[image: image1]Loose-patch clamp analysis applied to voltage-gated ionic currents following pharmacological ryanodine receptor modulation in murine hippocampal cornu ammonis-1 pyramidal neurons

		ORIGINAL RESEARCH
published: 24 April 2024
doi: 10.3389/fphys.2024.1359560


[image: image2]
Loose-patch clamp analysis applied to voltage-gated ionic currents following pharmacological ryanodine receptor modulation in murine hippocampal cornu ammonis-1 pyramidal neurons
Federico Bertagna1,2, Shiraz Ahmad2, Rebecca Lewis1,2, S. Ravi P. Silva1,3, Johnjoe McFadden1,4, Christopher L.-H. Huang2,5,6*, Hugh R. Matthews5 and Kamalan Jeevaratnam1,2*
1Leverhulme Quantum Biology Doctoral Training Centre, University of Surrey, Guildford, United Kingdom
2School of Veterinary Medicine, Faculty of Health and Medical Sciences, University of Surrey, Guildford, United Kingdom
3Advanced Technology Institute, University of Surrey, Guildford, United Kingdom
4School of Biosciences and Medicine, Faculty of Health and Medical Sciences, University of Surrey, Guildford, United Kingdom
5Physiological Laboratory, University of Cambridge, Cambridge, United Kingdom
6Department of Biochemistry, University of Cambridge, Cambridge, United Kingdom
Edited by:
Miao Zhang, Chapman University, United States
Reviewed by:
Marta Gaburjakova, Slovak Academy of Sciences, Slovakia
Erick Omar Hernandez-Ochoa, University of Maryland, United States
Lucas Matt, University of Tübingen, Germany
* Correspondence: Christopher L.-H. Huang, clh11@cam.ac.uk; Kamalan Jeevaratnam, drkamalanjeeva@gmail.com
Received: 22 December 2023
Accepted: 04 April 2024
Published: 24 April 2024
Citation: Bertagna F, Ahmad S, Lewis R, Silva SRP, McFadden J, Huang CL-H, Matthews HR and Jeevaratnam K (2024) Loose-patch clamp analysis applied to voltage-gated ionic currents following pharmacological ryanodine receptor modulation in murine hippocampal cornu ammonis-1 pyramidal neurons. Front. Physiol. 15:1359560. doi: 10.3389/fphys.2024.1359560

Introduction: The loose-patch clamp technique was first developed and used in native amphibian skeletal muscle (SkM), offering useful features complementing conventional sharp micro-electrode, gap, or conventional patch voltage clamping. It demonstrated the feedback effects of pharmacological modification of ryanodine receptor (RyR)-mediated Ca2+ release on the Na+ channel (Nav1.4) currents, initiating excitation–contraction coupling in native murine SkM. The effects of the further RyR and Ca2+-ATPase (SERCA) antagonists, dantrolene and cyclopiazonic acid (CPA), additionally implicated background tubular-sarcoplasmic Ca2+ domains in these actions.Materials and methods: We extend the loose-patch clamp approach to ion current measurements in murine hippocampal brain slice cornu ammonis-1 (CA1) pyramidal neurons. We explored the effects on Na+ currents of pharmacologically manipulating RyR and SERCA-mediated intracellular store Ca2+ release and reuptake. We adopted protocols previously applied to native skeletal muscle. These demonstrated Ca2+-mediated feedback effects on the Na+ channel function.Results: Experiments applying depolarizing 15 ms duration loose-patch clamp steps to test voltages ranging from −40 to 120 mV positive to the resting membrane potential demonstrated that 0.5 mM caffeine decreased inward current amplitudes, agreeing with the previous SkM findings. It also decreased transient but not prolonged outward current amplitudes. However, 2 mM caffeine affected neither inward nor transient outward but increased prolonged outward currents, in contrast to its increasing inward currents in SkM. Furthermore, similarly and in contrast to previous SkM findings, both dantrolene (10 μM) and CPA (1 μM) pre-administration left both inward and outward currents unchanged. Nevertheless, dantrolene pretreatment still abrogated the effects of subsequent 0.5- and 2-mM caffeine challenges on both inward and outward currents. Finally, CPA abrogated the effects of 0.5 mM caffeine on both inward and outward currents, but with 2 mM caffeine, inward and transient outward currents were unchanged, but sustained outward currents increased.Conclusion: We, thus, extend loose-patch clamping to establish pharmacological properties of murine CA1 pyramidal neurons and their similarities and contrasts with SkM. Here, evoked though not background Ca2+-store release influenced Nav and Kv excitation, consistent with smaller contributions of background store Ca2+ release to resting [Ca2+]. This potential non-canonical mechanism could modulate neuronal membrane excitability or cellular firing rates.Keywords: voltage-gated channels, hippocampal pyramidal neurons, ryanodine receptors, caffeine, dantrolene, cyclopiazonic acid
1 INTRODUCTION
The loose-patch clamp method was first introduced to study surface membrane ionic currents in relatively large-diameter amphibian skeletal muscle (SkM) fibers (Stühmer et al., 1983). It used pipettes with relatively large tip diameters, compared to those used in conventional patch clamp, on native in situ muscle fibers without requiring enzyme pre-treatment or membrane rupture. The larger pipette areas meant that the pipettes did not form the tight seal made by conventional patch clamps electrodes with the cell membrane. This permits significant current to pass through the lower resulting seal resistances between the membrane and pipette tip. The latter is compensated for by using specific recording and current delivery electronics distinct from those used in conventional tight patch clamping. This can deliver larger compensation currents. Nevertheless, this approach permits repeated electrode applications and withdrawals. Measurements can be made from the same or successive membrane patches on the same cell. The procedure avoids membrane disruption, potentially altering intracellular content. These advantages have proven valuable in investigations of channel localization (Almers et al., 1983) and lateral mobility (Stühmer and Almers, 1982; Roberts et al., 1986). This reversibility of the loose-patch seal additionally allows pair-wise comparisons from the same patch (Stühmer et al., 1983) before and following experimental maneuvers involving the application or withdrawal of pharmacological or osmotic agents (Chin et al., 2004). This overcomes problems of variability between patches or cells (Liu et al., 2021). It also permits studies in successively different cells using the same electrode with consistent geometric and electrical properties (Milton and Caldwell, 1990; Roberts and Almers, 1992). These advantages have been used in extensions of this technique in murine cardiac muscle (Valli et al., 2018a; Ahmad et al., 2019).
The latter advantages proved useful in pharmacological studies of the feedback effects of ryanodine receptor, RyR1- or RyR2-mediated intracellular store Ca2+ release upon skeletal or cardiac muscle Na+ channel, Nav1.4 or Nav1.5, function in intact in situ native loose-patch clamped murine skeletal and cardiac myocytes. These led to discoveries of mechanisms by which the Ca2+ signaling initiated by feedforward, excitation–contraction coupling exerts feedback effects on Nav excitability (Salvage et al., 2021; Salvage et al., 2023).
