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Abstract 

• Six peptide toxins, vrdg66, vrdg69, vrdg164, vrdg172, vrdg177 and vrdg183, have been 

isolated and purified from the venom gland of the spider Pamphobeteus verdolaga. Five 

of them have disulfide bridged peptides (DBP) and vrdg66 does not (NDBP). However, 

vrdg66 has the higher percentage of bacterial growth inhibition. Combining different 

techniques, we have investigated the electrophysiological properties of these toxins.  

• We examined the effect of vrdg66, vrdg69, vrdg164, vrdg172, vrdg177 and vrdg183, on 

cardiomyocytes murine cells. These toxins modify the amplitude and gating of ion 

currents, giving a hypothesis that some peptides could be pore blockers (PBs) (that bind 

to the extracellular side of the channel pore modifying the amplitude) and others could 

be gating modifiers (GMs), binding to the voltage-sensing domains (VSD). 

 

• The effects on Ca+ and K+ currents in cardiomyocytes were studied using the patch-clamp 

technique in whole-cell recording configuration, voltage-clamp mode. vrdg183 decrease 

the current density with EC50 ∼ 0,76 μM (66.67% reduction in maximum amplitude at 

CaV with 1 μM). vrdg164 (10μM) slow the inactivation process of Ca+ currents, shift the 

steady-state activation and inactivation parameters to more positive potentials. vrdg172 

(1 μM) mainly inhibited peak current at Kv over Cav channels. vrdg66, vrdg69 and 

vrdg177 (1 μM) modulate both KV and CaV. vrdg6 had the smallest current inhibition 

percentage, which shows that in NDBP, the modulation of ion channels is poor. 

• The amino acid sequences of vrdg172, vrdg177, vrdg183 are almost identical except for 

one or two amino acids (data not shown). In all experiments, vrdg183 was more potent 

than others suggesting that its conservative residues are important for the toxicity of this 

Pamphobeteus verdolaga toxin. 

• The development of novel venom-peptide-based therapeutics or biomolecule requires an 

understanding of their effects on voltage-gated ion channels. We conclude that vrdg183 

and vrdg164 are cardiotoxic and combine the classical effects of spider toxins (slowing 

of inactivation kinetics, shift of steady-state activation and inactivation parameters) with 

a striking decrease on the ionic selectivity of Na+ channels. 
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Outline 

Chapter 2 explains how the structure of the cell membrane can be adapted to a classical electrical 

circuit. Due to the work of Hodgkin and Huxley, it became widely accepted that ions pass across 

the membrane through channels. This pioneering work was remarkable because gave rise to 

modern electrophysiology. 

 

In Chapter 3, some methods used during the research are described. Necessary for measuring the 

membrane voltage or current by accessing the inner cell, is the ability to do intracellular 

recordings. A procedure to record single channel currents flowing across the membrane is 

therefore detailed. The equipment, configurations and modes used for patch-clamp stimulations 

are also described here.  

 

Chapter 4 demonstrate our highly reproducible protocol for isolating viable cardiomyocytes 

murine cells from the adult mouse heart. The preparation of the cells for patch-clamp experiments 

is explained. The results Chapter 4 shows viable and functional cardiomyocytes isolated with the 

characteristic roughly rod-shaped morphology, with rectangular ends and clear cross-striations, 

as has been reported in the literature. 

The results chapter 5 and 6 demonstrate the powerful application of the patch-clamp technique to 

characterize ionic currents. Calcium and potassium currents are systematically described here. All 

major biophysical and pharmacological properties of these ionic currents were identical to 

previously descriptions, confirming the amenability of our isolated cells to patch-clamp studies. 

 

In Chapter 6, we investigated the effects of six peptides isolated from the venom of the spider 

Pamphobeteus verdolaga (we named them: vrdg66, vrdg69, vrdg164, vrdg172, vrdg177, 

vrdg183) on Cav and Kv currents in cardiomyocytes implementing the patch-clamp technique. 

Our results suggest that some peptides reduced both the amplitude of calcium and potassium 

currents, other have exquisite selectivity for calcium channels (vrdg183) over Kv currents and 

vrdg164 caused a shift in the voltage-dependence of activation of calcium channels, which may 

be an important advance in the development of new therapeutic agents because of the high affinity 

on cardiac channels. 
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Chapter 1 

Introduction 

 Electricity plays a role of paramount importance for all excitable cells, from bacteria to man. 

Excitable eukaryotic cells (e.g., neurons, muscle, and some neuroendocrine cells) have rather 

specialized roles in intracellular metabolism, secretion of hormones, signal transduction, the 

sensation of the environment, gene expression, muscle contraction, and protein degradation, by 

generating electrical signals in terms of changes in the membrane potential. Since the studies of 

Galvani in the late 1700s, the idea of electricity having an important role (or effect) in living 

organisms has defined the scientific lives of many researchers (Hodgkin et al., 1952; Moore en 

Cole, 1963; Tasaki en Singer, 1968). They constructed the knowledge that permits us to have the 

very dynamic area that we have today. Electrical signals are generated by ions that diffuse across 

the membrane through channels to initiate and propagate the voltage spikes known as action 

potentials (AP). Cellular Ca2+ movement, for example, is especially involved in mediating or 

modulating the process of excitation-contraction coupling (ECC) in muscle cells. In addition, 

sodium and K+ channels are essential for initiating and restoring the AP, respectively, and they 

are involved in multiple physiological processes (Catterall, 1995). Since the first voltage-gated 

sodium channel was cloned from the electric eel Electrophorus electricus in the early 1980s 

(Noda et al., 1986), the application of several biochemical, biophysical, and molecular genetic 

methods have allowed understanding the protein structure of voltage-gated ions channels (VGIC) 

and their molecular mechanisms related with voltage-dependent activation, inactivation, selective 

ion conductance, and long-term modulation.  

The pore-forming subunits of VGIC are integral membrane proteins that allow the flux 

of inorganic ions (e.g. Na+, K+, Ca2+ and Cl-) down their electrochemical gradient through the cell 

membrane. Ion channels share a common structure: organized into domains, they are typically 

formed by six α-helical transmembrane segments (S1-S6), in which the ion conduction pathway 

is located between the segments five and six. Repeated motifs of positively charged amino acid 

residues form the S4 segment that moves in response to changes in the membrane electric field to 

initiate a conformational movement that opens the pore region (Catterall, 1995; Yu et al., 2005). 

Auxiliary β, γ, δ and ε subunits associate with the α-subunit to modify the channel properties, 

which include the kinetics and voltage dependence gating, membrane surface expression, 

pharmacology, and selectivity.  
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Eleven genes (SCN1A–SCN11A) encode a family of nine mammalians functionally 

expressed voltage-gated sodium channels (VGSC; Nav1.1–Nav1.9), which have been identified 

by complementary techniques, such as electrophysiological recording, biochemical purification, 

and cloning (Catterall, 1995; Goldin et al., 2000). For voltage-gated K+ channels (VGPC), 40 

different isoforms are known, classified into 12 distinct subfamilies based on their amino acid 

sequence homology, Shaker (Kv1.1-1.8), Shab (Kv2.1-2.2), Shal (Kv3.1-3.4), Shaw (Kv4.1-Kv4.3), 

KCNQ (Kv7.1-7.5) and hERG (Kv10.1-10.2, Kv11.1-11.3, Kv12.1-12.3) (Choe, 2002; Coetzee et 

al., 1999; Gutman et al., 2003; Yu et al., 2005). This superfamily of VGIC is essential in many 

aspects of cellular regulation and play important roles in signal transduction.  The family of 

voltage-gated Ca2+ channels (VGCC) initiate many different physiological events. Four α1-

subunits have been cloned and classified for the L- type Ca2+ channel, namely Cav1.1, Cav1.2 

Cav1.3, and Cav1.4, three Cav2 channels have been found (Cav2.1 or P-/Q-type, Cav2.2 or N-type, 

and Cav2.3 or R-type channels) (Senatore et al., 2016) and three genes encoding for T-type 

channels have been named Cav3.1, Cav3.2, and Cav3.3 (Mesirca et al., 2015). 

Mutations in the genes encoding the VGIC have been associated with a wide variety of 

diseases, so-termed channelopathies. These functional abnormalities are known to cause 

dysfunctions of the neurological system (e.g., epilepsy, migraine, pain disorders), the 

cardiovascular system (e.g., arrhythmias, long QT and short QT syndromes, atrial fibrillation, 

slow ventricular conduction), the respiratory system (e.g., cystic fibrosis), the endocrine system 

(e.g., diabetes), the urinary system (e.g., Bartter syndrome, diabetes insipidus, autosomal-

dominant polycystic kidney disease, and hypomagnesemia with secondary hypocalcemia), the 

immune system (e.g., myasthenia gravis, and anti-NMDA [N-methyl-D-aspartate] receptor 

encephalitis) and VGSC has been associated with aggressive metastatic carcinoma of prostate 

(Nav1.7) and breast (Nav1.5) (Fraser et al., 2014; Onkal en Djamgoz, 2009). Therefore, the VGIC 

are clear molecular targets for a broad range of potent biological and therapeutic agents as sites 

of action for drugs and potential disease markers (McGivern, 2007; Williams et al., 2006; Wulff 

et al., 2009).  

Sodium channels are the molecular targets for several groups of neurotoxins, which alter 

channel function due to their high affinity and specificity. Nowadays six different neurotoxin 

binding sites have been identified on VGSC (Catterall et al., 2007). For that reason, toxins also 

provide powerful tools to study the structure and the function of ionic channels. Moreover, they 

constitute a valuable source for peptides with potential therapeutic use and applications as 

algaecides, herbicides, and insecticides (King et al., 2008a). 
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To date, many toxin peptides acting especially as voltage-gated channels of sodium, K+, 

and Ca2+ have been identified from animals, such as scorpions, snails, and spiders (Adams, 2004; 

Frazão et al., 2012; Lewis et al., 2012; Olivera, 1997; Possani et al., 2000). Spider venoms are 

cysteine rich polypeptides and their properties and structures have been reviewed in earlier studies 

(Herzig et al., 2011; Huang et al., 2007; Klint et al., 2012; Rash en Hodgson, 2002). Despite their 

physiological importance and therapeutic relevance, electrical properties (resulting from the 

interaction between ion channels and molecular targets for a wide range of potent biological 

spider toxins) have historically been difficult to monitor, due to the limitations of methods.  

Ionic currents have been measured since 1952 after the pioneering work of Hodgkin and 

Huxley (Hodgkin en Huxley, 1952a; Hodgkin et al., 1952) who were awarded the Nobel Prize in 

1963. Later, the development of the patch-clamp technique in the late 1970s (Neher en Sakmann, 

1976) and its variant, including the whole-cell configuration, has facilitated the manipulation of 

the cytosolic space, allowing the use of electrical stimuli in different cell types, including cardiac 

muscle fibers. This method, when operating in the voltage-clamp mode, allows the measurement 

of ionic currents arising either from single channels or through the whole assembly of ion channels 

expressed in the membrane of excitable cells. In response to potential (voltage) steps, the channels 

show conductance changes that can be quantitatively described by the Hodgkin and Huxley 

equations (Hodgkin en Huxley, 1952b). These changes have permitted a detailed mechanistic 

analysis of the gating (e.g., opening and closing) of multiple types of ion channels (e.g. VGSC, 

VGCC and VGPC). Hence, the patch-clamp technique has rapidly become the gold standard in 

investigating ion channels (Farre en Fertig, 2012; Farre et al., 2007; Fertig et al., 2002; Lu en An, 

2008; Willumsen et al., 2003; Zhang et al., 2015). 

