure sensitivity of the 


P2X family of receptors. 


 


Cys-loop Receptors 


 


The nACh receptor exists in two major forms, the neuromuscular junction and neuronal types. The 


neuromuscular junction form of the receptor is probably the most extensively studied of all receptor 


types and much of our knowledge of receptor structure and function has been derived from studies 


on this receptor (see for reviews Galzi et al., 1991; Unwin, 1993; Ortells & Lunt, 1995). The effect 


of pressure on the neuromuscular form of the receptor has been investigated by Heinemann et al. 


(1987b). They calculated a volume of activation for the nACh receptor of some 48 cm
3
.mol


-1
 but 


found no evidence for any significant effect on volume of activation of the receptor by pressures 


less than 20 MPa. The neuromuscular form of the nACh receptor is a pentameric structure 


composed of ( subunits. Acetylcholine binds at the interface between each  and one other 


subunit. The neuronal form of the receptor whilst still pentameric only comprises two subunits  


and  but it has a far richer variety of isoforms since there are seven  and four  subunits, which 


combine in unknown stoichiometries. It is possible that the neuronal form of the receptor is 


sensitive to pressure even though the neuromuscular form is not.  


 


The effect of pressure on the GABAA and glycine receptors has been investigated by isolating 


mammalian receptors using heterologous expression in Xenopus oocytes. The effects of pressure on 


the dose-response relationships for GABAA and glycine superfused onto oocytes micro-injected 


with mRNA extracted from rat brain and spinal cord have determined. Glycine receptors show no 


change in the maximum response but a significant increase in the EC50 (60%) at 10MPa (Shelton et 


al., 1993) whereas pressure has no effect on the GABAA receptor (Shelton et al., 1996). The effects 


of pressure on the glycine receptor become progressively greater at higher pressures. It was 


calculated that the volume change on activation of the glycine receptor was 110 cm
3
.mol


-1
, 


considerably greater than for the nACh receptor. This would explain why the glycine receptor is 


more sensitive to pressure than the nACh receptor. A recombinant 1 human glycine receptor has 


been expressed in Xenopus oocytes and its pressure sensitivity established (Roberts et al., 1996). In 


this case the receptor was somewhat more sensitive to pressure, with a volume of activation of 149 


cm
3
.mol


-1
. Since this homomeric receptor apparently binds at least three glycine molecules when 


activated, it lends support to the suggestion that the neuronal form of the nACh receptor may show 


more pressure sensitivity than the neuromuscular form. 


 


A classical interpretation of the dose-response data obtained for the glycine receptor (both rat and 


human homomeric 1) would be that pressure is acting as a simple competitive antagonist. This 


action could be manifest either as a reduction in the affinity of glycine binding or in the 


transduction of binding to channel opening. A direct effect on channel opening or lifetime seems 


unlikely since the closely related GABAA receptor is unaffected. The apparent volume change on 


activation was large for simple chemical equilibria and indicates that considerable conformational 


changes occur when glycine binds. The effect of pressure may therefore be envisaged as opposing 


the conformational change that follows glycine binding thereby reducing the effective inhibitory 


transmission available. 


 


Glutamate Receptors 


 


Glu
NMDA


 receptors expressed in Xenopus oocytes following injection of mRNA extracted from rat 


cerebellum show a marked potentiation (128%) at 10MPa (Williams et al., 1996; Daniels et al., 


1998), implying that overall there is a negative V associated with activation of this receptor. In 
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contrast, Glu
KA


 receptors, expressed in Xenopus oocytes following injection of mRNA extracted 


from rat whole brain, are relatively unaffected, showing little potentiation of the maximum response 


(<14%) and no change in the EC50 (Daniels et al., 1991; Shelton et al., 1993). However, the 


response of Glu
NMDA


 receptors is not straightforward. Glu
NMDA


 receptors are composed of two 


subunits, R1 and one of R2A, R2B, R2C and R2D, in unknown stoichiometry. All Glu
NMDA


 


receptors contain at least one R1 subunit. The different R2 subunits control the conductance of the 


receptor, thus R1/R2A and R1/R2B are high conductance receptors (40-50 pS) whilst R1/R2C and 


R1/R2D are low conductance receptors (18-38 pS). These two groups of receptor also have 


different sensitivity to voltage-dependent blockade by Mg
2+


 and thus different activation properties. 


They are also found differentially expressed in the brain. R1 is uniformly distributed throughout the 


brain. R2A is widely distributed throughout the cerebellum and cortex, R2B is found in the cortex 


and R2C is largely confined to the cerebellum (Monyer et al., 1992). In Xenopus oocytes the R1 


subunit will express functional receptors without co-expression of one of the R2 subunits, probably 


by functional combination with an endogenous protein subunit. These receptors are insensitive to 


pressure (Daniels, unpublished observations), suggesting that the pressure sensitivity observed with 


Glu
NMDA


 receptors expressed using a rat brain mRNA extract arose because one or more of the R2 


subunits is pressure sensitive. Recombinant receptors R1/R2A, R1/R2B and R1/R2D expressed in 


Xenopus oocytes were not sensitive to pressure (Daniels, unpublished observations). To date the 


R1/R2C receptor has not been tested at pressure. However, given the localisation of this receptor to 


the cerebellum and the well-known association of cerebella function and motor control it would be 


surprising if this particular receptor type were not pressure sensitive. This would also be in accord 


with the initial observation that Glu
NMDA


 receptors from rat cerebellem were pressure sensitive. 


 


The results with the Glu
NMDA


 receptor demonstrate the need to carefully analyse the pressure 


sensitivity of all the different receptor subtypes before reaching an overall conclusion regarding the 


pressure sensitivity of the ionotropic receptors. All the ionotropic receptors share a rich subunit 


composition. Thus, unless some common structural motif can be identified that conveys pressure 


sensitivity, there is a major challenge to define the pressure sensitivities of this class of receptor. 


 


Metabotropic Receptors 


 


The metabotropic family of receptors is the largest, with over 100 receptors now identified. They 


possess seven  helical transmembrane regions with a large intracellular loop joining 


transmembrane segments 5 and 6 and a long C-terminal tail from segment 7. The tail and loop 


contain binding sites for heterotrimeric guanine nucleotide binding proteins (G-proteins). Activation 


of G-proteins results in various biochemical and electrical effects that produce physiological effects. 


Three principal intracellular signalling pathways are activated by G-proteins. The first involves 


either the activation (Gs) or the inhibition (Gi) of adenylyl cyclase (AC). Stimulation of AC leads to 


the production of cyclic adenosine phosphate (cAMP) that in turn upregulates the formation of 


protein kinase A (PKA). The second pathway (Gq/G11) involves activation of phospholipase C 


(PLC), which leads to the formation of inositol 1,4,5-triphosphate (IP3) the release of Ca
2+


 from 


intracellular stores and the activation of calcium-calmodulin-dependent protein kinases. Activation 


of PLC also leads to the formation of diacylglycerol (DAG), which activates protein kinase C 


(PKC). The third pathway (Go) involves the activation of phospholipase A2 (PLA2), which 


produces arachidonic acid (AA) that is the precursor for the formation of various metabolites such 


as prostaglandins, thromboxanes and leukotrienes. The formation of DAG can also lead to AA 


formation. 


 


A number of receptors in an individual cell may activate a single G protein or one receptor may 


regulate more than one G protein. Additionally, one G protein can regulate several effectors (i.e. 
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AC, PLC, PLA2). Metabotopic receptors, therefore, provide complex networks of convergent and 


divergent interactions that permit extraordinarily versatile regulation of cell function. Although 


many of the actions they mediate are slow, compared to those mediated by the ionotropic receptors, 


nevertheless the complexity of interactions invites speculation that pressure many modulate some of 


these molecular interactions. In doing so the excitability of neurons may be altered possibly 


contributing to the acute expression of high pressure nervous syndrome but perhaps more crucially 


regulating adaptive mechanisms to exposure to high pressure. 


 


Pharmacological experiments have indicated that pressure may affect both dopamine (DA1, DA2) 


and serotonin (5-HT1b, 5-HT2c) receptors (Abraini & Rostain 1991; Abraini & Fechtali, 1992; 


Kriem et al., 1996; 1998). Dopamine D1 receptors couple through Gs proteins and hence activate 


AC, up-regulate cAMP and activate PKA. Dopamine D2 receptors couple through Gi/o proteins and 


can therefore inhibit AC and separately activate PLA2 thus activating AA. Serotonin 5-HT1b 


receptors also couple through Gi/o proteins. However 5-HT2C receptors couple through Gq proteins 


that activate PLC leading to the release of intracellular calcium and PKC. These experiments, whilst 


indicating that the cellular processes mediated by these metabotropic receptors may be implicated in 


HPNS they cannot indicate whether pressure is modulating receptor function or steps in the 


intracellular signalling pathways activated by the receptors.. 


 


It has been found recently (Daniels, unpublished results) that the metabotropic receptor for the 


bacterial peptide N-formyl-L-methionyl-L-leucyl-L-phenylanaline, which couples through a Gq 


protein, when expressed in Xenopus oocytes is not sensitive to pressure. This suggests that none of 


the PLC pathway reactions result in a large volume change with which pressure could interact. In 


turn this suggests that it is likely that the modulation by pressure of the pharmacological response of 


5-HT2C receptors arises from a direct effect of pressure on the 5-HT2C receptor and not on the 


intracellular pathway (PLC medicated) to which it couples. In separate experiments it was found 


that direct stimulation of a G protein endogenous to Xenopus oocytes by fluoride ions was 


potentiated by pressure (Daniels, unpublished results). Analysis indicated that the G protein 


stimulated by F
-
 was a member of the Gs family and therefore would positively couple to AC. Thus 


pressure appears to modulate either the upregulation of AC, the production of cAMP or PKA (or a 


combination of these interactions). Pressure may therefore decrease the inhibitory actions of D2 


receptors and stimulate the excitatory actions of D1 receptors. Furthermore, since both D1 and D2 


receptors are predominantly expressed in the striatum and are known to be involved in motor 


control (cf Parkinson’s disease; Gibb, 1992; Fearnley and Lees, 1994) this result does suggest that 


dopamine receptors may in part mediate the expression of acute HPNS. 


 


Transporters and pumps 


 


Membrane transporters (e.g. Na/K pump, Na/K/2Cl cotransporter) have a crucial role in 


maintaining ionic and osmotic balance in a wide variety of cells. It is difficult to predict what effect 


pressure would have on these transport systems, just as it is difficult to predict the effect on enzyme 


catalysed reaction rates. In human red cells Na
+
 and K


+
 are transported across the membrane by the 


sodium pump, chloride-dependent sodium-potassium cotransport and by a residual passive leak. It 


has been shown that over the pressure range atmospheric to 40 MPa the sodium pump is 


progressively inhibited, passive diffusion is markedly potentiated and the cotransport is initially 


inhibited but little further affected by pressures over 10 MPa (Hall et al., 1982). The authors 


suggested that the initial formation of the activated-K
+
-membrane pore complex involving loss of 


water from the K
+
 hydration shell was the rate-determining step in the sodium pump that was 


sensitive to pressure. No explanation was offered for the inhibition of the Cl
-
-sensitive Na/K 


cotransporter. However, since the inhibition occurred during the initial pressurisation from 
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atmospheric to 10 MPa it would seem likely that this reflects a modification to the transporter 


protein-membrane environment and not a direct effect of pressure on the transporter protein itself. 


The increase in the passive flux by pressure has been ascribed to a pressure-dependent change in 


cell morphology (from biconcave disc to cup-shaped forms) leading to activation of a volume-


sensitive KCl transport pathway (Hall & Ellory, 1986). 


 


Glucose is transported across the red blood cell membrane by a transporter that alternatively 


presents binding sites to the exterior and interior of the cell (Thorne et al., 1992). The rates of re-


orientation between inward- and outward-facing conformations are much higher for the glucose-


bound protein than the unbound protein. Additionally, the rate constants for inward re-orientation 


exceed those for outward re-orientation. It was found that pressure specifically inhibits the 


translocation of glucose and not the binding of glucose to the carrier protein (Thorne et al., 1992). 


 


Chondrocytes are the cells responsible for producing the extracellular matrix (cartilage) which 


protects joints. In part they must do this by sensing pressure changes and altering the composition 


of the matrix accordingly. It is possible that this is achieved by the effect of pressure on both 


specific and passive membrane transporters in these cells (Hall, 1999). In contrast to red blood cells, 


pressure on chondrocytes has been shown to inhibit the Na/K pump, the Na/K/2Cl cotransporter and 


the passive K
+
 permeability (Hall, 1999). Increasing pressure therefore would reduce internal K


+
 


concentration ([K
+
]i) and increase [Na


+
]i thereby inducing cell swelling. These changes are known 


to affect chondrocyte matrix synthesis. 


 


In summary, alterations by pressure to transporter function are likely to be replicated across a wide 


spectrum of cell types and are probably not restricted simply to the transport of ionic species across 


membranes. Most neurotransmitters rely on specific transport systems to terminate their action at a 


synapse. Clearly inhibition of neurotransmitter re-uptake would have profound effects on neuronal 


function. As yet the effect of pressure on these systems has not been studied and it must be stressed 


that, as with enzyme function, the environment of the transporter may be critical to the 


manifestation of pressure effects. 


 


(c) Cytoskeleton and motor proteins  


 


Multisubunit or polymeric proteins are usually dissociated by high pressure, although the pressure 


sensitivity varies between different proteins and even, apparently, for the same protein in different 


species. Cytoskeletal proteins such as f-actin (‘thin’ stress fibers), tubulin (‘thick’ microtubules) and 


various ‘intermediate filaments’ stabilize the morphology of cells. Actin and tubulin also provide 


the structural basis for the action of motor proteins such as myosin, dynein and kinesin that generate 


muscle contraction, ciliary beating, and chromosome movement and intracellular transport, 


respectively.  


 


In recent years a large number of new ‘structural’ proteins have been described that are involved in 


cell development and cellular plasticity. A number of these proteins are responsible for intercellular 


adhesion in general and at specific sites, such as neuromuscular or neuroneuronal synapses. Other 


proteins are engaged in binding transmembrane proteins (e.g. receptors or ion channels) to the 


membrane and may form clusters of these molecules. Many of these proteins contain, in addition, 


binding sites for specific enzymes (usually kinases or phosphatases) that are associated with the 


modulation of the activity of those receptors or channels. Unfortunately, there is no information 


available on the effects of pressure on these complexes of proteins.  


 


 Actin 
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Actin is involved in various types of cell locomotion. Associated with different other proteins, 


filaments of actin may be arranged in bundles (cell microvilli), as a ‘gel forming’ mesh (beneath 


cell membranes), in short fragmented sections and as a double strand of the ‘thin filament’ of the 


muscle fibre. By interacting with the ‘thick filaments’ of myosin they produce muscle contraction. 


Similar but not identical assembly is found in specific regions of non-muscle cells that are capable 


of contracting (e.g. desmosomes, stress fibres). Self-assembly (polymerisation) of the globular actin 


(g-actin) monomers to a single filament (f-actin) in vitro is associated with a large increase in 


volume (ΔV~ 100-140 cm
3
.mole


-1
) for one atmosphere-adapted animals (see for review Crenshaw 


et al., 1996). Pressure then should promote dissociation of the filamentous protein since it involves 


negative volume change. In fact, Bournes et al. (1988) have reported that actin stress fibres 


disassemble at 32 MPa. This finding was confirmed by Crenshaw et al., (1996) in two other cell 


types: human HeLa fibroblasts and rat osteosarcoma cells. However, the pressure required (30-40 


MPa) and the severity of the effect were variable among the cells in the culture. In particular, cells 


closely attached to each other, or the rare ‘giant’ cells, were little affected. In many cells that were 


rounded, the actin stress fibers disappeared but rich actin-containing microvilli appeared on the cell 


surface. Most of these studies were carried out in cell cultures where cells are usually flattened 


against the culture dish. A study in guinea pig cerebellar brain slices (Yarom, Meiri & Grossman, 


personal communication) has revealed that Purkinje neurons in the tissue undergo dramatic 


morphological change when exposed to hydrostatic pressure above 60 MPa for 10-15 min. Instead 


of ‘rounding’, the dendritic tree transformed from normal smooth cylindrical segments covered with 


spines (small membranous protrusions) to abnormal ‘pearl necklace’- like dendrites with very low 


spine density. The change was irreversible when pressure exceeded 80 MPa. Cells decompressed 


after such exposure lost their regenerative electrical activity but not their resting potential. Although 


the nature of the damage in the Purkinje neurons was not determined, theoretical considerations 


indicate that this is the form a membrane cylinder will assume when it looses its cytoskeletal 


support and is unable to retract.  


 


In skeletal muscle of fish adapted to life in the deep ocean, ΔV for actin polymerization is reduced 


from 100-140 cm
3
.mole


-1
 to 63 cm


3
.mole


-1
 for 3000 m dwelling fish and to only 9 cm


3
.mole


-1
 for 


5000 m dwelling congeneric fish (Somero, 1990; 1992).  


 


 Tubulin 


 


A single tubulin protofilament is a polymer consisting of a chain of globular heterodimers (each 


consists of α and β subunits). Thirteen such protofilaments in a concentric arrangement form the 


microtubule. This structure is dynamic; dimers may be added on one end and deleted on the other 


one by a complex biochemical machinery. Transport of molecules within the cell uses this system. 


The major component of the ‘inner structure’ of cilia and flagella are microtubules arranged in 9+1 


sets of doublets, whereas its basal body is composed of 9 triplets. These structures are essential for 


the beating mechanism. A 9 triplets structure is also found in the centrioles that generate simple 


microtubule spindles which are formed during cell division and are responsible for chromosome 


polar migration. Early studies had shown that ~ 40 MPa hydrostatic pressure induces 


depolymerization of spindle microtubules in vivo in various cells (Salmon, 1975a; b), in vitro 


spindle microtubules (Salmon et al. 1976) or in vitro extracts of tubulin from rabbit brain (Salmon 


1975c). However, Bournes et al. (1988) and recently Crenshaw et al (1996) have proposed that 


microtubules are more resistant to pressure up to 40 MPa and that it is their normal assembly in cell 


regions, rather than simple de-polymerisation that is impaired. ΔV for microtubule assembly was 


estimated to 300-400 cm
3
.mole


-1
 in oocytes (Salmon 1975b), but lower estimates were reported for 


elongation of microtubules: 26 and 50 cm
3
.mole


-1 
for 35˚ C and 15˚ C respectively. Since pressures 
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as low as 5-10 MPa were shown to be effective in slowing and modifying ciliary movement in 


Paramecium (Otter & Salmon, 1979; 1985) it was suggested that Ca
2+


 signalling to the motility 


mechanism is compromised. However, a recent study from the same laboratory (Crenshaw & 


Salmon, 1996) revealed that pressure of up to 40 MPa did not change cytosolic [Ca
2+


] of mouse 


fibroblasts. Therefore, Crenshaw et al. (1996) have proposed that in addition to a direct effect of 


pressure on de-polymerisation of microtubules and certain filaments, pressure may impede some 


regulatory mechanism of cytoskeletal organization. A dual effect of pressure was also observed in 


two other ciliary systems. The beat frequency of water propelling sensory cilia in mollusc 


(Hermissenda) statocyst was gradually reduced by 30% when hydrostatically compressed to 40 


MPa. At pressures higher than that, beating completely stopped (Salmon & Grossman personal 


communication). A similar response was observed for mucus transporting cilia in tissue cultures of 


frog (Rana) oesophageal epithelium (Waxman et al 1991). Ciliary arrest was observed at pressures 


higher than 35 MPa. In both cases, complete and fast recovery was attained upon decompression. It 


seems that the first decrease in activity is due to some regulatory process, whereas complete ciliary 


arrest is due to the direct effect of pressure on microtubules assembly.  


 


 Myosin  


 


Myosin and actin are involved in contraction in most eukaryotic cells. The basic form of the myosin 


is a filamentous dimer, whose monomer is a polar molecule composed of ‘tail’ and ‘head’ regions. 


Under special conditions, myosin dimers aggregate through their tail regions to form bipolar ‘thick 


filaments’ of skeletal and cardiac muscle that contain hundreds of dimers. Much shorter and more 


labile filaments composed of only dozens of dimers, are found in smooth muscle fibres and non-


muscle cells. In both types, force is generated when myosin heads interact with specific sites on the 


thin actin filaments, and contraction is associated with filaments sliding against each other. The 


process is triggered by increased cytosolic [Ca
2+


] that induces either phosphorylation of myosin 


heads in smooth muscle and non-muscle cells, or enables hydrolysis of ATP by the myosin head 


(myosin ATPase) in skeletal and cardiac muscles. Surprisingly, myosin filaments remain stable 


even at pressures above 40 MPa in muscles and non-muscle types, probably due to the special tight 


assembly of the filament (Crenshaw et al., 1996). However, pressure does have a significant 


inotropic (positive and negative) effect on muscle contraction and its electrical activity. Since 


contraction is a complex process, other stages may be affected. ΔV for assembly of the actomyosin 


complex and the formation of high affinity cross-bridges is estimated to be approximately 100 


cm
3
.mol


-1
, and would thus be impeded by pressure. In addition, myosin ATPase activity is inhibited 


by pressure, as is the response of other ATPases (for review: Hogan & Besch, 1993). Additional 


processes that control free cytosolic [Ca
2+


] such as the sarcoplasmic reticulum (SR) Ca
2+


 ATPase 


pump and plasmalemal Na
+
-Ca


2+
 exchanger activity are impeded by pressure. Consequently, at 


pressure cytosolic [Ca
2+


] is expected to increase (due to the attenuated removal) and activate more 


rigorously muscle contraction (for review see Hogan & Besch, 1993). 


 


There is no information about pressure effects on the other known families of motor proteins, 


dynein and kynesin. However, since their structure and function are similar to that of myosin, it is 


reasonable to assume that they will respond to high pressure exposure in a similar manner. 


 


 Intermediate filaments: Vinculin, Talin, Vimentin, Cytokeratin  


 


These tough, stable filaments serve as mechanical support in all cell types. Their 8-10 μm diameter 


is intermediate: larger than the thin actin filaments and smaller than the microtubules filaments. 


They form rope-like strands usually of subunits consisted of triplets of coiled-coil polypeptides that 


vary greatly in size and amino acid sequence in different cells: these include neurofilaments in 
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neurons, cytokeratin filaments in epithelial cells, vimentin in fibroblast and glial cells and vinculin 


and talin in various types of cells. Under cellular conditions the assembly of intermediate filaments 


is irreversible and their disassembly requires destruction by specific proteases. However, Crenshaw 


et al. (1996) found that cytokeratin and vimentin filaments in HeLa cells exhibited a dramatic 


disruption at pressure above 20 MPa. In contrast, vimentin in rat osteosarcoma cells were not 


affected at pressures up to 40 MPa. Vinculin and talin filaments that are usually found in focal 


contact between the rat osteosarcoma cells, were absent in rounded cells at 40 MPa and were 


reduced in cells that remained flattened. 


 


In summary, most cytoskeletal filaments are relatively stable at pressure. Usually pressures greater 


than 30 MPa and sometimes much greater are needed in order to directly disassemble the polymers. 


However lower pressures seem effective in impeding some regulatory mechanisms such as 


phosphorylation that determine cytoskeleton organization. Disruption of cytoskeletal elements 


occurs at pressure much higher than that reported to change ion channel function. However, if some 


of the cytoskeletal regulatory mechanisms are affected, reductions in filament cellular functions 


such as motility, contraction, adhesion, division, and morphology may be expected also at lower 


pressures.  


 


Conclusion 


 


To understand how pressure affects biological processes is an enormous scientific challenge. Unlike 


a chemical, pressure acts instantaneously and throughout the organism. Although this means that 


the confounding problems of pharmacokinetics and metabolism are not an issue, in principle every 


chemical reaction contributing to the continued existence of the organism is a potential target. 