Such studies investigated the effects of RyR-specific agonists and antagonists expected to alter rates of Ca2+ release from their sarcoplasmic reticular (SR) stores relative to background release levels. These properties were demonstrated by spectrofluometric cytosolic [Ca2+]i measurements in resting mammalian murine skeletal muscle SR or fiber preparations (Fryer and Neering, 1989; Pagala and Taylor, 1998). Here, the direct RyR modulator caffeine (Herrmann-Frank et al., 1999) at 0.5 mM persistently (3–10 min) increased [Ca2+]i (to ∼300 nM) from its resting concentrations (typically ∼106 ± 2 nM: (Fryer and Neering, 1989; Head, 1993; Dettbarn et al., 1994). Contrastingly, higher, ≥1.0 mM, caffeine challenge induced early [Ca2+]i peaks followed by persistent below-resting [Ca2+]i reductions within 80–90 s (Dettbarn et al., 1994; Pagala and Taylor, 1998). The latter was attributed to Ca2+-induced sarcoplasmic reticular Ca2+ transporter (SERCA) activation, followed by a sustained slow (∼seconds) RyR inactivation, reducing channel open probabilities. This inactivation property was independently demonstrated in RyR1s reconstituted in lipid bilayers exposed to steady [Ca2+]i at levels similarly initially activating RyR (∼10–100 µM) (Laver and Curtis, 1996). The same 0.5 mM and 2 mM caffeine concentrations, respectively, decreased and increased peak inward current. Conversely, the RyR1 inhibitor (Zhao et al., 2001) and muscle-relaxant (Ellis et al., 1973) dantrolene (10 μM) and sarcoplasmic reticular (SR) Ca2+ depletion produced by the SERCA inhibitor cyclopiazonic acid (CPA; 10 μM) (Matthews et al., 2019; Sarbjit-Singh et al., 2020; Liu et al., 2021) increased peak inward current and abrogated caffeine’s effects.
These findings identified caffeine as increasing and dantrolene and CPA as decreasing RyR1-mediated SR store Ca2+ release into a T-SR Ca2+ domain (Bardsley et al., 2021) with corresponding effects on Nav activation. Concordant findings emerged in reports from murine atrial and ventricular cardiomyocytes (Valli et al., 2018a; Ahmad et al., 2019). These findings were consistent with molecular structural data bearing on Ca2+ action, either direct or through Ca2+-calmodulin, in the region of the Nav1.4 or Nav1.5 C-terminal domains (Salvage et al., 2021).
Intracellular Ca2+ signaling also operates in central nervous system (CNS) neurons, modulating diverse physiological processes, particularly cell excitability (Berridge, 1998). In hippocampal cornu ammonis-1 (CA1) pyramidal neurons, it is implicated in age-related cognitive decline through altered synaptic plasticity and neuronal excitability (Foster, 2007; Kumar et al., 2009; Burke and Barnes, 2010; Oh et al., 2010), impaired neurogenesis in experimental Alzheimer’s disease models (Mattson and Chan, 2003), and toxic effects, potentially leading to cell death at high concentrations (Stanika et al., 2012). In common with striated muscle, neurons maintain low background intracellular [Ca2+]i ∼100 nM levels (Xu et al., 2014) through cytosolic exchanges with the extracellular environment and intracellular, mitochondrial, and endoplasmic reticular (ER) reservoirs. In striated SkM or cardiac muscle, Nav1.4 or Nav1.5-mediated action potential generation (Adrian and Peachey, 1973) increases [Ca2+]i through RyR1- or RyR2-mediated intracellular SR Ca2+ store release. This involves direct, allosteric, or extracellular Ca2+ entry-dependent coupling of transitions in the tubular membrane, voltage-sensing, or Ca2+-conducting Cav1.1 or Cav1.2 channels, to the activation of RyR1 or RyR2 SR Ca2+ release channels, respectively (Huang et al., 2011). These interactions occur at triad or dyad junctions (Martin et al., 2003) between surface tubular and SR membranes (Chawla et al., 2001) that may form Ca2+ domains within their enclosed T-SR space, enclosing both RyR and Nav1.4 or 1.5 (Bardsley et al., 2021). The resulting elevated bulk [Ca2+]i then initiates muscle contraction. It also exerts negative feedback actions on its initiating RyR-mediated Ca2+ release (Pagala and Taylor, 1998). SERCA1 or SERCA2 and plasma membrane Ca2+ transporters (PMCA) then return the released Ca2+ into the ER for sequestration by high concentrations of specialized low-affinity, high-capacity buffer molecules, such as calsequestrin, or to the extracellular space (Clapham, 2007). This restores the baseline low cytosolic [Ca2+]i. Surface membrane excitation is finally terminated by voltage-gated SkM Kv1 and/or cardiac muscle Kv4 K+ channel action.
Hippocampal pyramidal CA1 neurons similarly possess surface voltage-gated Na+, Ca2+, and K+, and intracellular Ca2+ release RyR channels. They also show endoplasmic reticular (ER)–plasma membrane (PM) junctions (EPJs) with clustered and functionally coupled L-type Ca2+ (LTCCs) and RyR channels. However, differing channel subtypes are involved. Of surface membrane ion channels, CA1 pyramidal neurons express Nav 1.1, 1.2, and 1.6 amongst Na+ channels (Wang et al., 2012), and Cav1.3, Cav2.3, and Cav3.x, activated by different magnitudes of membrane depolarization, amongst Ca2+ channels (Armstrong and Matteson, 1985). Among intracellular RyR-Ca2+ release channels, anti-RyR antibody labeling methods (Furuichi et al., 1994; Giannini et al., 1995) indicated expression of all three established RyR1-3 subtypes (McPherson and Campbell, 1993) in neuronal cells. More recent studies in RyR3−/− mouse CA1 cells suggested important functional roles of Ca2+-induced Ca2+ release by highly expressed RyR3 in potentiating slow afterhyperpolarizing current, sIAHP (Tedoldi et al., 2020). In addition, Cav1.3–RyR3 interactions are promoted by Kv2.1 K+ channels present within the resulting Kv2.1–LTCC–RyR triads (Johnson et al., 2018; Vierra et al., 2019). Recently, in a mouse model expressing green fluorescent protein (GFP)-tagged RyR2, a specific GFP probe demonstrated high RyR2 expression in soma and dendrites, but not dendritic spines or presynaptic terminals, of CA1 pyramidal neurons or dentate gyrus granular neurons (Hiess et al., 2022).
Among K+ channels, the delayed rectifier Kv2.1, in addition to modifying neuronal excitability (Martina et al., 1998) to extents dependent on metabolic state (Misonou et al., 2005), enhances LTCC opening at polarized membrane potentials. Conversely, Cav3.1 and Cav1.2 channels were implicated in modulating Kv4.2 in hippocampal dendrites (Anderson et al., 2010; Murphy et al., 2022). Finally, their parallel increases and decreases in amplitude in intact neurons could be a basis for a dependence of transient outward IK upon entry of extracellular Na+ (Marrero and Lemos, 2003). The latter findings parallel features of Na+-dependent K+ current activation in a different K+ channel subtype (Bhattacharjee and Kaczmarek, 2005; Hage and Salkoff, 2012). In this connection, the RyR antagonist dantrolene was recently proposed as a novel treatment for Alzheimer’s disease (Liang and Wei, 2015).
These similarities and differences in muscle and neuronal interactions between surface and intracellular membranes predict corresponding functional similarities and differences between them. Furthermore, native CA1 neurons in hippocampal slices may be amenable to study by similar pharmacological and biophysical methods as skeletal muscle. Ca2+ imaging methods had similarly demonstrated, respectively, enhanced and reduced Ca2+ transient amplitudes following challenge by low and high caffeine concentrations, and these effects were similarly occluded by the pharmacological depletion of intracellular Ca2+ stores (Sandler and Barbara, 1999). We here introduce loose-patch clamp methods (Stühmer et al., 1983) to investigate corresponding effects in native in situ CA1 pyramidal neurons in hippocampal coronal slices for the first time. This approach complements conventional tight patch electrode techniques previously used in both on- and whole-cell electrophysiological single-cell current-clamp (Liu et al., 2001; Minlebaev et al., 2013; Ghasemi et al., 2018; Vazetdinova et al., 2022) or voltage-clamp studies of neuronal cells in hippocampal tissue slices (Kodirov, 2023) or following isolation (Mathias et al., 1990; Klee et al., 1995). However, on the one hand, the whole-cell conventional patch clamp configuration permitting membrane current measurement over the entire somal cell membrane involves cell membrane rupture to electrically access the intracellular environment (French et al., 1990). The dialysis of often Ca2+-chelating ethylene glycol-bis (β-aminoethyl ether)-N, N, N′, N′-tetra acetic acid (EGTA)-containing pipette solution into the intracellular environment could then itself perturb intracellular Ca2+ dynamics (Leech & Holz IV, 1994; Perkins, 2006). Furthermore, neither this nor perforated patch variants permit multiple experimental seal formations and detachments with the same pipette before and following pharmacological challenges. Finally, in one report, it was not possible to control potential during the early sodium current transient, likely due to currents generated at a distance from the soma in the axon or dendrites (French et al., 1990). On the other hand, with the small pipette diameters, on-cell techniques leave intact membrane confine readings to relatively small localized membrane areas (Magee and Johnston, 1995; Perkins, 2006).