Previous patch-clamp studies have shown that peptides derived from spider venoms act 

either as pore blockers (PBs) (that bind to the extracellular side of the channel pore) or as gating 

modifiers (GMs) (that bind to the voltage-sensing domains of VGIC channels) to modify the 

gating associated with channel activation and inactivation. Besides, several studies have 

investigated the nature of the interaction between lipids, PBs and GMs, including the position of 

the peptide in the lipid bilayer (Agwa et al., 2020; Männikkö et al., 2018; Zhang et al., 2018). 

Based on these studies, it has been suggested that many gating modifier peptides are located at 

the water–lipid interface and that their orientation in the membrane and interactions are important 

for binding to the voltage sensing domain (VSD). Further evidence suggests that the GMs and 

PBs do not necessarily insert into the lipid bilayer. Taken together, these studies provide strong 

evidence that toxins are potent and selective inhibitors of VGIC. However, compared with other 

animals, few spider toxins with activity against VGIC have been identified, and for most of them, 

the mechanisms by which spider toxins interact with these channels has not been fully elucidated 

(Henriques et al., 2016).  
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 In 2016, a detailed taxonomic study allowed to recognize and describe Pamphobeteus 

verdolaga as a new species from the Andean region of Colombia (Estrada-Gomez et al., 2013). 

Lately, venomic, transcriptomic, and bioactivity analyses of P. verdolaga venom was associated 

with complex disulfide-rich peptides that modulate the activity on voltage-gated Ca2+ channels 

(VGCC; Cav2.2, Cav3.2), and VGSC (Nav1.7) (Cifuentes et al., 2016). However, the study of the 

effects of these peptides on VGIC using patch-clamp technique have never been done. In addition, 

the interactions of these toxins with the lipid bilayers must be investigated. 

 The Biophysics (Institute of Physics), PHYSIS (Faculty of Medicine) and Ophidism (Faculty 

of Chemical and Food Sciences) Groups of the University of Antioquia, joined forces to 

investigate the ability of peptides from the gland of P. verdolaga to inhibit and control the growth 

of resistant microorganisms and, in this way, propose the development of new biomolecules with 

therapeutic potential.  

 In this study, we used whole-cell patch-clamp technique to investigate the effect that six 

peptides from the venom gland of the Colombian Pamphobeteus verdolaga spider, can exert on 

voltage-gated calcium and potassium channels of murine cardiomyocytes. These cell types were 

chosen because they express many of the known isoforms (Nav1.1, Nav1.3, Nav1.5, Nav1.6, Cav1.2 

Cav1.3, Cav3.1, Cav3.2, Kv1.1, Kv1.2, Kv1.4, Kv1.5, Kv2.1, Kv4.2 and Kv4.3). Our results showed 

that, some peptides have effects on calcium and potassium currents, and others are highly 

selective for calcium channels. The effect or selectivity of new toxins for ion channels may 

provide an important tool for translation into therapeutic agents or being useful tools for 

studying channel structure and activity. Moreover, the selectivity of new toxins for 

calcium channels (over potassium) may provide an important tool for the modulation of 

the cardiac system, especially in cases in which blocking of calcium channels is required. 
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Chapter 2 

Project objectives  

 The overall objective of this study was to investigate the effects of synthesized peptides, 

derived from the venom gland of P. verdolaga, on VGC and VGP channels of cardiomyocytes 

murine cells. 

The specific objectives of this project were: 

1. To isolate mouse cardiomyocytes by using the Langendorff technique of retrograde heart 

perfusion for patch-clamp experiments. 

2. To characterize the effects of P. verdolaga spider peptides on Ca2+ currents by applying 

the patch-clamp technique in whole-cell recording configuration, voltage-clamp mode. 

3. To evaluate the effects of P. verdolaga spider peptides on K+ currents by applying the 

patch-clamp technique in whole-cell recording configuration, voltage-clamp mode.  
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Chapter 3 

Electrical properties of cell 

membranes 

The structural and functional basic units in living beings are cells. These systems have 

compartments isolated from each other and from the extracellular medium by biological lipidic 

membranes. There are around 210 distinct human cell types with functions that range from 

structure and support to reproduction. Nevertheless, their membranes have many similar 

structures (Fig. 1). There kinetic models that quantitatively explains how the structure of the cell 

membrane can be adapted to a classical electrical circuit. The basic features of this circuit can be 

described by the Hodgkin-Huxley (H-H) equations. This pioneering work was remarkable 

because gave rise to modern electrophysiology.  

3.1.  The cell membrane 

 The modern concept of the membrane has its origin from a model proposed by S. Jonathan 

Singer and Garth Nicolson in 1972 (Singer en Nicolson, 1972), which consists of a negative lipid 

bilayer with integral or peripheral hydrophobic proteins incorporated. The bilayer defines the cell 

space and maintains the differences between cytoplasm and its extracellular environment. It also 

generates and preserves differences in the concentration of a series of ions that are important for 

cellular activity. Therefore, membranes constitute a highly specific and selective barrier for the 

entry of nutrients into the cell, and controls the exit of waste products. In addition, most of the 

membrane proteins contain attached sugar residues that act as receptors for neurotransmitters, ion 

channels, transporters, adhesion or recognition molecules, etc. The model, known as the fluid 

mosaic model is general for all types of biological membranes (Fig. 1).  However, the most recent 

membrane model, the lipid rafts, demonstrates that the bilayers are specialized assemblies 

composed of sphingolipids, cholesterol, and fluctuating proteins that can be stabilized to perform 

cell signaling and specific trafficking of proteins (Lingwood en Simons, 2010).  
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Fig. 1. The fluid mosaic model. a A typical eukaryotic cell. (A. Phospholipid, A1. Phosphate head (hydrophilic), A2. Fatty acid tail 

(hydrophobic), B. Glycolipid, C. Glycoprotein, D. Polysaccharide, E. Cholesterol, F. Integral protein, G. Integral protein channel, H-

I. Phospholipid bilayer. Unlabeled. Peripheral protein); b View of the surface density of a vesicle that supports the dynamic portrait 

of the mosaic model structure. c Vesicle sectioned in the middle. Taken from (Takamori et al., 2006).  

 

 The phospholipid bilayer can be permeable to small molecules, but is almost fully 

impermeable to certain ions (e.g. Na+, K+, Ca2+, Cl-) and large molecules, such as glucose. The 

diffusion of small uncharged molecules occurs in favor of their concentration gradient (i.e. 

following the least energy principle). The osmotic flow of water emerges from a concentration 

gradient of non-diffusible molecules across the membrane. In contrast, the flow of large molecules 

and ions, which do not diffuse through the phospholipid bilayer, is allowed by the presence of 

transmembrane proteins (Boron en Boulpaep, 2012). This movement of charged particles gives 

rise to an electric current. Among the great diversity of transmembrane proteins, ion channels and 

other active transporters, are relevant in the context of this work. 

How do ions move in and out of cells? 

Signaling of excitable cells relies on the movement of asymmetrically distributed charges that are 

carried by ions across the cytoplasm and the extracellular space (Hodgkin en Huxley, 1952c). Fig. 

2a depicts a schematic representation of the protein channels and their respective ion 

concentrations across the membrane of mammalian excitable cells. These asymmetric 

concentrations result in a transmembrane potential (Vm), and their flux occurs by diffusion until 

the chemical and electrical driving forces are exactly balanced.  
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Fig. 2. Electrical properties of model cell membrane (own elaboration). a Average values for electrolyte concentrations in extracellular 

and intracellular fluid. At the same time, schematic representation of Hodgkin and Huxley equivalent circuit of a cell membrane  

(Hodgkin and Huxley, 1952); b Above is a capacitor that is formed by a piece of lipid membrane. Down is an idealized capacitor, 

which is formed by two parallel plates, each with an area A and separated by a distance d. The capacitance of 1 cm2 of most cell 

membranes is ~1 µF. 

 

At the electrochemical equilibrium, the Gibbs free energy is zero by definition, and the 

chemical and voltage driving forces are exactly balanced. In this equilibrium, the potential is 

usually called the Nernst potential (or reversal potential), which is specific for each particular 

ion (Boron en Boulpaep, 2012). 

 

𝑉𝑁𝑒𝑟𝑛𝑠𝑡 ≡ 𝑉𝑟𝑒𝑣 ≡ 𝑉𝑖𝑜𝑛 =
RT

zF
ln

[𝑖𝑜𝑛]𝑜𝑢𝑡

[𝑖𝑜𝑛]𝑖𝑛
     (1.1) 

 

where R and F are the gas and Faraday's constants, respectively; T is the temperature in Kelvin, 

and z the valence of the considered ion (e.g. z equals 1 for Na+ and K+, 2 for Ca2+ and -1 for Cl-). 

Although there are different types of cells, the concentration distribution of the four major ions in 

most animals follows the same rule: [K+]in > [K+]out, [Na+]in < [Na+]out, [Ca2+]in < [Ca2+]out, [Cl-]in < 

[Cl-]out (Fig. 2a.) (Johnston en Wu, 1995).  

 

At rest, the membrane (or resting) potential (Vm) is defined by the Goldman-Hodgkin-

Katz (GHK) equation (Eq. 1.2), which takes into account all the ion species (Boron en Boulpaep, 

2012; Johnston en Wu, 1995);  

 

𝑉𝑚 = 𝑉𝑟𝑒𝑠𝑡 =
RT

F
ln (

𝑃
𝑁𝑎+[𝑁𝑎+]𝑜𝑢𝑡  + 𝑃

𝐾+[𝐾+]𝑜𝑢𝑡  + 𝑃𝐶𝑙−[𝐶𝑙−]𝑖𝑛

𝑃𝑁𝑎+[𝑁𝑎+]𝑖𝑛 + 𝑃𝐾+[𝐾+]𝑖𝑛  + 𝑃𝐶𝑙−[𝐶𝑙−]𝑜𝑢𝑡
 )    (1.2) 
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 Any modification of membrane permeability to ions (PNa
+, PK

+, PCl
-), changes the resting 

potential of the cell; some ions by hyperpolarizing the cell, others depolarizing it. The main ion 

in setting the resting membrane potential is K+, thus the Vrest value is quite close to the VNernst of 

K+. When the cell is solely permeable to K+ (i.e. PNa
+ = PCl

-
 = 0 in Eq. 1.2), it becomes 

hyperpolarized. In the same way, when the cell membrane is mainly permeable to Na+, the cell is 

depolarized.  

 

For a cell that is permeable to K+, Na+ and Cl- ions, typical values of resting membrane 

potentials are between -90 and −70 mV (e.g. squid giant axon permeabilities PK
+: PNa

+: PCl
- = 1: 

0.03: 0.1) (Huxley en Hodgkin, 1952), but it can rise up within milliseconds to +44 mV during 

an AP (e.g. squid giant axon permeabilities PK
+: PNa

+: PCl
- = 1: 15: 0.1) (Hodgkin and Huxley, 

1952a; Hodgkin and Huxley, 1952b; Hodgkin and Huxley, 1952d; Hodgkin and Huxley, 1952e). 

The rapid transients in Vm are possible due to the high density of ion channels in the bilayer 

(typically 10 –1000 per Cm2) (Daroff, R. B., & Aminoff, 2014). 

 

Due to the low [Ca2+], the permeability of the cell membrane to this ion during rest is also 

low (<< 0.1% of K+ permeability), thus Ca2+ has no influence in the GHK equation (Eq. 1.2) 

(Daroff, R. B., & Aminoff, 2014). 