 


It appears that the biological range of pressures, from atmospheric to 100 MPa, should be divided 


into two. A range that can be tolerated, to various degrees, by organisms that normally live at, or 


close to, atmospheric pressure (up to 40 MPa) and an upper range (from 40 to 100 MPa) inhabited 


by organisms adapted to life at pressure. Pressures above 40 MPa can have profound effects on the 


molecular structure and hence function of many proteins, including cytoskeletal elements. To 


understand the adaptations that enable bacteria, invertebrates and some vertebrates to exist at 


extreme pressures will require careful analysis of the structural modifications to proteins that have 


occurred during the evolutionary process. 


 


At the molecular level, pressures up to 40 MPa have little effect on enzyme function directly but 


may affect the phospholipid environment leading to indirect changes. It should be noted that many 


effects depend not only on the exposure pressure but also on the time of exposure. This suggests 


that these effects may play a central role in the adaptation or acclimatisation to pressure. 


Transporter proteins (for ionic species and amino acids) resemble enzymes in that their function is 


most likely to be modified by pressure affecting their environment. Cytoskeletal filaments are 


relatively stabile at pressure but pressure can impede some regulatory mechanisms (e.g. 


phosphorylation) that determine cytoskeleton organization. Voltage-regulated membrane bound ion 


channels are in the main quite resistant to pressure. Interesting exceptions are a few types of K
+
 


channels, which are enhanced, and N-type Ca
2+


 channels, which are depressed at pressure. Thus 


synapses using the latter channels may be more vulnerable to pressure exposure than others. 


Ionotropic receptor proteins that regulate fast chemical neurotransmission are obvious candidate 


targets for pressure effects. However, of the structurally related Cys-loop family of receptors only 


the glycine receptor, responsible for mediating inhibitory neurotransmission, is significantly 


affected (inhibited). The other principal family of receptors, the glutamate receptors, also show very 


selective pressure sensitivity. Only one of the four variants of the NMDA-sensitive glutamate 
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receptor is sensitive to pressure (potentiated) and the non-NMDA glutamate receptors are not 


affected by pressure.  


 


Given the range of targets for modification by pressure much remains to be done before a 


comprehensive understanding of the effect of pressure on biological systems can be claimed. Indeed 


the existence of life at great ocean depths indicates the necessity for general adaptive mechanisms, 


especially of the nervous system. Finally, the prodigious diving depths achieved by the toothed 


whales and seals, which lie far beyond the abilities of other vertebrates, calls for special attention. It 


suggests that a programme to reveal the genes responsible for selected key proteins, or more 


ambitiously to decode their genome and compare it with ours and that of other mammals, might be 


the way forward. 
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Pressure Effects on Mammalian
Central Nervous System


Yoram Grossman, Ben Aviner and Amir Mor


INTRODUCTION


Pressure represents a fundamental thermodynamic state variable and, as
such, changes induced by pressure reflect alterations in reaction rates or
equilibria. High pressure (HP) is expected to universally affect molecules
such as membrane phospholipids and proteins such as enzymes,
transporters, ionic channels, cytoskeleton, etc. (for review see Daniels and
Grossman, 2003, and dedicated chapters in this  book). Therefore, molecular
‘resistance’ to pressure is one of the most important factors determining
animals’ adaptation to deep-sea dwelling as well as to deep diving. Recent
studies, however, suggest that pressure effects are not uniform and may be
selective. Pressure is expected  to have slow reaction when increased volume
is associated with the activated state of the molecule or the product of the
reaction. It is expected to facilitate the process if the opposite is occurring.
Thus, the consequent physiological effects are complex and dependent on
many ‘pressure sensitive’ molecules in various cells.  One of the most striking
effects of pressure is on the nervous system. Exposure to HP is associated
with the development of the high pressure neurological syndrome (HPNS)
in humans and animals. HPNS signs and symptoms include  malfunction
of the autonomous nervous system, reduction of cognitive functions,
decreased motor coordination, sleep disorders, and EEG changes. At greater
pressures (deeper diving), serious signs such as tremors, convulsions and
seizures leading to death may occur (see Chapter 20 in this  book).


Therefore, in the present chapter, we shall review mainly HP effects in
the physiological range of 0.1–10.1 MPa (1–100 ATA) on mammalian central
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nervous system (CNS). We shall attempt to reveal the associated cellular
and circuit mechanisms in isolated CNS spinal cord and medulla, brain
slices from various regions of the brain, and CNS synaptosomes. In some
cases, we will refer to key data obtained from invertebrate preparations by
using experimental methods that can not be implemented in CNS
experiments at pressure.


NEURONAL MEMBRANE PROPERTIES


The effects of pressure on individual ion channels (see Chapter 7 in this
book) can account for many of the pressure effects on neuronal activity
described in this section. Several earlier review articles deal with pressure
effects on passive and active properties of excitable cells: Wann and
Macdonald (1980); Macdonald (1982); Halsey (1982); Kendig et al. (1993);
Hogan and Besch (1993); and Daniels and Grossman (2003).


In order to measure the electrical properties of neurons such as
membrane resting potential (VRP), membrane resistance (Rm) that can be
calculated from the experimentally measured input resistance (Rin), and
action potential (AP), intracellular recordings must be made. Due to the
technical difficulties involved, these data are limited in invertebrate
preparations and rare in mammalian CNS. Early reports indicated no change
of VRP and small increase in Rin in squid giant axon (Spyropoulos, 1957a),
while lobster axon VRP was depolarized with some increase of Rin (Grossman
and Kendig, 1984), probably due to the pressure depression of electrogenic
Na+–K+ ATPase activity. In molluscan neurons depolarization was also
observed, but accompanied by a decrease in Rin (Wann et al., 1979).


Only few studies have reported pressure effects on vertebrate neurons
recorded intracellularly. There were no significant differences between mean
values obtained for VRP and Rin for two populations of rat CA1 hippocampal
pyramidal neurons at atmospheric pressure and pressures up to 10 MPa
(Southan and Wann, 1996). In contrast, Dean and Mulkey (2000) have
reported that 38% of neurons sampled in the rat medulla solitary complex
reversibly responded upon helium compression to as low as 0.3 MPa with
1–3 mV depolarization and 16% increase of Rin. This is probably an
exceptionally pressure sensitive cell population, since the rest of the cells
were not affected.


It is probable that pressure effect on mammalian CNS neurons electrical
properties will differ from cell to cell due to differences in membrane channel
populations, and the extent to which VRP depends on the activity of Na+–K+


electrogenic pump. A small depolarization may increase excitability by
bringing a cell closer to the threshold for impulse initiation, but may partially
inactivate sodium channels with its consequent effects on AP.
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ACTION POTENTIALS


Single response


Alteration of channel kinetics by pressure will produce changes in a single
AP shape, amplitude, duration, and conduction velocity. Remarkably, early
investigation of isolated myelinated frog nerve (Grundfest and Cattell, 1935;
Grundfest, 1936; Spyropoulos, 1957a, b) at hydrostatic pressure revealed
slower conduction velocity, an increase in duration of the extracellularly
recorded electrical signal, and a lengthening of the refractory period.
Intracellular recordings (which are not feasible in CNS axons) in squid
giant axon (Shrivastav et al., 1981), lobster axons (Grossman and Kendig,
1984; Grossman et al., 1986) and molluscan cell bodies (Wann et al., 1979)
revealed that various axon populations might respond differently to pressure.
Yet, in most preparations, pressure (at steady state) slowed the kinetics,
slightly reduced the amplitude and decreased the conduction velocity of
the AP. These alterations mirror accompanying changes in peak sodium
current amplitude. These studies also likened the effect of pressure to reduced
temperature. These findings were corroborated by later studies in several
lobster neuromuscular synapses in which extracellular macropatch current
recordings were performed from the presynaptic axon terminals (Grossman
et al., 1991a; Golan et al., 1994, 1995, 1996).  The small diameter terminals
seem to be more sensitive to pressure since amplitude reduction in many of
the synaptic sites could reach 30%.


For many years the information on neuronal activity of mammalian
brain was obtained by extracellular field potentials recorded either in vivo
from rodents’ brain or in vitro from isolated rat brain structures or slices.
This type of field potential recording reflects the activity of populations of
neurons, axons, and synapses. Studies by Fagni et al. (1987a, b), Zinebi et al.
(1988a, b), Talpalar and Grossman (1995, 2003, 2004), and Southan and
Wann (1996) have demonstrated that orthodromic population spike that is
evoked by synaptic mechanism may be reduced by various degrees.
However, antidromic population spike that is induced by direct stimulation
of the axons is usually only slightly changed. Etzion and Grossman (1999)
succeeded for the first time in recording at pressure single Purkinge cell
activity in guinea pig cerebellar brain slices. In these cells, the somatic Na+


AP current was not affected by pressure, the dendritic Ca2+ spike current
amplitude was only slightly reduced, but its kinetics was slowed by 15%.
Another study (Etzion and Grossman, 2000) has shown that the parallel
fibers presynaptic volley, that reflects the AP (mostly Na+ current) of a
population of axonal terminals, is reduced by 25% at 10.1 MPa. In contrast,
Mor and Grossman (2006) have reported only a tendency for a slight
reduction in amplitude of the presynaptic volley of the Schaefer collaterals
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in the hippocampal CA1 area, although without statistical significance.
Intracellular recordings from mammalian neurons revealed that neither low
hyperbaric pressure (Dean and Mulkey, 2000) nor high pressure (Southan
and Wann, 1996) significantly affect the kinetics of Na+ AP. However,
pressure did reduce the K+-conductance dependent after hyperpolarization
(AHP) of the spikes. This modulation should affect the firing pattern of the
cells (see below).


Finally, few studies on nerve conduction in humans have been
performed during simulated dives to 450m (Grapperon et al., 1988) and
360m (Todnem et al., 1989) in dry pressure chambers. Both studies reported
reduced conduction velocity for fast sensory axons and increased delay at
the distal part of the motor nerves.


Patterns of action potential activity


Several patterns of AP activity have been tested under pressure conditions:
branch point failure, spontaneous repetitive firing, and rhythmic
(pacemaker) activity. The lobster axon used in the aforementioned studies
has the interesting property of failing at its branch point during short trains
of action potentials at physiological high frequencies (Grossman et al., 1979a,
b). This low safety factor conduction is probably an important feature of
distal dendrites and terminal brunching. Pressure at steady state impaired
conduction through the branch point (Grossman and Kendig, 1986, 1987).


Mammalian CNS axons normally do not fire repetitively at pressure.
However, a small portion of axons in crustacean (Kendig et al., 1978), squid
(Spyropoulos, 1957a) and vertebrate peripheral nerve (Grundfest, 1936;
Grundfest and Cattell, 1935) responded with spontaneous impulse
generation or repetitive activity in response to single stimulus at 10–40 MPa
pressures range.


Many CNS neurons exhibit variable oscillatory or pacemaker activity.
Autorhythmic respiratory-drive frequency, recorded extracellularly in the
cervical spinal ventral roots in isolated newborn rat brainstem-spinal cord
preparation, was reduced at 10.1 MPa (Tarasiuk and Grossman, 1991). In
contrast, in this preparation, pressure also induced an opposite response:
increased spontaneous, stimulus-induced, or respiratory drive associated
tremor-like activity in lumbar and cervical ventral roots motor neurons
(Tarasiuk and Grossman, 1990). Moreover, Dean and Mulkey (2000) have
shown that  highly barosensitive neurons in the rat medulla increased their
sustained firing rate at 0.3 MPa. In guinea pig cerebellar Purkinje cells
(Etzion and Grossman, 1999) HP effects are complex. Pressure differentially
altered the pattern of dendritic Ca2+ APs activity, but did not affect the
spontaneous somatic Na+ spikes. Pressure prolonged the active period of
spike firing by 52%, but had no effect on the quiescent period of the cycle.
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Furthermore, within the active period, pressure reduced the mean firing
rate by 65% and suppressed the development of typical firing of spike
doublets. These changes are probably the result of pressure modulation of
voltage and [Ca2+]i-dependent K+ currents that underlie spike AHP and
pacemakers activity. The changes indicate reduced excitability of the
dendrites. In studies of rat hippocampal dentate gyrus axons (Talpalar and
Grossman, 2003, 2004) HP did not affect the frequency response of the axons
to direct stimulation. In contrast,  the recent study of  hippocampal CA1
pyramidal neurons (Mor and Grossman, 2007a) showed reduced capability
of the neurons to produced Na+ population spikes following repetitive
synaptic activation under conditions of NMDAR activity alone.


In summary, pressure usually slightly increases Rin and depolarizes
neuronal membrane. Notable changes in VRP are observed in those neurons
in which electrogenic Na+-K+ ATPase activity contributes considerably to
the VRP. Pressure slightly reduces the amplitude of both Na+ and Ca2+ APs in
axons; nonetheless, the effect is quite prominent in axonal terminals. The
most predominant pressure effect is the reduced kinetics of the AP which
consequently decreases conduction velocity and frequency response.
Pressure modulation of various K+ channel types, that usually underlie
spike AHP and pacemaker activity, probably determine the tendency to fire
either spontaneous or evoked trains of APs at a particular frequency or
specific pattern. These modifications,  while not ‘dramatic’, will probably
disturb normal CNS synaptic transmission (see below), impair time and
event detection, and modify neuronal and circuit rhythmic activity.


EXCITATORY SYNAPTIC ACTIVITY


It is conceivable that both HPNS motor hyperexcitability and cognitive
impairments are the consequence of disturbance in network synaptic activity.
We will describe  only pressure effects on chemical synapses since electrical
synapses have not been studied at pressure. The normal CNS activity is
based on well-coordinated and well-balanced interactions between
excitatory and inhibitory (see below) synaptic pathways. The most common
excitatory transmitter in the CNS is glutamate. However, several different
postsynaptic receptors are mediating glutamate transmission: �-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate, quisqalate, and
N-methyl-D-aspartate (NMDA) sensitive receptors. They all gate cation
channel for Na+, K+, and Ca2+, but NMDA receptor (NMDAR) has relatively
much higher conductance of Ca2+ (about 11% of the current is carried by Ca2+).


In the 1980s, with the limited cellular methods for CNS studies, a large
body of work was carried out on  the behavior of animals, testing their
sensitivity to HP (threshold for tremor and seizure, HPNS) using
pharmacological antagonists or sometimes agonists of the specific receptors.
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Selective and non-competitive antagonists at non-NMDARs show both
species and effect-specific actions. While some types have no effect against
pressure in the rat (Wardley-Smith and Meldrum, 1984), others may be
effective against tremor but not against seizures (Wardley-Smith et al., 1987),
or effective against both symptoms (Pearce et al., 1994).


Initial experiments using the NMDAR antagonists (Meldrum et al., 1983)
or competitive antagonists (Wardley-Smith and Meldrum ,1984; Wardley-
Smith et al., 1987; Pearce et al., 1991, 1993) demonstrated various degrees of
protection against  hyperexcitability, tremors, and seizures caused by HP.
Non-competitive NMDAR antagonists exhibited species and drug
dependent effects. For example, ketamine is effective against all aspects of
HPNS in the rat (Angel et al., 1984), while MK801 has no effect in the rat
(Wardley-Smith and Wann, 1989), but gives some protection in the baboon
(Pearce et al., 1990). It is conceivable that the differences between species, as
well as in drug potency, may arise from different NMDAR subtypes  existing
in various animals (for details see Daniels and Grossman, 2003, and  Chapter
7 in this  book).


Glutamatergic AMPA synapses


Single response


All AMPA receptors (AMPAR) single field excitatory post synaptic potentials
(fEPSP) tested so far in mammalian brain, as well as those at crustacean
neuromuscular junction (see rev. Daniels and Grossman, 2003), are
depressed and their kinetics is slowed at HP. This was demonstrated in
brain slices preparations of rat hippocampal Shaefer collaterals synapse on
CA1 pyramidal cells (Fagni et al., 1987a), guinea pig cerebellar parallel
fibers (PF, Etzion and Grossman, 2000) and climbing fibers (CF, Etzion et al.,
2008) synapses on Purkinje cells, and rat dentate gyrus medial perforant
path synapse on granule cells (PP, Talpalar and Grossman, 2003, 2004). The
most significant HP effects are the decrease of fEPSP amplitude, reduction
of its initial slope, prolongation of decay time, and increase of synaptic
delay. Although fEPSPs were depressed, the ability of the neurons to produce
population spikes either remained stable (Talpalar and Grossman, 2004) or
even enhanced (Fagni et al., 1987a). These indicate an increased gain of the
system despite the severe 50% depression of the synaptic input to the cells.
A similar effect was observed in isolated newborn rat medulla- spinal cord
preparation. Synaptic responses were not studied directly in these models.
However, in addition to increased excitability of the motorneurons (Angel
and Halsey, 1987; Tarasiuk and Grossman, 1990), HP of 10.1 MPa slowed
the kinetics but did not affect the amplitude of spinal monosynaptic reflex
and even increased by 30% various polysynaptic reflexes (Tarasiuk and
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Grossman, 1989; Tarasiuk et al., 1992). The reflexes’ electrical responses
recorded from cut ends of spinal ventral roots reflect a compound action
potential (not synaptic potentials) elicited in the motorneurons pool and/
or population of medullar neurons as a result of reduced synaptic inputs.
Thus, they also demonstrated increased gain of the system. Possible
explanations for this unique phenomenon could be the involvement of
NMDAR, reduced circuit inhibition, and possible boosting of the signal
along the neuron dendrites by Ca2+ channels activity (see below).


Frequency modulation


Synaptic plasticity as a function of activity is a fundamental feature of
chemical synapses. HP alters the short term frequency response of the
synapses. Pressure affects even the simple paired pulse modulation. HP
reduces paired pulse depression (PPD) normally observed at short (< 20
ms) inter stimulus intervals (ISI), but increases paired pulse facilitation
(PPF) normally observed at longer ISIs, in the dentate gyrus PP synapses
(Talpalar and Grossman, 2003, 2004,). A qualitatively similar effect was
observed in cerebellar PF synapses, but surprisingly, HP did not affect a
general PPD in the cerebellar CF, a saturated-release type synapse (Etzion
et al., 2008). In contrast to invertebrate synapses (see rev. Daniels and
Grossman, 2003), frequency-dependent synaptic response for trains (5–10
stimuli) of AMPAR fEPSPs are bimodally modulated by HP. Normally, the
second fEPSP is facilitated and the rest of the responses in the train are
progressively depressed. HP enhanced this frequency dependent depression
(FDD) at 50 Hz, while at 20 Hz the FDD was maintained. However, when
the synaptic gain of the system (as above) was tested by evoking population
spikes in the cells following a paired pulse protocol and short trains of
stimuli, the picture changed. Despite the depression of single fEPSP, and in
accordance with increased PPF, the gain of the system remained unchanged
at HP for paired pulses. Population spike generation during 25 Hz train
stimulation was conserved at pressure. However, at 50 Hz HP induced
additional spikes per stimulus, indicating disruption of the regular low-
pass filter properties of this dentate gyrus network (Talpalar and Grossman,
2004, 2005).


Presynaptic mechanism


HP suppression of evoked synaptic AMPA transmission is effected mainly
by presynaptic mechanisms. Fagni and his colleagues (Fagni et al., 1987a, b;
Zinebi et al., 1988a, 1990) examined in the hippocampal CA1 region the
efficacy of various excitatory neurotransmitters that were perfused in the
bath, in reducing fEPSP and population AP under normobaric and
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hyperbaric conditions. HP had no significant effect on the capacity of various
agonists of the non-NMDA glutamate-like receptors such as of L-glutamate,
quisqualate, L-aspartate, kainate, and D-homocysteate, in modulating the
responses. Further support to the notion that AMPAR seems to be insensitive
to pressure comes from direct tests of the receptors expressed in oocytes (see
Chapter 7 in this  book). The best way to demonstrate the physiological
presynaptic effect is a detailed statistical quantal analysis of the release
process. Such analysis at HP has been performed only in crustacean
neuromuscular glutamatergic synapses (Golan et al., 1994, 1995, 1996).
However, indirect studies suggest that the presynaptic mechanisms affected
by HP in the CNS are similar to those of crustaceans. These include decreased
quantal content (m), small variable change in probability of release (p), and
reduction in the number of the release sites (n). Reduction in n is interpreted
in the CNS synapses as a diminution of the readily releasable pool of vesicles
(Talpalar and Grossman, unpublished data). All these parameter changes
attest to presynaptic site of action. In contrast, HP has no effect on the quantal
size (q), namely the unitary response to transmitter released from a single
vesicle. This indicates lack of effect on the post synaptic receptor’s response.


Previous experiments on synaptosomes prepared from rodents CNS
tissue also support the notion of presynaptic effects of pressure.
Synapto-some is a sealed broken nerve terminal, presumably containing
the whole transmitter release apparatus, but without a postsynaptic
component. The synaptosomes were preloaded with radioactive-labeled
neurotransmitter, washed, and then the Ca2+-dependent release caused by
steady depolariza-tion of the membrane (effected by increased [K+]o) was
monitored. HP (6.9 MPa) suppressed release of the glutamate, but did not
affect release of similar less abundant aspartate (Gilman et al., 1986a). The
major pressure effect was slowing of the release during the first minute or
two after stimula-tion, and in some cases, a moderate reduction in the
maximal release. The technique used in these experiments can only measure
transmitter release on a time scale of minutes or few seconds, which is
considerably slower than the actual milliseconds time course of normal
synaptic trans-mission; however, within this limitation, they demonstrate a
large pre-synaptic effect of ambient pressure.


Exocytosis per se, i.e. the fusion of vesicles with the plasma membrane of
the nerve terminals, could play a role in the pressure sensitivity of fast
synaptic transmission. This question was addressed by Heinemann et al.
(1987a) who studied degranulation (secretion) of bovine adrenal cells and
peritoneal rat mast cells. Cells were stimulated by dialysis of 1 µM free
calcium or 40 µM GTP �-S (an intracellular second messenger) via a patch
pipette, and the change in cells membrane capacity as an indicator for
vesicles fusion was monitored by voltage clamp techniques. Even modest
pressures caused an appreci-able decrease in the rate of exocytosis in these
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non-neuronal cells. The sensitivity to pressure is 4–5 times greater than that
of synaptic transmission (estimated by calculation of activation volumes).
Since Ca2+ influx is bypassed by this method, the results show that pressure
interferes also with the exocytosis itself. However, the high sensitivity of the
slow exocytosis may not directly reflect on the fast synaptic signaling,
but since such a mechanism is ubiquitous in neurohormonal and
neuromodulator secretion, it is postulated that pressure would have some
long term modulatory effects on brain function. Yet some of the exocytosis
intermediate steps may determine the frequency response of the fast synapses
(as above).