2 MATERIALS AND METHODS
2.1 Experimental strategy
All experimental procedures were approved by and conformed to the guidelines of the Animal Experiment Ethical Committee of the University of Surrey, Guildford, UK (NASPA-1819-25). All reagents were purchased from Sigma-Aldrich, Kent, UK, unless otherwise stated. The patches were acquired in the stratum pyramidalis (SP) layer of the CA1 hippocampus. Here, depolarization-activated currents were recorded before and following the administration of extracellularly bath-applied drugs. This approach allowed comparisons before and after drug application from each patch, thereby avoiding variations arising from maximum current amplitude differences between patches. Each experimental protocol was limited to one patch from any individual brain slice, thereby avoiding effects from prior drug exposure on other cells within that slice. Additionally, to maximize statistical independence, each experimental condition was only applied to a single hippocampal slice extracted from each brain.
2.2 Animals
Four-week-old C57BL/6 male mice (Charles River UK Ltd., Margate, United Kingdom) were housed under controlled conditions (ambient temperature 23°C ± 2°C, 12-h light/dark cycle) with food pellets and water supplied ad libitum. Animals were subjected to a 1-week adaptation period to animal house conditions prior to experiments. After this time, they were sacrificed by cervical dislocation (Schedule 1, UK Animals (Scientific Procedures) Act 1986).
2.3 Tissue preparation
Once sacrificed, the animals were rapidly decapitated, and the brain was harvested and placed in ice-cold HEPES-buffered holding artificial cerebrospinal fluid (aCSF) containing (in mM) 92 NaCl, 2.5 KCl, 30 NaHCO3, 1.25 NaH2PO4, 20 HEPES, 25 glucose, 10 MgCl2, and 0.5 CaCl2. The pH was adjusted to 7.4, and the solution was constantly bubbled with a mixture of 95% O2 and 5% CO2 (Ting et al., 2014). From these, 300-μm-thick coronal hippocampal slices were cut using a micro-slicer (7000smz-2 vibratome, Campden Instruments Ltd., UK). Slices were incubated for 1 h at room temperature (20°C–25°C) in HEPES-buffered holding aCSF, constantly bubbled with 95% O2 and 5% CO2. This minimized edema formation (MacGregor et al., 2003) and cell swelling of the neurons in the superficial layer of the tissue in contact with the blade during cutting procedures.
From each brain, four coronal slices were obtained from the anterior and medial hippocampal regions. From each slice, a single patch was selected for protocol application. Once obtained, the electrophysiological properties of the patch were tested by applying a depolarizing test pulse from the resting membrane potential (RMP) to (RMP + 80) mV. Only patches displaying clear-cut inward and outward currents were selected for further experimentation. Slices were preserved in HEPES-buffered holding aCSF and constantly bubbled with a mixture of 95% O2 and 5% CO2 for up to 5 h.
2.4 Bath setup and perfusion apparatus
A single coronal slice was placed in a bath chamber filled with 30 mL of standard recording aCSF containing (in mM) 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 5 HEPES, 12.5 glucose, 2 MgCl2, and 2 CaCl2 at a pH of 7.3–7.4 and a temperature T of 23°C–25°C. The bath was perfused through two peristaltic pumps for influx and efflux of solution (model 101UR, Watson-Marlow, Cornwall, UK), both set at a 4 mL/min flow rate to reduce disturbance to the tissue and acquired patch. The perfusing solutions were equilibrated for > 1 h at room temperature prior to experimentation, constantly perfused with fresh standard recording aCSF, and bubbled with a mixture of 95% O2 and 5% CO2.
2.5 Loose patch pipette manufacture and deployment
Patch pipettes were fabricated from borosilicate glass capillary tubes (GC150-10; Harvard Apparatus, Cambridge, UK) using a micropipette vertical puller (Model P-97 Sutter Instrument Co., Novato, CA) to obtain a progressive taper, at the end of which a square tip with a 20–25 µm diameter was achieved without fire polishing. The pipette was mounted into a 45° inclined pipette holder (model Q45W-B15P, Warner Instruments, Hamden, CT, USA), connected to a chloridized silver wire. This was inserted on the head stage of the loose-patch amplifier and held at 45° such that the pipette tip approached the slice surface with a perpendicular angle. In standard recording of aCSF, the average pipette resistance (Rpip) recorded was ∼ 200 kΩ.
2.6 Loose patch clamp recording
Figures 1A, B review the overall design of the particular custom-built loose-patch amplifier circuit that was used (Almers et al., 1983). It differs from conventional patch clamp recording circuitry in incorporating corrections for significantly larger seal leakage currents through a seal resistance Rseal <1 MΩ as opposed to many GΩ, which the pipette tip makes with the membrane. This additionally leads to larger series resistance Rpip errors through the pipette length. Both involve corrections so that the membrane patch was clamped to the command potential and the circuit output corresponded to the current flowing through the patch only. Nevertheless, this approach (Stühmer et al., 1983) has been previously adapted and validated in electrophysiological studies of amphibian (Chin et al., 2004), mammalian skeletal (Matthews et al., 2019; Sarbjit-Singh et al., 2020; Liu et al., 2021), and cardiac atrial (Valli et al., 2018a) and ventricular muscles (Ahmad et al., 2019).
[image: Figure 1]FIGURE 1 | Experimental study design. (A) Basic layout illustrating the loose-patch clamp technique. (B) Outline of bespoke circuit components. (C) Pharmacological study design.
In Figure 1A, the junction between the pipette resistance (Rpip) and seal resistance (Rseal) (a) is to be ‘clamped’. The back of the pipette (b) connects to both the 10 MΩ resistor (c) and inverting input of op amp 1 (d). The non-inverting input of op amp 1 (e) connects to a 10 KΩ resistor (f). Op amp 1 then adjusts its output voltage to minimize the voltage difference between its two inputs. The right-hand output of op amp 1 mirrors point (c) with the 10K resistor (f), and resistors pipette/1,000 of resistance Rpip/1,000 (g), and seal/1,000 of resistance Rseal/1,000 (h), each accordingly of resistance 1/1,000 those of the corresponding elements on the opposite side. The current flowing through the 10 kΩ resistor is then 1,000 times greater than that from the loose-patch pipette flowing through the 10 MΩ resistor. The junction (i) between pipette/1,000 and seal/1,000 then connects to the inverting terminal of clamping op amp 2 (j). The latter is then compared to the input to its non-inverting terminal (k) from the command voltage step (l). The output voltage of Op amp 2 is adjusted to minimize the voltage difference between its two inputs. This corresponds to the current required to voltage-clamp the junction between the pipette/1,000, and seal/1,000 (m) and therefore the junction between the pipette and seal resistors. This circuitry, thus, corrects for much greater leaks and consequently pipette currents. Here, the true membrane current is much smaller than the leak current and the latter must be corrected out before feeding into the actual patch clamp circuit. Delivery of such greater currents is potentially limited by the ability of the Ag/AgCl junction for sustained current delivery through the loose-patch electrode.