 

 The electrical properties of biological membranes can also be characterized by parameters of 

a classical electric circuit (Fig. 2a) (Hodgkin en Huxley, 1952c). The basic features of this circuit 

can be quantitatively described by the H-H equations. Their circuit model represents the sodium, 

K+, and leakage channels as electric resistances (with a given conductance value of 1/R). The ion 

flux defines the ionic current Iion. The conductance of the channel (gion), the membrane potential 

(Vm) and the ion reversal current (Iion) follow the Ohm’s law (Boron en Boulpaep, 2012): 

 

𝐼ion = 𝑔ion(𝑉m − 𝑉Nernst )     (1.3) 

 

Under physiological conditions, the amplitude of this current through a single VGIC is in 

the order of 1 pA (10–12 A). This number corresponds to a quite high flux (~107 ions/s) (Daroff, 

R. B., & Aminoff, 2014). 

 

The particular structure and morphology of the membrane make it suitable for electrical 

modeling. The bilayer is a dielectric material (phospholipids) that separates two conductive 

media. Charged ions accumulate at both sides (intra and extracellular), acting as an authentic 
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capacitor that can be approximated to parallel plates (Eq. 1.4, Fig. 2c) (Boron en Boulpaep, 2012; 

Hodgkin en Huxley, 1952b; Johnston en Wu, 1995).  

 

𝐶𝑚 =
ԑԑ0𝐴

𝑑
      (1.4) 

A is the area of one plate in square centimeters, d is the distance between the plates in centimeters, 

ε=2.1 is the natural dielectric constant of lipids, and ԑ0=8.85x10-12 F/m is the electrical 

permittivity of vacuum. 

 

Using Eq. 1.4, the charge distribution across the membrane can be calculated. This 

reflects the capacitive current IC (Boron en Boulpaep, 2012), 

 

𝐼C = 𝐼m(𝑡) =
𝑑(𝑉m𝐶m)

𝑑𝑡
      (1.5) 

 

The total current 𝐼t  may be split in a capacitive current IC which charges the lipid bilayer 

and further currents which pass through the ion channels. Considering the case of the four ion 

channels represented in Fig. 2a and implementing the Eqs. 1.3 and 1.5, and Kirchhoff’s current 

law gives (Boron en Boulpaep, 2012): 

 

𝐼t =  𝐼C +  𝐼Na +  𝐼K +  𝐼Ca +  𝐼Cl = 0     (1.6) 

 Where the total expanded membrane current is therefore expressed as: 

 

𝐼t =
𝑑𝑉m𝐶m

𝑑𝑡
+ 𝑔𝑁𝑎(𝑉m − 𝑉Na )+ 𝑔𝐾(𝑉m − 𝑉𝐾  )+ 𝑔𝐶𝑎(𝑉m − 𝑉Ca ) + 𝑔𝐶𝑙(𝑉m − 𝑉𝐶𝑙  )   (1.7) 

Eq. 1.7 is at the basis of electrophysiological modeling and the study of cell dynamics. 

What kind of channels are involved in establishing membrane potential? 

One of the most significant outcomes of the work of H-H, was their hypothesis of moving 

charged particles as the trigger of the carriers’ activation (Hodgkin and Huxley, 1952). They 

proposed that the diffusive property of the membrane occurs at discrete sites, called “carriers”. 

Later, these carries were identified as ion channels. Moreover, they experimentally observed that 

the implicated channels were of the voltage-gated channel family (Huxley, 1952a; Huxley, 

1952b; Huxley & Hodgkin, 1952).  

 

 Gates in the voltage-gating ion channels are opened or closed by membrane potential changes. 

If a specific ion can pass through the gate, it is in open position. A number m is defined as the 

probability that an individual gate is in the permissive state (open), thus 1-m is the fraction in the 
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non-permissive state (closed). For Na+ current activation, three identical activation gates (~m3) 

move from closed to open position at depolarized Vm. The change in time of m is described by: 

𝑑𝑚

𝑑𝑡
= 𝛼𝑚(V)(1 − 𝑚) − 𝛽𝑚(𝑉)𝑚      (1.8) 

where α and β are the Vm-dependent opening and closing transition rates. 

 A decrease in the current, shortly after activation (or inactivation state) is interpreted by using 

a single gate with open probability h. At hyperpolarized potentials, h is fully open. The 

inactivation is independent of m and the permeability is: 

𝑔Na = 𝑔Na̅̅ ̅̅̅𝑚3ℎ      (1.9) 

where 𝑔Na̅̅ ̅̅̅, is the maximum conductance (gNa, Fig. 3c). 

 For IK, the driving force depends on the transmembrane K+ gradient. Additionally, the 

activation is more sigmoidal-like and inactivation is not observed (gK, Fig. 3c). For the opening 

probability of the K+ activation gate, the variable n is assigned. This behavior requires four 

identical independent gates, n4: 

𝑑𝑛

𝑑𝑡
= 𝛼𝑛(V)(1 − 𝑛) − 𝛽𝑛(𝑉)𝑛      (1.10) 

𝑔k = 𝑔k̅̅ ̅𝑛4      (1.11) 

 

Fig. 3. Voltage and time dependence of ionic conductances; comparison of the Hodgkin–Huxley model with experiments; a Changes 

of sodium and K+currents associated with different depolarizations; b gNa and gK were plotted by solving the conductance of Eq. 1.3; 

c gNa and gK were plotted by using the H-H conductances (Hodgkin en Huxley, 1952c; Johnston en Wu, 1995). The x-axis at b and c 

is time. 

 In addition, there is a leakage constant, which does not vary with time or conductance, and is 

assumed for current not carried by INa or IK. The leakage current IL is: 

𝐼L = 𝑔L(𝑉m − 𝑉L )     (1.12) 
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 Then, replacing Eq. 1.9, 1.11 and 1.12 into Eq. 1.6, the total expanded membrane current is 

therefore expressed as: 

 

𝐼t = 𝐶m
𝑑𝑉m

𝑑𝑡
+ 𝑔

Na
̅̅ ̅̅ 𝑚3ℎ(𝑉m − 𝑉Na ) + 𝑔

k̅
𝑛4(𝑉m − 𝑉𝐾 ) + 𝑔L(𝑉m − 𝑉L )  (1.13) 

 

To summarize, this model is potentially capable of reproducing Eq. 1.7 according to the 

kinetics of the included voltage-channels. For their discoveries, Hodgkin and Huxley were 

awarded with the Nobel Prize in Physiology and Medicine in 1963 (The Nobel Prize in Physiology 

or Medicine, 1963). 
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Chapter 4 

Techniques for studying ion 

channels  

 

Due to the work of Hodgkin and Huxley, it became widely accepted that ions pass across 

the membrane through gates. The present chapter contains a brief overview of several 

experimental techniques available for ion channels electrophysiology. Its main goal is to 

familiarize the reader with the most relevant methods and systems used during the present 

investigation.  

 

Which techniques are used to study the ion channel activity? 

Nuclear magnetic resonance, X-ray crystallography, neutron diffraction and electron microscopy 

are experimental methods that allow obtaining a detailed 3-D characterization of protein 

structures. The best resolution way of forming three-dimensional images of molecules with 

bonding atomic detail is crystallography. 

 

 Determining the structure of biological macromolecules by X-ray crystallography involves 

several stages: selection of the target; cloning, expression, purification, crystallization, collecting 

of diffraction data and determining of atomic positions (Smyth en Martin, 2000). The basis of X-

ray crystallography is the interaction of matter in the crystalline state with X-rays. Since the wave-

lengths of X-rays (0.1-10 nm) are of the same order of magnitude as of the interatomic distances 

within the crystal, the interaction results in the X-ray diffraction. Using X-ray crystallography, it 

has been possible to determine the three-dimensional structure of several ion channels. The 

voltage‐gated K+ channel KcsA from the bacterium Streptomyces lividans, for example, was 

crystallized and gave for the first time an ion channel structure with 3.2 Å resolution (Doyle et 

al., 1998). Some of its features provided the first views of ion conduction through the lipid bilayer 

(Doyle et al., 1998; Hucho en Weise, 2001). Crystallography has also allowed us to understand 

the molecular basis for several specific functions of ionic channels and revealed us crucial binding 

sites for controlling mechanism of conductance and selectivity. As an example, Doyle and 

colleagues, using the crystal structure of the bacterial K+ channel, provided information about the 

selectivity of these channels. K+ channels allow only one Na+ ion to pass through for every 100 

K+ ions. Although a Na+ ion has a smaller atomic radius than a K+ ion, energetically speaking Na+ 
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ions cannot interact with the four pore-lining carbonyl oxygens that are held rigidly by the 

scaffolding of the K+ channel protein (Doyle et al., 1998); since the energy barrier is higher for 

Na+ than for K+ ions, Na+: K+ selectivity of sodium channels is 10:1 (Grant, 2009 , Choe, 2002). 

This fact explains the high selectivity of ion channels. In addition, based on the detailed structure, 

some residues are the structural crucial factors that determine if a given channel is sensitive or 

insensitive to a certain toxin. For this reason, crystallography experiments may allow structure-

based diagnosis and effective therapeutic agents development for life-threatening diseases based 

on this three-dimensional information (Jiang et al., 2020). 

Isolated cells are one of the pivotal tools to investigate the function and expression of ion 

channels. Most ion channels are present in healthy or diseased cardiomyocytes (Zhao et al., 2018). 

The Langendorff system has been fundamental towards addressing questions in a wide range of 

mammalian heart species, ranging from mice, through rat and rabbit, dog, pig, primates and even 

human heart (Bell et al., 2011).  

 

 The Langendorff heart preparation involves the cannulation of the aorta (Fig. 4). The cannula 

is attached to the outflow of a reservoir with warm circulating water (Fig. 4e) to maintain the 

temperature of the heart at 37 °C. At the same time the heart is continuously gassed with oxygen 

containing 5% CO2. The perfusion solution (buffer or enzymatic solution) is transported down 

the aorta through a calibrated peristaltic pump (Fig. 4b). This retrograde flow shuts the leaflets of 

the aortic valve so that the perfusion solution cannot enter the left ventricle and the perfusion 

solution is evacuated into the coronary arteries. After perfusing, the perfusate exits the coronary 

venous circulation via the coronary sinus and out of the open right atrium. Finally, the preparation 

allows the heart to be digested into individual cells. This approach provides highly reproducible 

preparations and uniform populations of isolated cardiac cells (Bell et al., 2011).  
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Fig. 4. Schematic Langendorff system. Myocardial perfusion is done via the coronary arteries that are filled in a retrograde manner. 

a Aortic cannula; b Peristaltic pump; c Perfusion fluid; d Oxygenation with 95% O2 and 5% CO2 tank; e Heat exchanger coil; f Water 

bath. The perfusion pressure (between 60 mm Hg and 80 mm Hg) or flow (between 4 mL/min and 5 mL/min) are kept constant. 

Arrows indicate the direction of flow (Li et al., 2020).  

 

Intracellular recording methods imply measuring the membrane voltage or current by 

accessing the inner cell with an electrode, thus allowing signals to be recorded with a high signal-

to-noise ratio. Nevertheless, intracellular methods are therefore rather invasive. In comparison, 

extracellular recording methods are non-invasive and allow multiple measurements, but sacrifices 

the accuracy needed to fully understand the properties of ion channels. Consequently, ion-

channels are usually studied by intracellular recording methods, such as patch-clamp (Xie et al., 

2012).  

 

In the late 1970s, recordings of single channel currents flowing across the membrane 

were performed for the first time by Sakmann and Neher (Neher en Sakmann, 1976). They 

developed the patch-clamp technique and received the Nobel Prize in Physiology and Medicine 

in 1991 (The Nobel Prize in Physiology or Medicine, 1991). 

 

Basic principle of the patch-clamp technique 

 Depending on the ion channels of interest, intra- and extra-cellular patch-clamp solutions 

must be prepared (Fig. 5I). Pharmacological activators or blockers of the channels of interest can 

be used to isolate the current of interest from the rest (contaminating currents). Cells are isolated 

using methods like the Langendorff perfusion (Figs. 4 and 9) and patch pipettes are fabricated 

following a given manufacturing protocol, as shown in section 4.2 Pipette fabrication.  