Ca2+ and presynaptic release


Synaptic release is a multi-step mechanism. The first crucial stage is
increased Ca2+ influx and elevation of cytosolic Ca2+ concentration at the
nerve terminal following membrane depolarization by the invading AP.
The subsequent step is fusion of docked vesicles with the terminal plasma
membrane which ends in evoked release. In parallel, Ca2+ entry activates
mobilization processes that detach vesicles from their reserve pool,
translocate them to the readily releasable pool and prime them at the
releasing sites. Many previous experiments on invertebrate preparations,
including use of theoretical models (Grossman and Kendig, 1990) and
quantal analysis under reduced [Ca2+]o conditions (Golan et al., 1994, 1995,
1996) revealed striking similarity to HP in parameters change. This strongly
indicates that reduced Ca2+ entry into the presynaptic terminals during the
action potential is the major cause for depressed evoked synaptic
transmission. While reduced [Ca2+]o mimicked HP depression, increased
[Ca2+]o could antagonize HP depression in these experiments, both
supporting this model. Indeed, HP also impeded depolarization–induced
influx of Ca2+ into CNS guinea pig cerebrocortical synaptosomes through
unidentified channels (Gilman et al., 1986b). In contrast, HP did not change
the Ca2+ flux through artificial Ca2+ ionophore (A 23187) inserted into these
synaptosomes (Gilman et al., 1991). Furthermore, HP effects on single and
paired responses in the CNS are consistent with the above mechanism.
However, in vertebrate (Grossman et al., 1991b) and especially in mammalian
CNS the release processes are more complicated, since the terminals usually
contain more than one type of Ca2+ channels (Takahashi and Momiyama,
1993) that may be differentially affected by HP (Aviner and Grossman, 2008,
and unpublished data), and the frequency response may be nonlinear and
biphasic (as mentioned above). HP affects the presynaptic terminals probably
by impeding Ca2+ influx through a combination of voltage gated Ca2+


channels (Talpalar and Grossman, 2003). However, the most pressure
sensitive Ca2+ channel is the N-type, as demonstrated in frog neuromuscular
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terminals (Grossman et al., 1991b), indicated for lobster neuromuscular
synapse (Grossman et al., 1991a) and suggested for cerebellar CF synapse
(Etzion and Grossman, 2000).


Experiments on modification of [Ca2+]o in CNS synapses were similar to
invertebrate results with respect to single responses, but varied by frequency
response of different CNS synapses. In the dentate gyrus PP synapse, reduced
[Ca2+]o to half of its normal value (1mM) increased PPF to a greater extent
than HP (10.1 MPa) at normal [Ca2+]o . This reduced [Ca2+]o  unlike pressure
turned FDD into a frequency dependent potentiation (Talpalar and Grossman
2003). Increased [Ca2+]o (4–6 mM) at atmospheric pressure, saturated single
fEPSP and increased FDD in response to short trains at 50 Hz. Increasing
[Ca2+]o to 4 mM at HP saturated synaptic release at a subnormal level (only
20% recovery of a single fEPSP), but enhanced FDD with an efficacy similar
to that at atmospheric pressure. Analysis of the normalized fractions of
release during the train and the consequent ‘probability’ of release revealed
that HP may depress synaptic frequency response by reducing the size of
the readily releasable pool of synaptic vesicles (Talpalar and Grossman
unpublished data). In the cerebellar PF synapse, low [Ca2+]o, as well as N-
type and N+P/Q –type Ca2+ channel blockers that reduce presynaptic Ca2+


entry, inhibit the single synaptic response to a similar extent as HP (Etzion
and Grossman, 2000). These treatments significantly increased the PPF (118–
125 %), but only at 20 ms ISI, whereas pressure effect was for a longer ISIs as
well (Etzion et al., 2008). In the cerebellar CF synapse, low [Ca2+]o (0.5 –1
mM) mimicked HP effect on the single response, but reduced also the PPD,
while HP did not affect PPD. Doubling the level of [Ca2+]o (4 mM) could not
antagonize the depression of the response at HP. Further increase of [Ca2+]o
to 6 mM could slightly antagonize the effect of pressure on the amplitude of
the first fEPSP, but it was accompanied by increased PPD.


In summary, HP depresses the response of all glutamatergic excitatory
AMPAR-dependent synapses tested so far. The depression is primarily of
presynaptic origin, i.e. reduced released quanta of transmitter and increased
synaptic delay. Evidence on the role of [Ca2+]o in single fEPSPs and very few
Ca2+ current  measurements strongly indicate that pressure impedes Ca2+


entry into the presynaptic terminals. Recent studies in the cerebellum suggest
that pressure effects on various voltage gated Ca2+ channels may be selective;
the prevalence of N-type in the terminals seems to correlate with pressure
vulnerability. However, during repetitive activation such as paired pulse
and frequency modulations, HP probably interferes with additional
mechanisms other than Ca2+ entry that are involved with the cascade of
synaptic release. Yet, frequency potentiation at pressure may partially
compensate for the depression of single response. The extent at which HP
will affect a particular synapse is dependent on its set-point release operation
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(with regard to saturation), the type of Ca2+ channels associated with the
release, and its frequency response characteristics.


Exocytosis itself may not play a major role in fast transmission (during
which vesicles and terminal membranes fusion does occur), however it
certainly is depressed in slow secretion of neuromodulators and
neurohormons.


It is conceivable that the large depression in excitatory synaptic activity
will cause functional difficulties for any neuronal circuit. However, it can
not explain the hyperexcitability and epileptogenesis observed at HPNS.


Glutamatergic NMDA synapse


In early studies in brain slices, Fagni and his colleagues (Fagni et al., 1987a, b;
Zinebi et al., 1988a, 1990) examined in the hippocampal CA1 region the
efficacy of various excitatory neurotransmitters and agonists that were
perfused in the bath, in reducing fEPSP and  population AP under at HP (as
above). Whereas HP had no significant effect on the non-NMDA responses,
it greatly increased NMDA and L-homocysteate efficacy. This indicates that
pressure increases, rather than decreases, the activity of the latter two amino
acids receptors. This intriguing result was confirmed by direct
measurements of the current of NMDAR from rat cerebellum expressed in
Xenopus laevis oocytes (see Chapter 7 in this volume). Recently, Mor and
Grossman (2008) have shown that this increase may be selective for specific
combination of the NMDAR NR1-NR2 subunits. Mor and Grossman (2006,
2007a) have also succeeded in isolating the responses of NMDAR in Shaefer
collaterals synapses onto the pyramidal cells in rat hippocampal CA1 brain
slices by blocking AMPA and GABAA neurotransmission and removing
Mg2+ from the physiological solution (in order to enable receptor opening
without prior depolarization of the AMPAR). These are the only available
studies on NMDAR fEPSPs under HP conditions, the data of which are
described below.


Since NMDARs are usually co-localized postsynaptically with AMPARs
in neuronal synapses, they are exposed to glutamate released by the same
presynaptic mechanism. Therefore a special paragraph on release is absent
from this NMDAR description.


Single response


The single fEPSP of NMDAR is enhanced by HP and its kinetics is greatly
slowed down.  HP (10.1 MPa) increased synaptic delay by 16% and maximal
initial slope by  of single fEPSP by 80% and its time integral by 250%! This
implies a great increase in the total charge influx which is carried by Na+


and a significant portion of Ca2+. Such abnormal elevation of postsynaptic
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(dendritic) influx of Ca2+ may trigger known cytotoxic processes that could
facilitate neuronal death (Lynch and Guttmann, 2002).


Additional findings demonstrate that HP greatly reduces the sensitivity
of the fEPSP to [Mg2+]o, its natural ion-channel blocker, and to 2-amino-5-
phosphonovaleric acid (AP-5), a pharmacological blocking agent (Mor and
Grossman, 2007b). These important observations strongly indicate that HP
causes conformational changes in the NMDAR.


Frequency modulation


HP decreased PPF (slope measurements) by 29% and 36% at 10–20 ms ISIs
(50–100 Hz) and 40 ms ISIs (25 Hz) respectively. However, the results were
not statistically significant due to increased variability of the second
responses for an unknown reason. However, trend analysis revealed that
PPF at high pressure was always smaller than the control values for each
experiment. This is in accord with the increase in single response at high
pressure. Frequency response was tested by trains of five fEPSPs at low
frequency (25 Hz) and high frequency (50–100 Hz). At control pressure, for
25 Hz stimulation, the third, fourth, and fifth fEPSPs were depressed (FDD)
following PPF of the second response. At HP, the first response was
significantly augmented and PPF was reduced (as above), while the FDD
was significantly enhanced. For 50–100 Hz trains, there was a similar
behavior although HP did not affect the FDD. HP did not affect fEPSP train’s
time integral at 100 Hz, but it increased it by 96% at 25 Hz. This means
again approximately two fold increase in Ca2+ influx into the postsynaptic
dendritic tree. It is important to note that in contrast to the PP intact
glutamatergic synapses (as above), in which the synaptic efficacy in
producing population spikes was increased at pressure (gain increase), the
isolated NMDAR response was maintained. In fact not only the delay to the
first spike is reduced, but also the number and frequency of population
spikes induced in each fEPSP and their total number during a train  was
significantly reduced. In summary, increasing evidence indicate that HP
potentiates NMDAR response. However, this increase alone has a complex
effect on the capability of the synapse (deprived of its AMPA component) to
generate population spikes. Despite the increase of a single fEPSP,
consecutive fEPSPs just maintain synaptic efficacy with no gain increase of
the system. Under these conditions there is no indication for major increase
of excitability that is observed in intact hippocampal synapses (see above).
It seems reasonable that the full effect of pressure modulation of the NMDAR
on neuronal excitability would be attained only when the fast AMPAR
component of the synapse is intact. While these findings may suggest partial
explanation for HPNS, the increase of fEPSP time integral which is associated
with excessive influx of Ca2+, may also provide possible molecular basis for
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recent reports concerning long term deleterious health effects on professional
divers associated with saturation dives.


INHIBITORY SYNAPTIC ACTIVITY


The examination of synaptic inhibition at HP is of obvious importance in
order to understand the underlying mechanisms associated with pressure
induced hyperexcitability (i.e. HPNS). As described above, AMPAR
excitatory synaptic input is depressed and despite some PPF can not
contribute to the hyperexcitability. NMDAR response is increased despite
the depression of presynaptic release of glutamate, and therefore may
partially compensate for the impaired AMPAR excitation. Inhibition is an
integral part of any neural circuit. Pressure-induced reduction in inhibitory
processes, concomitantly with some compensation of the excitatory
mechanisms will disrupt the delicate balance between excitation and
inhibition in the CNS and may ultimately cause hyperexcitability.  Since
transmitter release from the presynaptic terminals is believed to be similar
for excitatory and inhibitory synapses, it will not be surprising that HP
similarly depresses inhibition and excitation in model synapses. However,
if an additional effect on receptor activity is exhibited (e.g. NMDAR), pressure
effects could be more complicated.


Several ionic mechanisms may be involved in two major types of known
functional inhibition. In the most common ‘postsynaptic inhibition’, the
excitatory and the inhibitory axons are both synapsing on the dendritic or
somatic membrane of the target neuron, which in turn integrates their EPSPs
and inhibitory postsynapic potentials (IPSPs). In the ‘presynaptic inhibition’,
the inhibitory axons synapse on the excitatory axons prior to their terminals
on the target neuron, and thus may selectively reduce their input by shunting
the AP.��-amino-butyric acid (GABA) in the brain and glycine in the spinal
cord are the most common CNS inhibitory neurotransmitters. Here the HP
effects on the GABA type A receptor (GABAAR) and glycine receptor (GlyR)
will be described, both ionotropic receptors that gate Cl– channel.


As mentioned above for the excitatory neurotransmission, in the 1980s
an immense effort was invested in studying the role of the inhibitory
neurotransmitters in HPNS as well by applying various related drugs
(agonists and antagonists) to behaving  animals (usually rats). Competitive
antagonists of GABAAR (e.g. bicuculline) and GlyR (e.g. strychnine), as well
as drugs that block the chloride channel associated with the receptors (e.g.
picrotoxin) are convulsant in action. They all seem to mimic pressure effects
and thus are reminiscence of HPNS (Bowser-Riley et al., 1988). The GABAAR
also possesses a recognition site for benzodiazepines (e.g. diazepam) which
increase the receptor response and thus are powerful sedatives and
anticonvulsants (i.e. antiepileptic). The benzodiazepines provide some
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protection against the effects of pressure (Halsey and Wardley-Smith, 1981),
although at sedative doses. Prolonging the action of GABA by preventing
its metabolism via inhibition of GABA transaminase (e.g. aminooxyacetic
acid) or blocking its reuptake (e.g. 2, 4-diaminobutyric acid) provides some
protection against pressure effects (Bichard and Little 1984). Increasing
inhibition by administration of GABAAR agonist (e.g. muscimol) has no
effect on the action of pressure on the whole animal. Aromatic propandiol
compounds (e.g. mephenesin), which are known as muscle relaxants, are
most effective against both pressure and strychnine induced convulsions,
but not against GABA antagonists (Bowser-Riley, 1984; Bowser-Riley
et al., 1989). In contrast, the aliphatic propandiol compounds (e.g.
meprobamate) are effective anticonvulsants against GABA antagonists, but
not against strychnine. It seems that the potency of these drugs against
pressure effects was unrelated to their muscle relaxant efficacy. These partial
lists of findings provide a compelling evidence to support a role for glycine
and GABA mediated inhibitory neurotransmission in the etiology of HPNS.


GABAergic synapses


Direct measurement of GABAergic IPSP at HP was carried out only in lobster
neuromuscular synapses (Grossman and Kendig, 1988). The muscle is
innervated by a single glutamatergic excitatory and a single GABAergic
inhibitory motorneuron. Single IPSPs were depressed at HP (10.1 MPa),
concomitantly with 60% reduction in the functional postsynaptic inhibition
(evoked by short train of stimuli to the inhibitor) of the EPSP, which is the
same extent as in the excitatory transmission itself. In a different crustacean
neuromuscular model Golan et al. (1994) have demonstrated that GABAergic
presynaptic inhibition of the excitatory synaptic input is similarly depressed
at HP.  Using spinal cord synaptosomes experiments (see above) Gilman
et al. (1987, 1989a) have demonstrated that GABA release at pressure is
reduced and its kinetics is slowed, similarly to the glutamate release,
supporting again the notion that the major effect of pressure is presynaptic.
This is also corroborated by later findings indicating that GABAAR is
insensitive to pressure (Shelton et al., 1996).


An attempt to indirectly evaluate the degree of GABAergic inhibition
involvement in CNS HP effects was carried out by Zinebi et al. (1988a, b) in
rat hippocampal CA1 region. Antidromic stimulation of the pyramidal cells’
axons evoked recurrent inhibition, which prevented the generation of single-
unit action potential evoked by stimulation of the SC synaptic input to these
neurons. This inhibition became ineffective in an all-or-none fashion at HP.
Similarly GABAergic feed forward inhibition onto these cells was also
decreased. Another attempt to evaluate the contribution of inhibition
mediated by GABAAR at HP was carried out recently in the PP synapse in
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rat dentate gyrus brain slices (Talpalar and Grossman, 2004). Partial
blockade of the GABAAR inhibition with low doze of bicuculline mimicked
pressure effect, i.e. reduction of the frequency dependent attenuation of
population spikes in the granular cells. Both HP and GABAAR blockade
increased the number of population spike generated during a short train of
stimuli at 50 Hz. Furthermore, under effective block of the GABAAR with
higher doze of bicuculline, exposure to HP no longer increased excitability,
but rather decreased it.


Functional inhibition of the MSR in  a newborn rat’s isolated spinal
cord was also examined at HP (Schleifstein-Attias et al., 1994). MSR was
recorded in hemisected spinal cord from severed end of lumbar ventral
roots in response to stimulation of the corresponding dorsal root. Inhibition
was evoked by prior stimulation of an adjacent dorsal root. By modulating
the ISI between the two stimuli and the use of specific blockers, it was
possible to demonstrate a complex time course of this inhibition. It is
composed of an early phase (1–25 ms ISI) that is glycine dependent
postsynaptic inhibition (see below), an intermediate phase (25–200 ms ISI)
that is GABAAR dependent postsynaptic (and possibly also presynaptic)
inhibition, and a late phase (200–1000 ms ISI) that may represent non-
synaptic ‘primary afferent depolarization’ inhibition (Rudomin, 1990;
Hackman and Davidoff, 1991). HP completely abolished the glycinergic
inhibition, reduced the GABAergic inhibition by 68 %, and did not affect the
late phase. In a different experiment a strong inhibition of the MSR was
induced following 1–15 conditioning stimuli applied to the adjacent ventral
root (Schleifstein-Attias and Grossman unpublished data). Using various
ISIs and specific receptor blockers (as above), it was demonstrated that
stimulation of the motoneurons axons evoked a short term recurrent
inhibition (5–300 ms ISI) that was GABAAR, glycine, and acetylcholine
receptor dependent (see below) and also a long lasting inhibition (0.3–100s)
that was probably serotonin dependent (see below). HP reduced the short
term inhibition but had no effect on the long lasting inhibition. It is important
to note that the pressure-induced suppression of the inhibition could be
mimicked under normobaric conditions by reducing [Ca2+]o by 50 % of the
normal concentration. Raising [Ca2+]o by 50 % could compensate for HP
(10.1 MPa) effects.


In summary, HP depresses the GABAAR response of inhibitory synapses
to the same extent as in the AMPAR-dependent synapses. Although strong
direct evidence is missing, it seems conceivable that in the lack of HP effect
on the GABAAR, the depression is primarily of presynaptic origin, i.e. reduced
released quanta of transmitter and increased synaptic delay. Only limited
evidence suggests that reduced GABA release at HP in the CNS is caused by
impaired Ca2+ entry into the presynaptic terminals. The extent at which HP
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will affect a particular inhibitory synapse is probably similar to those
associated with the AMPAR synapses (above).


Glycinergic synapses


Spinal cord synaptosomes experiments have demonstrated (Gilman et al.,
1987; Gilman et al., 1989a) that HP consistently reduced and slowed the
kinetics of glycine release. Indeed, HP completely abolished the very effective
(54%) glycine dependent postsynaptic inhibition of the MSR and greatly
reduced the recurrent inhibition. Furthermore, the test MSR response was
even slightly facilitated by the conditioning pulse at the adjacent dorsal
root (Schleifstein-Attias et al., 1994). Such a complete ‘shut down’ is unusual
compared to other neurotransmitters that usually exhibit 40–60% depression
of the synaptic response at 10.1 MPa HP. A possible explanation could be a
difference in the postsynaptic receptors behavior at HP (see Chapter 7 in
this  book). Rat GlyRs expressed in frog oocytes show no change in the
maximal response, but unlike the GABAAR did demonstrate a significant
increase in the doze-response curve (EC50 increased by 60%) at 10.1 MPa
(Shelton et al., 1993). Thus, postsynaptic reduction in receptor sensitivity
will exacerbate HP suppression and would explain why the GlyR is more
sensitive to pressure than the GABAAR. A recombinant human GlyR has
been also expressed in oocytes, exhibiting an even higher pressure sensitivity
than the one in the rat  (Roberts et al., 1996). Since glycine is an abundant
inhibitory neurotransmitter in the spinal cord, it is of no surprise that one of
the first HPNS symptoms are reduced motor coordination and muscle
tremor.


In summary, the complete blockade of glycine transmission both by pre-
and post synaptic mechanism is responsible for the sensitivity of the spinal
cord to HP induced tremor and convulsions. It is conceivable that the large
depression in AMPAR excitatory synaptic activity is causing functional
difficulties for any neuronal circuit. However, it is the great depression of
the inhibitory synaptic transmission in addition to increased activity of the
NMDAR that brings about the hyperexcitability and epileptogenesis
observed at HPNS.


MODULATORY SYNAPTIC ACTIVITY


Many of the CNS regulatory neurotransmitters are released by presynaptic
mechanisms similar to those of the ‘classical’ excitatory and inhibitory
neurotransmitters (as above), although the release could be slower. However,
unlike the ‘classical’ neurotransmitters, they gate metabotropic receptors
rather than ionotropic receptors. Thus, they do not directly change cellular
ionic conductances or membrane potential. Instead, they bind to receptors
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that are coupled through various G-proteins, which activate intracellular
signaling cascades altering cell function. Early Pharmacological experiments
on whole animals have indicated that pressure may affect monoamines
receptors of dopamine (D1, D2) and serotonin (5-HT1b, 5-HT2c) (Abraini
and Rostain, 1991; Abraini and Fechtali, 1992; Kriem et al., 1996, 1998).
Further experiments suggest (see Chapter 20 in this volume, Bennett and
Rostain, 2003) that HP may decrease the inhibitory actions of D2 receptors
and stimulate the excitatory actions of D1 receptors. Furthermore, since
both D1 and D2 receptors are predominantly expressed in the striatum and
are known to be involved in motor control (e.g. Parkinson’s disease, Gibb,
1992; Fearnley and Lees, 1991), these results do suggest that dopamine
receptors may in part mediate the expression of acute HPNS.


Dopamine activity


As postulated, release of dopamine from synaptosomes preparations is
depressed and slowed at HP (Gilman et al., 1988a; Gilman et al., 1989b).
However, because of the great diversity of the signaling cascades, pressure
effects are much more complicated. For example, D1 receptors stimulate
adenylate cyclase (producing cAMP) and activate the cascade of protein
kinase A. D2 receptors inhibit adenylate cyclase and separately activate
arachidonic acid pathway (for details see Daniels and Grossman Chapter 7
in this  volume). Direct evidence regarding dopamine synaptic activity at
HP in the CNS is not available. However, in recent years a major effort was
carried out in measuring in vivo dopamine (and serotonin) levels in the sub-
cortical brain structures using voltametry (Rostain and Forni, 1995) or
microdialysis (Darbin et al., 1997) methods. Exposure to HP increased the
extracellular concentration of dopamine in rat and monkey striatum in
association with increased locomotion and motor activity (for review see,
Bennett and Rostain, 2003). Similar increase of dopamine has also been
described for the nucleus accumbens, which is associated with emotional
and mental states. The exact mechanism of increased extracellular
concentration of dopamine is not clear. Direct effect on synaptic release is
less likely but can not be ruled out. The possibility of higher synthesis without
any change in degradation or uptake is suggested to occur at pressure
(Bennett and Rostain, 2003). Some of these effects may result from changes
in the network behavior rather than local changes. The general reduction of
tonic network inhibition on the nigrostiatal and mesolimbic pathways, a
reasonable outcome of the pressure induced depression of inhibitory
processes (mentioned above), could facilitate release. As suggested above, a
different role of D1 and D2 receptors is also postulated.
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Serotonin activity


As postulated, release of serotonin (5-hidroxytriptamine, 5-HT) as well as
norepinephrine from synaptosomes preparations is reduced and slowed
under hyperbaric conditions (Gilman et al., 1988b; Gilman et al., 1989b). 5-
HT1b receptors function through similar cascade as in D2 receptors.
However 5-HT2C receptors activate phospholipase C, leading to the release
of intracellular Ca2+ and protein kinase C activation. Further experiments in
Xenopus oocytes (Daniels, unpublished data) suggested that pressure directly
modulates the 5-HT2C receptors responses, whereas pressure effects on the
5-HT1b receptors appears to be mediated by up regulation of the cascade
components.


In addition to the pharmacological studies, in recent years
measurements of serotonin levels in the sub-cortical brain structures using
voltametry and microdialysis were performed in vivo (as mentioned above
for dopamine). Exposure to HP increased the extracellular concentration of
serotonin in rat and monkey striatum and nucleus accumbens. It is
suggested that pressure increases serotonin release by disinhibition of
GABAergic post synaptic inhibition of the neurons via 5HT2A receptors.
However, an opposite effect of reduction in release of serotonin may be
mediated by another 5HT2C presynaptic autoreceptors (Bennett and Rostain,
2003).


In summary, dopaminergic and serotonergic systems are involved in
pressure induced motor, locomotion, and possibly mental disorders (HPNS).
The most prominent effect of pressure on the monoamines is elevation of
their extracellular concentration in critical regions of the brain. However,
the mechanism underlying this increase is unclear. Furthermore, this
increase affects the receptors and their downstream signaling cascade in a
very complicated and diverse mode. Thus, depending on the local pathways,
pressure effects on any monoaminergic network could be differential,
antagonistic, complementary, or even synergistic. The consequences of these
changes are dependent on the network neurological task and the amount of
control exerted by neighboring brain centers.