The values of the different resistors require optimizing for any given application and preparation against the different electrode tip diameters, leak currents, and pipette resistances (Yan et al., 2020). The latter and details of the clamping configuration are summarized in more detail in Figure 1B. Here, in addition to op amps 1 and 2 in Figure 1A, op amp 3 subtracts the command potential offset from the output of Op amp 2. The final output voltage, thus, represents the patch current. Op amp 4 buffers the command input. Op amp 5 presents a scaled replica of the pipette voltage to a capacitor connected to the pipette input; the scale factor is adjustable to cancel pipette capacity currents. Op amp 6 voltage clamps the bath to a voltage determined using the offset potentiometer. Op amp 7 cancels junction potentials to ensure zero current flow when the pipette is clamped to nominally zero voltage.
Prior to patch clamp measurements, manual calibrations and balancing set the values of the pipette/1,000 and seal/1,000 resistors. In the bath mode, the seal/1,000 resistor is shorted out. This enables pipette resistance measurement with the application of square-wave voltage clamp pulses. Pipette/1,000 is then adjusted to cancel the square-wave leakage current through the pipette resistance Rpip. In the patch mode, the resistors are reconnected. The contact between the pipette and membrane generates a change in the magnitude of the uncompensated currents evoked by small-amplitude voltage clamp pulses, reflecting an increase in resistance at the pipette tip. The seal is then stabilized through the application of negative pressure through the electrode. On such patch seal formation, the leak/1,000 control is adjusted to cancel the seal current and compensate for Rseal. Thus, in the operation of the circuit, the variable resistances of the compensating bridge circuit are adjusted to match the voltage drops across both Rpip and Rseal. Accordingly, the membrane patch is clamped to the command potential, and the circuit output corresponds to the current flowing through the patch only. In standard recording aCSF, the average Rpip recorded was ∼ 180 kΩ. Average Rseal varied between patches and ranged between 1.5 and 2.0 times the value of Rpip (average ∼ 300 kΩ). The patch was then examined for the presence of membrane currents through a 25 ms depolarizing step to (RMP + 80). Viable patches displaying clear-cut inward and outward currents were tested with clamp steps over a range of depolarizing voltages to obtain a family of current responses.
2.7 Recording protocol
Voltage clamp steps were delivered using an IBM-compatible computer. As the pipette clamped the extracellular face of the patch, the applied voltage steps produced membrane potential excursions of opposite sign to the conventionally expressed membrane potential and were relative to the resting membrane potential (RMP); they are accordingly referred to as such in this report. Each recording had a duration of 30 ms. At the beginning of each clamp step protocol, the patch was maintained at RMP (holding potential) for 1 ms. Each protocol used a 5 ms hyperpolarizing pre-pulse at (RMP—40) mV to relieve any residual Nav inactivation at the RMP. This was followed by a test pulse of variable amplitude and 15 ms duration, starting at (RMP—40) mV and altered in (RMP + 10) mV increments until a maximum test voltage of (RMP + 120) mV was reached. The RMP was finally restored at the end of the 21 ms clamp step protocol, and the currents were recorded for a further 9 ms. Any remaining uncompensated leak current was adjusted using a P/4 procedure, which involved delivering four voltage clamp steps of opposite polarity and a quarter of the magnitude of the test pulse immediately after it. As the P/4 pulses covered voltage ranges that would not activate any voltage-gated conductance, they solely represented leak currents. These leak currents were eliminated by adding them to the recorded test pulse current. A series of membrane-depolarizing clamp steps was used to derive current–voltage curves reflecting channel activation in conjunction with the P/4 pulse procedure.
Data were sampled at a 50 kHz digital sampling rate and filtered over a DC-10 kHz bandwidth using a 10 kHz Bessel low-pass filter. The region corresponding to the SP layer of the hippocampal CA1 was optically identified. All the experiments were conducted at room temperature (20°C–25 °C). The data were digitized and stored using custom-made loose-patch clamp software.
2.8 Administration of drugs
After seal acquisition, the bath was perfused with a succession of recording aCSF solutions with the aid of perfusion pumps while monitoring Rseal. Perfusion was maintained at a steady flow rate throughout to both ensure seal preservation and maintain tissue viability. A first family of control currents was obtained in standard recording aCSF in the presence or absence of conditioning reagents. The relevant, standardized pulse procedure took <10 min. This was followed by the replacement of perfusate with fresh standard test aCSF containing test drugs at the defined concentrations. The total volume of the washout replacement solution (120 mL) exceeded four times that of the bath. Each such solution change accordingly took a period of <30 min. This ensured complete bath solution replacement and avoided diluting effects between the two solutions. The next family of test currents was then obtained using the same voltage clamp protocol. The overall duration of the entire perfusate replacement/recording protocol accordingly took <1 h. This protocol, using a constant flow of perfusing solution, permitted all recordings to be obtained from the same undisrupted patch.
The tested compounds were nifedipine at 10 and 100 μM, caffeine at 0.5 and 2 mM, dantrolene at 10 μM, and CPA (Bio-Techne Ltd, UK) at 1 μM (Figure 1C). Nifedipine at 10 and 100 μM was used to assess the impact of Cav blockage on CA1 pyramidal neuron membrane current. Caffeine was used at low (0.5 mM) RyR agonist and high (2 mM) inhibitory concentrations. Dantrolene (10 μM) and CPA (1 μM) were used, respectively, as RyR and SERCA blockers. The combined effects of caffeine and dantrolene/CPA were tested by pre-incubating hippocampal slices with either 10 μM dantrolene or 1 μM CPA, followed by additional inclusion of different caffeine concentrations. In common with the limited specificity shown by most pharmacological agents, these agents individually could exert respective effects in addition to those on RyR-mediated Ca2+ release or SERCA-mediated Ca2+ re-uptake. The former is exemplified by caffeine-mediated phosphodiesterase, in addition to RyR inhibition. However, the present findings from their use in combination likely concern their common actions directed at cellular Ca2+ homeostasis.
2.9 Statistical analysis
Current–voltage plots, where currents were normalized to the patch area as inferred from the pipette diameter and presented as current densities (means ± SEM), were derived from the recordings. Current means recorded in pre- and post-treatment conditions, I (pA/µm2), were statistically analyzed through a within-patch paired t-test using GraphPad Prism® software version 6 for Windows (p < 0.05). Multiple groups of data were tested using a one-way ANOVA plus a post hoc Tukey test. Sample sizes are described as N1 for the number of brains and n for the number of patches. All statistics are based on n.
3 RESULTS
3.1 Extracellular Na+ replacement removes inward and transient outward currents
The loose-patch recordings in the CA1 pyramidal neurons demonstrated transient inward, followed by transient outward, and sustained outward currents in response to families of depolarizing steps. This agreed with previous findings from the technique in other neuronal cell types that had implicated Na+ (INa) and K+ currents (IK) in these deflections (Marrero and Lemos, 2003). Initial control experiments investigating the effects of extracellular ionic substitutions confirmed these earlier reports. They investigated the effects of NaCl replacement first by N-methyl-d-glucamine (NMDG) chloride and then, in separate experiments, by choline-Cl.
The experiments first obtained current families in response to depolarizing steps applied in membrane patches in slices perfused with standard artificial cerebrospinal fluid (aCSF) (Figure 2A). The pipette was then lifted, and the extracellular solution replaced by a Na+-free perfusate in which NaCl was replaced with isomolar NMDG-Cl or choline-Cl. The seal was then re-established by lowering the pipette using the same micromanipulator coordinates, and a new family of currents was recorded. In addition to obtaining current families and displaying current density normalized to the pipette diameter, their mean currents were plotted against voltage excursion. Prolonged outward currents were quantified from current amplitudes at the end of the voltage steps, and transient outward current components were estimated from the difference between the latter and the maximum outward current amplitudes (Figure 2B).