 In the patch-clamp technique, the cell membrane is electrically isolated from the surroundings 

with the glass pipette (Sakmann et al., 1981). For such experiments the steps from A to F have to 

be followed: (A) the pipette is attached to the membrane using a micromanipulator (Fig. 5, steps 

IV and V). (B) The pipette’s resistance is monitored by applying a voltage step pulse (100 mV, 

duration depends on the sample rate) from a holding potential (0 mV). For example, if the 

amplitude of the membrane potential output pulse is 100 mV as mentioned above, which 

corresponds to 10 mV at the default gain of 10 V/mV, the resistance of the pipette is calculated 

from Ohm’s Law, thus obtaining 10 mV/1 nA = 10 MΩ. (C) When the bath resistance doubles, 

slight suction is applied with a syringe via a hydraulic pressure system connected to the pipette 

holder. The pressure in the tubing (in millibars) is then given approximately by: Pressure (mbar) 

≈ -70*x + 350. For example, depressing the syringe to x= 4 cc = 70 mbar of pressure. One of the 

most important aspects in patch-clamp recordings is to decrease the electric background noise of 

the experiment to a level several times below the electric current generated by the flow of ions 

through an ion channel. 
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 Successful seal formation (or gigaseal) is indicated by a decrease of the current amplitude 

evoked by the applied voltage pulse (current is approaching zero). (D) Cell-attached configuration 

is established once a stable gigaseal has been achieved (bath resistance > 1 GΩ). From this, (E) 

whole-cell configuration can be established by rupturing the membrane through a ZAP pulse by 

the MultiClamp 700B Commander and/or other techniques (Fig 5, steps. V to VIII). Zap function 

is an alternative to apply a large, brief voltage pulse to the electrode when in V-Clamp mode, to 

facilitate breaking into a cell for whole-cell recording. 

 

Fig. 5. Schematic diagram for a patch-clamp stimulation. I Solutions; II Cell lines; III Micropipette design; IV Vibration dampening, 

electrical shielding, microscope, micromanipulators, headstage, holder; V Procedure patching a cell; VI Amplifier; VII Digitizer; 

VIII Software. 

 For patch-clamp recordings, different configurations can be achieved: cell-attached, whole-

cell, inside-out and outside-out (Fig. 7e) (Sakmann et al., 1981). The first configuration is 

necessary to achieve the others, the second was previously explained; here, the total current 

passing through all the channels, of the same type, can be measured. By contrast, in inside-out 

and outside-out patches, only currents through channels contained in the patch are measured. 

 

From whole-cell configuration, (F) the simplest stimulation protocol is to clamp the cell 

at a ‘holding’ level for a few tenths of seconds and then move to new stimulus. The membrane is 

then returned to the original holding, before moving to another new pulse. The stimulus and the 

collection of a long series of amplified data (Fig. 5VI) (which is most conveniently presented by 

superimposing upon each other the series of changes in response to changes in the stimulus away 

from the holding) depend on the recording mode: voltage-clamp or current-clamp (Fig 6). The 

analog responses are then digitized so that the signals can be analyzed (Fig. 5VII, VIII). 

 

 Voltage-clamp mode: When voltage-clamp recordings are performed, current flowing 

across the membrane is recorded as a function of the input voltage through voltage steps 
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(protocols), as Fig. 6a shows (Boron en Boulpaep, 2012). Once high-quality seals are established 

and background signals are minimized, specific membrane conductance can be recorded. Typical 

shapes of the peak of each current plotted against the voltage commanded (I–V curves) are shown 

in Fig. 7b, 7d. The slope of this curve is the single-channel conductance. In response to 

depolarization, the channel activates and current flow will be outward (positive) or inward 

(negative), depending on whether Vm is greater than or less than Vrev.  

 

Fig. 6. Voltage and current responses caused by the presence of a membrane capacitance. a Voltage-clamp recording; b Current-

clamp mode. The response of the cell to an electrical clamp stimulus responds to the detailed description in chapter 1. (See 1.2 

Describing the cell as an electrical circuit) (Boron en Boulpaep, 2012).  

 

 

Fig. 7. Current-voltage curves of voltage-gated K+ and voltage-gated Na+. currents. a and c show overlapped current records over a 

range of pulse potentials for K+ and Na+. currents, respectively, which is comparable to Fig 3a. In the figure only one pulse is shown; 

The relationships between pulse potentials and peak currents (I-V curves) are shown in panels b for K+ (arterial smooth muscle cell) 

and d Na+ (rat ventricular myocyte). Na+ current shows a clear reversal (Vrev) at about +55 mV. The red numbers (1), (2) and (3) are 
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used to show the correspondence between the peak of each current versus time curve in the I-V curve (Synthase, 2013); e Patch-clamp 

can be made in three different configurations: cell-attached, whole-cell, inside-out and outside-out (Chen et al., 2017). 

 Current-clamp mode: The membrane voltage in a cell can be studied using current-clamp 

experiments. In this mode, changes in the membrane potential are recorded as a function of the 

size of currents injected into the cell (Fig. 6b) (Boron en Boulpaep, 2012). These recordings are 

useful to examine the AP, VNernst, and dynamic changes of the Vm (Chen et al., 2017).  

As mentioned above, the high resistance of the gigaseal in patch-clamp recordings, 

dramatically reduce the background noise levels. The total root mean square (rms) noise of a 

patch-clamp recording is the square root of the sum of the individual squared rms noise sources. 

Background noise arises from a variety of different sources: the Johnson noise of the membrane-

seal combination, the "shot noise" from ions crossing the membrane, intrinsic noise in the pipette, 

noise in the current-to-voltage converter, capacitances transient (for more complete summaries of 

the noise, the reader is urged to read the excellent work by (Sakmann et al., 1981)). The largest 

individual noise source can often dominate the total noise and limits the time resolution of the 

recordings. Thus, different techniques have been developed in order to reduce these types of noise 

sources, many of which have previously been described (Levis en Rae, 1998; Sakmann et al., 

1981; Sigworth, 1983). Some of the most important techniques are the series compensation (Rs 

compensation) produced by the pipette, the capacitance transient cancellation and whole-cell 

compensations. These potentially contributing noise sources must be electronically reduced. 

Therefore, it is important to note that the success of a good record depends on the quality and 

resolution of the equipment used in the setup and the skills of the experimenter.  

 

The movements of ions can be measured through a single channel protein as well. By 

sealing an electrode around a small area of membrane, or by incorporating a channel protein into 

a planar lipid bilayer. Single channel traces represent changes in current upon conformational 

changes of a single ion channel protein catalytic ('open') and non-transporting ('closed') states, 

this is called gating, as explained by H-H. The size of the currents can be plotted against the 

clamping voltage to produce an I-V curve (Tester, 1997). When the channel is in a close state, the 

current amplitude is very low, near to 0 pA. The amplitudes of open-channel currents depend on 

the amplifier calibration settings (e.g. main amplitudes of 1.9 pA can be seen) (Mortensen en 

Smart, 2007). Other figures can illustrate the probability of finding the channel in the 'open', or 

conducting, state. The major problem to measure single-channel currents is the size of the 

background noise signal (Tester, 1997). For obtaining the highest resolution of channel opening 

and closing events, low-noise recordings, coupled with a minimal filtering frequency, are required 

(Mortensen en Smart, 2007). Noise components are the same that arise in patch-clamp 

experiments (Levis en Rae, 1998). Thus, the noise and the extent of filtering should be kept to a 
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minimum (e.g. noise of 0.057 pA RMS in a 5-kHz bandwidth) (James L. Rae; Richard A. Levis, 

1992).  In our Biophysics and PHYSIS laboratory, the electronic components also possessed 

sufficient resolution to be able to detect single-channel currents of a few picoamperes, for long-

term and low-noise single-channel recordings.  
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Chapter 5 

Cardiac cells 

 

Isolated perfused heart preparations serve as model for studying fundamental 

mechanisms underlying cardiac physiology and pathophysiology, as well as identifying potential 

therapeutic targets. This chapter describes the isolation of cardiomyocytes from adult mouse 

hearts. The Langendorff technique was used for the isolation of these muscle cells. Under 

optimum conditions, isolated cardiomyocytes showed intact morphology, with the final 

suspension containing about 80% intact cells. These cells can be used not only for patch-clamp 

experiments, but for a variety of physiological, biomechanical and biochemical assays.  

5.1. Introduction  

The heart is a muscular pump with the primary function of maintaining pulmonary and 

systemic blood flowing to support all organs with sufficient oxygen and nutrients. The main 

contractile portion of the heart is composed of cardiac cells, also called cardiomyocytes (CM). 

Adult ventricular CM are approximately cylindrical (~100×10 μm) and binucleated, having an 

extensive t‐tubule network and a characteristic intercalated disc structure (Fig. 8a-d), through 

which an AP can spread with high speed and low resistance (Fig. 8e-h). Cardiac ion channels are 

located in three major functional and structural entities: the intercalated disks (ID), the lateral 

sarcolemma, and the Excitation coupling (E-C) domains (Balse et al., 2012). 
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Fig. 8. A comparison of early human pluripotent stem cell‐derived cardiomyocytes (hPS‐CM), late hPS‐CM and adult CM 

morphology. a Note that adult CM are far larger, with multiple nuclei, large sarcomeric area, and large numbers of mitochondria 
(Robertson et al., 2013); b The intercalated disks as well as weak striated staining of the transverse tubules is observed;  c Showing 

the region of the intercalated disk; d One nucleus is indicated by the arrow, in a binucleated CM (Maier et al., 2002); e Cardiac 

components involved in conduction of electrical impulses from the sinus node through the His-Purkinje system; f AP comprises phase 

0 through phase 4. Some channels may conduct in an inward or outward direction, depending on the membrane voltage at any given 

time point of the electrical cycle. AP duration (APD) is approximately 200 ms (Grant, 2009; Greg Ikonnikov and Dominique Yelle, 

2018); g Typical morphology of a cardiac AP in fast-response tissues (i.e., atrial and ventricular myocardium and Purkinje fibres). 

Each AP comprises phase 0 through phase 4; h A cardiac AP in slow-response tissue (i.e., the SA node and AV node) (Huang et al., 

2017). 

 Cardiovascular electrophysiology has been developed in small mammals (e.g. rats, rabbits, 

and cats), but also in large (e.g. non-human primates, dogs, sheep, and pigs) and even in non-

mammalian vertebrates (e.g. newts and zebrafish). However, due to the high genetic similarity to 

the human heart and the relative ease of genetic manipulation, mice and rats are the most widely 

used animal models for cardiac cellular physiology, pathology, drug toxicity screening, and 

intervention in the biological and medical research fields (Liu et al., 2019). 

Cardiomyocytes were first isolated from embryonic chick hearts (Burrows, 1910). 

However, isolating cardiac cells is difficult because they are firmly adhered to each other by 

intercalated disks and the extracellular matrix network in the heart. Moreover, CM are susceptible 

to hypoxia, physiological deterioration, mechanical perturbations, nutrient availability, pH, 

temperature changes, ionic fluctuations, and particularly vulnerable to enzymatic digestion. 

Therefore, cells must be newly isolated for each individual experiment (Ackers-Johnson et al., 

2016; Ferdinandy et al., 2007). A highly reproducible procedure that guarantees a great quality of 

the CM is the Langendorff technique of isolated heart perfusion, as shown in Fig. 4 and, our 

results implementing this technique are shown in Fig. 9. Our goals proposed isolated cardiac cells 

as the model to understanding the effects of toxins from the venom gland of the spider 

Pamphobeteus verdolaga.  
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5.2. A highly reproducible method for isolating viable cardiomyocytes 

murine cells from the adult mouse heart 

Animals 

All experimental procedures involving animals in this research were approved by the institutional 

ethics committee for animal care of the University of Antioquia. Experiments were carried out on 

isolated cells from male Swiss Webster mice weighing 20–26 g, obtained from the vivarium of 

the University of Antioquia. Animals were handled gently to minimize stress that may affect the 

neuro-humoral state of the cells. All solutions were filtered with 0.22 µm nitrocellulose filters. 