Acetylcholine activity


Cholinergic processes have a well established modulatory role in arousal
and motor activity (Jones, 2004) as well as in various cognitive processes
(Perry et al., 1999; Saar et al., 2007). However, centrally acting antagonists at
muscarinic acetylcholine receptors (mAChR) (e.g. atropine) or nicotinic
acetylcholine receptors (nAChR) (e.g. mecamylamine) do not affect the
development of hyperexcitability at pressure (Wardley-Smith et al., 1984).
The nAChR (abundant in the vertebrates neuromuscular junction) is not
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sensitive to pressure (Heinemann et al., 1987b;  for review see Chapter 7 in
this  book). However, studies in neuromuscular junction of frog (Ashford
et al., 1982) and invertebrate central cholinergic synapses (Wann and
Macdonald, 1980) indicate that HP slows the kinetics of the response and
reduces spontaneous release of miniature EPSPs. Since the vertebrates
(mammalian) motorneurons are cholinergic, acetylcholine is involved in
various spinal inhibitory pathways that are activated by the motorneurons
themselves. Pathways such as recurrent inhibition, Renshaw cells inhibition,
and contralateral inhibition that involve activation of interneurons by the
motorneurons are conceivably inhibited by HP partially because of reduced
release of acetylcholine (Schleifstein-Attias and Grossman unpublished
data). For similar reasoning depressed acetylcholine release may  undermine
impairment of cognitive functions at pressure.


SUMMARY


Presence of pressure sensitive molecules, especially ionic channels and
receptors, in particular neurons and their localization in sub-cellular
structures such as soma, axon or dendrites will all concert the response of
each cell to pressure exposure. Furthermore on network levels, the incidence
of affected neurons in the specific excitatory, inhibitory or modulatory
network, the operating set-point of each synapse with regard to saturation
that affect its frequency response, and the affected brain region(s) will all
determine the final physiological response of the system to HP. More
specifically, the mechanisms presently known to be involved in CNS response
to HP exposure are summarized in Fig 1.


The less affected components of the system are the information lines of
the presynaptic axons (Fig. 1, Input) and the postsynaptic axons (Fig. 1,
Output). The action potentials amplitude and velocity are slightly reduced
and their frequency response is not affected. However, the major
characteristic of HPNS is the disruption of the delicate balance between
excitation and inhibition. This could happen only if synaptic transmission
(Fig. 1, Input component) and postsynaptic integration (Fig. 1, Integration)
of the information are altered. Indeed, synaptic responses in both excitatory
and inhibitory pathways (i.e. EPSPs and IPSPs) are suppressed at pressure.
This general suppression is largely (but not exclusively) the consequence of
reduced synaptic release due to impaired Ca2+ entry into the presynaptic
terminals. If both excitatory and inhibitory release mechanisms are similarly
suppressed quantitatively, imbalance between the two systems may occur
only if additional mechanisms take place. Partial compensation for the
reduced single synaptic response is attained by increased facilitation and
in some cases by additional frequency potentiation. In contrast, in several
synapses the normal twin pulse depression is unaffected and the frequency
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depression is even increased. The role of synaptic frequency response in
determining the type of ‘behavioral’ response is unclear. While the increase
in synaptic efficacy in generating action potentials at 50 Hz may be related
to seizure promotion, we may just speculate that the decline in the synaptic
efficacy at < 25 Hz might correspond to minor reduction in motor
performance (e.g. manual dexterity) or reduced cognitive capabilities.
Another mechanism could be invoked due to differential pressure effect on
the postsynaptic receptors. Boosting of excitatory response probably occurs
when NMDAR (but not AMPAR) responses are increased, while strong
disinhibition may be effected when the GlyR (but not GABAAR) response is
practically shut down. It is important to note that pressure effects may be
selective for various isoforms of the receptors. Another mechanism that may
bring about hyperexcitability could be additional activation of voltage
dependent channels (such as specific Ca2+ channels) along the dendrites or
soma of the neurons. This may boost the reduced synaptic potentials and
increase their efficacy in generating action potentials. Again, it is worth


Figure 1. Summary of high pressure effects on synaptic transmission and network
components.
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noting that pressure effects may be selective for various types of ionic
channels. Finally, the excitatory and inhibitory systems are modulated by
metabotropic receptors of monoamines such as serotonin and dopamine,
while the monoaminergic neurons themselves can be inhibited by feedback
circuits. Here the major effect of pressure is the increase of monoamines
extracellular concentrations in the vicinity of their target neurons. However,
this rise differentially affects various neurons (either in motor or cognitive
system) depending on the type of receptor and its specific signaling cascade.


CONCLUSION


To understand how pressure affects the CNS is an enormous scientific
challenge. Many of the CNS functions and mechanisms are highly complex
and remain a mystery for modern science. Apparently the task  could be
somewhat easier, since unlike a chemical, pressure acts ‘instantaneously’
and throughout the brain. This may mean that pharmacokinetics and
metabolism are not confounding problems. However, this also indicates
that the scope of  research is wide open since, in principle, every molecule
(protein) and any chemical reaction is a potential target. Furthermore, even
when a family of a receptor, for example, is identified as pressure sensitive,
pressure effects could be selective or differential for various isoforms of the
receptor.


The common notion of short term pressure effects on the CNS are
summarized above. Yet, our recent finding of the possibility of excessive
Ca2+ influx into the neurons during increased activation of the NMDAR
suggests that HP may exert some long term effect on the cells’ viability
(neurotoxicity). Although the effect of single exposure can be minor, the
long term effect following repetitive exposures during many years of deep
diving may be significant.


There are many aspects of HPNS that are far less understood. Given the
range of targets for modification by pressure and the complexity of the CNS,
a lot remains to be elucidated before a comprehensive understanding of the
effect of pressure on CNS function could be claimed.
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Abstract
Known and unpublished data regarding hyperbaric pressure (HP) effects on voltage dependent-Ca2+ 
channels (VDCCs) were reviewed in an attempt to elucidate their role in the development of high-
pressure neurological syndrome (HPNS). Most postulated effects from studies performed in the last 
two decades (e.g., depressed maximal current) rely on indirect findings, derived from extracellular 
[Ca2+] manipulation or by observing Ca2+-dependent processes. More recent experiments have tried 
to directly measure Ca2+ currents under high pressure conditions, some of which are potentially 
challenging previous indirect findings on one hand, but support findings from work done on neuronal 
behavior on the other. Additional support for some of the recent findings is provided by computer 
simulation of pressure effects on a spinal motor neuron activity. HP effect on different types of 
VDCCs seems to be selective – i.e., HP may suppress, facilitate or  not change their activity. Thus, 
the specific distribution of the various types of the channels in each synaptic terminal or throughout 
the neuron will determine their function and will influence the neuronal network behavior under HP. 
Further research is needed in order to fully understand the HPNS etiology.                         
                                                                                                                                                              v


Introduction
Mankind has conquered soil more than 376,000 km 
above sea level, landing humans on the Earth’s moon 
repeatedly, yet the farthest descent accomplished 
with a manned submarine, the Trieste, in January 1960, 
was the sole attempt, reaching 10.9 km below 
the ocean surface. 
	 Whereas many species have been adapted to life 
under great pressures in their search of new browses 
in the continuum of evolution, humans have remained 
quite limited in that sense. On a planet covered 70% 
by oceans, about 70% of which are deeper than 
2-3 km (20-30 MPa), if humans are ever to explore 
the abyss – even with the aid of supreme technical 
support – our pressure susceptibility must be studied 
in order to remove restrictions that prevent us 
from entering the frontiers of the deep oceans.


Neurophysiological effects of pressure
Hyperbaric environments present many physiological 
challenges, especially affecting the lungs, hollow 
viscera and the nervous system. Under pressure, 
soft tissues of the body behave as a fluid and rapidly 
transmit any pressure applied against the surface of 
the body to the adjacent fluid compartments. This 
results in hydrostatic compression of the cerebral spinal 
fluid, cerebral circulation, and extracellular and 
intracellular fluid compartments of the mammalian 
CNS. Thus, practically every cell is exposed to 
the ambient pressure. 
	C ommon neurological problems associated with 
hyperbaric environments included oxygen toxicity, 
which is thought to occur through increased oxidative 
stress, as well as nitrogen narcosis (inert-gas narcosis) 
and high-pressure neurological syndrome (HPNS) 
[1,2]. Of these neurological problems, all but HPNS 
can be alleviated and even eliminated by controlling 
partial pressures of absorbed tissue gases at normal 
values while under pressure, leading to the notion 
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that HPNS occurs due to effects of pressure per se 
[3]. HPNS signs and symptoms include vision and 
auditory disturbances, dizziness, nausea, reduction 
of cognitive functions, decreased motor coordination, 
sleep disorders and electroecephalogram (EEG) 
changes.
	 Although muscle performance at HP was altered  
[4], HPNS signs and symptoms are generally associated 
with signs of CNS hyperexcitability and EEG changes 
[5]. These affect the performance of deep sea divers 
exposed to pressures above 1.0 MPa [6] in a manner 
that risks their lives and health. At greater pressures 
(as in deeper diving), serious signs such as tremors, 
convulsions and seizures leading to death may 
occur [1]. 
	 An individual susceptibility to the hyperbaric 
environment was found in both human and animal 
experiment [7,8]. The pressure threshold for HPNS 
also seems species-dependent, with an inverse relation 
to the complexity of their central nervous system. 
Complete seizures have been seen in fish at 5-13 
MPa, in reptiles at 10-13 MPa, rodents at about 9 
MPa, and in primates at 6-10 MPa [9]. Tremors 
became apparent in humans exposed to pressures of 
2.5 MPa, which progressed to myoclonus at 5 MPa 
[10]. 
	 It is conceivable that this constellation of signs 
and symptoms arises from brain malfunction that 
probably reflects changes in intrinsic neuronal 
properties and disturbances in network synaptic 
activity.


Molecular effects of pressure
Effects on synaptic transmission
The synapse is an interface between two cells where 
intercellular communication takes place, thereby 
enabling the formation of neuronal networks. Transmis-
sion across the chemical synapse is attained by the 
release of neurotransmitter molecules from the 
presynaptic terminal that bind to the postsynaptic 
membrane receptors of the target cell and produce 
synaptic potential. Pressure profoundly depressed 
synaptic transmission at all synapses examined so 
far, including individual synapse [11], neuromuscular 
junction (NMJ) [12,13], excitatory and inhibitory 
synapse [14,15] and in vertebrates and invertebrates 
[10]. A 50-70% depression of glutamatergic excitatory 
post-synaptic potential (EPSP) at 10 MPa was demon-
strated in the crustacean neuromuscular synapses 
[12,15,16] and in the squid giant synapse [17], while 


a more modest effect of pressure was observed in 
cholinergic responses: nicotinic transmission in 
mammalian NMJ [18], muscarinic response in 
cervical sympathetic ganglion [19], and in cholinergic 
synapses in mollusks [11]. Pressure has also been 
shown to reduce population field EPSP (pEPSP) in rat 
hippocampal [20,21] and dentate gyrus [22,23] brain 
slices, and in guinea pig cerebellar Purkinje cells [24]. 
The latter study also suggested for the first time that 
this reduction could be attributed to a specific Ca2+ 


channel-dependent component of the pEPSP (N-type). 
 	 The obvious question is what stage of synaptic 
transmission is the pressure-sensitive one? Several 
lines of evidence suggest that pressure predominantly 
affects presynaptic mechanisms. First, since trans-
mitter release has common properties across various 
synapses whereas post-synaptic responses differ 
considerably, the given uniformity of the pressure 
effect at all synapses suggests a presynaptic site. 
Second, several changes induced by pressure at 
synapses are of properties associated with events 
at the presynaptic terminal: 


	 a.	HP markedly and reversibly depressed 
		  spontaneous miniature end-plate potentials 
		  frequency in the frog NMJ, without a noticeable 
		  change in its mean amplitude (probably due to its 
		  dual effect of reducing the amplitude and 
		  lengthening the decay time of the miniature end-
		  plate currents; thus the receptor’s charge transfer 
		  remains the same) [25];


	 b.	HP increased facilitation and tetanic potentiation 
		  [15]. 


	 c. Evidence from synaptosomes (sealed vesicles 
		  from broken nerve terminals, containing Ca+2 
		  channels and the synaptic release apparatus) 
		  showed slowed release and in some cases a 
		  moderate reduction in the maximal release [26], 
		  with the exception of the aspartate synapse [27]. 


	 d.	When the presynaptic mechanisms were bypassed 
		  by direct application of the neurotransmitter ACh,
	  	 pressure had no effect on the response in helix 
		  neurons [11]. 


However, it is important to note that there are changes 
in the kinetics of excitatory post synaptic potentials 
(EPSPs) and  excitatory post-synaptic currents (EPSCs) 
in most synapses, as well as pressure modulation of 
specific ligand-gated ion-channels, that will contribute 
to the depression mechanisms through post-synaptic 
effect [10]. 
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	O verall, most evidences point towards a presyn-
aptic mechanism for pressure depression of synaptic 
transmission, and many of the effects can be explained 
by depression of Ca2+ influx into the presynaptic 
terminal, through voltage-dependent Ca2+ channels 
(VDCCs), which is the trigger for the subsequent steps 
of synaptic transmission. Furthermore, low [Ca2+]o 
mimics the effects of HP [13,28], leading together to 
the notion that the VDCCs are indeed involved in 
this depression.  


Effects on voltage-dependent ion channels
Ion channels are transmembranal proteins, the function 
of which is associated with conformational changes. 
The specific ion (negative or positive) influx or efflux 
across the membrane (depending on the ion electro-
chemical gradient) determines its effect on the 
membrane potential. Voltage-dependent channels are 
mainly modulated by the membrane potential, usually 
activated by membrane depolarization, and deactiv-
ated when the potential recovers to resting level. 
Many of the channels also exhibit voltage-dependent 
inactivation that occurs during maintenance of 
membrane depolarization. Voltage-dependent Na+ and 
K+ channels are responsible for the generation and 
conduction of action potential (AP) along neuronal 
axons and muscle fibers, and evidence has accumu-
lated to show that AP duration is lengthened 
at HP [29-32].
 	 Pressure effect on voltage-gated Na+ channels 
varies between relatively moderate [32,33] to 
significant [34] reduction of action potential Na+ 
current amplitude and slowed its activation and 
inactivation. When voltage-dependent K+ channels 
were examined at HP, most studies have shown K+ 


currents to be enhanced [35-38], while others have 
suggested their depression [36,39]. In the follow-
ing paragraphs we will discuss in detail HP effect 
on VDCCs.


Voltage dependent Ca2+ channels
VDCCs mediate Ca2+ influx in response to membrane 
depolarization. This transient Ca2+ influx serves as 
the second messenger of electrical signaling, initiating 
intracellular events such as neurotransmitter release 
from presynaptic terminals, neuronal excitability, 
excitation-contraction coupling in cardiac muscles, 
hormone secretion, ciliary movement and gene 
expression. 


General structure
VDCCs are members of a gene super family of trans-
membranal ion channel proteins that includes voltage-
gated K+ and Na+ channels [40,41]. Various VDCC 
types exist, composed of four or five distinct subunits 
(α1, α2δ, β, γ) that are encoded by multiple genes [42]. 
Their general organization is illustrated in Figure 1 (see 
Page 248).
	 α1 subunit: The largest subunit (190-250 kDa) 
that holds the ion conduction pore, the voltage sensor, 
the channel gating area and most of the known sites 
of channel regulation by second messengers, drugs, 
and toxins [43]. Like the α subunit of the sodium 
channel, it is organized in four homologous domains 
(I-IV), each consisting of six transmembranal helices 
(S1-S6) and a P-loop between S5 and S6 that together 
form the channel’s pore. This loop determines the chan-
nel ion conductance and selectivity. Upon membrane 
depolarization the positively charged S4 segment, 
which functions as the voltage sensor for activation, 
moves outward and rotates, thus initiating a
conformational change that opens the pore.
	 β subunit: An intracellular protein, 52-78 kDa, 
that can interact with and modulate α1 subunit [42, 44].
	 α2δ subunits: Transmembranal disulfide-linked 
proteins (175  kDa). The δ section is anchored to the 
membrane, while the α2 subunit is entirely extra-
cellular [44]. 
	 γ subunit: Composed of four transmembranal 
helices (33 kDa). No evidence was available as to the 
exact role of this subunit in trafficking or regulating of 
the channel complex for most channel types. However, 
a recent study has shown that it does have a role in 
modulating the Cav1.1 channel [45] [see the 
following subheads: “Nomenclature” (below) and 
“Physiological and pharmacological properties” 
(Page 248)].
	 Ten α1, four β, four α2δ and eight γ subunits iso-
forms are known to date, attesting to the wide diversity 
of the VDCCs and their functional properties. Although 
these supporting subunits modulate the properties of 
the channel complex, the pharmacological and physio-
logical diversity of Ca2+ channels arises primarily 
from the existence of multiple α1 subunits [46].


Nomenclature
In 2000, a systematic nomenclature was adopted [43], 
based on the α1 various isoforms. Ca2+ channels were 
named using the chemical symbol of the principal 
permeating ion (Ca) with the principal physiological 
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FIGURE 1 – Spatial organization of the subunits constructing the VDCC


regulator (voltage) indicated as a subscript (Cav). The 
numerical identifier relates to the gene subfamily of the 
α1 subunit (1 to 3 at present) and the order of discovery 
of the α1 subunit within that subfamily (1 through n). 
These three subfamilies correspond with the distinct 
classes of Ca2+ currents (see below), previously used as 
the classifier parameter. The Cav1 subfamily (Cav1.1- 
Cav1.4) includes the L-type Ca2+ currents. The Cav2 
subfamily (Cav2.1- Cav2.3) includes the P/Q-type, 
N-type and R-type Ca2+ currents. The Cav3 subfamily 
(Cav3.1- Cav3.3) includes the T-type Ca2+ currents 
(see Table 1, facing page). 


Physiological and pharmacological properties
The different Ca2+ currents were defined by physiolog-
ical and pharmacological properties [47-49] (Table  1).
	 L-type currents (Cav1) require high voltage for 
activation (HVA), have high single-channel 
conductance and inactivate slowly during depolariza-
tion. They are the main Ca2+ currents recorded in muscle 
and endocrine cells, where they initiate contraction 
and secretion [50]. L-type currents can also be found 
in cardiac muscle and neuronal dendrites and soma 
[51], where they are involved in regulation of gene 
expression and in integration of synaptic input 


[47]. This family is blocked by organic antagonists, 
including dihydropyridine (DHP) and is regulated pri-
marily by protein phosphorylation through a second 
messenger-activated kinase pathway [42].
	 N-type, P/Q-type, and R-type currents (Cav2.1, 
Cav2.2 and Cav2.3 respectively) are HVA channels, 
insensitive to organic L-type channel blockers but 
are blocked by specific polypeptide toxins from snail 
and spider venoms [49]. This family is predominantly 
expressed in the neurons, where they initiate neuro-
transmission and mediate Ca2+ entry into cell bodies 
and dendrites. However they can also be found in the 
heart, pituitary, pancreas and testes [50]. Cav2 chan-
nels are regulated by direct binding of soluble NSF 
attachment receptor (SNARE) proteins and GTP bind-
ing proteins, and that primary mode of regulation is itself 
regulated by protein phosphorylation pathways [42]. 
	 T-type currents (Cav3) require low voltage for 
activation (LVA), inactivate rapidly, deactivate slowly, 
have small single-channel conductance [52] and are 
resistant to Ca2+ channel antagonists. They are 
expressed in a variety of cell types, including neuronal 
cell bodies and dendrites, where they are involved in 
shaping the AP and controlling pattern of repetitive 
firing [50]. The molecular mechanisms of the Cav3 
channel regulation are currently unknown.
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________________________________________________________________________________
Channel		Current	  Localization	       Specific	             Cellular
					       Antagonist	              Function________________________________________________________________________________
  CaV1.1	     L	 Skeletal muscle; 	 Dihydropyridines; 	 Excitation-contraction coupling;		
			  transverse tubules	 phenylalkylamines; 	 Excitation-coupled-Ca2+ entry  *
					    benzothiazepines________________________________________________________________________________
  CaV1.2	     L	 cardiac myocytes;	 Dihydropyridines;	 Excitation-contraction coupling;	
			  smooth muscle myocytes;	 phenylalkylamines; 	 hormone release;
			  endocrine cells; 	 benzothiazepines	 regulation of transcription;
		  	 neuronal cell bodies;				   synaptic integration
			  proximal dendrites________________________________________________________________________________
  CaV1.3	     L	 endocrine cells; neuronal	 Dihydropyridines;	 Hormone release; regulation of	
			  cell bodies and dendrites;	 phenylalkylamines; 	 transcription; synaptic regulation;
			  cardiac atrial myocytes 	 benzothiazepines	 cardiac pacemaking; hearing;
		  	 and pacemaker cells;				   neurotransmitter release from	
			  cochlear hair cells				   sensory cells			   	________________________________________________________________________________
  CaV1.4	     L	 retinal rod and  bipolar 	 Dihydropyridines;	 Neurotransmitter release  			
			  cells; spinal cord; 	 phenylalkylamines; 	 from photoreceptors
			  adrenal gland;  	 benzothiazepines	
		  	 mast cells					   ________________________________________________________________________________
  CaV2.1	    P/Q	 nerve terminals and  	 ω – Agatoxin IVA	 Neurotransmitter release;  		
			  dendrites; 		   	 dendritic Ca2+ transients; 
			  neuroendocrine cells  				   hormone release	 	________________________________________________________________________________
  CaV2.2	     N	 nerve terminals and  	 ω – Conotoxin	 Neurotransmitter release;  		
			  dendrites; 	 GVIA	 dendritic Ca2+ transients; 
			  neuroendocrine cells  				   hormone release	________________________________________________________________________________
  CaV2.3	     R	 neuronal cell bodies  	 SNX-482	 Repetitive firing; 	  		
			  and dendrites				   dendritic Ca2+ transients________________________________________________________________________________
  CaV3.1	     T	 neuronal cell bodies  	 None	 Pacemaking; repetitive firing	  	
			  and dendrites;				 
			  cardiac and smooth
			  muscle myocytes________________________________________________________________________________
  CaV3.2	     T	 neuronal cell bodies  	 None	 Pacemaking; repetitive firing	  	
 			  and dendrites;				 
			  cardiac and smooth
			  muscle myocytes________________________________________________________________________________
  CaV3.3	     T	 neuronal cell bodies  	 None	 Pacemaking; repetitive firing	  	
			  and dendrites________________________________________________________________________________
   Table 1:  Subunit composition and function of Ca2+ channel types, modified from [50];   * [53] added.		   	
					  


Table 1 – Ca2+ channel types 







Pressure effects on voltage-dependent 
Ca2+ channels
Synaptic release is a multistep mechanism. The 
first crucial stage is Ca2+ influx into the presynaptic 
terminal and elevation of cytosolic Ca2+ concentration 
([Ca2+]i) following membrane depolarization by 
the invading AP. Increased [Ca2+]i leads to fusion of 
docked vesicles with the terminal plasma membrane, 
ending in evoked neurotransmitter release. As noted 
above, most evidence support presynaptic mechanisms 
as the underling cause of pressure depression of 
synaptic transmission. Decreased Ca2+ influx into 
the presynaptic terminal appears to be a good 
explanation for many of these effects.