[image: Figure 2]FIGURE 2 | Extracellular Na+ replacement blocks inward and reduces transient outward currents. (A) Effect of NaCl replacement by N-methyl-d-glucamine (NMDG) (top row) (Rseal: 510 kΩ, pipette diameter: 24 μm) and choline chloride (bottom row) (Rseal: 285 kΩ, pipette diameter: 24 μm). From left to right: typical results before and following treatment and superimposed comparisons of single traces obtained at (RMP + 120) mV. Control currents recorded under standard recording aCSF containing (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 5 HEPES, 12.5 glucose, 2 MgCl2, and 2 CaCl2 at a pH of 7.3–7.4 and T = 23°C–25°C. In choline-Cl experiments, the sole NaCl was replaced by the same molarity of choline chloride. For NMDG experiments, the solution used contained (in mM) 140 NMDG-Cl, 3 KCl, 10 HEPES, 25 glucose, 2 MgCl2, and 2 CaCl2 at a pH of 7.3–7.4 and T = 23°C–25°C.(B) Mean current densities normalized to the pipette diameter for peak inward, maximum outward, prolonged outward, and transient outward currents for NMDG-Cl (top row: (a–d)), respectively and choline-Cl substitution experiments (bottom row: (e–h)), respectively (average Rseal: 420 kΩ). RMP, resting membrane potential. N1 = 4 and n = 4 for NMDG-Cl substitution. N1 = 5 and n = 5 for choline-Cl substitution. Significance levels between pre- and post-treatment groups. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
With both substitutions, Na+ replacement both blocked peak inward and reduced transient outward but did not significantly affect prolonged outward current. This was reflected in mean (±SEM) current amplitudes at (RMP+120) mV in the presence of NMDG for inward (61.49 ± 7.94 pA/μm2 pre-administration vs. 2.74 ± 0.11 pA/μm2 post administration, p = 0.0053, n = 4), maximum (104.1 ± 10.31 vs. 49.07 ± 10.4 pA/μm2, p = 0.0072), transient (62.08 ± 7.25 vs. 1.84 ± 0.38 pA/μm2, p = 0.0037), and prolonged outward currents (42 ± 5.83 vs. 47.23 ± 10.65 pA/μm2, p = 0.6537). Corresponding values in the presence of choline were inward (60.9 ± 1.66 pA/μm2 pre administration vs. 2.74 ± 0.08 pA/μm2 post administration, p < 0.0001, n = 5), maximum (100.24 ± 0.17 vs. 64.27 ± 2.65 pA/μm2, p = 0.0002), transient (34.49 ± 0.22 vs. 0 ± 0 pA/μm2, p < 0.0001), or prolonged outward currents (65.74 ± 0.4 vs. 67.85 ± 0.5 pA/μm2, p = 0.0705). This agreed with the previous results, which accordingly identified the inward with an INa and with previous reports of a possible Na+ dependence of the outward transient IK (Marrero and Lemos, 2003). The latter has been previously associated with outward Na+-activated K+ channels (Slack and Slick, KCNT1 and KCNT2 channels), known to produce delayed outward currents (Bhattacharjee and Kaczmarek, 2005; Hage and Salkoff, 2012).
3.2 No significant actions of nifedipine on inward and outward membrane currents
Further controls excluded Ca2+ current contributions to, or their effects on, inward currents. These explored effects of low (10 μM) and high nifedipine concentrations (100 μM) known, respectively, to block selectively LTCCs and remaining Cav types (Curtis and Scholfield, 2001) (Figure 3). Neither concentration affected the inward currents (peak values at the largest depolarizations: controls: 60.37 ± 2.70 pA/μm2; following the addition of nifedipine at 10 μM: 59.46 ± 3.23 pA/μm2, p = 0.9745, n = 5; at 100 μM: 57.4 ± 2.9 pA/μm2 post-administration, p = 0.7620, n = 5 in each group). Maximum, transient, and prolonged outward currents were all similarly unaffected (maximum outward current: control: 101.22 ± 3.33 pA/μm2, nifedipine, 10 μM: 106.83 ± 4.13 pA/μm2, p = 0.455; 100 μM: 99.52 ± 1.63 pA/μm2, p = 0.925. Transient outward current: control: 56.23 ± 2.47 pA/μm2, nifedipine, 10 μM: 59.25 ± 3.43 pA/μm2, p = 0.7843; 100 μM: 48.94 ± 3.51 pA/μm2, p = 0.2736. Prolonged outward current: controls: 45 ± 3.13 pA/μm2; nifedipine, 10 μM: 47.59 ± 3.42 pA/μm2, p = 0.8441; 100 μM: 48.58 ± 3.29 pA/μm2, p = 0.4730). These findings exclude significant surface membrane Ca2+ current contributions to the observed inward currents observed here. They also exclude the participation of such Ca2+ currents in the inward current alterations that followed the experimental manipulations described below.
[image: Figure 3]FIGURE 3 | Activation properties of inward and outward currents of murine CA1 pyramidal neurons under loose-patch clamp in response to treatment with the membrane Ca2+ channel blocker nifedipine. (A) Currents elicited by progressively depolarizing voltage steps are shown for a typical patch (Rseal: 260 kΩ and pipette diameter: 22 μm) under pre-treatment control conditions (a) and following treatment with 10 μM (b) and 100 μM (d) nifedipine. Subpanels (c) and (e) display single-trace comparisons between control and treatment at the most depolarized voltage tested, (RMP + 120) mV, for 10 μM (c) and 100 μM nifedipine (e). (B) Mean (±SEM) currents plotted against voltage excursion: the resulting current–voltage curves, expressing current density normalized to the pipette diameter shown for control (filled circles), 10 μM nifedipine (empty rhombuses), and 100 μM nifedipine (filled triangles) peak inward (a), maximum outward (b), prolonged outward (c), and transient outward currents (d). Average Rseal: 300 kΩ. RMP, resting membrane potential. N1 = 5 and n = 5.
3.3 Agonist (0.5 mM) but not antagonist (2 mM) caffeine concentrations inhibit inward and potassium current
The effects of RyR-mediated modulations of [Ca2+]i on CA1 pyramidal neuron membrane currents before and following applications of the RyR agonist caffeine at low activating (0.5 mM) and high inactivating concentrations (2 mM) were compared in separate experiments. Caffeine (0.5 mM) decreased maximum amplitudes of peak inward current (57.94 ± 2.17 pA/μm2 pre-administration vs. 41.82 ± 2.13 pA/μm2 post-administration, p < 0.0001, n = 12) (Figure 4A). This result agrees with its reported action of decreasing inward current in SkM (Sarbjit-Singh et al., 2020). It also decreased the maximum amplitude of the outward current (103.31 ± 6.37 vs. 80.04 ± 5.66 pA/μm2, p = 0.0047) consistent with effects on a Na+ dependent transient outward current (57.49 ± 6.85 vs. 33.11 ± 5.33 pA/μm2, p = 0.0007). It did not alter the prolonged outward current (45.82 ± 2.89 vs. 46.92 ± 2.64 pA/μm2, p = 0.6650) (Figure 4C). In contrast, caffeine (2 mM) affected neither inward (60.43 ± 2.42 vs. 59.48 ± 3.29 pA/μm2, p = 0.7841, n = 13) nor transient outward current (57.14 ± 5.15 vs. 53.94 ± 5.13 pA/μm2, p = 0.1719) (Figures 4B, D). This result differs from its reported actions increasing inward current in SkM (Sarbjit-Singh et al., 2020). There was a small increase in maximum outward current (101.00 ± 5.80 vs. 105.54 ± 5.76 pA/μm2, p = 0.0366). However, this may reflect increased prolonged current amplitudes (43.86 ± 3.43 vs. 52 ± 3.57 pA/μm2, p = 0.0002).