All tools were cleaned by surface sterilization with 75% ethanol. A schematic overview of the 

myocyte isolation procedure is shown in Fig. 9. 

 

Fig. 9. Isolation of cardiac tissue from an adult mouse. a Chest cavity were opened to fully expose the heart; The yellow arrow shows 

the heart, the orange: the thoracic cavity, the gray: skin; b Heart was transferred twice into an ice-cold Ca2+- free Tyrode's solution 

supplemented with heparin; c Set up for heart cannulation; d Proper cannulation. Placing the cannula too deep in the aorta and through 

the aortic valve will prevent adequate perfusion of the coronaries and cardiomyocyte isolation will not be successful; e Higher 

magnification figure illustrates an isolated heart secured to a cannula tip with two threads tied around the aorta. The lungs are shown; 

f Langendorff system used for heart perfusion; g The heart was covered with a chamber to conserve heat (yellow arrow). h Following 

perfusion with the digestion buffer, the heart became progressively edematous and appeared pale and flaccid; i Following enzymatic 

digestion, cardiomyocytes were dissociated by teasing apart the tissue with sterile-opposed forceps followed by gently pipetting the 

suspension with a plastic transfer pipette; j Overview of a freshly isolated cardiomyocyte in 20x. Scale bar=100 μm. 

Isolation of cardiomyocytes 

Preparation of the perfusion apparatus (Langendorff System, Fig. 4) ● TIMING 20 min: 

Before starting to remove the heart from the animal, the perfusion system was prepared. The 

Langendorff perfusion system should be flushed with sterile water (15 min). The temperature of 

the water circulator must be adjusted to achieve a perfused temperature of 37°C (measured at the 
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cannula tip). A tube A with 50 ml of Ca2+- free Tyrode’s solution (Ca2+-free modified Tyrode 

solution (in mM): NaCl 135, KCl 5,4, MgCl2 1, Glucose 10, HEPES 10, NaH2PO4 0.33, with 

adjusted pH 7.2 (NaOH)), recirculated through the system for 5 min at constant perfusion flow 

rate of 4.5 ml/min. This helped to remove any residual air bubbles and distilled water in the 

system. The solution A (Tyrode pH 7.2) with blood was discarded in the collector beaker. 

Dissection of the heart and cannulation ● TIMING < 15 min: The animal is weighed prior to 

sacrifice. The time of digestion was dictated by the weight of the animal. Once the animal was 

successfully anesthetized, it was sacrificed through cervical dislocation and transferred to a 

surgery area to be fixed on a dissecting board. A small incision in the stomach for entrance of the 

scissors was made to proceed with a cut to carefully separate the skin from the underlying 

musculature. The thoracic cavity was then opened by cutting through the diaphragm and the costal 

cartilages at their point of union on both sides until reaching the armpit. Once the heart was 

exposed pulmonary vessels and the aorta were identified, it was gently pulled up using fine curved 

head forceps. The heart was rapidly removed (Fig. 9a). It is crucial to leave as much of the 

ascending aorta as possible, including the lungs, to facilitate cannulation. Finally, the heart was 

rapidly immersed twice in cold Tyrode solution with heparin, until it was cleansed from blood 

excess (Fig. 9b).  

 

As shown in Fig. 9e, the aorta was placed into the cannula. This step ensure that the coronary 

arteries were filled with the enzyme solution. To make the cannulation easier, a stereo microscope 

is used (Fig. 9c). The lungs were positioned concavely towards the observer in order to 

anatomically locate the heart and to be able to adequately visualize the perfusion of the coronary 

arteries. After the aorta was cannulated and strongly sutured, the adequacy of the perfusion was 

confirmed when the coronary arteries were filled with the solution within the syringe (Tyrode 

with heparin). Finally, the lungs were cut and the cannula was cautiously removed from the 

syringe and carefully located in the Langendorff system to avoid introducing new air bubbles. 

Enzymatic Tissue Digestion ● TIMING 24 min (Fig. 9f-g): In this stage, all solutions were 

bubbled with 95% O2 and 5% CO2. In addition, temperature, pH, 95% O2 and 5% CO2 flow, 

perfusion volume, were constantly monitored.  

First, the heart was perfused with the resulting solution remaining in tube A for 6 min until the 

blood was cleared, then perfusion with the enzymatic solution starts, 10 mL of solution B (Ca2+- 

free Tyrode’s solution with pH 8,0) supplemented with 1 mg/mL collagenase (type 2; 

Worthington, Lakewood, NJ) and 0.1 mg/mL protease (type XIV; Sigma, St. Louis, MO). Here 

the solution was recycled to the reservoir B by pumping. Following time of perfusion with the 

digestion buffer, the heart became progressively pale and soft to the touch (Fig. 9h).  
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Post-perfusion Digestion ● TIMING 1-3 min (Fig. 9i): The heart was placed in a petri dish. 

Because the atrial cardiac potential is different from the ventricular one (Figs. 8g and h), the 

ventricles were cut and softly separated from the atrium. Only the ventricles were transferred to 

a separate petri box which contained warm Ca2+-free modified Tyrode solution and triturated into 

small pieces with grippers. In this step, it was crucial to reduce mechanical pressure during 

trituration. 
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Chapter 6 

Ca2+
 currents in cardiac myocytes  

 

Cell excitability is central to cardiac physiology. Many cardiac ion currents have been 

identified and described. VGCC converting depolarization of the cell membrane to an influx of 

Ca2+ that regulate excitation–contraction coupling, secretion, neurotransmission, and other 

intracellular regulatory events. Malfunctioning of these channels has been implicated in human 

diseases. Therefore, these channels have engendered very high interest as future molecular targets. 

In the present chapter, we present a protocol detailing about how to implement the whole-cell 

patch-clamp technique to characterize Ca2+ currents from cardiac myocytes. The experiments 

were performed at room temperature. Our results prove feasibility of patch-clamp recordings on 

cardiomyocytes and their potential use for in-depth toxin evaluation, as well as for diagnosis and 

pharmacology tests for cardiac channelopathy patients. 

6.1. Introduction  

As sketched in Fig. 8f-h VGCC are protein-complexes that activate at negative voltages 

at the beginning of the systolic depolarization and importantly contribute to this phase by 

supplying inward current responsible for the initiation and propagation of the cardiac AP. Their 

principal α subunit (212–250 kDa) consists of four homologous domains (DI–DIV) (Fig. 10) 

(Jiang et al., 2020; Maier et al., 2002; Reuter, 2013). Each domain contains six transmembrane 

α-helices (segments S1-S6) with a membrane-reentrant loop between them (the transmembrane 

pore, TP) and cytoplasmic regions at the N and C terminal ends. S1-S4 form the voltage sensor 

domain (VSD). The voltage sensor, S4 segment in VSD, consist of repeated motifs of a positively 

charged residue, usually arginine, followed by two hydrophobic residues. The inactivation gate is 

the loop linker between DIII-S6 and DIV-S1 and it contains the important hydrophobic triad. 

 

 Ca2+ channels have a single family of auxiliary α2δ, β, and γ subunits, that can bind to the 

α subunit either non-covalently or through a disulfide bond. These accessory subunits play 

important roles in the regulation of both the biophysical properties and trafficking of Cav channels. 

In CMs the fully functional Cav1.2 channels that contain Cavα, Cavβ, and Cavα2δ subunits are 

primary macromolecular complexes (Rougier en Abriel, 2016).  
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Fig. 10. Ca2+ channel structure and organization. The subunit composition consists of the pore-forming α subunit with its four 

homologous domains (I-IV) and the auxiliary α2δ, β, and γ (inset) subunits. Predicted alpha helices are depicted as cylinders (Reuter, 

2013).  

Six different types of voltage-dependent Ca2+ channels have been identified:  L-, N-, P-, 

Q-, R- and T-type. The mammalian isoforms of VGCC share high sequence homology in the 

transmembrane and extracellular domains but are expressed in different tissues. The gating 

properties of these isoforms vary, as does their sensitivity to neurotoxins and blockers. Four α1-

subunits (Cav1.1, Cav1.2 Cav1.3, and Cav1.4) have been cloned for the L- type Ca2+ channel ("L" 

stands for long-lasting of activation).   They are activated from about -30 mV and are highly 

sensitive to dihydropyridines (DHP) Ca2+ channels modulators (Mesirca et al., 2015).  Cav1.2 and 

Cav1.3 are expressed in neurons, in cells from the neuroendocrine and cardiovascular systems. 

Cav1.1 is expressed in the skeletal muscle. Cav1.4 expression is major in the retina, spinal cord 

and immune cells. Three Cav2 channels have been found (Cav2.1 or P-/Q-type (expressed in 

Purkinje neurons in the cerebellum / Cerebellar granule cells), Cav2.2 or N-type (throughout 

the brain and peripheral nervous system), and Cav2.3 or R-type channels (cerebellar granule cells, 

other neurons)) (Senatore et al., 2016). Three genes encoding for T-type channels (transient 

opening Ca2+ channels), activated at −50 mV, have been named Cav3.1, Cav3.2, and Cav3.3. 

Cav3.2 is expressed in embryonic heart tissue. In adult, Cav3.1 expression is higher than Cav3.2. 

Cav3.3 is not present in the heart.  T-type channels are almost insensible to DHP (Mesirca et al., 

2015).   

Properties of the Ca2+ current in cardiac myocytes have been determined previously 

(Table 1) (Yamakage en Namiki, 2002).  
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Table 1. Electrophysiological classification and characteristics of cardiac VGCC (Yamakage en Namiki, 2002). 

Parameter L-type T-type 

Voltage dependence High voltage activated Low voltage activated 

Threshold activation 

(mV) 

-30 ~ -10 -70 

Inactivation range 

(mV) 

-60 ~ -10 -100 ~ -60  

Rate of inactivation 

(decay time 

constant) (msec) 

>500 20-50 

Single channel 

conductance (pS) 

25 8 

Antagonists/blockers DHP= dihydropyridine; 

PAA=phenylalkylamine; 

BTZ=benzothiazepine 

Mibefradil; ꞷ-Aga IIIA=agatoxin 

IIIA 

 

For more complete summaries of the major quantitative data for voltage dependence of 

activation and inactivation, single-channel conductance of calcium currents of several cells, the 

reader is urged to read these excellent documents  (Yamakage en Namiki, 2002;  Nuss en Marban, 

1994;  Catterall et al., 2021; Niwa et al., 2004). In the present chapter, we present a protocol 

detailing about how to implement the whole-cell patch-clamp technique to characterize the 

kinetics of Ca2+ currents from cardiac myocytes.  

6.2. Implementation of patch-clamp technique to the study of Ca2+
 

currents 

Cleaning the glass capillaries ● TIMING 4 h: This is the most important step for patch-clamp 

experiments. When the pipette is dirty, the seal cannot be achieved or a “gunk-seal” can be 

established and the whole-cell configuration is difficult to obtain (Kolb et al., 2016). If pipettes 

need to be used for more than a few hours, they should be cleaned before using by soaking them 

in ultra-pure water for two hours and then fully heat drying in an oven (about 2 h).  

When a capillary was completely dry, positive pressure was applied inside it using a holder that 

is connected to a syringe (Fig. 11). The positive pressure was repeated at least 6 times to ensure 

there are no particles contaminating the inner (1 min). Two pipettes were immediately fabricated 

with a clean capillary.  
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Fig. 101. System designed for cleaning patch-clamp pipettes. a Holder without Silver wire, with cone washer, suction tube and with 

the pin cap close by silicone; b Holder with the silicone tubing and a syringe; c Assembled Holder; d The holder is mounted on 

plasticine to get stability, then the capillary is correctly located inside the pipette cap and later the positive pressures is applied 

through the suction tube with the syringe. Always the whole system is kept clean and dry. 