Indirect evidence
Most available data on VDCCs under pressure are 
indirect evidence, acquired by manipulating extra-
cellular Ca2+ concentrations ([Ca2+]o) or by observing 
Ca2+-dependent functions. Such a function was stud-
ied in the Paramecium, where the brief reversal of 
swimming direction is Ca2+-dependent. Normally the 
reversal occurs when the protozoan encounters the 
container wall. Under 10 MPa hydrostatic pressure 
this brief reversal of swimming direction was 
inhibited [54]. Furthermore, spontaneous reversals 
induced by Ba2+ were blocked during pressuriza-
tion, suggesting that pressure decreases Ca2+ influx 
through the Paramecium’s unclassified VDCC. This 
was supported by studies comparing pressure ef-
fects with the responses under different [Ca2+]o.
	 A theoretical model for transmitter release in 
crustaceans has been developed by Parnas et al. (1982) 
[55] in which the release process is divided into three 
main steps: 1) Ca2+ entry; 2) neurotransmitter release; 
and 3) removal of intracellular Ca2+, each step with 
its specific characterizations. Studies on crustacean 
neuromuscular synapses examined the relationship 
between [Ca2+]o, EPSC amplitude and facilitation 
using this model [13,15,56]. The analysis indicated 
that pressure was acting to reduce Ca2+ influx, rather 
than to affect intracellular removal of Ca2+ or the 
release process. In addition, decreased [Ca2+]o 
mimicked the pressure effect on EPSC’s amplitude, 
while increasing [Ca2+]o above normal levels an-
tagonized its effect. Furthermore, application of vari-
ous Ca2+ channel blockers aggravated the depressant 
effect of pressure on crustacean EPSCs, supporting 
the notion that HP depresses synaptic response by 
impeding Ca2+ influx [57]. Similar effect of [Ca2+]o 


was reported for CNS single pEPSPs in the hippo-
campal dentate gyrus [58]. In contrast, HP had little 
effect on the curve relating [Ca2+]o and single spinal 
cord monosynaptic reflex response (a measurement 
of dorsal root compound AP) in newborn rats and did 
not change its saturation level [59]. The slow after-
hyperpolarization (sAHP) amplitude of the AP was 
reduced by HP in rat CA1 [39], a reduction which 
could be explained by a depression of the SK 
potassium channel, responsible for the sAHP. But
this channel is activated by the rise of [Ca2+]i during 
each AP, potentially pointing to a reduction in 
Ca2+ influx through VDCCs.
	 Previous studies have demonstrated colocalization 
of different VDCCs in single motor nerve terminals 
of frog [60], mouse [61] and CNS terminals [62] as 
well as the presence of various VDCCs involved in 
transmission in the CNS  [63,64]. This non-homoge-
neous expression of VDCCs is probably manifested in 
different responses to HP among various species and 
different synapses in a given species, according to the 
channels sensitivity to pressure. Indeed, at crustacean 
neuromuscular synapses, the Ca2+ channel involved in  
transmission resembles the vertebrate N-type channel 
and, as mentioned above, this transmission is 
depressed under pressure conditions, probably due 
to reduction of Ca2+ influx through the VDCC [57]. 
A study by Etzion and Grossman (2000) [24] in 
cerebellar Purkinje cells support these findings. When 
non-selective reduction in Ca2+ influx was employed 
(Cd2+ application or low [Ca2+]o), partial synaptic 
depression occurred, and pressure substantially added 
to this depression. However, following a similar partial 
block by a selective N-type Ca2+ channel blocker 
(CTX), pressure had almost no additional effect, 
strengthening the hypothesis that pressure blocks 
mainly the N-type channel.
	 HP slightly increased the apparent synaptic 
delay, partially due to a decrease in axonal 
conduction velocity [35]. However, simultaneous 
measurement of the nerve terminal current and EPSCs 
uncovered a pressure effect on synaptic delay per se 
[56]. Under normal conditions [Ca2+]o does not affect 
synaptic delay. Yet, at 10.1 MPa, decreasing [Ca2+]o 
increased synaptic delay. The apparent activation 
volume of the pressure sensitive reaction is reminiscent 
of the pressure effect on ionic channels, but also of 
the exocytosis mechanism itself, which seems to be 
depressed by HP [25]. Endocytotic membrane 
retrieval, another presynaptic Ca2+ influx-dependent 
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process [65, 66], is also inhibited by HP [67], further 
supporting the hypothesis that impeded Ca2+ flux has 
a substantial role in the synaptic transmission 
malfunction at HP. 
	 In the context of indirect studies, it is important 
to note that pressure might interfere with Ca2+ action 
within the terminal rather than decreasing flux (e.g., 
vesicle fusion and exocytosis). Furthermore, reducing 
[Ca2+]o can also have postsynaptic effects – e.g.,
on the glutamate receptor [26]. 


Direct evidence
Although only a few works performed direct measure-
ments of Ca2+ currents and uptake, the available studies 
reinforce the findings mentioned above.


Ca2+ uptake by synaptosomes
Early measurements of voltage-dependent radiolabeled 
Ca2+ uptake into brain synaptosomes, revealed that 
HP depresses its uptake [68], supporting the concept 
of decreased Ca2+ influx due to HP. To further test this 
concept, Gilman et al. (1991) [69] used artificially 
added Ca2+ ionophore (A23187) to bypass Ca2+ 
channels and examined pressure effects on Ca2+ influx 
through the ionophore and consequent radiolabled 
GABA release. HP slightly increased the Ca2+ influx, 
but depressed the release. These results indicate that, 
although pressure probably diminishes Ca2+ influx 
through VDCCs, it also affects processes subsequent 
to Ca2+ entry, such as vesicle fusion [25,70] and 
endocytotic membrane retrieval [67].


Ca2+ current measurements
In bovine chromaffin cells, direct measurements of 
Ca2+ currents did not show any significant alteration 
(only a very small increase in some experiments) after 
pressurization to 40 MPa [70]. The channel in these 
cells has a similar kinetic behavior to the L- and 
P/Q-type channels in other neurons, suggesting that, 
unlike the N-type channel, these channels are resistant 
to pressurization. It has also been reported that 
similar resistance to pressure is obtained  for P-type 
Ca2+ action potentials in guinea pig cerebellar Purkinje 
cells [71]. On the other hand, Ca2+ current measured 
in a rat skeletal L-type channel following decom-
pression from HP (20 MPa) was reported to be af-
fected by the treatment, with reduced peak amplitude, 
prolonged time-to-peak and slower current decay [72].
	 The effect of pressure on two types of colocalized 
Ca2+ currents was first tested in the frog motor nerve  


[26,34]. In addition to the action potential Na+ current 
of the axons, blocking K+ channels using tetraethyl-
ammonium (TEA) revealed a slower Ca2+-dependent 
current comprised of fast (ICaF) and slow (ICaS) 
components [73] that reflect the Ca2+ inward current 
at the terminals. Both phases were blocked by Cd2+ and 
ω-conotoxin (N- and L-type blockers), but only ICaS 


was diminished by nifedipine and nitrendipine (L-type 
blockers). Pressurization to 6.9 MPa suppressed ICaF 


by about 87% , whereas ICaS was much less sensitive 
to pressure (29% reduction) and was partially restored 
by increased [Ca2+]o [34]. These results could 
theoretically be derived from a reduction in nerve 
terminal depolarization by the invading AP. To verify 
that the decline in current is a direct effect of pres-
sure on the VDCCs, the terminal was depolarized di-
rectly via the electrode. Similar results were obtained 
(Aviner et al., unpublished data). These results further 
strengthen the concept that pressure exerts a 
differential effect on various types of VDCCs at the 
nerve terminal.


Studies in oocytes
A widely utilized expression system of ion channels is 
the Xenopus oocyte, which has the ability to synthesize 
exogenous protein when injected with foreign mRNA 
[74]. In this preparation, along with the possibility to 
directly measure the channel currents, one can express 
a certain channel type from a chosen species, down to 
the specific isoforms composing it. Consequently, the 
responses are an exclusive result of the overexpressed 
channel almost without interfering “noise.” Further-
more, this setup enables a more detailed and systematic 
study of the channel’s kinetics in addition to 
its maximal current. 
	 In preliminary studies by Aviner et al. [75,76],
a rabbit’s Cav3.2 T-type Ca2+ channel (TTCC) and 
Cav1.2 L-type Ca2+ channel (LTCC) were expressed 
separately in oocytes. HP significantly reduced the 
maximal current of the Cav3.2 at relatively low 
pressures (1.0 MPa), suggesting high sensitivity to 
HP. Surprisingly, HP (5.0 MPa) almost doubled the 
maximal currents generated by the Cav1.2. This 
finding may be in contrast with previous works 
reporting the LTCCs to be quite resistant to pressure 
application in frog (Rana pipiens) NMJ [34], in bovine 
adrenal chromaffin cells [70] and guinea pig Purkinje 
cells [57]. However, a possible explanation may be de-
rived from the variety of VDCCs and the difficulty in 
their identification in each preparation. Furthermore, 
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more recent studies have shown that approximately 
half of Ca2+ currents in bovine chromaffin cells are 
mediated by Cav2.1 channels (which seems pressure- 
resistant, as mentioned above), and only 15-20% by 
Cav1.2 [77-80], which may explain the slight increase 
of current at HP. These results demonstrate again, on 
a molecular level, that HP has differential effects on 
various VDCCs. HP did not affect the inactivation of 
both Cav1.2 and Cav3.2 channels, supporting the 
contemporary concept of different activation and 
inactivation mechanisms of voltage-gated ionic 
channels.


FIGURE 2 – Simulation of motoneuron ‘38’ spike boosting by pressure exposure


Figure 2:  Details of the model are described in [81]. Membrane potential is shown at the soma. Na+ and 
K+ channels are incorporated in the initial segment-soma, and dendrites. LTCCs are located at the proximal 
dendrites 0 – 400 μm from the soma and are distributed by an exponential decay function. The included 
conductances (gNMDA , gAMPA and gLTCC) of the model reflect the macroscopic conductances, since single- 
channel conductance is generally believed to be unaltered by HP [84-86]. 
A – control, action potential is evoked by a single AMPA/ NMDA EPSP.  
B – pressure-induced 30% increase of gNMDA and 50% longer τ decay, while gAMPA was decreased by 30%. 
C – pressure-induced 100% increase of dendritic gLTCC alone. 
D – combining both pressure effects on NMDA/AMPA and LTCC (B and C). See text for results.


Computer simulations
The possibility that the increased current in specific 
LTCC (Cav1.2) may explain the previously observed 
boosting effect of HP on depressed synaptic potential 
in generating population spikes in CNS neurons 
[20,23] is quite intriguing (see Figure 3, facing page). 
	 In order to examine this hypothesis we used a 
computer model simulation of “realistic” spinal motor 
neuron utilizing NEURON software, which was 
developed in our laboratory [81]. We studied the effect 
of HP-induced increase of NMDA receptor activity 
at the synaptic input [82,83] and/or increased Cav1.2 
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FIGURE 3 – Postulated HP effects, based on  neuronal VDCCs distribution


Figure 3 – Top, schematic representation of two adjacent CNS neurons; dashed squares point to sections 
of the neuron in which VDCC types are known to be expressed. 
Center, a flow chart describing anticipated function of signal transfer for each section. 
Bottom, VDCC distribution and known HP effects on VDCC types are indicated.


activity embedded at the neuronal dendrites on the 
intracellularly “recorded” firing pattern of the motor-
neuron in response to a single glutamatergic 
EPSP (see Figure 2, facing page).
	 Under the model morphological and physiological 
“realistic” conditions, the enhanced glutamatergic 
NMDA synaptic potential, concomitantly with 
moderate reduction in AMPA synaptic potential, 
increased the number of evoked spikes (Figure 2B). 
In contrast, increased gLTCC alone, did not contrib-
ute to the number of evoked spikes (Figure 2C), 
although the “hump” following the first action 
potential was enhanced due to the increase of gLTCC 
(inset of Fig 2C) relative to the “hump” of the control 
conditions (inset of Figure 2A). However, the 
combination of changes in both synaptic input and 
LTCC (B+C) increased the number of spikes to an 
even greater extent (Figure 2D). 
	 It is worth noticing that the gLTCC, which is 
partially responsible for the “hump,” in Figure 2C, is ac-
tivated by normal, relatively short-time gAMPA and gNM-


DA, while in Figure 2D it is activated by much greater – 
and especially longer – EPSP that optimize its response. 


We therefore suggest that specific LTCC (Cav1.2) may 
boost glutamatergic EPSPs under pressure conditions.


Discussion
From the available data, it is clear that pressure ef-
fects on VDCCs are selective and depend on their 
specific family and, possibly, sub-family. It appears 
that one of the more pressure-susceptible Ca2+ chan-
nels is the N-type channel, shown to be depressed 
under pressure  [24, 34, 57]. This channel is known 
to be expressed in nerve terminals (see Table 1, Page 
249), suggesting its participation in pressure effect on 
synaptic depression. Nevertheless, the identification 
of the N-type channel in these studies was either by 
its similarity to known N-type channel characteristics 
or by pharmacological means. More direct measure-
ments are required to establish these findings. Another 
channel expressed in nerve terminals is the P/Q-type 
channel, which, as mentioned above, was associated 
with pressure resistance in guinea pig cerebellar 
Purkinje cells [70,71,80]. Hence, it is conceivable that 
synapses in which transmission involves predominantly 
P-type channels will be much less sensitive to pressure 
than those involving N-type channels.


     Terminal button              Distal            Proximal          Soma
	                                    dendrite            dendrite	


      Input	    Synaptic	    Signal             Signal	  Signal	              Output
      signal    	 transmission     	 integration     	 integration	 transfer	               signal  	


L (1.3) – unknown                 L (1.3) –                L (1.2) –           L (1.2) – augmentation	  Depends on
L (1.4) – unknown	 unknown	 augmentation   L (1.3) unknown	  	  specific types’
	 T – reduction		  T – reduction	  	  density of
N – reduction	 N – reduction			    	  expression
P/Q – unaffected	 P/Q – unaffected
	 R – unknown		  R – unknown	
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TTCC (Cav3.2), that presented high sensitivity to 
pressure [76], is found mainly in neuronal soma and 
dendrites, and is known to be involved especially in 
generating bursting behavior and rhythmic activity 
in pacemaker neurons [87]. Accordingly, the current 
reduction of this channel is expected to slow and 
impair the neuronal “clock” functions. HP depres-
sion of the Cav3.2 seems to be maximal at a pressure 
of 1.0 MPa, at which professional divers begin to 
experience mild HPNS. This may indicate the 
channel’s involvement in this state of HPNS. We may 
speculate that the contribution of such a channel will 
depend on its distribution in the brain regions. For 
example, TTCCs are expressed at the reticular thalamic 
nucleus, hence disturbances of its neuronal activ-
ity could lead to changes in EEG. This indeed was 
demonstrated by Rostain et al. (1997) [88] in human 
divers. The thalamus is also responsible for sleep, 
awareness and activity periods. Therefore, inter-
ference with its performance could lead to sleep 
disorders on one hand, or drowsiness on the other. 
TTCCs are also expressed in the striatum, which 
has a role in executive functions, movement 
planning and modulation, as well as transmitting 
sensory inputs to the cortex. Disruption of their 
activity could lead, respectively, to reduced cognitive 
performance, impaired coordination, and vision and 
auditory disturbances – which, in fact, are all part 
of HPNS.
	 As mentioned above, pressure effects on the 
LTCCs are contradicting [34,70]. However, the 
Cav1.2 channel, which was augmented at HP [75], is 
present in the cell bodies and proximal dendrites of 
neurons in the dentate gyrus and hippocampus [51] 
(see Table 1). Based on the known localization of the 
channel and our computer simulation, we suggest that 
pressure-potentiated L-type currents in the proximal 
dendrite may boost pressure-depressed subthreshold 
synaptic potentials to generate action potentials (see 
Figure 3), as in fact observed in hippocampal brain 
slices [20,23]. Such increase in dendritic excitability 
could contribute to the generation of the network 
hyperexcitability in HPNS, by a non-synaptic 
mechanism. 
	 This is a good example for another way through 
which pressure-selective effects on VDCC might impact 
neuronal networks, other than synaptic transmission.
	 Although analysis of synaptic release in crusta-
ceans indicated that pressure acts to reduce Ca2+ influx, 
rather than to affect intracellular removal of Ca2+ or 


the release process  [13,15,56], there is evidence for 
pressure depression of other presynaptic mechanisms, 
mainly exocytosis [70]. However, it may not play 
a major role in fast transmission but rather in slow 
secretion of neuromodulators and neurohormones.
 	 Most evidence linking [Ca2+]o and Ca2+ influx to 
the effect of HP are in single or twin responses [13,15, 
56-58]. When frequency responses of different CNS 
synapses were examined, changing [Ca2+]o did not 
always align with the effect of pressure and 
occasionally had an opposite effect [22, 89]. These 
studies indicate that hyperbaric pressure probably 
interferes with additional mechanisms of release such 
as exocytosis [70].
	 The complexity of the CNS function, the variety 
of VDCCs and the selective effect of pressure makes 
it even more challenging to point to the potential role 
of VDCCs in HPNS. Systematic and detailed study 
of the different VDCCs, in parallel to other possible 
pressure-affected molecules and mechanisms, will 
shed more light and increase our understanding of 
the underling processes of HPNS. This will certainly 
increase our ability to explore the abyss of the
oceans and exploit its resources in the future.
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World records for apnea diving in humans have 
recently been awarded by AIDA (International 
Association for the Development of Apnea [1]) at 
around 250 meters (dynamic apnea diving, men) (AIDA 
International). The depth records for scuba dives on gas 
mixtures for human divers are settled at around ~315 
meters of sea water (msw). In 2006, a U.S. Navy diver 
submerged to ~650 m using an atmospheric diving 
system suit (ADS), which helps maintain atmospheric 
pressure. 
	 Without hard-suit technology, technical divers can 
in principle manage to descend close to ~500 meters. 
However, this is still a long way to catch up with the 
depth profiles of some marine mammals – for 
instance, bottlenose whales (1,200–1,600 meters; [2]) or 
elephant seals (1,000–1,500 meters; [3]). 
	 Some of the most obvious adaptations to pressure 
by marine mammals – i.e., larger oxygen stores and 
partial lung deflation upon dives [4] – probably do not 
account for their marked depth limits compared to 
humans, even if they could be technically trans-
ferred to human divers.
	 High-pressure nervous syndrome, also referred 
to as high-pressure neurological syndrome (HPNS), 
is still the most limiting condition that sets depth limits 
in diving humans. Open sea- and simulated chamber 
dives are routinely associated with symptoms of 
electroencephalogram (EEG) changes, motor misco-
ordination or disorientation at depths exceeding 200 
msw (>2.1 MPa) [5]. 
	 In He-N2-O2 dives to 450 meters, technical 
divers were reported with severe sleep disturbances 
and EEG changes [6]. One of the typical measures 
for HPNS sensitivity has been the convulsion threshold 
in different species. Early work had shown much 
lower convulsion thresholds for amphibians than 
mammals; but also among mammals, there is some 
hierarchy with more intermediate thresholds in rodents 
as compared to primates [7]. 
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	 The human brain contains about 1,010 neurons, 
with some 1,014 synapses in total. For the mouse 
brain, 107 neurons and 8x1,010 synapses have been 
counted [8]. Figures for marine mammals are sparse, 
but studies on dolphin brains calculate ~75% of 
the neuron mass of the human brain, corrected for 
dolphins’ larger cortical surface. This number may 
also be similar in cetaceans, but there are no estimates 
for the number of synapses in those species [9]. 
	 Yet, this is the most important point, as the 
complexity of the brain is not primarily given by its 
number of neurons but by the connections within the 
network. At least for terrestrial mammals it seems 
that the network complexity might be directly related 
to HPNS sensitivity of a particular brain. In fact, 
there is a general imbalance of network switches in 
the mammalian brain toward inhibitory synapses 
that make up the majority of synapses in the central 
nervous system. As a result, convulsions or seizures 
are usually considered as a breakdown of inhibitory 
synapse activity, with a relative gain of excitatory 
nerve cell inputs. For example, general seizures are 
successfully treated with benzodiazepines in the acute 
state – i.e., drugs that re-establish inhibitory synapse 
function by opening of inhibitory Cl- channels [10].
	 All the basic properties of excitable tissues – i.e., 
nerves, sensory organs, heart and skeletal muscle – 
to receive, process and deliver electrical information 
are defined by their ion channel composition and 
function. Understanding the specific interactions of 
high pressure with the network components within the 
brain can be tracked down to decipher how high 
pressure specifically interferes with voltage-dependent 
or ligand-gated ion channels. 
	 In the present issue of UHM, Aviner and colleagues 
give a thorough review on current concepts of high-
pressure effects on voltage-gated ion channels with 
a focus on the Ca2+ channel family (VDCC) that is 
particularly important for synaptic transmission. The 


represented 
correctly?
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integrated network output of a single neuron at its axon 
hillock is a result of proper presynaptic transmitter 
release, local post-synaptic potential generation (either 
excitatory or inhibitory, EPSP or IPSP) and electro-
tonic conduction along the soma membrane, where it 
constructively or destructively interferes with post-
synaptic potentials from thousands of other dendrite 
synapses to process a compound potential that reaches 
the axon hillock. If the latter is supra-threshold, it is 
only then that a single action potential is generated 
and conducted to the next neuronal switch. As stated 
by the authors, high pressure in general profoundly 
depressed synaptic transmission in all synapses 
examined so far [11], e.g., reducing population field 
EPSPs to different extents. 
	 In their earlier work, the Grossman lab was able 
to show that presynaptic Ca2+ influx through N-
type Ca2+ channels was one of the sensitive pressure 
targets, and pressure strongly impaired Ca2+ influx 
into the axonal terminal boutons that are necessary 
for vesicle fusion with the membrane to release the 
neurotransmitters for signal transduction [12]. 
Several studies using blockers of N-type Ca2+ 


channels or lowering extracellular Ca2+ mimicked 
or aggravated high pressure’s action on synaptic 
transmission and provided indirect evidence for its 
presynaptic site of action [13,14]. However, the 
situation in central synapses is complicated by the fact 
that they always contain a potpourri of different Ca2+ 
channels with different activation and inactivation 
kinetics, localizations and pressure sensitivities. 
Some of them are predominantly voltage-gated, while 
others are exclusively ligand-gated. For example, 
post-synaptic ion channels are usually ligand-gated 
in the central and peripheral nervous system and 
react on binding of their corresponding neurotrans-
mitter (e.g., glutamate, GABA, acetylcholine and 
similar agents. Various members of the voltage-gated 
Ca2+ channel family can be found pre- and/or post-
synaptically, which renders identification of pressure 
effects particularly difficult to discriminate between 
pre- or post-synaptic action or to ascribe them to one 
certain channel entity in an intact synapse that cannot 
be further simplified. The present review gives a good 
current overview over the VDCC family in Table 1 
(Page 279).
	 So, how can one obtain detailed information of 
the pressure sensitivity and specific alterations induced 
by high pressures in a single class of ion channels? 
Recording biophysical properties of ion channels under 