[image: Figure 4]FIGURE 4 | Activation properties of inward and outward currents of murine CA1 pyramidal neurons under loose-patch clamp in response to treatment with low (0.5 mM) and high (2 mM) caffeine concentrations. (A, B) Currents elicited by progressively depolarizing voltage steps are shown for an example patch (Rseal: 260 kΩ; pipette diameter: 22 μm) under pre-treatment control conditions (a) and following treatment (b) with 0.5 mM (A) and 2 mM caffeine (B). Subpanels (c) display single-trace comparisons between control and treatment at the most depolarized voltage tested, (RMP + 120) mV. RMP, resting membrane potential. (C, D) Current–voltage curves for current components before and following caffeine challenge. Mean (±SEM) currents plotted against voltage excursion: the resulting current–voltage curves, expressing current density normalized to the pipette diameter are shown for control currents and treatment with 0.5 mM (C) and 2 mM caffeine (D) for peak inward (a), maximum outward (b), prolonged outward (c), and transient outward currents (d). Data points from control currents are displayed as filled circles, while data points acquired after treatment administration are displayed as empty rhombuses. Average Rseal: 300 kΩ. RMP, resting membrane potential. N1 = 5 and n = 5.
3.4 Effects of pre-incubation with the RyR antagonist dantrolene
Dantrolene is known to block RyR activity selectively by decreasing the Ca2+ affinities of its activation sites, thereby stabilizing its closed states (Zhao et al., 2001). It also antagonizes caffeine action on RyR (Zhao et al., 2001). In SkM, dantrolene (10 μM) pre-administration by itself reduced background levels of INa inhibition, suggesting the effects of a reduced [Ca2+] within a possible local T-SR triadic domain (Bardsley et al., 2021). It then abrogated the effects on INa of subsequently added 0.5- or 2-mM caffeine (Sarbjit-Singh et al., 2020). Experiments extending these explorations to CA1 pyramidal neurons involved pre-incubating hippocampal slices for ∼ 10 min in 10 μM dantrolene, followed by replacement with an aCSF perfusate containing either 10 μM dantrolene + 0.5 mM caffeine or 10 μM dantrolene + 2 mM caffeine (Figures 5, 6).
[image: Figure 5]FIGURE 5 | Activation properties of inward and outward currents of murine CA1 pyramidal neurons under loose-patch clamp in response to treatment with dantrolene and 0.5 mM caffeine. (A) Currents elicited by progressively depolarizing voltage steps are shown for a typical patch (Rseal: 260 kΩ, pipette diameter: 22 μm) under pre-treatment control conditions (a) and following treatment with 10 μM dantrolene (b) and 10 μM dantrolene + 0.5 mM caffeine (d). Subpanels (c, e) display single-trace comparisons between control and treatment at the most depolarized voltage tested, (RMP + 120) mV, for 10 μM dantrolene (c) and 10 μM dantrolene + 0.5 mM caffeine (e). (B) Mean (±SEM) currents plotted against voltage excursion: the resulting current–voltage curves, expressing current density normalized to the pipette diameter, are shown for control (filled circles), 10 μM dantrolene (empty rhombuses), and 10 μM dantrolene + 0.5 mM caffeine (filled triangles) for peak inward (a), maximum outward (b), prolonged outward (c), and transient outward currents (d). Average Rseal: 300 kΩ. RMP, resting membrane potential. N1 = 5 and n = 5.
[image: Figure 6]FIGURE 6 | Activation properties of inward and outward currents of murine CA1 pyramidal neurons under loose-patch clamp in response to treatment with dantrolene and 2 mM caffeine. (A) Currents elicited by progressively depolarizing voltage steps are shown for typical patch (Rseal: 260 kΩ; pipette diameter: 22 μm) under pre-treatment control conditions (a) and following treatment with 10 μM dantrolene (b) and 10 μM dantrolene + 2 mM caffeine (d). Subpanels (c, e) display single-trace comparisons between control and treatment at the most depolarized voltage tested, (RMP + 120) mV, for 10 μM dantrolene (c) and 10 μM dantrolene + 2 mM caffeine (e). (B) Mean (±SEM) currents plotted against voltage excursion: the resulting current–voltage curves, expressing current density normalized to the pipette diameter, are shown for control (filled circles), 10 μM dantrolene (empty rhombuses), and 10 μM dantrolene + 2 mM caffeine (filled triangles) for peak inward (a), maximum outward (b), prolonged outward (c), and transient outward currents (d). Average Rseal: 300 kΩ. RMP, resting membrane potential. N1 = 5 and n = 5.
Dantrolene pre-incubation in CA1 pyramidal neurons produced effects that differed from its previously reported SkM actions. Thus, it did not affect inward (57.89 ± 3 pA/μm2 pre-administration vs. 58.38 ± 3.32 pA/μm2 post-administration, p = 0.9920, n = 5), maximum (98.04 ± 9.54 vs. 96.15 ± 9.91 pA/μm2, p = 0.9897), transient (51.1 ± 7.61 vs. 47.92 ± 9.39 pA/μm2, p = 0.9642), or prolonged outward currents (46.94 ± 4.48 vs. 48.24 ± 4.77 pA/μm2, p = 0.9784) (Figure 5). However, in agreement with its SkM actions, it abrogated the actions of the additional inclusion of 0.5 mM caffeine (Figure 6). Caffeine now had no significant effects on inward (58.38 ± 3.32 vs. 60.77 ± 2.73 pA/μm2, p = 0.7827, n = 5), maximum (96.15 ± 9.91 vs. 95.33 ± 9.64 pA/μm2, p = 0.998), transient outward (51.1 ± 7.61 vs. 47.92 ± 9.39 pA/μm2, p = 0.8846), and prolonged outward currents (48.24 ± 4.77 vs. 50.09 ± 4.58 pA/μm2, p = 0.8808). The use of 2 mM caffeine similarly left inward (56.31 ± 3.27 vs. 59.74 ± 4.32 pA/μm2, p = 0.9191, n = 8), maximum (116.16 ± 7.23 vs. 118.47 ± 7.68 pA/μm2, p = 0.9754), transient outward (60.22 ± 4.72 vs. 56.73 ± 4.56 pA/μm2, p = 0.8219), and prolonged outward currents (55.94 ± 5.27 vs. 61.74 ± 5.93 pA/μm2, p = 0.4900) unchanged relative to results during dantrolene pre-treatment.
3.5 Cyclopiazonic acid abrogates the effects of 0.5 but not 2 mM caffeine
A complementary maneuver to the dantrolene challenge employed SERCA blockers such as thapsigargin or cyclopiazonic acid (CPA). These would ultimately impair ER Ca2+ store replenishment and, in turn, the background efflux of store Ca2+ into the cytosol (Seidler et al., 1989). In the previous report, in common with previously reported dantrolene actions (Sarbjit-Singh et al., 2020), CPA pre-administration both reduced background INa inhibition and abrogated the effects of subsequent caffeine challenges on skeletal muscle INa (Liu et al., 2021).
In the present experiments on CA1 pyramidal neurons, the initial 1 μM CPA administration did not affect inward current (56.2 ± 2.28 pA/μm2 pre-administration vs. 57.27 ± 2.8 pA/μm2 post-administration, p = 0.9931, n = 10) in contrast to its action in SkM (Liu et al., 2021) (Figure 7). It also left unchanged maximum (102.51 ± 5.04 vs. 105.61 ± 5.23 pA/μm2, p = 0.9074), transient outward (60.45 ± 3.65 vs. 60.11 ± 3.87 pA/μm2, p = 0.9984), and prolonged currents (42.05 ± 2.61 vs. 45.5 ± 2.94 pA/μm2, p = 0.6403). As with the case of dantrolene, the CPA pre-administration, abrogated caffeine (0.5 mM) induced decreases in peak inward (57.27 ± 2.8 pA/μm2 vs. 52.47 ± 3.31 pA/μm2, p = 0.6117, n = 10) current in agreement with its action in SkM (Liu et al., 2021). Maximum (105.61 ± 5.23 vs. 99.60 ± 5.37 pA/μm2, p = 0.9185), transient outward (60.11 ± 3.87 vs. 53.96 ± 5.47 pA/μm2, p = 0.5576), and prolonged outward currents were now similarly left unchanged (45.5 ± 2.93 vs. 45.64 ± 2.47 pA/μm2, p = 0.6164). Finally, a 2 mM caffeine challenge in the presence of CPA did not affect inward (60.08 ± 7.29 vs. 64.75 ± 7.07 pA/μm2, p = 0.8266, n = 5) or maximum (104.55 ± 6.43 vs. 102.58 ± 8.39 pA/μm2, p = 0.9768) and transient outward current components (61.45 ± 6.45 vs. 49.79 ± 6.5 pA/μm2, p = 0.2848) (Figure 8). Caffeine continued to increase the prolonged outward current (43.1 ± 1.54 vs. 52.79 ± 2.03 pA/μm2, p = 0.0009).