Pipette fabrication 

Patch pipettes were made in a two-stage process: pulling a capillary and heat polishing of the 

pipette tip. 

 

First step-pulling ● TIMING 1–3 min per capillary: Patch pipettes were pulled from Schott 

glass capillary with length: 10 cm, outside diameter of 1.65 mm and inside of 1.20 mm. Schott 

8250 composition (today's equivalent of Corning's old 7052 glass) provides good electrical 

properties (Single Barrel Capillary Glass Without Microfilament for Patch Clamp). Optimal 

pipette geometry and pipette resistance were essential to the formation of gigaseals. The optimal 

geometry of patch pipettes for patch-clamp is shown in Figs. 10f and 10h. The pipettes were 

pulled in two stages by a horizontal microelectrode puller (P-1000, World Precision Instruments 

(WPI); Fig. 12a-b). To obtain large numbers of pipettes with similar properties it is advisable to 

use fixed settings for the two stages (Fig. 12c). Table 2 provides some basic guidelines to 

configure the sequence that allowed us to design our pipettes. Finding the right sequence to get 

the desired glass pipette requires experimentation. 
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Table 2. Effect different parameters on pre-pulled pipette shapes and dimensions (Manual). 

Parameter Increase (↑) Decrease (↓) 

Heat Longer Taper Shorter Taper 

Force Smaller Tips, Longer Taper Larger Tips, Shorter Taper 

Distance Smaller Tips Larger Tips 

Delay Shorter Taper Longer Taper 

 

The glass capillary was mounted onto the puller as described in the Figs. 12b and 12c. In the step 

one pre-pull the capillary is thinned to obtain a minimum diameter of 200 µm (Fig. 12e). The 

capillary is then re-centered with respect to the heating coil and in the second step the thinned 

part breaks, producing two pipettes. Our aim was to obtain tips between 3 and 5 µm (Fig. 12. f-

h).  

 

 

Fig. 12 Setup used for the fabrication of optimal patch pipette. a Pipette puller; b, c Correctly manufacturer’s protocol for mounting 

the glass capillary. The yellow arrow shows the heating filament; d Different parameters that were modified for getting the pipettes 

shapes and dimensions; e Pipettes after each individual pulling sequence are shown; f Ideal pipette seen in the vision field of the 

objective microscope lens of the fire polisher before polishing. The opening diameter, sharpness and geometry were inspected. The 

red arrow shows the pipette Tip. It was verified for imperfections. The vision field of the 20× objective microscope lens; g Failed 

pipettes process are shown. Pipettes may be contaminated or unbalanced with glass. Suboptimal pulling conditions can result in pipette 

tips that are too wide or too narrow. These pipettes were discarded; h An example of a pipette with perfect geometry (Chen et al., 

2017).  

Second step- heat polishing ● TIMING 2 min per pipette: Polishing of the glass wall at the 

pipette tip was done on a microforge (MF 200-1, WPI) (Fig. 13b). We observe this step using a 

compound microscope (Fig. 13a). The heat was supplied by a V-shaped platinum-iridium filament 

(Fig. 13c-e). The tip of the pipette was brought to within 10-30 µm of the filament for a few 

seconds. The filament was heated to a red glow (Fig. 13e).  
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Fig. 113. Fire-polishing of patch-clamp pipettes. a Microscope; b Micro-Forge. The Heat knob was set to a maximum intensity of 55 

in an arbitrary scale (yellow line); c Fire polisher is shown; d V-shaped platinum-iridium filament before polishing; e Red filament 

during polishing; f Before polishing (left column) and after polishing (middle and right columns). Pipettes that are too wide and thick 

can result in no gigaseal formation. Closed-end tip pipettes are produced by overpolishing. Finally, pipette with ideal geometry after 

polishing is shown. Only pipettes with perfect geometries were used (Chen et al., 2017).  

Recording solutions 

The pipette solution contained (in mM): HEPES 11, EGTA 10, CsCl 125, MgATP 5 (pH 7.1 with 

CsOH) and the external solution (bath solution) was (in mM): Tetraethylammonium (TEA) 140, 

MgCl2 1, CsCl 6, CaCl2 1, HEPES 10, Glucose 10 (pH 7.4 with CsOH). To minimize and/or 

eliminate other ionic components, a selective channel blocker were incorporated in the external 

solution because in the extracellular mouth the pore is where this toxin bind (Catterall, 1995). To 

block potassium currents CsCl was used in both the internal and external solutions (IUPHAR/BPS 

Guide to PHARMACOLOGY, 2022). In addition, TEA is a K+ channel blocker for a diverse 

group of K+ channels. To eliminate Ca2+ currents and Na+ currents, electrical protocol was 

implemented. The solutions were cleaned by passing it through a cellulose filter two times. 

Aliquots of 2 mL in conical tubes were stored at 4 °C for up to 2–4 weeks. 

Patch-clamp recordings  

Preparation of the experimental chamber ● TIMING 5–15 min: Once the cells were isolated 

as explained in Chapter 5 they were inspected under microscope (20× objective lens) and those 

with defined membranes, well adhered to the coverslip, square, small were chosen to record 

currents. 

Gigaseal formation ● TIMING 5–10 min (Chapter 2; Patch-clamp technique: Basic 

Principle): Using a micro Filler connected to a syringe which contains 2 mL of internal solution, 
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a clean pipette was filled with this solution avoiding bubbles and then, was mounted onto the 

headstage of the patch-clamp setup. The angle of the headstage should be close to 30°. Then, the 

pipette tip was moved into the bath solution and placed it in the middle of the visual field. The 

offset voltage of the pipette was adjusted to 0 mV. Then, the steps explained in the Basic principle 

of patch-clamp technique (A-E) were applied to establish whole-cell configuration (Fig. 7e Based 

on our experience by syringe or ZAP function: a conventional method for rupturing a membrane 

patch to go to whole-cell). Suction pulse applied via the mouthpiece was not used because of the 

risk of coronavirus SARS-Cov-2 infection. 

Recordings in whole-cell configuration, voltage-clamp mode ● TIMING 1–5 min (Chapter 

2; Patch-clamp technique: voltage-clamp mode): After establishing the whole-cell recording 

configuration, the following records were made: 

RECORDINGS A: Studying kinetics of activation of Ca2+ currents:  

i. Current changes in response to different square pulses were recorded. Current time curve 

(I-T). The activation of the total Ca2+ currents was studied with voltage steps from -50 to 

+60 mV in 10 mV increments from a holding potential of -50 mV for 100 ms (Cav 

protocol). Representative stimulation protocol traces are shown in Fig. 14. The signal that 

resulted from this stimulation was plotted in terms of time following Fig. 7c.  

 

Fig. 14. Patch-clamp protocol to stimulate Ca2+ channels. On the left the expanded protocol is shown and on the right the superposition 

of the pulses is shown as is typical of seeing them in research articles. 

To examine effects of Nifedipine on calcium currents, Cav protocol was applied without the 

presence of Nidedipine in the bath solution (control current) and after treatment with Nifedipine 

(5 and 13 µM). Thus, the current was plotted in terms of the time. 

L- type or T-type Ca2+ currents can be calculated by the electronic circuitry provided with the 

amplifier and the Clampfit program of the Clampex. Mathematically, the algebraic sum of Ca2+ 

currents can be expressed as: 

𝐼total =  𝐼L− type 𝐶𝑎2+  +  𝐼Total Nifedipine 

where 𝐼total is called the control current. 
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RECORDINGS B: Studying ionic current voltage-dependence: 

Current-voltage relationships (I-V) allow summarizing the behavior of voltage-gated ion channels 

(Fig. 7c). Parameters such as: reversal potential, ionic dependence/selectivity, voltage dependence, 

activation threshold, slope, as well as the overall quality of patch-clamp, can be easily derived 

from these curves. There are two factors that determine the flow of current through an open 

channel, firstly the conductance and second, the reversal potential (Vion). 

The currents evoked at a given potential were plotted using a variety of considerations: 

i. Peak and steady-state IV curve 

Peak currents were measured as the largest current obtained when a voltage step was applied. 

If a current had transient peak current amplitude, the maximum current was determined by 

the software Clampfit and these values were plotted against voltage. If the Ca2+ currents did 

not exhibit this defined peak, steady state values were used, typically were recorded at the 

end of a voltage step. 

These curves were fitted by a single Boltzmann function. The ability to measure Ca2+ currents 

critically depends on fully compensating for series resistance of the pipette (Rs). Rs compensation 

was usually compensated to 50% in order to minimize voltage errors. The P/4 protocol was used 

to subtract leakage currents. The automatic Cp fast and slow, whole-cell compensation were 

implemented to reduce capacitances. Samples were recorded at 10 kHz, filtered at 5 kHz (low-

pass filter), and stored for offline analysis. 

Data analysis 

Recordings were analyzed with Clampfit 10.0.5 (Molecular Devices, USA) and ORIGIN Pro2019 

software (Origin Lab Corporation, Northampton, MA, USA). Results were expressed as means 

±S.E.M. Statistical differences were evaluated by paired t-tests and considered significant at P < 

0.05. 
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Chapter 7 

K+
 currents in cardiac myocytes  

     

K+ channels are by far the largest and most diverse of the ion channels. These channels 

allow K+ flux and as sketched in Fig. 8f-h (phases 1 - 4), are essential for regulating 

cardiac muscle excitability by controlling AP duration and frequency. The behavior of VGPC can 

be modified by intracellular processes, toxins or drugs; the latter makes them potential molecular 

targets for therapeutic drugs. Because of the fundamental role of K+ currents in controlling 

membrane excitability, an understanding of their biophysical properties in cardiac myocytes 

provides a useful framework for understanding cardiac physiology. We have therefore used a 

method to systematically characterize the electrophysiology of the K+ channels at room 

temperature. Briefly, we used cardiomyocytes from mice. We then used patch clamping to 

characterize the biophysics of these channels. This allowed us to get comprehensive curves of the 

kinetics of the K+ channels under physiological conditions. 

7.1.  Introduction  

VGPC are protein-complexes that allow the flux of K+ ions in response to changes in the 

membrane potential and conduct approximately 100-times more readily than NaV (Coetzee et al., 

1999). The cloning and expression of the first voltage-gated K+ channel from the Drosophila 

Shaker mutant was the starting point for investigations to identify many subfamilies, the pore, 

voltage sensor, gates and drug/toxin binding sites at the molecular level (Catterall et al., 2007).  

 

 VGPC include 40 different isoforms that are classified into 12 distinct subfamilies based on 

their amino acid sequence homology (Kv1 to Kv12) (Gutman, G. A., et al., 2003). Structurally, Kv 

channel α-subunits can form both tetramers of identical subunits (homotetramers), as well as 

heterotetramers with other proteins in the same family leading to a wide diversity of different 

channel complexes. Subunits of Kv1 (Shaker), Kv2 (Shab), Kv3 (Shal), Kv4 (Shaw), Kv7 (KCNQ), 

Kv10 (Eak), Kv11 (Erg) and Kv12 (Elk) compose functional homotetrameric channels. Subunits 

of other subfamilies (Kv5, Kv6, Kv8 and Kv9) usually associate with Kv2 to form functional 

heterotetramers.  
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Domains of α-subunit of mammalian voltage-gated K+ channels can be analogous to 

domains of the principal α-subunit of VGCC (six transmembrane segments and one pore) (Fig. 

10). The VSD (S1-S4) is sensitive to the applied voltage: depending on the direction and the 

magnitude of the resulting electric field, this domain accordingly changes its conformation. 