high pressures is challenging. From the considerations 
above, one would have to first decide whether to 
prepare a “pure” system that contains only the ion 
channel of interest or instead use an intact preparation 
in which to pharmacologically dissect the contribu-
tions from different channels to overall ion flux. Then, 
one would have to consider how to incorporate the 
recording electrode setup into a pressure vessel. 
Penetrating microelectrode or whole-cell patch-clamp 
recordings are particularly sophisticated, as any 
mechanical disturbance during handling inside the 
pressure vesicle can easily rupture the membrane 
or patch. Some of the manually very skilful work 
from Heinemann et al. [15] introduced the “flying 
patch” clamp technique, where a patch-clamp seal was 
formed first in saline under atmospheric conditions, 
and then the holder with the patch still attached 
was transferred to a pressure vessel. 
	 In this configuration, activation volumes and net 
volume increases of ~80 A3 for acetylcholine receptor 
channel transitions from the agonist-free closed state 
to the open state could be determined from thermo-
dynamic equations. With this technique, single-channel 
conductance was also found to be very pressure-
resistant, making pressure act on the channel’s 
transition kinetics in the first place [15], a concept that 
has become generally accepted for other channels [16].
 	 Finally, the nature of pressure medium needs 
consideration. In studies involving flying patches, 
hydrostatic pressure could be employed. However, 
when using brain slice preparations, pressurizing with 
water or oil is not feasible, as sealing the pressure 
medium against a setting that contains the tissue 
slice alongside, with eventually different recording 
and stimulation electrodes, is hardly possible. In that 
case, hyperbaric pressure is usually attained with 
compressed helium over the saline layer (e.g., 
[17]). However, again, we are then dealing with the 
“complex in situ” system that routinely measures 
field potentials in the extracellular space under 
pressure. Although all the channels remain in their 
natural environment, selective study of one channel 
class is difficult, if not impossible, if all but one VDCC
class would have to be blocked pharmacologically.
	O ne exit to this dilemma was the idea of using 
stable expression systems for a unique single-
channel class. Xenopus oocytes are known for 
their reliable ability to synthesize foreign proteins 
when injected with exogenous mRNA. They 
are very stable cells mechanically, and with a 
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penetrating microelectrode setting it was possible to 
record ion currents from exogenously expressed K+ 
channels under hydrostatic (oil) pressure conditions 
[18].
	 In the present issue, Aviner and colleagues 
took advantage of this technique and have given 
preliminary results on isolated expression of neuronal 
VDCC in Xenopus oocytes and pressure effects 
on channel conductances. High pressure in the range 
of 1 MPa markedly reduced currents through the 
Cav3.2 channel (low-voltage threshold T-type 
Ca channel, TTCC). Surprisingly, high pressure (5.0 
MPa) doubled maximum currents mediated by the 
high-voltage threshold L-type Cav1.2 VDCC. Such 
a result would have an immediate relevance for the 
high-pressure synaptic transmission on the post-
synaptic input membrane of neuronal networks, where 
Cav1.2 VDCC can be in close proximity to Cav3.2, 
NMDA or AMPA (transmitter: glutamate) channels. 
In order to predict high-pressure effects on neuronal 
output spike generation within a neuronal channel 
ensemble, mathematical modeling and simulation of 
channel activity is the method of choice. Aviner and 
colleagues finally give results from such a model 
incorporating macroscopic conductances for LTCC 
(Cav1.2), AMPA and NMDA to show that high-
pressure enhancement of LTCC alone does not 
increase synaptic output but crucially relies on 
enhanced synaptic input from glutamate receptors. 
This and recent evidence from the Grossman lab shows 
that high-pressure nervous syndrome is expected 
to be a result from pre- and post-synaptic 
modifications: Presynaptic impairment of inhibitory 
synaptic input is one consequence to hyperexcit-
ability, but post-synaptic enhancement of excitatory 
glutamatergic transmission boosted by voltage-
dependent Ca2+ channels is another new option.
	 What do these findings mean for HPNS? The 
pressure profile of different VDCCs is important for 
predicted symptoms, as channels with the highest 
pressure sensitivity present the exposure-limiting step 
on a human diver. This seems to be the TTCC with a 
high-pressure sensitivity around 1 MPa, where HPNS 
symptoms seem to start. However, symptoms are not 
stereotypic or 100% predictable, because the region-
al distribution of each VDCC plays a pivotal role. In 
their discussion, Aviner and colleagues finally give a 
summary about regional aggregation of various 
VDCCs. For example, the preferential localization 
of TTCC to the reticular thalamic region responsible 


for vigilance, as well as in the striatum that acts as a 
switch for sensory inputs to the cortex and the ARAS 
system (ascending reticular activating system), is 
compatible with observed EEG changes in human 
divers experiencing HPNS [6]. LTCC potentiation 
could eventually account for hyperexcitability in the 
hippocampus region that might disturb impulse or 
memory in affected individuals. Precise mapping of 
VDCC within the brain systems might eventually help 
to explain some of the symptoms associated with HPNS.
	 What makes some ion channels within the same 
family behave differently? This question is intuitive, 
given the fact that most ion channel families are 
highly conserved regarding amino acid sequences or 
tertiary structure. However, one has to bear in mind 
that it is not only the channel itself that regulates its 
function but also auxiliary subunits [19], the cyto-
skeleton [20] and the membrane environment. 
Therefore, it is still a long way to decipher all the 
mechanisms involved that are activated by high 
pressure in various parts of the brain that contribute 
to HPNS. In the future, new venues involving high-
pressure microscopy of ion channel function using 
fluorescent dyes might offer more comfortable 
ways to study HP effects on channels within the 
intact preparation (21).
	 So, coming back to our initial thought: Not all 
mammals are created equal. Why do whales not 
experience HPNS; or do they, and we just do not 
know it? What makes their pressure limits exceed 
ours by several times? From the considerations in 
the beginning paragraph, it is probably not a lack 
of complexity of their brain, but we cannot say for 
sure, as available data is limited. However, past 
research from my group has pointed toward a 
possibility of pressure limits for another organ 
that might be of significance for diving mammals: 
skeletal muscle. Intriguingly, skeletal muscle function, 
the main locomotion organ, seemed to show a rather 
sharp pressure limit for reversible pressure-induced 
changes to muscle performance and functionality 
around ~20 MPa when established in skeletal mus-
cle from terrestrial mammals (20 MPa x 20-minute 
exposure product, [22,23]). Interestingly, this exactly 
parallels diving profiles of some of the deepest-
diving mammals. And probably, you are not surprised 
anymore: Again, it is Ca2+ channels involved in setting 
these limits.                                           
                                                                           n
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Abstract
Known and unpublished data regarding hyperbaric pressure (HP) effects on voltage dependent-Ca2+ 
channels (VDCCs) were reviewed in an attempt to elucidate their role in the development of high-
pressure neurological (or nervous) syndrome (HPNS). Most postulated effects from studies performed 
in the last two decades (e.g., depressed maximal current) rely on indirect findings, derived from 
extracellular [Ca2+] manipulation or by observing Ca2+-dependent processes. More recent experiments 
have tried to directly measure Ca2+ currents under high pressure conditions, some of which are 
potentially challenging previous indirect findings on one hand, but support findings from work done 
on neuronal behavior on the other. Additional support for some of the recent findings is provided by 
computer simulation of pressure effects on a spinal motor neuron activity. HP effect on different types 
of VDCCs seems to be selective – i.e., HP may suppress, facilitate or unchange their activity. Thus, the
specific distribution of the various types of the channels in each synaptic terminal or throughout the 
neuron will determine their function and will influence the neuronal network behavior under HP. 
Further research is needed in order to fully understand the HPNS etiology.                         
                                                                                                                                                              v


not affect?


Introduction
Mankind has conquered soil more than 376,000 km 
above sea level, landing humans on the Earth’s moon 
repeatedly, yet the farthest descent accomplished 
with a manned submarine, the Trieste, in January 1960, 
was the sole attempt, reaching 10.9 km below 
the ocean surface. 
	 Whereas many species have been adapted to life 
under great pressures in their search of new browses 
in the continuum of evolution, humans have remained 
quite limited in that sense. On a planet covered 70% 
by oceans, about 70% of which are deeper than 
2-3 km (20-30 MPa), if humans are ever to explore 
the abyss – even with the aid of supreme technical 
support – our pressure susceptibility must be studied 
in order to remove restrictions that prevent us 
from entering the frontiers of the deep oceans.


Neurophysiological effects of pressure
Hyperbaric environments present many physiological 
challenges, especially affecting the lungs, hollow 
viscera and the nervous system. Under pressure, 
soft tissues of the body behave as a fluid and rapidly 
transmit any pressure applied against the surface of 
the body to the adjacent fluid compartments. This 
results in hydrostatic compression of the cerebral spinal 
fluid, cerebral circulation, and extracellular and 
intracellular fluid compartments of the mammalian 
CNS. Thus, practically every cell is exposed to 
the ambient pressure. 
	C ommon neurological problems associated with 
hyperbaric environments included oxygen toxicity, 
which is thought to occur through increased oxidative 
stress, as well as nitrogen narcosis (inert-gas narcosis) 
and high-pressure neurological (or nervous) syndrome 
(HPNS) [1,2]. Of these neurological problems, all 
but HPNS can be alleviated and even eliminated by 
controlling partial pressures of absorbed tissue gases 
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at normal values while under pressure, leading to the 
notion that HPNS occurs due to effects of pressure 
per se [3]. HPNS signs and symptoms include 
vision and auditory disturbances, dizziness, nausea, 
reduction of cognitive functions, decreased motor 
coordination, sleep disorders and electroenceph-
alogram (EEG) changes. 
	 Although muscle performance at HP was altered 
[4], HPNS signs and symptoms are generally 
associated with signs of CNS hyperexcitability and 
EEG changes [5]. These affect the performance of 
deep sea divers exposed to pressures above 1.0 MPa 
[6] in a manner that risks their life and health. At 
greater pressures (as in deeper diving), serious signs 
such as tremors, convulsions and seizures leading to 
death may occur [1]. 
	 An individual susceptibility to the hyperbaric 
environment was found in both human and animal 
experiment [7,8]. The pressure threshold for HPNS 
also seems species-dependent, with an inverse relation 
to the complexity of their central nervous system. 
Complete seizures have been seen in fish at 5-13 
MPa, in reptiles at 10-13 MPa, rodents at about 9 
MPa, and in primates at 6-10 MPa [9]. Tremors 
became apparent in humans exposed to pressures of 
2.5 MPa, which progressed to myoclonus at 5 MPa 
[10]. 
	 It is conceivable that this constellation of signs 
and symptoms arises from brain malfunction that 
probably reflects changes in intrinsic neuronal properties 
and disturbances in network synaptic activity.


Molecular effects of pressure
Effects on synaptic transmission
The synapse is an interface between two cells where 
intercellular communication takes place, thereby 
enabling the formation of neuronal networks. Transmis-
sion across the chemical synapse is attained by the 
release of neurotransmitter molecules from the 
presynaptic terminal that bind to the postsynaptic 
membrane receptors of the target cell and produce 
synaptic potential. Pressure profoundly depressed 
synaptic transmission at all synapses examined so 
far, including individual synapse [11], neuromuscular 
junction (NMJ) [12,13], excitatory and inhibitory 
synapse [14,15] and in vertebrates and invertebrates 
[10]. A 50-70% depression of glutamatergic excitatory 
post-synaptic potential (EPSP) at 10 MPa was demon-
strated in the crustacean neuromuscular synapses 
[12,15,16] and in the squid giant synapse [17], while 


a more modest effect of pressure was observed in 
cholinergic responses: nicotinic transmission in 
mammalian NMJ [18], muscarinic response in 
cervical sympathetic ganglion [19], and in cholinergic 
synapses in mollusks [11]. Pressure has also been 
shown to reduce population field EPSP (pEPSP) in rat 
hippocampal [20,21] and dentate gyrus [22,23] brain 
slices, and in guinea pig cerebellar Purkinje cells [24]. 
The latter study also suggested for the first time that 
this reduction could be attributed to a specific Ca2+ 


channel-dependent component of the pEPSP (N-type). 
 	 The obvious question is what stage of synaptic 
transmission is the pressure-sensitive one? Several 
lines of evidence suggest that pressure predominantly 
affects presynaptic mechanisms. First, since trans-
mitter release has common properties across various 
synapses whereas post-synaptic responses differ 
considerably, the given uniformity of the pressure 
effect at all synapses suggests a presynaptic site. 
Second, several changes induced by pressure at 
synapses are of properties associated with events 
at the presynaptic terminal: 


	 a.	HP markedly and reversibly depressed 
		  spontaneous miniature end-plate potentials 
		  frequency in the frog NMJ, without a noticeable 
		  change in its mean amplitude (probably due to its 
		  dual effect of reducing the amplitude and 
		  lengthening the decay time of the miniature end-
		  plate currents; thus the receptor’s charge transfer 
		  remains the same) [25];


	 b.	HP increased facilitation and tetanic potentiation 
		  [15]. 


	 c. Evidence from synaptosomes (sealed vesicles 
		  from broken nerve terminals, containing Ca+2 
		  channels and the synaptic release apparatus) 
		  showed slowed release and in some cases a 
		  moderate reduction in the maximal release [26], 
		  with the exception of the aspartate synapse [27]. 


	 d.	When the presynaptic mechanisms were bypassed 
		  by direct application of the neurotransmitter ACh,
	  	 pressure had no effect on the response in helix 
		  neurons [11]. 


However, it is important to note that there are changes 
in the kinetics of excitatory post synaptic potentials 
(EPSPs) and  excitatory post-synaptic currents (EPSCs) 
in most synapses, as well as pressure modulation of 
specific ligand-gated ion-channels, that will contribute 
to the depression mechanisms through post-synaptic 
effect [10]. 
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	O verall, most evidences point towards a presyn-
aptic mechanism for pressure depression of synaptic 
transmission, and many of the effects can be explained 
by depression of Ca2+ influx into the presynaptic 
terminal, through voltage-dependent Ca2+ channels 
(VDCCs), which is the trigger for the subsequent steps 
of synaptic transmission. Furthermore, low [Ca2+]o 
mimics the effects of HP [13,28], leading together to 
the notion that the VDCCs are indeed involved in 
this depression.  


Effects on voltage-dependent ion channels
Ion channels are transmembranal proteins, the function 
of which is associated with conformational changes. 
The specific ion (negative or positive) influx or efflux 
across the membrane (depending on the ion electro-
chemical gradient) determines its effect on the membrane 
potential. Voltage-dependent channels are mainly mod-
ulated by the membrane potential, usually activated 
by membrane depolarization, and deactivated when 
the potential recovers to resting level. Many of the 
channels also exhibit voltage-dependent inactivation 
that occurs during maintenance of membrane depolar-
ization. Voltage-dependent Na+ and K+ channels are 
responsible for the generation and conduction of action 
potential (AP) along neuronal axons and muscle fibers, 
and evidence has accumulated to show that AP 
duration is lengthened at HP [29-32].
 	 Pressure effect on voltage-gated Na+ channels 
varies between relatively moderate [32,33] to 
significant [34] reduction of action potential Na+ 
current amplitude and slowed its activation and 
inactivation. When voltage-dependent K+ channels 
were examined at HP, most studies have shown K+ 


currents to be enhanced [35-38], while others have 
suggested their depression [36,39]. In the follow-
ing paragraphs we will discuss in detail HP effect 
on VDCCs.


Voltage dependent Ca2+ channels
VDCCs mediate Ca2+ influx in response to membrane 
depolarization. This transient Ca2+ influx serves as 
the second messenger of electrical signaling, initiating 
intracellular events such as neurotransmitter release 
from presynaptic terminals, neuronal excitability, 
excitation-contraction coupling in cardiac muscles, 
hormone secretion, ciliary movement and gene 
expression. 


General structure
VDCCs are members of a gene super family of trans-
membranal ion channel proteins that includes voltage-
gated K+ and Na+ channels [40,41]. Various VDCC 
types exist, composed of four or five distinct subunits 
(α1, α2δ, β, γ) that are encoded by multiple genes [42]. 
Their general organization is illustrated in Figure 1 (see 
Page 278).
	 α1 subunit: The largest subunit (190-250 kDa) 
that holds the ion conduction pore, the voltage sensor, 
the channel gating area and most of the known sites 
of channel regulation by second messengers, drugs, 
and toxins [43]. Like the α subunit of the sodium 
channel, it is organized in four homologous domains 
(I-IV), each consisting of six transmembranal helices 
(S1-S6) and a P-loop between S5 and S6 that together 
form the channel’s pore. This loop determines the chan-
nel ion conductance and selectivity. Upon membrane 
depolarization the positively charged S4 segment, 
which functions as the voltage sensor for activation, 
moves outward and rotates, thus initiating a
conformational change that opens the pore.
	 β subunit: An intracellular protein, 52-78 kDa, 
that can interact with and modulate α1 subunit [42, 44].
	 α2δ subunits: Transmembranal disulfide-linked 
proteins (175  kDa). The δ section is anchored to the 
membrane, while the α2 subunit is entirely extra-
cellular [44]. 
	 γ subunit: Composed of four transmembranal 
helices (33 kDa). No evidence was available as to the 
exact role of this subunit in trafficking or regulating of 
the channel complex for most channel types. However, 
a recent study has shown that it does have a role in 
modulating the Cav1.1 channel [45] [see the 
following subheads: “Nomenclature” (below) and 
“Physiological and pharmacological properties” 
(Page 278)].
	 Ten α1, four β, four α2δ and eight γ subunits iso-
forms are known to date, attesting to the wide diversity 
of the VDCCs and their functional properties. Although 
these supporting subunits modulate the properties of 
the channel complex, the pharmacological and physio-
logical diversity of Ca2+ channels arises primarily 
from the existence of multiple α1 subunits [46].


Nomenclature
In 2000, a systematic nomenclature was adopted [43], 
based on the α1 various isoforms. Ca2+ channels were 
named using the chemical symbol of the principal 
permeating ion (Ca) with the principal physiological 
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FIGURE 1 – Spatial organization of the subunits constructing the VDCC


regulator (voltage) indicated as a subscript (Cav). The 
numerical identifier relates to the gene subfamily of the 
α1 subunit (1 to 3 at present) and the order of discovery 
of the α1 subunit within that subfamily (1 through n). 
These three subfamilies correspond with the distinct 
classes of Ca2+ currents (see below), previously used as 
the classifier parameter. The Cav1 subfamily (Cav1.1- 
Cav1.4) includes the L-type Ca2+ currents. The Cav2 
subfamily (Cav2.1- Cav2.3) includes the P/Q-type, 
N-type and R-type Ca2+ currents. The Cav3 subfamily 
(Cav3.1- Cav3.3) includes the T-type Ca2+ currents 
(see Table 1, facing page). 


Physiological and pharmacological properties
The different Ca2+ currents were defined by physio-
logical and pharmacological properties [47-49] (Table  1).
	L -type currents (Cav1) require high voltage for 
activation (HVA), have high single-channel conduct-
ance and inactivate slowly during depolarization. 
They are the main Ca2+ currents recorded in muscle 
and endocrine cells, where they initiate contraction 
and secretion [50]. L-type currents can also be 
found in cardiac muscle and neuronal dendrites and 
soma [51], where they are involved in regulation of 
gene expression and in integration of synaptic input 


[47]. This family is blocked by organic antagonists, 
including dihydropyridine (DHP) and is regulated pri-
marily by protein phosphorylation through a second 
messenger-activated kinase pathway [42].
	 N-type, P/Q-type, and R-type currents (Cav2.1, 
Cav2.2 and Cav2.3 respectively) are HVA channels, 
insensitive to organic L-type channel blockers but 
are blocked by specific polypeptide toxins from snail 
and spider venoms [49]. This family is predominantly 
expressed in the neurons, where they initiate neuro-
transmission and mediate Ca2+ entry into cell bodies 
and dendrites. However they can also be found in 
the heart, pituitary, pancreas and testes [50]. Cav2 
channels are regulated by direct binding of SNARE 
[DEFINE] proteins and G proteins [DEFINE], 
and that primary mode of regulation is itself regu-
lated by protein phosphorylation pathways [42]. 
	 T-type currents (Cav3) require low voltage for 
activation (LVA), inactivate rapidly, deactivate slowly, 
have small single-channel conductance [52] and are 
resistant to Ca2+ channel antagonists. They are 
expressed in a variety of cell types, including neuronal 
cell bodies and dendrites, where they are involved in 
shaping the AP and controlling pattern of repetitive 
firing [50]. The molecular mechanisms of the Cav3 
channel regulation are currently unknown.
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________________________________________________________________________________
Channel		Current	  Localization	       Specific	             Cellular
					       Antagonist	              Function________________________________________________________________________________
  CaV1.1	     L	 Skeletal muscle; 	 Dihydropyridines; 	 Excitation-contraction coupling;		
			  transverse tubules	 phenylalkylamines; 	 Excitation-coupled-Ca2+ entry  *
					    benzothiazepines________________________________________________________________________________
  CaV1.2	     L	 cardiac myocytes;	 Dihydropyridines;	 Excitation-contraction coupling;	
			  smooth muscle myocytes;	 phenylalkylamines; 	 hormone release;
			  endocrine cells; 	 benzothiazepines	 regulation of transcription;
		  	 neuronal cell bodies;				   synaptic integration
			  proximal dendrites________________________________________________________________________________
  CaV1.3	     L	 endocrine cells; neuronal	 Dihydropyridines;	 Hormone release; regulation of	
			  cell bodies and dendrites;	 phenylalkylamines; 	 transcription; synaptic regulation;
			  cardiac atrial myocytes 	 benzothiazepines	 cardiac pacemaking; hearing;
		  	 and pacemaker cells;				   neurotransmitter release from	
			  cochlear hair cells				   sensory cells			   	________________________________________________________________________________
  CaV1.4	     L	 retinal rod and  bipolar 	 Dihydropyridines;	 Neurotransmitter release  			
			  cells; spinal cord; 	 phenylalkylamines; 	 from photoreceptors
			  adrenal gland;  	 benzothiazepines	
		  	 mast cells					   ________________________________________________________________________________
  CaV2.1	    P/Q	 nerve terminals and  	 ω – Agatoxin IVA	 Neurotransmitter release;  		
			  dendrites; 		   	 dendritic Ca2+ transients; 
			  neuroendocrine cells  				   hormone release	 	________________________________________________________________________________
  CaV2.2	     N	 nerve terminals and  	 ω – Conotoxin	 Neurotransmitter release;  		
			  dendrites; 	 GVIA	 dendritic Ca2+ transients; 
			  neuroendocrine cells  				   hormone release	________________________________________________________________________________
  CaV2.3	     R	 neuronal cell bodies  	 SNX-482	 Repetitive firing; 	  		
			  and dendrites				   dendritic Ca2+ transients________________________________________________________________________________
  CaV3.1	     T	 neuronal cell bodies  	 None	 Pacemaking; repetitive firing	  	
			  and dendrites;				 
			  cardiac and smooth
			  muscle myocytes________________________________________________________________________________
  CaV3.2	     T	 neuronal cell bodies  	 None	 Pacemaking; repetitive firing	  	
 			  and dendrites;				 
			  cardiac and smooth
			  muscle myocytes________________________________________________________________________________
  CaV3.3	     T	 neuronal cell bodies  	 None	 Pacemaking; repetitive firing	  	
			  and dendrites________________________________________________________________________________
Table 1:  Subunit composition and function of Ca2+ channel types, modified from [50];   * [53] added.		
 						   


Table 1 – Ca2+ channel types 







Pressure effects on voltage-dependent 
Ca2+ channels
Synaptic release is a multistep mechanism. The 
first crucial stage is Ca2+ influx into the presynaptic 
terminal and elevation of cytosolic Ca2+ concentration 
([Ca2+]i) following membrane depolarization by 
the invading AP. Increased [Ca2+]i leads to fusion of 
docked vesicles with the terminal plasma membrane, 
ending in evoked neurotransmitter release. As noted 
above, most evidence support presynaptic mechanisms 
as the underling cause of pressure depression of 
synaptic transmission. Decreased Ca2+ influx into 
the presynaptic terminal appears to be a good 
explanation for many of these effects.