[image: Figure 7]FIGURE 7 | Activation properties of inward and outward currents of murine CA1 pyramidal neurons under loose-patch clamp in response to treatment with cyclopiazonic acid and 0.5 mM caffeine. (A) Currents elicited by progressively depolarizing voltage steps are shown for typical patch (Rseal: 260 kΩ; pipette diameter: 22 μm) under pre-treatment control conditions (a) and following treatment with 1 μM CPA (b) and 1 μM CPA + 0.5 mM caffeine (d). Subpanels (c, e) display single-trace comparisons between control and treatment at the most depolarized voltage tested, (RMP + 120) mV, for 1 μM CPA (c) and 1 μM CPA + 0.5 mM caffeine (e). (B) Mean (±SEM) currents plotted against voltage excursion: the resulting current–voltage curves, expressing current density normalized to the pipette diameter, are shown for control (filled circles), 1 μM CPA (empty rhombuses), and 1 μM CPA + 0.5 mM caffeine (filled triangles). Current voltage curves shown for peak inward (a), maximum outward (b), prolonged outward (c), and transient outward currents (d). Average Rseal: 300 kΩ. RMP, resting membrane potential. N1 = 5 and n = 5.
[image: Figure 8]FIGURE 8 | Activation properties of inward and outward currents of murine CA1 pyramidal neurons under loose-patch clamp in response to treatment with cyclopiazonic acid and 2 mM caffeine. (A) Currents elicited by progressively depolarizing voltage steps are shown for a typical patch (Rseal: 260 kΩ; pipette diameter: 22 μm) under pre-treatment control conditions (a) and following treatment with 1 μM CPA (b) and 1 μM CPA + 2 mM caffeine (d). Subpanels (c, e) display single-trace comparisons between control and treatment at the most depolarized voltage tested, (RMP + 120) mV, for 1 μM CPA (c) and 1 μM CPA + 2 mM caffeine (e). (B) Mean (±SEM) currents plotted against voltage excursion: the resulting current–voltage curves, expressing current density normalized to the pipette diameter, are shown for control (filled circles), 1 μM CPA (empty rhombuses), and 1 μM CPA + 2 mM caffeine (filled triangles) for peak inward (a), maximum outward (b), prolonged outward (c), and transient outward currents (d). Average Rseal: 300 kΩ. RMP, resting membrane potential. N1 = 5 and n = 5.
4 DISCUSSION
Intracellular Ca2+ homeostasis has been extensively studied in connection with skeletal (SkM) and cardiac muscle excitation–contraction coupling. In this process, Nav1.4- or Nav1.5-mediated action potential generation (Adrian and Peachey, 1973) elevates [Ca2+]i from the low background ∼100 nM to contractile activating levels through RyR1- or RyR2-mediated SR Ca2+ store release (Chawla et al., 2001). The latter involves direct allosteric or Ca2+-induced coupling following Cav1.1- or Cav1.2-mediated voltage-sensing or Ca2+-entry (Huang et al., 2011). The action was localized to potential Ca2+ domains within triad or dyad (T-SR) junctions between surface tubular and SR membranes (Bardsley et al., 2021).
Ca2+ homeostasis is similarly central to neuronal physiology. In hippocampal CA1 pyramidal neurons, it may modulate cell excitability and synaptic function clinically implicated in age-related cognitive decline (Mattson and Chan, 2003; Foster, 2007; Kumar et al., 2009; Burke and Barnes, 2010; Oh et al., 2010), extending to cell death (Stanika et al., 2012). In common with skeletal and cardiac muscles, CA1 pyramidal neurons possess voltage-gated Na+, Ca2+, and K+, as well as RyR-Ca2+ release channels and endoplasmic reticular (ER)–plasma membrane (PM) junctions (EPJs). However, they contain different Nav, Cav, Kv, and RyR subtypes. Anti-RyR antibody labeling methods (Furuichi et al., 1994; Giannini et al., 1995) suggest the expression of all three established RyR1-3 subtypes (McPherson and Campbell, 1993). Studies in RyR3−/− mouse CA1 cells implicate highly expressed RyR3 potentiating slow afterhyperpolarizing current, sIAHP. Murine models expressing GFP-tagged RyR2 demonstrated significant expression of RyR2 in CA1 pyramidal neurons (Hiess et al., 2022). They show Cav1.3–RyR3 interactions promoted by Kv2.1 within Kv2.1-LTCC-RyR triads (Johnson et al., 2018; Vierra et al., 2019) and interactions between Cav3.1 and Cav1.2 and Kv4.2 in hippocampal dendrites and between the resulting altered intracellular Ca2+ and KCa late in action potential membrane repolarization (Verkhratsky and Shmigol, 1996; Vergara et al., 1998). Their parallel increases and decreases in amplitude suggested interactions between Na+ influx and transient outward IK in intact neurons (Marrero and Lemos, 2003), resembling features reported of a further K+ channel subtype (Bhattacharjee and Kaczmarek, 2005; Hage and Salkoff, 2012). Finally, RyR activity could influence hippocampal neuronal firing, overall activity (Tedoldi et al., 2020), and synaptic transmission and plasticity (Johenning et al., 2015). RyR dysregulation has been implicated in long-term potentiation and depression (Maffei, 2018), key to hippocampal memory formation (Hiess et al., 2022). It has been linked to a wide range of neurological disorders, ranging from epilepsy (Lehnart et al., 2008) to Alzheimer’s disease (Chiantia et al., 2023).
Recent reports described the feedback effects of both background and evoked RyR-mediated intracellular store Ca2+ release upon Na+ channel function in intact loose-patch clamped skeletal and cardiac myocytes. These findings fulfilled predictions of structural evidence for either direct or Ca2+ calmodulin-mediated Ca2+ action on Nav C-terminal domains (Salvage et al., 2021; Salvage et al., 2023). Caffeine at 0.5 and 2 mM, respectively, decreased and increased INa. This was consistent with its RyR agonist action at low (0.5 mM) and ultimate RyR inhibitory effects at high (>1.0 mM) concentrations. In the latter situation, caffeine induces a rapid transient [Ca2+]i increase followed by its decrease below even resting levels, attributed to a combination of an initial SERCA activation and subsequent sustained RyR inactivation (See Introduction; (Pagala and Taylor, 1998; Vogalis et al., 2001)).
The RyR blocker dantrolene and SERCA inhibitor cyclopiazonic acid then themselves increased INa, suggesting the effects of a reduced background Ca2+ on INa. These findings fulfilled expectations from actions on INa of blocking RyR-mediated Ca2+ release (Sarbjit-Singh et al., 2020) or of ER Ca2+ store depletion by SERCA pump inhibition (Seidler et al., 1989; Liu et al., 2021). Both actions would reduce the resting release of SR store Ca2+, increasing the background [Ca2+] within a T-SR Ca2+ domain (Bardsley et al., 2021). These agents also abrogated caffeine actions when the agents were applied in combination, consistent with common actions on SR store Ca2+ release (Matthews et al., 2019; Sarbjit-Singh et al., 2020; Liu et al., 2021). Together, these findings suggested the existence of inhibitory feedback effects of released Ca2+ upon Na+ channel function and that this took place within microdomains of elevated [Ca2+] within the T-SR junctions. Here, resting [Ca2+]i was both elevated by a background RyR-mediated Ca2+ release and further elevated by RyR-agonists (Bardsley et al., 2021).