Within VSD, the main voltage sensor S4, is equipped with five-or-so positively charged amino 

acids, (arginine or lysine) at every third position. The S5–S6 segments form the pore and contain 

a conserved sequence (glycine-tyrosine-glycine or glycine-phenylalanine-glycine) that acts as a 

K+ ion selectivity filter (SF) (Heginbotham et al., 1994). The mechanism of ion conduction at the 

atomic level in its selective filter has been elucidated by molecular dynamics about free energy 

simulations on the basis of the X-ray structure of the KcsA K+ channel (Bernèche en Roux, 2001). 

 

Further, the auxiliary subunits (KVβ), the main cytoplasmic protein known to interact with 

VGPC, modulate excitability and inactivation properties and is completely located in the 

intracellular side. Both the auxiliary and main subunits are located in different tissues. Kv channels 

expressed in the heart (Kv1.1, Kv1.2, Kv1.4, Kv1.5, Kv2.1, Kv4.2 and Kv4.3) vary also in their 

distributions and degrees of expression across the myocardium. It is this variation that is 

responsible for the differences in shape and duration of the atrial and ventricular APs (Rolf et al., 

2000; Snyders, 1999). Some subunits of Kvβ1–Kvβ3 families associate with Kv1 α-subunits, while 

Kvβ4 associates with Kv2 family members (Snyders, 1999). 

The behavior of VGPC can be modified by intracellular processes, toxins or drugs; the 

latter makes them potential molecular targets for therapeutic drugs. Ajmaline, diltiazem, 

flecainide, phenytoin, propafenone, propranolol, quinidine and verapamil yield significant effects 

>10% on K+ currents (Rolf et al., 2000). Tetraethylammonium (TEA) is widely used as a probe 

for the external mouth of VGPC. TEA binds to the permeation pathway (S5-S6) for a brief time, 

blocking ion flow (Pascual et al., 1995), Tyrosine or phenylalanine in the amino acid residue in 

position 449 on the carboxyl terminal side of SS (Short-segments in the pore region) confers high-

affinity block through cation-π orbital interactions.. However, not all cardiac isoforms are 

sensitive to TEA, Kv4.2 is relatively insensitive to TEA. Kv1.2 and Kv1.5 are resistant to TEA. 

Kv2.1 has pIC50 2.0 of TEA and Kv1.1 requires a pKd of 3.5 for being blocked (Attali, B., Chandy, 

K. G., Giese, M. H., Grissmer, S., Gutman, G. A., Jan, L. Y., Lazdunski, M., Mckinnon, D., 

Nerbonne, J., Pardo, L. A., Robertson, G. A., Rudy, B., Sanguinetti, M. C., Stühmer, W., 

Trimmer, J. S. and Wang, 2019).  

Electrical properties of the K+ currents in myocytes have been determined previously. 

The properties of the total K+ current, have been recorded with the whole-cell configuration in the 

voltage–clamp mode (these properties depend of the electrical protocol). At 25 °C, the activation 
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properties, (I-V) curves fitted to a Boltzmann function, gave V1/2 = 4.54 ± 5.87 mV, and slope k 

= 19.84 ± 1.72 mV. The time constant for activation (Actτ) have been measured by fitting a single 

exponential curve to the recorded current trace from start of stimulus to peak current. For voltages 

from −10 to +80 mV, the value of Actτ decrease from 4.68 ± 1.76 to 0.71 ± 0.15 ms. The median 

activation voltage (Act_Volt)—defined as the voltage where the channel current exceeds 10% of 

the peak current— is −31.0 mV. As for the inactivation properties, V1/2 value of –35.26 ± 4.0 mV 

and k = 5.62 ± 2.01 mV from (I-V). For voltages from −20 mV to +70 mV, Inactτ from the peak 

to the end of the first pulse decreased from 313.25 ± 81.7 ms to 166 ± 48.38 ms. At +70 mV, this 

channel inactivates as much as 57.4 ± 10%. However, it is important to consider that K+ channels 

have kinetic heterogeneity and their mechanisms behind it have not been elucidated and requires 

further investigations (Ranjan et al., 2019). In the present chapter, we present a protocol about 

how to implement the whole-cell patch-clamp technique to characterize the kinetics of K+ currents 

in ventricular cells. 

7.2.  Characterization of voltage-gated K+ channels by the patch-clamp 

technique 

 

Based on Chapter 6 - 6.2 Implementation of patch-clamp technique to the study of Ca2+ currents, 

the methodology implemented was carried out. Only differences on making patch-clamp 

recordings for K+ channels are mentioned in this Chapter.  

Recording solutions 

For K+ current measurements, the following solutions were used: pipette solution (in mM): KCl 

140, MgCl2 2, EGTA 5, HEPES 10 and MgATP 4, adjusted to pH 7.2 with KOH, and the external 

bath solution (in mM): NaCl 135, KCl 5,4, MgCl2 1, Glucose 10, HEPES 10, NaH2PO4 0.33, with 

adjusted pH 7.2. To eliminate Ca2+ currents, Ca2+ channel blocker such as Cd2+ was used. To 

achieve a more complete blockade of Na+ the external solution was supplemented with 

Tetrodotoxin (TTX, a Na+ channel blocker). 

Patch-clamp recordings  

Recordings in whole-cell configuration, voltage-clamp mode ● TIMING 1–5 min (Chapter 

2; Patch-clamp technique: voltage-clamp mode): After establishing the whole-cell recording 

configuration, the following recordings were made: 

RECORDINGS A: Studying kinetics of activation K+ currents:  

i. For activation of total K+ current, pulses (100 ms) were applied from a holding potential 

of −30 mV from −30 to + 80 mV in 10 mV steps (Kv protocol). Representative stimulation 

protocol traces are shown in Fig. 15. 
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Fig. 125. Patch-clamp protocol to stimulate VGPC in myocytes. On the left the expanded protocol is shown and on the right the 

superposition of the pulses is shown as is typical of seeing them in research articles. 

To examine effects of TEA on gating modification of K+ currents, Kv protocol was applied without 

the presence of TEA in the bath solution (control current) and after treatment with TEA 100 µM. 

Thus, the current was plotted in terms of the time like Fig. 7a. 
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Chapter 8 

The role of peptides from the venom 

gland of the spider Pamphobeteus 

verdolaga on voltage-gated calcium and 

potassium channels 

Voltage-gated Ca2+ and K+ channels are the molecular targets for a broad range of potent 

toxins. These peptide toxins are widely found in the venoms of arachnids. Here, we investigated 

the effects of six peptides isolated from the venom of the spider Pamphobeteus verdolaga (we 

named them: vrdg66, vrdg69, vrdg164, vrdg172, vrdg177, vrdg183) on Cav and Kv currents in 

cardiomyocytes implementing the patch-clamp technique. Our results suggest that some peptides 

reduced both the amplitude of Ca2+ and K+ currents, other have exquisite selectivity for Ca2+ 

channels (vrdg183) over K+ currents and vrdg164 caused a shift in the voltage-dependence of 

activation of Ca2+ channels. 

8.1. Introduction  

  A wide variety of organisms in nature contain toxins, including animals, bacteria, fungi, 

and plants. Many of these substances are peptides. Several strategies have been followed to 

identify candidates for drug development, to find a toxin capable of attacking some cell of interest, 

say a cancer cell or microbes, and then to direct the toxin specifically to that target (Catterall et 

al., 2007).  

Antimicrobial peptides (AMPs) are small molecular weight proteins that are classified 

depending on their structure and amino acid motifs (linear α-helical amphipathic conformation, 

β-sheet, extended). There are three main characteristics that distinguish them: their size is between 

12 and 50 amino acids; the vast majority have a net positive charge and they are generally capable 

of adopting amphipathic structures when they are in solution in a nonpolar medium. The best-

known examples of α-helix peptides are protegrin, magainin, cyclic indolicin, and coiled 

indolicin. These peptides possessing an overall positive charge (in general, +2 to +9) and a large 

percentage (≥30%) of hydrophobic amino acid. Their amphipathicity confers the bactericidal 

activity and cytotoxicity (Zhang et al., 2016). Although most of them are positively charged, a 

few cases of negatively charged or hydrophobic helical peptides are known whose specificity is 
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low. β-sheet peptides are composed of at least two β-strands, cysteines with disulfide bonds 

between these strands (Bahar en Ren, 2013). They are generally peptides such as defensins, 

tachypiplesins, protegrins and lactoferricins (Fig. 16). Extended AMPs do not fold into regular 

secondary structure. These peptides contain high proportions of amino acids, such as Arginine, 

Trypsin or Proline residues.  

 

Fig. 136. Structural diversity of antimicrobial peptides. a Schematic drawing of the amphipathic helices of Magainin model peptide 

illustrating the structural features. The one letter code for amino acids is used.  Hydrophobic residues are shown in white, polar residues 

in gray and cationic residues in black circles. The angle subtended by the charged residues on the helix surface is denoted by Φ. μ is 

the hydrophobic moment (Dathe en Wieprecht, 1999); b Side view of the Magainin peptide; c β-sheet peptide and d Extended peptide. 

Positively charged side chains in blue, negatively charged side chains in red and remaining side chains in grey (Nguyen et al., 2011). 

 

 AMPs exert their effect by a two-step mechanism consisting of (i) membrane 

permeabilization and (ii) binding to the cell surface. Membrane permeabilization causes leakage 

of cell contents, resulting finally in cell death. Due to most of the antimicrobial peptides are 

cationic, this feature ensures the initial electrostatic interaction (ionic and hydrophobic) with 

anionic phospholipids providing an explanation for their specificity for bacterial membranes and 

not for the zwitterionic lipids of the extracellular layer of eukaryotic cells (Bahar en Ren, 2013; 

Nguyen et al., 2011). Some mechanisms by which the peptide disrupting the integrity of the 

bacterial cytoplasmic membrane are shown in Fig. 17. In addition, other mechanisms explain the 

cytotoxic action of these toxins, include their stimulation of autolytic enzymes, transport of 

nutrients, respiration, proton motive force, ATP generation, intercellular communication, 

interference with DNA and/or protein synthesis or their binding to DNA (Bahar en Ren, 2013). 

Peptide toxins also block, open, and shift the gating of ion channels. Of the 274-toxin mechanisms 
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studied so far, 77% study ion channel–targeting toxins. From these studies, 55% were toxins 

selective for NaV channels, 15% for K+ channels, and 16% for Ca2+ channels (Sack, 2017). 

 

 

Fig. 147. Schematic representation of some action mechanisms of membrane-active AMPs. Peptides reach a threshold concentration 

and insert perpendicularly through the membrane to form peptide-coated pores in the barrel-stave pattern, solubilize the membrane in 

micellar structures in the carpet model, AMPs are always in contact with phospholipid head groups of the membrane in the toroidal 

pore model. In the revised disordered toroidal pore model, pore formation is more stochastic and involves fewer peptides. Non-bilayer 

intermediates can be induced; peptide adsorption to the membrane can be enhanced by targeting them to oxidized phospholipids;  in 

the molecular electroporation model, the accumulation of peptide on the outer leaflet renders the membrane transiently permeable to 

various molecules including the peptides themselves (Deuis et al., 2017). 

Peptide neurotoxins are particularly well represented in the venoms of arachnids, 

cnidarians and mollusks. Tarantulas are a group of often hairy and large arachnids that comprise 

more than 860 species. Like other venomous animals, these spiders have complex venoms 

dominated by disulfide-rich peptides, many of which act at ion channels to rapidly immobilize 

prey or deter predators. These venom peptides possess high affinity and specificity for particular 

classes of ion channels (King et al., 2008b) and typically bind to the less conserved VSD. All 

gating modifier spider peptides contain a common structural motif known as ‘‘inhibitor cystine 

knot (ICK)’’. As a consequence of such folding, all these peptides display a ‘‘hydrophobic patch’’ 

surrounded by a unique ‘‘charge belt’’ in their interaction surface (Huang et al., 2007). 