Indirect evidence
Most available data on VDCCs under pressure are 
indirect evidence, acquired by manipulating extra-
cellular Ca2+ concentrations ([Ca2+]o) or by observ-
ing Ca2+-dependent functions. Such a function was 
studied in the paramecium, where the brief reversal of 
swimming direction is Ca2+-dependent. Normally the 
reversal occurs when the protozoan encounters the 
container wall. Under 10 MPa hydrostatic pressure 
this brief reversal of swimming direction was 
inhibited [54]. Furthermore, spontaneous reversals 
induced by Ba2+ [DEFINE] were blocked during pres-
surization, suggesting that pressure decreases Ca2+ 
influx through the paramecium unclassified VDCC. 
This was supported by studies comparing pressure 
effects with the responses under different [Ca2+]o.
	 A theoretical model for transmitter release in 
crustaceans has been developed by Parnas et al. (1982) 
[55] in which the release process is divided into three 
main steps: 1) Ca2+ entry; 2) neurotransmitter release; 
and 3) removal of intracellular Ca2+, each step with 
its specific characterizations. Studies on crustacean 
neuromuscular synapses examined the relationship 
between [Ca2+]o, EPSC amplitude and facilitation 
using this model [13,15,56]. The analysis indicated 
that pressure was acting to reduce Ca2+ influx, rather 
than to affect intracellular removal of Ca2+ or the 
release process. In addition, decreased [Ca2+]o 
mimicked the pressure effect on EPSC’s amplitude, 
while increasing [Ca2+]o above normal levels an-
tagonized its effect. Furthermore, application of vari-
ous Ca2+ channel blockers aggravated the depressant 
effect of pressure on crustacean EPSCs, supporting 
the notion that HP depresses synaptic response by 
impeding Ca2+ influx [57]. Similar effect of [Ca2+]o 


was reported for CNS single pEPSPs in the hippo-
campal dentate gyrus [58]. In contrast, HP had little 
effect on the curve relating [Ca2+]o and single spinal 
cord monosynaptic reflex response (a measurement 
of dorsal root compound AP) in newborn rats and did 
not change its saturation level [59]. The slow after-
hyperpolarization (sAHP) amplitude of the AP was 
reduced by HP in rat CA1 [39], a reduction which 
could be explained by a depression of the SK 
potassium channel, responsible for the sAHP. But
this channel is activated by the rise of [Ca2+


i dur-
ing each AP, potentially pointing to a reduction in 
Ca2+ influx through VDCCs.
	 Previous studies have demonstrated colocalization 
of different VDCCs in single motor nerve terminals 
of frog [60], mouse [61] and CNS terminals [62] as 
well as the presence of various VDCCs involved in 
transmission in the CNS  [63,64]. This non-homoge-
neous expression of VDCCs is probably manifested in 
different responses to HP among various species and 
different synapses in a given species, according to the 
channels sensitivity to pressure. Indeed, at crustacean 
neuromuscular synapses, the Ca2+ channel involved in  
transmission resembles the vertebrate N-type channel 
and, as mentioned above, this transmission is 
depressed under pressure conditions, probably due 
to reduction of Ca2+ influx through the VDCC [57]. 
A study by Etzion and Grossman (2000) [24] in 
cerebellar Purkinje cells support these findings. When 
non-selective reduction in Ca2+ influx was employed 
(Cd2+ application or low [Ca2+]o), partial synaptic 
depression occurred, and pressure substantially added 
to this depression. However, following a similar partial 
block by a selective N-type Ca2+ channel blocker 
(CTX), pressure had almost no additional effect, 
strengthening the hypothesis that pressure blocks 
mainly the N-type channel.
	 HP slightly increased the apparent synaptic 
delay, partially due to a decrease in axonal 
conduction velocity [35]. However, simultaneous 
measurement of the nerve terminal current and EPSCs 
uncovered a pressure effect on synaptic delay per se 
[56]. Under normal conditions [Ca2+]o does not affect 
synaptic delay. Yet, at 10.1 MPa, decreasing [Ca2+]o 
increased synaptic delay. The apparent activation 
volume of the pressure sensitive reaction is reminiscent 
of the pressure effect on ionic channels, but also of 
the exocytosis mechanism itself, which seems to be 
depressed by HP [25]. Endocytotic membrane 
retrieval, another presynaptic Ca2+ influx-dependent 
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process [65, 66], is also inhibited by HP [67], further 
supporting the hypothesis that impeded Ca2+ flux has 
a substantial role in the synaptic transmission 
malfunction at HP. 
	 In the context of indirect studies, it is important 
to note that pressure might interfere with Ca2+ action 
within the terminal rather than decreasing flux (e.g., 
vesicle fusion and exocytosis). Furthermore, reducing 
[Ca2+]o can also have postsynaptic effects – e.g.,
on the glutamate receptor [26]. 


Direct evidence
Although only a few works performed direct measure-
ments of Ca2+ currents and uptake, the available studies 
reinforce the findings mentioned above.


Ca2+ uptake by synaptosomes
Early measurements of voltage-dependent radiolabeled 
Ca2+ uptake into brain synaptosomes, revealed that 
HP depresses its uptake [68], supporting the concept 
of decreased Ca2+ influx due to HP. To further test this 
concept, Gilman et al. (1991) [69] used artificially 
added Ca2+ ionophore (A23187) to bypass Ca2+ 
channels and examined pressure effects on Ca2+ influx 
through the ionophore and consequent radiolabled 
GABA release. HP slightly increased the Ca2+ influx, 
but depressed the release. These results indicate that, 
although pressure probably diminishes Ca2+ influx 
through VDCCs, it also affects processes subsequent 
to Ca2+ entry, such as vesicle fusion [25,70] and 
endocytotic membrane retrieval [67].


Ca2+ current measurements
In bovine chromaffin cells, direct measurements of 
Ca2+ currents did not show any significant alteration 
(only a very small increase in some experiments) after 
pressurization to 40 MPa [70]. The channel in these 
cells has a similar kinetic behavior to the L- and 
P/Q-type channels in other neurons, suggesting that, 
unlike the N-type channel, these channels are resistant 
to pressurization. It has also been reported that 
similar resistance to pressure is obtained  for P-type 
Ca2+ action potentials in guinea pig cerebellar Purkinje 
cells [71]. On the other hand, Ca2+ current measured 
in a rat skeletal L-type channel following decom-
pression from HP (20 MPa) was reported to be af-
fected by the treatment, with reduced peak amplitude, 
prolonged time-to-peak and slower current decay [72].
	 The effect of pressure on two types of colocalized 
Ca2+ currents was first tested in the frog motor nerve  


[26,34]. In addition to the action potential Na+ current 
of the axons, blocking K+ channels using tetraethyl-
ammonium (TEA) revealed a slower Ca2+-dependent 
current comprised of fast (ICaF) and slow (ICaS) 
components [73] that reflect the Ca2+ current inward 
at the terminals. Both phases were blocked by Cd2+ and 
ω-conotoxin (N- and L-type blockers), but only ICaS 


was diminished by nifedipine and nitrendipine (L-type 
blockers). Pressurization to 6.9 MPa suppressed ICaF 


by about 87% , whereas ICaS was much less sensitive 
to pressure (29% reduction) and was partially restored 
by increased [Ca2+]o [34]. These results could 
theoretically be derived from a reduction in nerve 
terminal depolarization by the invading AP. To verify 
that the decline in current is a direct effect of pres-
sure on the VDCCs, the terminal was depolarized di-
rectly via the electrode. Similar results were obtained 
(Aviner et al., unpublished data). These results further 
strengthen the concept that pressure exerts a 
differential effect on various types of VDCCs 
at the nerve terminal.


Studies in oocytes
A widely utilized expression system of ion channels is 
the Xenopus oocyte, which has the ability to synthesize 
exogenous protein when injected with foreign mRNA 
[74]. In this preparation, along with the possibility to 
directly measure the channel currents, one can express 
a certain channel type from a chosen species, down to 
the specific isoforms composing it. Consequently, the 
responses are an exclusive result of the overexpressed 
channel almost without interfering “noise.” Further-
more, this setup enables a more detailed and systematic 
study of the channel’s kinetics in addition to 
its maximal current. 
	 In preliminary studies by Aviner et al. [75,76],
a rabbit’s Cav3.2 T-type Ca2+ channel (TTCC) and 
Cav1.2 L-type Ca2+ channel (LTCC) were expressed 
separately in oocytes. HP significantly reduced the 
maximal current of the Cav3.2 at relatively low 
pressures (1.0 MPa), suggesting high sensitivity to 
HP. Surprisingly, HP (5.0 MPa) almost doubled the 
maximal currents generated by the Cav1.2. This 
finding may be in contrast with previous works 
reporting the LTCCs to be quite resistant to pressure 
application in frog (Rana pipiens) NMJ [34], in bovine 
adrenal chromaffin cells [70] and guinea pig Purkinje 
cells [57]. However, a possible explanation may be de-
rived from the variety of VDCCs and the difficulty in 
their identification in each preparation. Furthermore, 
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more recent studies have shown that approximately 
half of Ca2+ currents in bovine chromaffin cells are 
mediated by Cav2.1 channels (which seems pressure- 
resistant, as mentioned above), and only 15-20% by 
Cav1.2 [77-80], which may explain the slight increase 
of current at HP. These results demonstrate again, on 
a molecular level, that HP has differential effects on 
various VDCCs. HP did not affect the inactivation of 
both Cav1.2 and Cav3.2 channels, supporting the 
contemporary concept of different activation and 
inactivation mechanisms of voltage-gated ionic 
channels.


FIGURE 2 – Simulation of motoneuron ‘38’ spike boosting by pressure exposure


Figure 2:  Details of the model are described in [81]. Membrane potential is shown at the soma. Na+ and 
K+ channels are incorporated in the initial segment-soma, and dendrites. LTCCs are located at the proximal 
dendrites 0 – 400 μm from the soma and are distributed by an exponential decay function. The included 
conductances (gNMDA , gAMPA and gLTCC) of the model reflect the macroscopic conductances, since single- 
channel conductance is generally believed to be unaltered by HP [84-86]. 
A – control, action potential is evoked by a single AMPA/ NMDA EPSP.  
B – pressure-induced 30% increase of gNMDA and 50% longer τ decay, while gAMPA was decreased by 30%. 
C – pressure-induced 100% increase of dendritic gLTCC alone. 
D – combining both pressure effects on NMDA/AMPA and LTCC (B and C). See text for results.


Computer simulations
The possibility that the increased current in specific 
LTCC (Cav1.2) may explain the previously observed 
boosting effect of HP on depressed synaptic potential 
in generating population spikes in CNS neurons 
[20,23] is quite intriguing (see Figure 3, facing page). 
	 In order to examine this hypothesis we used a 
computer model simulation of “realistic” spinal motor 
neuron utilizing NEURON software, which was 
developed in our laboratory [81]. We studied the effect 
of HP-induced increase of NMDA receptor activity 
at the synaptic input [82,83] and/or increased Cav1.2 
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FIGURE 3 – Postulated HP effects, based on  neuronal VDCCs distribution


Figure 3 – Top, schematic representation of two adjacent CNS neurons; dashed squares point to sections 
of the neuron in which VDCC types are known to be expressed. 
Center, a flow chart describing anticipated function of signal transfer for each section. 
Bottom, VDCC distribution and known HP effects on VDCC types are indicated.


activity embedded at the neuronal dendrites on the 
intracellularly “recorded” firing pattern of the motor-
neuron in response to a single glutamatergic 
EPSP (see Figure 2, facing page).
	 Under the model morphological and physiological 
“realistic” conditions, the enhanced glutamatergic 
NMDA synaptic potential, concomitantly with 
moderate reduction in AMPA synaptic potential, 
increased the number of evoked spikes (Figure 2B). 
In contrast, increased gLTCC alone, did not contrib-
ute to the number of evoked spikes (Figure 2C), 
although the “hump” following the first action 
potential was enhanced due to the increase of gLTCC 
(inset of Fig 2C) relative to the “hump” of the control 
conditions (inset of Figure 2A). However, the 
combination of changes in both synaptic input and 
LTCC (B+C) increased the number of spikes to an 
even greater extent (Figure 2D). 
	 It is worth noticing that the gLTCC, which is 
partially responsible for the “hump,” in Figure 2C, is ac-
tivated by normal, relatively short-time gAMPA and gNM-


DA, while in Figure 2D it is activated by much greater – 
and especially longer – EPSP that optimize its response. 


We therefore suggest that specific LTCC (Cav1.2) may 
boost glutamatergic EPSPs under pressure conditions.


Discussion
From the available data, it is clear that pressure ef-
fects on VDCCs are selective and depend on their 
specific family and, possibly, sub-family. It appears 
that one of the more pressure-susceptible Ca2+ chan-
nels is the N-type channel, shown to be depressed 
under pressure  [24, 34, 57]. This channel is known 
to be expressed in nerve terminals (see Table 1, Page 
279), suggesting its participation in pressure effect on 
synaptic depression. Nevertheless, the identification 
of the N-type channel in these studies was either by 
its similarity to known N-type channel characteristics 
or by pharmacological means. More direct measure-
ments are required to establish these findings. Another 
channel expressed in nerve terminals is the P/Q-type 
channel, which, as mentioned above, was associated 
with pressure resistance in guinea pig cerebellar 
Purkinje cells [70,71,80]. Hence, it is conceivable that 
synapses in which transmission involves predominantly 
P-type channels will be much less sensitive to pressure 
than those involving N-type channels.







UHM 2010, Vol. 37, No. 5 – Voltage-dependent Ca2+ channels and hyperbaric pressure


284


TTCC (Cav3.2), that presented high sensitivity to 
pressure [76], is found mainly in neuronal soma and 
dendrites, and is known to be involved especially in 
generating bursting behavior and rhythmic activity 
in pacemaker neurons [87]. Accordingly, the current 
reduction of this channel is expected to slow and 
impair the neuronal “clock” functions. HP depres-
sion of the Cav3.2 seems to be maximal at a pressure 
of 1.0 MPa, at which professional divers begin to 
experience mild HPNS. This may indicate the 
channel’s involvement in this state of HPNS. We may 
speculate that the contribution of such a channel will 
depend on its distribution in the brain regions. For 
example, TTCCs are expressed at the reticular thalamic 
nucleus, hence disturbances of its neuronal activ-
ity could lead to changes in EEG. This indeed was 
demonstrated by Rostain et al. (1997) [88] in human 
divers. The thalamus is also responsible for sleep, 
awareness and activity periods. Therefore, inter-
ference with its performance could lead to sleep 
disorders on one hand, or drowsiness on the other. 
TTCCs are also expressed in the striatum, which 
has a role in executive functions, movement 
planning and modulation, as well as transmitting 
sensory inputs to the cortex. Disruption of their 
activity could lead, respectively, to reduced cognitive 
performance, impaired coordination, and vision and 
auditory disturbances – which, in fact, are all part 
of HPNS.
	 As mentioned above, pressure effects on the 
LTCCs are contradicting [34,70]. However, the 
Cav1.2 channel, which was augmented at HP [75], is 
present in the cell bodies and proximal dendrites of 
neurons in the dentate gyrus and hippocampus [51] 
(see Table 1). Based on the known localization of the 
channel and our computer simulation, we suggest that 
pressure-potentiated L-type currents in the proximal 
dendrite may boost pressure-depressed subthreshold 
synaptic potentials to generate action potentials (see 
Figure 3), as in fact observed in hippocampal brain 
slices [20,23]. Such increase in dendritic excitability 
could contribute to the generation of the network 
hyperexcitability in HPNS, by a non-synaptic 
mechanism. 
	 This is a good example for another way through 
which pressure-selective effects on VDCC might impact 
neuronal networks, other than synaptic transmission.
	 Although analysis of synaptic release in crusta-
ceans indicated that pressure acts to reduce Ca2+ influx, 
rather than to affect intracellular removal of Ca2+ or 


the release process  [13,15,56], there is evidence for 
pressure depression of other presynaptic mechanisms, 
mainly exocytosis [70]. However, it may not play 
a major role in fast transmission but rather in slow 
secretion of neuromodulators and neurohormones.
 	 Most evidence linking [Ca2+]o and Ca2+ influx to 
the effect of HP are in single or twin responses [13,15, 
56-58]. When frequency responses of different CNS 
synapses were examined, changing [Ca2+]o did not 
always align with the effect of pressure and 
occasionally had an opposite effect [22, 89]. These 
studies indicate that hyperbaric pressure probably 
interferes with additional mechanisms of release such 
as exocytosis [70].
	 The complexity of the CNS function, the variety 
of VDCCs and the selective effect of pressure makes 
it even more challenging to point to the potential role 
of VDCCs in HPNS. Systematic and detailed study 
of the different VDCCs, in parallel to other possible 
pressure-affected molecules and mechanisms, will 
shed more light and increase our understanding of 
the underling processes of HPNS. This will certainly 
increase our ability to explore the abyss of the
oceans and exploit its resources in the future.
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General Background 


Short term high pressure neurological syndrome (HPNS) is caused by increased 


ambient (hydrostatic) pressure above 1 MPa (for humans). 


 


HPNS involves impairment of cognitive functions, autonomic nervous system 


alterations, sensory disturbances, motor difficulties, and general increase of brain 


excitability that may end up with convulsions and seizures. 


 


Long term deterioration in health and quality of life is suspected for deep sea 


professional divers manifested mainly as motor difficulties and forgetfulness.  


 


Depressed Ca2+-dependent presynaptic neurotransmitter release and increased 


glutamate N-methyl Di-aspartate receptors (NMDARs) synaptic activity were 


implicated in HPNS.  


 


Various voltage dependent Ca2+ channels (VDCCs) are involved with synaptic 


release and cellular (dendritic, somatic) integration of electrical signals. 


 


Many NMDAR subtypes exist in the CNS. Large depolarization and excessive influx 


of Ca2+ through some of these receptors may cause cellular and network 


hyperexcitability and excitotoxicity. 


 


 


 







II. Scientific and Technical Objectives 


1. Characterize and model (mathematical) Ca2+-dependent AMPA and NMDA 


synaptic potentials of CNS neurons in rat brain slices at hyperbaric pressure 


(HP). 


2. Characterize, analyze, and model (computer simulation) Ca2+ currents (channels) 


in frog motor nerve presynaptic terminals at HP. 


3. Reveal HP effects on specific VDCCs expressed in frog oocytes. 


4. Study HP modulations of glutamate NMDAR subtypes consist of various subunits 


combinations, expressed in frog oocytes. This will be assisted by bioinformatics 


analysis and 3D structure modelling of specific proteins' domain(s). 


5. Explore the possibility of Ca2+ imaging of cell cultured neurons at HP             


(This objective was not listed in the original proposal).  


                 


 Long term Goals: 


1. Suggest molecular models for the differential HP effects on various proteins, in 


order to reveal the molecular basis for HP sensitivity.  


2. Provide a rationale for eliminating the short term HPNS and suspected long term 


consequences of exposure to HP.  


 


III. Approach 


1.  Synaptic field potentials recordings from rat brain slices of the dentate gyrus and 


hippocampus CA1 region are used to study CNS AMPA and NMDA synaptic 


potentials response to HP obtained by helium compression in a pressure chamber. 


The slices are constantly perfused with physiological solution by means of high 


pressure pump. Mathematical modeling is applied to quantify the behavior of various 


synaptic vesicles releasing pools.   


2.  Macropatch voltage clamp current recording under the perineurial sheath of the 


frog motor nerve terminals are used to examine presynaptic Ca2+ and Na+ currents 


that are responsible for synaptic release at HP obtained by helium compression. The 


preparations are constantly perfused with physiological solution by means of high 


pressure pump. Currents are evoked by either remote nerve stimulation, or direct 


depolarization of the terminals. The Computer simulations of the currents are carried 


out by using the software NEURON platform. 







 


3.  cRNAs of specific subunits α1+ β2 + α2δ, necessary to form active VDCCs are 


pressure micro-injected to Xenopus laevis oocytes and are co-expressed after 4-5 


days. VDCCs currents are measured by two-electrode voltage clamp in a pressure 


chamber compressed with helium at 0.1-10.1 MPa. Oocytes are constantly perfused 


with physiological solution by means of high pressure pump. Voltage dependent 


responses are tested at holding potentials with 10 mV increment voltage steps.  


 


4. cRNA injection, proteins expression, and current measurements of NMDARs 


combinations are similar to those employed for VDCCs (3). Eight subunits of   


GluN1-1a- 4a, GluN1b- 4b and four subunits of GluN2A- D are used to express 


various combinations of the receptor subtypes. NMDARs are activated by 20 s 


application of glutamate and co-agonist glycine to the bath by the high pressure 


perfusion system. The bioinformatics analysis and attempted 3D structure modeling 


are performed by using open data banks and web-available sophisticated analysis 


tools such as single and multiple sequences alignment, homology modeling, and 


docking methods.    


    


5. Primary cultures of rat cortical neurons (3-4 weeks old) are loaded with the Ca2+ 


indicator fluorescence dye Fura2 and ratiometric light intensity measurements are 


performed by fast camera mounted on a Nikon microscope at a pressure chamber 


compressed with helium. The cultures are constantly perfused with physiological 


solution by means of high pressure pump. These preliminary experiments are 


performed in collaboration with Prof J. Dean and Dr D. D’Agostino at the Hyperbaric 


Physiology Research Laboratory facility of USF, Tampa, FL.  


  


IV. Concise Accomplishments 


1. CNS synaptic potentials  


Project A: Dentate gyrus synaptic residual releasable pool (RRP) response to 


frequency stimulation and various [Ca2+]o under control and HP conditions. This 


provides indirect evidence for differential pressure effect on Ca2+ channels in CNS 


presynaptic terminals and readjustment of vesicular RRP.    







Project B: HP modulation of hippocampal efficacy of [Mg2+]o (physiological) and 


[AP5]o (pharmacological) blocking of NMDA synaptic response. HP considerably 


reduced the efficacy of the blockers, thus providing additional mechanism for 


pressure over-activation of NMDAR.   


2. Ca2+ currents in nerve terminals 


Experimental results in nerve terminals, corroborated by  improved computer 


simulations, demonstrated for the first time a differential HP depression of L-type and 


N-type (highly sensitive) Ca2+ currents responsible for synaptic release. A decrease 


in action potential Na+ current indirectly contributes considerably to this depression.   


3. VDCCs 


four types of VDCCs were tested at HP. The cellular L-type channel (CaV1.2) activity 


was increased while T-type channel (CaV3.2) was decreased. The presynaptic N-


type channel (CaV2.1) was unexpectedly increased, but in the presence of additional 


control subunit (delta) depression was observed. PQ-type channel (CaV2.2) was 


found insensitive to HP.  


4. NMDARs  


We studied eight combinations of GluN1-1b, -1a + GluN2A, B, C, D has been 


completed.  Pressure exhibits selective and differential effects on the maximal current 


amplitude of the receptors. GluN1-1a + GluN2A subtype is greatly potentiated while 


GluN1-1b + GluN2A presented dichotomic response to HP: both increase and 


decrease in receptor current were observed at HP. Therefore we further studied six 


pairs of GluN1 subunit: GluN1-2a,-2b, GluN1-3a,-3b, and GluN1-4a,-4b + GluN2B.  All 


subtypes responded with differential degree of increase currents at HP. Bioinformatics 


3D model for NTD domain of the GluN1-1a GluN1-1b subunits were constructed in an 


attempt to reveal HP target area.  


5. Ca2+ imaging 


Ca2+ imaging at pressure in rat cortical neuronal primary cultures at HP is proven 


feasible. Preliminary data suggest that electrical stimulus- induced cytosolic [Ca2+] 


elevation is facilitated even at low HP. 


 


 


 


 







V. Expanded accomplishment  


1.  CNS synaptic potentials  


Project A: The results are described in our paper: Talpalar AE, Giugliano M, 


Grossman Y. Enduring medial perforant path short-term synaptic depression at high 


pressure. Frontiers in Cellular Neurosci, 2010 (# 3 in the Productivity list). Figures 


are not shown since a PDF copy of the paper is attached.   


The medial perforant path (MPP), connecting entorhinal cortex with the hippocampal 


formation, displays synaptic frequency-dependent-depression (FDD) under normal 


conditions. Synaptic FDD is essential for specific functions of various neuronal 


networks. We used rat cortico-hippocampal slices and computer modeling for 


studying the effects of pressure and its interaction with [Ca2+]o on FDD at the MPP 


synapses on granule cells. At atmospheric pressure, high [Ca2+]o (4-6 mM) saturated 


single MPP field excitatory post synaptic potential (fEPSP) and increased FDD in 


response to short trains at 50 Hz. HP (10.1 MPa) depressed single fEPSPs by 50 %. 