We here investigate parallel effects within native in situ CA1 pyramidal neurons in murine hippocampal coronal slices using similar pharmacological manipulations. Continued use of a loose-patch clamping approach permitted the study of ionic currents using successive low-resistance seals, leaving cell surface membranes intact and changes in intracellular Ca2+ homeostasis unperturbed before and after pharmacological challenges (Matthews et al., 2019; Sarbjit-Singh et al., 2020; Liu et al., 2021). This loose-patch clamping involves specific circuitry required to correct for the much greater leaks and consequent pipette currents. Thus, the true membrane current is much smaller than the leak current, which must be corrected before feeding into the actual patch clamp circuit. Such corrections are potentially limited by the ability of the Ag/AgCl junction for sustained current delivery through the loose-patch electrode. Nevertheless, the approach permits effective overall assessments for, and examination of, current contributions and their comparison before and following physiological interventions in intact cells without disrupting intracellular contents. Conventional high-resistance tight-patch seals can contrastingly involve membrane disruption and possible alterations in [Ca2+]i by the use of pipettes containing Ca2+-sequestrating ethylene glycol-bis (β-aminoethyl ether)-N, N, N′, N′-tetra acetic acid with its own Ca2+ buffering capacity.
The loose-patch recordings demonstrated transient inward followed by transient, then prolonged outward currents in response to depolarizing steps, agreeing with previous reports with the same technique in other neuronal cell types that had INa and IK in these deflections (Marrero and Lemos, 2003). As in the previous reports, Na+ replacement experiments abolished peak inward and reduced transient outward currents. In the latter respect, these features resembled those of outward Na+-activated K+ (Slack and Slick, KCNT1 and KCNT2) currents (Bhattacharjee and Kaczmarek, 2005; Hage and Salkoff, 2012). They did not affect prolonged outward currents. Further controls successively used both low (10 μM) and high nifedipine concentrations (100 μM), respectively, selectively or non-selectively blocking high and both high- and low-voltage-activated Ca2+ channel activity (Curtis and Scholfield, 2001; Perez-Reyes, 2003). Neither blocking conditions affected either inward, or transient or prolonged outward, current. Thus, the inward currents did not include detectable Cav contributions. These controls also exclude regulatory contributions attributable to any associated influxes of extracellular Ca2+ upon the observed inward and outward currents.
The experiments then explored the effects on voltage-gated membrane currents of manipulations directed instead at RyR-mediated release of SR store Ca2+, using protocols that directly paralleled the similar loose-patch clamp INa investigations in SkM. These findings, for the first time, suggest a similarity between hippocampal CA1 pyramidal neurons and skeletal and cardiac myocytes in that caffeine-induced increases or decreases in RyR-mediated ER Ca2+ release either decreased or increased inward current. Consistent with previous observations, they also demonstrate accompanying changes in transient but not prolonged outward current. Here, low (0.5 mM) RyR-agonist caffeine concentrations, expected to increase RyR-mediated store Ca2+ release into the cytosol, reduced both inward and transient outward currents, resembling previously reported INa alterations in SkM (Sarbjit-Singh et al., 2020; Liu et al., 2021), as well as previously suggested interactions between inward INa and transient outward IK in intact neurons (Marrero and Lemos, 2003). The prolonged outward currents contrastingly remained unchanged. Such a mechanism could provide negative regulatory feedback on Nav activity, following excessive ER Ca2+ release in murine CA1 pyramidal neurons.
In other respects, results in CA1 pyramidal neurons contrasted with SkM findings. First, a higher (2 mM) caffeine concentration, instead of increasing inward current, left both inward and transient outward currents unchanged. Second, applications of the respective RyR and SERCA blockers dantrolene (10 μM) and CPA (1 μM) by themselves, in contrast to previous SkM findings (Sarbjit-Singh et al., 2020; Liu et al., 2021), altered neither inward nor outward currents. Third, both dantrolene and CPA, nevertheless, reversed the effects of caffeine on peak inward current when either of these agents was given in combination with caffeine. In agreement with previous findings in SkM, following pretreatment, either dantrolene or CPA applied in combination abrogated the effects of both 0.5 mM and 2 mM caffeine, leaving inward and outward currents indistinguishable from control results obtained in the absence of any pharmacological agent. This was consistent with all three agents acting directly or indirectly on the ER store Ca2+ release. In considering the possible involvement of specific RyR isoforms in these findings, recent in vitro reports provide evidence that dantrolene acts on RyR1 and RyR3 but not RyR2 (Zhao et al., 2001). However, this contrasts with its effective in vivo action with anti-arrhythmic consequences in cardiac cells, known to express RyR2 (Kobayashi et al., 2009; Kobayashi et al., 2010; Avula et al., 2018; Greco et al., 2022). Previous reports also indicate that it abrogates the effects of pharmacological challenge on INa (Salvage et al., 2015; Li et al., 2017; Valli et al., 2018b) and arrhythmic phenotype in intact cardiac tissue (Hartmann et al., 2017; Nofi et al., 2020). The present findings themselves also describe its abrogation of the effect of caffeine challenge in reducing INa. Finally, besides interactions between Ca2+ and delayed rectifier Kvs (Misonou et al., 2005), CA1 pyramidal cells possess intermediate-conductance Ca2+-dependent K+ (IKCa) channels whose activation by intracellular [Ca2+] elevation by membrane Cav action is amplified by RyR-mediated store Ca2+ release (Verkhratsky and Shmigol, 1996; Vergara et al., 1998). The latter may underlie slow afterhyperpolarization (sAHP), following trains of synaptic input or postsynaptic stimuli (King et al., 2015; Tedoldi et al., 2020).
However, such sAHP strongly contributes to the prolonged outward current component, reaching maximum amplitude over longer time courses of several hundred milliseconds (Lancaster and Adams, 1986). Nevertheless, such mechanisms could complement established longer timescale, similarly Ca2+-related, K+ channel regulation in skeletal (Maqoud et al., 2017) and cardiac muscles (Yang et al., 2022; Liu et al., 2023).
Both the present and previously reported studies were made in, and were, therefore, applicable to, intact CA1 and skeletal muscle cells with unperturbed Ca2+ homeostatic and surface membrane mechanisms. This involved the applied investigational agents partitioning across cell surface membranes to access their respective intracellular targets. In addition, larger RyR-mediated Ca2+ elevations could additionally act on inhibitory RyR Ca2+ binding sites, giving the previously reported bimodal [Ca2+]i effects (Laver and Curtis, 1996; Pagala and Taylor, 1998; Vogalis et al., 2001) and be affected by cytosolic Ca2+ buffering and SERCA-mediated Ca2+ SR reuptake. Such a scheme was corroborated by comparing results from three separate agents, namely, caffeine, dantrolene, and CPA, each directed at distinct aspects of Ca2+ homeostasis. Together, the findings thus suggest, for the first time, the direct effects of ER-mediated modulation of intracellular calcium on inward and transient outward surface membrane currents. They merit future explorations as to whether the present findings reflect a potential non-canonical mechanism regulating membrane excitability through actions on Nav triggering or the resulting neuronal firing rates. The loose-patch technique could also be used to investigate voltage-gated ionic currents and their modulation not only in the cell body but also in the dendrites of hippocampal neurons. This could provide information about the functional compartmentalization of Nav and Kv channel cellular functions. Finally, the technique could be extended to follow successive stages of development in animals at different age groups.
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