Increasing [Ca2+]o to 4 mM at HP saturated synaptic response at a subnormal level 


(only 20 % recovery of single fEPSPs), but generated a FDD similar to atmospheric 


pressure. Mathematical model analysis of the fractions of synaptic resources used 


by each fEPSP during trains (normalized to their maximum) and the total fraction 


utilized within a train indicates that HP depresses synaptic activity also by reducing 


synaptic resources. These results support the hypothesis that portions of the 


synaptic RRP behave like separate synaptic modules that are dependent on Ca2+-


entry through different channels. The utility of these module RRPs during stimulation 


at frequency can be impaired by HP, but may be redistributed in a Ca2+-dependent 


manner i.e. the less affected channel will carry synaptic transmission to its maximal 


capacity when [Ca2+]o is elevated. These frequency-dependent phenomena may 


explain some conserved performance at HP, and also pathological features of HPNS 


that may depend on environmental stimuli inducing high-frequency activity. These 


may be involved with diving mammals (whales, seals) adaptation to depths, and may 


even shed light on the problem of their susceptibility to underwater noise and sonar 


activity. 


Project B: The results are described in our paper: Mor A, Grossman Y. The efficacy 


of physiological and pharmacological NMDA receptor block is greatly reduced under 







hyperbaric conditions. Neurosci. 169: 1-7, 2010 (# 2 in the Productivity list).  Figures 


are not shown since a PDF copy of the paper is attached. 


HPNS involves CNS hyperexcitability that is partially attributed to augmented 


responses of the glutamatergic NMDAR. NMDAR is blocked physiologically by Mg2+ 


and pharmacologically by DL-2-Amino-5-phosphonopentanoic acid (AP5). We have 


previously reported that HP augments rat hippocampus NMDAR synaptic response 


and generates hyperexcitability. We therefore tested HP effects on the blockade 


efficacy of Mg2+ and AP5. At HP more than double [Mg2+]o and [AP5]o were needed 


to achieve similar effects on NMDAR synaptic response’s amplitude, decay time, 


and time integral comparable to control conditions. [Mg2+]o and [AP5]o  concentration-


response curves and the concentration for 50% responses’ inhibition (IC50s) showed 


similar normalized pattern at control and pressure for each parameter. The reduction 


in NMDAR blockers efficacy at HP may be associated with the receptor 


conformational change(s). This provides additional mechanism for pressure over-


activation of NMDAR. Taken together with our previous studies, HP modification of 


NMDAR activity significantly contributes to CNS hyperexcitability. This study 


provides further evidence and additional mechanism for pressure augmentation of 


NMDAR response. This augmentation results in enhanced fEPSPs involved in short 


term HPNS, and excessive Na+ and Ca2+ influxes that may lead to long term 


excitotoxic neuronal injury in the CNS.   


 


2. Ca2+ currents in nerve terminals 


The results are described in our paper: Aviner, B*., Gradwohl, G.*, Moore J H. and 


Grossman Y. Modulation of presynaptic Ca2+ currents in frog motor nerve terminals 


by high pressure. Eur J Neurosci 38(5): 2716-2729, 2013 (# 5 in the Productivity list). 


Figures are not shown since a PDF copy of the paper is attached. 


Presynaptic Ca2+-dependent mechanisms have already been implicated in HP 


depression of evoked synaptic transmission. Therefore, pressure effects on 


presynaptic Ca2+ currents were studied in frog peripheral motor nerve terminals. The 


combination of pharmacological, [Ca2+]o, voltage dependent Ca2+ channel (VDCC) 


blockers treatments, and HP perturbations revealed two components of presynaptic 


Ca2+ currents: an early fast phase (ICaF), possibly carried by N type (CaV2.2) Ca2+ 


channels, and a late slow and long lasting phase (ICaS) , possibly mediated by one of 


the L type (CaV1) Ca2+ channels. HP may have slightly shifted the voltage 







dependence, reduced the amplitude and decreased the maximum (saturation level) 


of the Ca2+ currents, the ICaF being more sensitive to pressure. Our recent analysis of   


the direct stimulation of naïve and TTX-treated nerves and the simulations of the 


general changes in ICa under these conditions strongly indicate that HP directly 


depressed the currents through Ca2+ channels. However, they also suggest that the 


natural action potential (AP) plays an important role in inducing terminal inward ICa 


and thus it is part of the mechanism of pressure effect. In naïve nerve, HP reduced 


both currents. On the other hand, in the absence of AP (INa =0 in the simulation) the 


relative pressure depression of the ICaF (evoked by direct stimulation) was only 31% 


(compared to 45% at naïve terminals) while ICaS was not affected! It seems that HP 


effect on terminal ICaF is a combined depression of the AP and the channels 


themselves, while the ICaS channels seem resistant to pressure, most of the effect 


being mediated by the AP depression. The differential effects of HP on the terminal 


currents support the idea of co-localization of at least two types of VDCCs at the 


presynaptic terminals which generate two physiologically different Ca2+ currents. The 


complex effect of pressure on these Ca2+ currents, i.e. reduction in amplitude, 


decrease in maximal (saturated) current and possible shift in voltage dependency, in 


addition to diminution of Na+ action potential, are the major cause of pressure 


depression of synaptic transmission.  


 
3. VDCCs 


Cellular channels: The results for the L-type and T-type Ca2+ channels are 


described in our paper:  Aviner, B, Mor, M, Levy, S, Gradwohl, G and Grossman, Y. 


Selective modulation of cellular voltage dependent calcium channels by hyperbaric 


pressure - a suggested HPNS partial mechanism (Under revision for Frontiers in 


Cellular Neuroscience) (# 6 in the Productivity list). Figures are not shown since a 


PDF copy of the paper is attached. 


HP selectively affects different types of cellular VDCCs: CaV1.2 (L-type) current is 


augmented and CaV3.2 (T-type) current is depressed. The change in current was 


associated with a corresponding change in channel conductance. 


For the CaV1.2 channel inactivation was stronger at VImax , but was weakened at 


stronger depolarization. For the CaV3.2 channel, the inactivation was stronger 


around the threshold voltage (ΔV -20     -10 mV) at HP, but was weakened at VImax at 


lower HP (1.1 MPa). 







The kinetics of the channels is also modulated by HP. We measured various current 


parameters such as the time to peak (TTP), time constants for activation, fast and 


slow decay, and deactivation ('tail current'). The responses are quite complex and 


are voltage dependent. The results are qualitatively summarized in table 3.1: 


 


 Imax Conductance Inactivation TTP ƮRise ƮDecay 


Fast 
ƮDecay 


Slow 


ƮTail 


CaV1.2 ↑ ↑ ↑ (↓) ↑ ↑ ↓ (=) = ↓ 


CaV3.2 ↓ ↓ ↑ (=) ↓ N.A. ↓ = (↓) N.A. 


 
Table 3.1: General qualitative effect of HP on channel characteristics. ↑- 
increase, ↓- decrease, = - no change, ( ) - stronger depolarization. 


 


HP affected the behavior of both CaV1.2 and CaV3.2, whether throughout their 


membrane potential activity range (maximal current, conductance, ƮTail at 5.0 MPa), 


or just at a confined voltage range (ƮRise, TTP, inactivation, ƮDecay Fast). The HP effect 


on the two channels was generally opposite (maximal currents, conductance, TTP), 


but some kinetic traits shared the same HP-induced tendencies (inactivation at VImax, 


ƮDecay Fast). Some of the effects may indicate a transient nature (conductance and 


partially ƮTail), while other suggested that the HP effect can be reversible (mostly for 


CaV1.2 ; ƮDecay Fast, ƮTail, and partially also maximal current and ƮRise).  


These changes in the response to depolarization, both in magnitude and kinetics, 


would undoubtedly influence the channels functionality in neurons. Decrements in 


locomotion, myoclonus, tremor, changes in EEG and sleep disorders, are all HPNS 


manifestations that may result from these HP-induced changes. 


Presynaptic channels: To further investigate the role of VDCCs in HPNS 


mechanisms we have completed studies on currents of the presynaptic channels 


CaV2.1 (P/Q-type) and CaV2.2 (N-type). 


The statistical up to date data of all VDCCs are shown in table 3.2. The CaV2.1 


channel is pressure resistance; the kinetics of activation and inactivation, voltage 


sensitivity, and the maximal current amplitude are not significantly affected (Fig 3.1A, 


and Table 3.2). Unexpectedly, the CaV2.2 (N-type) current ("3 subunits channel") 


was greatly increased at HP (Fig 3.1B, and Table 3.2). This result is surprising, since 


previous studies in lobster neuromuscular junction (Grossman, Colton et al. 1991) 







and guinea pig cerebellar parallel fibers (Etzion and Grossman 2000) using specific 


blockers of the channel suggested a HP induced current depression in this channel. 


This apparent inconsistency may be explained by the mixed-species (human-rat-


rabbit) recombinant channel expression in our study vs. 'natural' channels in the in 


situ experiments tissue, or the lack of expression of another subunit which may not 


be crucial for the channels' normal function, but does regulate it in a HP sensitive 


mechanism? Indeed, addition of the control subunit (delta) to the recombinant 


channel ('4 subunits channel') eliminated the HP induced increase and renders it 


even to depression at specific pressure (Fig 3.1C and table 3.2). Analysis of the data 


is still in progress. 


In order to verify the differential effect of HP on T-type channels, we have recently 


commenced experiments with CaV3.1 channels (see preliminary results in table 3.2).  


In addition to the HPNS manifestations (mentioned above), several physiological 


VDCCs’ dependent processes that are modifies by HP such as reduction in synaptic 


transmission due to impaired release, change in vesicular releasing pool availability, 


‘dendritic boosting’, frequency modulation of neuronal firing, and increased muscle 


twitch force may well be explained by our results.      


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 
Table 3.2: Statistical analysis of current amplitude modulation by HP in all VDCCs 


tested. * p<0.05, ** p<0.01 
 


Channel 0.6MPa 1.1MPa 2.6MPa 5.1MPa 


L-type  
CaV1.2 


+22% 
n=16  


** 


 


+41% 
n=8     


** 


+58% 
n=7        


* 


T-type     
CaV3.2 


-45% 
n=9    


** 


-60% 
n=4      


* 


-58% 
n=6      


* 


-51% n=6 
p=0.07 


T-type     
CaV3.1 


-17% 
n=1  
 NA 


+3% 
n=1  
 NA 


+34% 
n=1   
 NA 


+24% 
n=1   
  NA 


 


P/Q- type  
CaV2.1 


+21% 
n=1  
 NA 


-8.5% 
n=2 


p=0.16 


-5% 
 n=8 


p=0.16 


-16% 
 n=1    
NA 


 


N-type     
CaV2.2 


(3 S. Units) 


+138% 
n=8      


* 


+168% 
n=3 


p=0.24 
 


+141% 
n=8 


* 


+189% 
n=5 


p=0.056 


      N-type      
      CaV2.2 
   (4 S. Units) 


  +7% 
  n=5 
p=0.83 
 


 
 


  -5% 
  n=10 
 p=0.75 


 +15% 
  n=6 
 p=0.58 
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Fig 3.1:  VDCCs: A, HP (2.5MPa) did not affect the I-V curve of P/Q type channels (n=8). 
B, HP (2.5MPa) increased maximal current in I-V curve of N-type channel consisted of 3 
subunits (single oocyte). C, HP decreased max current in I-V curve of N-type channel 
consisted of 4 subunits (single oocyte). 


 


4. NMDARs 


GluN2 subunits: The results for GluN2 subunits (+ GluN1a,1b) are described in our 


paper Mor, A, Kuttner, Y, Levy, S, Mor, M, Hollmann, M and Grossman, Y. Pressure-


e 







selective modulation of NMDA receptor subtypes may reflect 3D structural 


differences. Frontiers in Cellular Neuroscience 6: 1-7, 2012. (# 4 in the Productivity 


list). Figures are not shown since a PDF copy of the paper is attached. 


HP (10.1 MPa) differentially affects eight specific NMDAR subtypes, GluN1(1a or 1b) 


co-expressed with one of the four GluN2(A-D) subunits. The statistical analysis of 


the results is shown in table 4.1. GluN1-1a + GluN2C, GluN1-1b + GluN2C, GluN1-


1b + GluN2A and GluN1-1b + GluN2D subtypes' currents were depressed by HP.  


GluN1-1a + GluN2B, GluN1-1a + GluN2D and GluN1-1b + GluN2B, appeared to be 


‘pressure-resistant’. HP augmented only GluN1-1a + GluN2A current in average, 


although in a few oocytes the current was slightly increased (Table 4.1 highlighted). 


 


 
Subunits 


composition 


Amplitude 
(nA)   


  Mean ± SE  


Amplitude 
(nA)    


  Mean ± SE  


Amplitude 
(%Δ) 


Mean ± SE 


 
n 


 
p 


 
0.1Mpa 


 
10.1 MPa 10.1 / 0.1MPa 


GluN1-1a + 
GluN2A 


648 ± 141 925 ± 232 +37.9± 13.7 11 0.04 


GluN1-1b + 
GluN2A 


1858 ± 189 1561 ± 201 -18.5 ± 5.5 9 0.003 


GluN1-1a + 
GluN2B 


571 ± 96 593 ± 116 -1.4 ± 7.2 12 0.6 


GluN1-1b + 
GluN2B 


561 ± 149 508 ± 144 -5.6 ± 6.4 10 0.115 


GluN1-1a+ 
GluN2C 


233 ± 31 169 ± 21 -25.0 ± 5.9 7 0.017 


GluN1-1b + 
GluN2C 


116 ± 16 61 ± 11 -47.4 ± 5.1 8 <0.001 


GluN1-1a + 
GluN2D 


63 ± 11.1 64 ± 9.3 +9.0 ± 11.6 9 0.703 


GluN1-1b + 
GluN2D 


232 ± 57 152 ± 38 -24.2 ± 7.0 9 0.017 


 
Table 4.1: Statistical analysis of the HP response of NMDAR combinations of GluN2. 
Note that in GluN1-1a + GluN2A current is increased whereas in GluN1-1b + GluN2A it 
is decreased (highlighted). 


 


As noted above the averaged response of its paired combination GluN1-1b + 


GluN2A is depressed. This 'pair' was the target of our modeling the structure of the 


proteins N-terminus domain (NTD). Sequence alignment, Homology structure 


modeling, and Docking methods were used to create the 3D theoretical models in 


order to reveal specific receptor domains which may explain the HP selectivity. The 







only difference between the two combinations is a 21 amino acids outer loop present 


in the GluN1-1b subunit and absent in the GluN1-1a subunit. These preliminary 


results demonstrate that NMDAR subtypes’ are differentially responding to HP, but 


the outer loop significance in determining the HP response is not yet clear.  


GluN1 subunits: The question of GluN1 subunits role in HP response was tested in 


another set of experiments in which we examined all eight splice variants using 


newly synthesized cRNAs of: GluN1-1a -1b, GluN1-2a -2b, GluN1-3a -3b, GluN1-3a 


-3b, and GluN1-4a -4b, coexpressed with GluN2A. The results are summarized in 


table 4.2. All GluN1 variants exhibit increased current under HP conditions (see 


examples of responses in Fig 4.1). However, a considerable number of GluN1-4a 


and 4b oocytes exhibited reduced current at HP, i.e. a dichotomic response (data in 


red). At present we do not have an explanation for this behavior, which occurred also 


for the GluN1-1b in the previous set of experiments (see above).  


In general the current augmentation at HP was associated with increased 


conductance of the channel at the maximal open state, while decreased current was 


associated with reduced conductance. However, this conductance could be 


responsible for only about 70% of the amplitude change. Additional mechanisms 


should be considered. 


 


   


  
Fig 4.1: Examples of Pressure effects on 8 splice variants of GluN1 co-expressed with 
GluN2A. Note HP (5.0 MPa) increased the maximal current in all samples. Recovery is 
satisfactory excluding GluN1-4b. 







 


Subunit 
composition 


Amplitude(nA) 
Mean ± SEM   


0.1MPa 


Amplitude(nA) 
Mean ± SEM 


5.1MPa 


Amplitude(%∆) 
Mean ± SEM 


n p 


GluN1-1a + 
GluN2A 


1542.57±251.29 2486.42±468.96 62.47±10.31 7 
0.01 


 


0.1MPa 10.1MPa %   


2250.63±310.02 3813.44±594.37 71.70±17.38 4 0.032 


GluN1-1b + 
GluN2A 


1632.67±237.82 2030.06±211.57 25.16±3.91 9 <0.001 


0.1MPa 10.1MPa %   


2226.88±256.11 3424.04±410.31 52.51±9.07 9 <0.001 


GluN1-2a + 
GluN2A 


2018.06±244.72 2837.51±272.62 44.99±10.74 7 <0.001 


GluN1-2b + 
GluN2A 


2624.70±244.96 3347.43±213.25 32.08±8.06 10 <0.001 


GluN1-3a + 
GluN2A 


2531.63±181.885 3167.02±209.88 27.65±6.11 10 <0.001 


GluN1-3b + 
GluN2A 


1776.89±159.19 2465.71±118.28 41.89±7.44 6 <0.001 


GluN1-4a + 
GluN2A 


1075±177.17 1346.37±226.96 26.58±4.87 7 0.003 


1214.76±113.18 979.76±172.83 -19.51±10.78 3 0.212 


GluN1-4b 
+GluN2A 


1512.79±233.32 2044.67±301.41 47.38±13.30 9 <0.001 


3878.14±240.86 2345.67±322.81 -38.76±12.13 2 0.224 


 
Table 4.2: Statistical analysis of the HP response of NMDARs with GluN1 splice variants 
co-expressed with GluN2A. Responses to 10.1 MPa HP are highlighted. Note the 
dichotomic responses of GluN1-4a and 4b which exhibit also a considerable number of 
oocytes in which HP reduced the maximal current amplitude (red numbers).  


 


It is known that the transmembrane pore domain in all GluN1 and GluN2 subunits is 


quite conserved. Therefore, the differential response to HP is probably depends on 


other protein domains such as NTD or the intracellular C-terminus domain (CTD).  


However, it seems that the hypothesis raised in Mor et al. 2012 that the presence (in 


"b" variants) and the absence (in "a" variants) of the 21 amino acids outer loop in the 


GluN1 NTD determines the nature of the HP response ("a" - increase and "b" – 


decrease respectively) can not be supported.   


Because of the diversity of NMDARs behavior at HP, the specific response, 


membrane density, and spatial distribution of a particular subtype in the mammalian 


CNS neurons, may lead to selective HP effects on different brain regions or even 


specific group(s) of neurons. 


These discoveries may call for reconsideration of safety diving guidelines. 







5. Ca2+ imaging 


This project was not a part of the original award proposal. However, as the 


opportunity for this state of the art research has immerged when the confocal/Ca2+ 


imaging system at pressure has been completed Sep 2011 at the Hyperbaric 


Biomedical Research Laboratory at USF, Tampa, FL, Prof J. Dean and Dr. D. 


D’Agostino have agreed to collaborate on this research. The new experimental setup 


is shown in Fig 5.1A. Since this is the first time that such an experiment is 


performed, the techniques are described in more details. We incorporated a system 


for strict temperature control (measured at the experimental bath), continuous flow of 


solutions using high pressure pump, and stimulation electrodes (See Fig 5.1B).  


 


  A                                                                       B 


     


 


Fig 5.1: Experimental setup for Ca2+ imaging. A general view through the port window of 
the setup inside the Nautilus pressure chamber (up to 0.6 MPa). B, Experimental dish for 
the primary tissue culture. The system includes bath temp monitoring, feedback 
controlled base temperature, controlled inflow solution temperature, inlet (high pressure 
pump) and outlet (suction) tubing for continuous flow of solutions, and electrical 
stimulating electrodes.  


 
Rat cortical neurons primary cultures were incubated for 19-30 day in aCSF at 37ºC. 


Prior to the experiment, each culture (on a glass cover slip) was incubated for 1 hour 


with 10 μM Fura2-AM and washed thoroughly thereafter (see Fig 5.3A ). A dual 340 


+ 380 nm excitation with a Nikon microscope was perform by a cool-snap camera at 


2 frames/s before and after electrical field stimulation was delivered to the bath (5 


pulses train, 50 Hz, 5-10 ms duration, 10-30 V). Dynamic cytosolic [Ca2+] were 


Inlet 


Outlet 


Heater 


Heater 


Elect. Stimulus 


Temp. 


 Sensor 







acquired by computerized (Nikon Elements software) ratiometric 340/380 


measurements of the Ca2+ indicator dye fluorescence from approximately 20 somata 


and 20 dendrites – selected regions of interest (ROIs) in each culture. (Fig 5.2A).  


Compression by helium to 0.3 and 0.6 MPa was performed at 0.04 MPa / min. 


During compression the whole chamber was cooled by internal radiator in order to 


minimize adiabatic temperature changes. Measurements were taken at 22±0.5°C. 


In preliminary control experiments pressure at this range had no significant effect on 


the Fura2 emission in aCSF.  


 


A                                                                               B 


    


      Fig 5.2: A, Selection of ROIs: Neuronal culture dyed with Fura 2-AM fluorescent (excited 
with 340/380 nM light) with superimposed manually selected ROIs.  B. Presentation of 
the ratio of intensities as a function of time (s) in all ROIs selected, after electrical 
stimulation delivered at 1s. Note also the variability in resting level among different 
neurons and cell segments.  


 


 


The time course of the change in cytosolic [Ca2+] following an electrical stimulation at 


normobaric pressure is shown in Fig 5.2B. The immediate maximal rise (increased 


340/380 ratio) was observed after about 0.5 s. The decay time lasted normally 8-15 


s. However, in some cells recovery was much slower (see Fig 5.3 for color-coded 


images). The actual time course of the color coded [Ca2+] measurement can be seen 


in the supplemented video clip (Rami Test 1944.avi).  







The maximal rise was augmented already at 0.3 MPa (20 msw!) by 25±5% in 


somata, and by 22±5% in dendrites (n=9, p<0.01). This augmentation subsided after 


a few minutes in 7/9 cultures and reached a steady state of about 10% at 20-25 


minutes of sustained pressure. The cytosolic [Ca2+] baseline seemed to be elevated 


at HP by variable degree in both dendrites and somata with poor recovery upon 


decompression. Increased pressure to 0.6 MPa only slightly added to the transient 


increase following stimulation, but more cells responded to the stimulus under these 


conditions. 
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Fig 5.3: Example of culture response to electrical stimulation at normobaric pressure.  
Color-coded ratio 340/380 emission of 5 ROIs of somata are marked; A, pre stimulus,  
post stimulus:  B, 1 s, C, 3 s, and D, 8 s. In some cells the decay of [Ca2+]i was 
slower, e.g. dashed circle. Note also the increase in many unmarked dendritic 
branches.  


 


The Ca2+ imaging at helium pressure (up to 0.6 MPa) in rat cortical neurons primary 


culture is proven feasible. Our preliminary data demonstrate that electrical stimulus- 


induced cytosolic [Ca2+] rise is transient, and that it is increased at low hyperbaric 


pressures. Cytosolic [Ca2+] baseline may also increase indicating difficulties in [Ca2+] 


homeostasis.  
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The overall HP effect shown here is most probably a combination of pressure 


modulations of Ca2+ influx through several VDCCs expressed in the neurons, the 


most prominent one is likely to be L-type CaV1.2, which was shown by us (Aviner et 


al. 2014, above) to be augmented by HP. These results suggest unexpectedly high 


sensitivity of cortical neurons to relatively low HP exposure (at least in tissue 


culture). This should call for new consideration of HP risk in diving.  


These preliminary results are the basis for our collaborative effort with Prof. J.B. 


Dean and Dr. D. D’Agostino (USF, Tampa FL) of submitting a research grant 


proposal to the Israel - USA Binational Science Foundation (BSF) this year.  


 


VI. Work plan  


This is a final report after NCE ended on 31.12.2013.  
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