 

Due to the percent mentioned above, the diversity of toxin action on ionic channels 

(voltage-dependent activation, conductance and inactivation) is usually illustrated by sodium 

channels, which are the molecular targets for toxins that act at least in seven allosterically coupled 

neurotoxin binding sites referred to as neurotoxin receptor sites 1–7 (Fig. 18a) (Catterall et al., 

2007b; Huang et al., 2007; King et al., 2008c). The classic blocker TTX binds in the outer mouth 

of the SF and blocks the pore (Liu et al., 2019). Tyrosine helps TTX bind to Nav1.7 through a 𝜋-

𝜋 stacking interaction, which is missing in NaV1.5 (Figure 18b). The lack of this key interaction 

reduces the binding affinity of NaV1.5 for TTX by up to 500-fold. Therefore, tyrosine 362 position 

differentiates the TTX-r channels with a Cysteine or Serine from the TTX-s with a tyrosine or 
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phenylalanine (Fig. 18c). In previous work, μ-TRTX-Pn3a, a peptide isolated from venom of the 

South American tarantula Pamphobeteus nigricolor, showed that it has exquisite selectivity for 

NaV1.7. In contrast to TTX, Pn3a interacts with the S3-S4 linkers in DII and DIV domains (Deuis 

et al., 2017). Thus, it seems likely that TEA ions in K+  channels and TTX in Nav channels occupy 

similar receptor regions at the extracellular mouth of the pore when they block the channels 

(William, 2009).  

 

Fig. 15. Location of known neurotoxin receptor sites on NaV channels. a Green circles represent the outer (EEDD) and inner (DEKA) 

rings of amino acid residues that form the ion SF; b The SF of the TTX-r rNaV1.5c (colored) versus the SF of hTTXs NaV1.7 (gray) 

with TTX bound in yellow; c Sequence alignment in the region of the TTX binding site. DEKA: Asp373-Glu901-Lys1421-Ala1713; 

d Potency of Pn3a at hNaV1.1-1.9 assessed by whole-cell patch-clamp experiments. Pn3a most potently inhibited NaV1.7, with 40-

fold selectivity over hNaV1.1, 100-fold selectivity over hNaV1.2, 1.3, 1.4 and 1.6, and 900-fold selectivity over NaV1.5, NaV1.8, and 

NaV1.9. Current traces before (black) and after addition of Pn3a (red); e Application of 100 μg/mL of venom led to a reduction of K+ 

currents of 44.2% ± 5.3% (n = 5); f Normalized current-voltage relation of K+ currents before (filled circles) and after (open circles) 

venom treatment, indicating that the venom altered the initial activation voltage of K+ currents (Hu et al., 2014). 

 

 Among the identified gating modifier peptides of K+ channels, the venom of the spider 

Selenocosmia jiafu contains neurotoxins acting on VGPC in rat neurons. Patch-clamp analyses 

indicated that 100 μg/mL venom inhibited K+ currents (Hu et al., 2014). Other toxins 

(heteropodatoxins) from the venom of a spider, Heteropoda venatoria have been studied. The 

effects of toxins on cardiac Kv1 currents were studied using patch-clamp experiments. The toxins 

on cardiomyocytes, blocked the transient outward Kv1 current but not other K+ currents. These 

toxins slowed the time course of current activation and inactivation and shifted the voltage 

dependence of current inactivation to more positive potentials. The heteropodatoxins represent 

new pharmacologic probes to study the role of K+ channels in cardiac and neural tissue (Blanc et 

al., 1998).  
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 Diverse animal species evolved a broad range of toxic compound that have been implicated 

for acting on VGCC. Whole-cell patch-clamp measurements with PnTx3-6, a neurotoxin purified 

from the venom of the spider Phoneutria nigriventer on VGCC in HEK cells, indicated that 

PnTx3-6 inhibited L, N, P/Q and R type channels with varying potency (IC50 values of 122, 136, 

263, and 607 nM respectively) (Vieira et al., 2005). Several peptide toxins acting on voltage-

sensitive Ca2+ channels have been isolated from spider venom (Escoubas et al., 2000). ω-

agatoxins block P/Q-type channels in a voltage dependent manner and modify its gating 

properties. ω-atracotoxins from Hadronyche species, toxins from Hololena curta, and Plectreurys 

toxin II, modulate insect  VGCC  and  are  useful to develop insecticides (Pringos et al., 2011). In 

GH3 cells, Tx3-1 was shown to increase the frequency of Ca2+ oscillations, while Tx3-2 partially 

blocks L-type Ca2+ channels.  Other investigation of the properties of Ornithoctonus huwena 

(O.huwena), revelaed that this toxin affects the electrophysiological stability of neonatal rat 

ventricular myocytes by inhibiting sodium, K+ and Ca2+ currents. 100 mg/mL venom inhibited 

72.3 ± 3.6% INa current, 54 ± 6.1% the end current of IKr, and 65 ± 3.3% ICaL current (Yan et al., 

2018). Thus, toxins from spiders when act on cardiac channels, represent a multifaceted 

pharmacological profile because they might be valuable tools for investigation of both channels 

and anti-arrhythmic therapy development. 

 

 In 2016, a detailed taxonomic study allowed to recognize and to describe Pamphobeteus 

verdolaga as a new specie from the Colombian Andes, Medellín, Antioquia (Cifuentes et al., 

2016; Estrada-Gomez et al., 2013). Lately, venomic, transcriptomic, and bioactivity analyses 

of P. verdolaga venom was associated with complex disulfide-rich peptides that modulate 

the activity on voltage-gated Ca2+ channels (VGCC; Cav2.2, Cav3.2), and VGSC (Nav1.7) 

(Estrada-Gomez et al., 2013). However, the study of the effects of these peptides from P. 

verdolaga on VGIC using patch-clamp technique have never been done. In addition, the 

interactions of these peptides with the lipid bilayers must be investigated. 

 

 This Chapter was focused on studying the effect of six toxins synthesized from the spider P. 

verdolaga on VGCC and VGPC by implementing the patch-clamp technique. In summary, this 

Chapter suggests that these peptides could be selectively targeted to specific receptor or voltage 

activated Ca2+, and K+ channels. The use of patch-clamp and molecular biology techniques made 

possible to characterize the biophysical properties of these toxins in single cardiomyocytes and it 

could be a great source of biomolecules with potential therapeutic use even applications in 

agriculture. 
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8.2. Modulatory features of six novel tarantula peptides isolated from 

the venom gland of the spider Pamphobeteus verdolaga on voltage-gated 

Ca2+ and K+ channels 

Spider venom peptides from Pamphobeteus verdolaga 

The Biophysics (Institute of Physics), PHYSIS (Faculty of Medicine) and Ophidism (Faculty of 

Chemical and Food Sciences) Groups of the University of Antioquia, joined forces to investigate 

the ability of peptides from the gland of P. verdolaga to inhibit and control the growth of resistant 

microorganisms and, in this way, propose the development of new biomolecules with therapeutic 

potential. Peptides from P. verdolaga were provided by the Ophidism group of University of 

Antioquia. 

Six peptides (vrdg66, vrdg69, vrdg164, vrdg172, vrdg177, vrdg183) were chosen to evaluate their 

effect on K+ and Ca2+ currents because they have cysteines with disulfide bonds between their 

strands (Fig. 19). Furthermore, due to their amino acid sequence and the results of the growth 

inhibition percentage (data not shown), it was considered that these peptides were the best 

candidates to carry out their biophysical characterization using the patch-clamp technique. 

Synthetic peptides from P. verdolaga were kindly provided by the Ophidism group of University 

of Antioquia and were used for all further experiments.  

 

Fig 19. Photo of the Pamphobeteus verdolaga specimen from which venom was obtained with the electrical properties of six 

synthesized peptides selected for this study (Cifuentes et al., 2016). The lyophilized toxins were provided by the Ophidism group of 

University of Antioquia.  Scale bar: 10 mm. 

Electrophysiology 

Synthetic peptides were dissolved in deionized water, divided into aliquots and stored at -80 °C. 

On the day of experiments, individual aliquots of vrdg were thawed on ice, and carefully added 

to the bath solution (10-4 M).  

For evaluating ionic current gating modification by the six P. verdolaga peptides the Recordings 

A and B in whole-cell configuration, voltage-clamp mode (Chapters 4 and 5) were made both 

under control conditions and after putting the peptides in contact with the extracellular solution. 
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All vrdg effects were compared to pre-toxin control parameters within the same cell. Chamber 

must be thoroughly cleaned after each experiment. 

To evaluate if the effects of P. verdolaga peptides are reversible and dose-dependent, Ca2+ and 

K+ currents will be obtained during depolarizations to 0mV without toxin (control) and after 

treatment with different doses of peptide in the bath solution. After modification with P. 

verdolaga peptides, it is possible to determinate changes on voltage-dependence for activation, 

positive and negative shifts in activation and inactivation voltages, slow and fast inactivation, 

steady-state fast or slow activation with midpoints, among others. Furthermore, for some peptide 

toxins, modification of activation of channels is strongly facilitated by a brief depolarizing pre-

pulse applied before to the main protocol, for that reason, a pulse of 50 mV for 2 ms can be applied 

before to Cav and Kv protocols when peptides are used. All experiments were recorded before and 

after application of P. verdolaga peptides and thus each cell serve as its own control.  
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Chapter 9 

Results 

9.1. Our Langendorff apparatus makes successful isolation of 

cardiomyocytes from the adult mouse heart 

Cannulation and retrograde perfusion of the aorta, is widely adopted for myocyte isolation from 

the adult mouse heart. Thus, the methodology outlined in Fig. 9 was implemented. For each 

experiment, enzymatic tissue digestion was monitored, and total cell number and percentage of 

viable rod-shaped myocytes were subsequently inspected under the inverted microscope (20× 

objective lens). CM remained adhered to the recoding chamber displaying characteristic 

morphology and clearly organized sarcomeric striation patterns (Fig 20).  

 

Fig. 20 Representative images of adult mouse ventricular digestion products, before (a,b,c) and after improvements (d, e , f). a CM 

obtained without filtering solutions with nitrocellulose filters; b-c Containing many rounded and hypercontracted cells. Rounded cells 

were considered to have been irreversibly injured or dead; d Ventricular myocytes firmly adhered to each other; e Showing a viable 

single myocyte, with organized sarcomeric striations, rod-shaped morphology and sharp-edged membrane. f Image showing a 
majority of healthy cells, highest viable yields were obtained at dissociation buffer with pH 8. Loss of sarcomeric organization was 

observed after 6-hours. Scale bars =100 μm. 

Optimal morphology of cells was most reliably achieved at dissociation buffer pH 8 (Figs. 20e 

and f, and Fig. 21a). With these conditions, the protocol reproducibly yields hundreds of myocytes 

viable, with cylindrical-shaped cells. Furthermore, the protocol was found to be compatible with 
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automated infusion pumps for controlled delivery of used digestion buffers (Fig. 21c). Flow rates 

of 4,5 mL/min produced average yields of over 60% rod-shaped cells, demonstrating success in 

the methodology.  

 

Fig. 21. Some improvements in our simplified setup for isolating viable cardiac myocytes. a Enzymes drastically decrease 

the pH of the buffer solutions. Buffer starts with pH 8 in orange, with pH 7.3 in blue. b Manual system of retrograde 
perfusion (before). Here the solutions were recycled to the reservoir by Pasteur pipettes from the white arrow to the blue; 

c Modified and simplified Langendorff system whit a peristaltic pump incorporated (after).  

The digestion degree of the heart affects the results of viable cells. Either insufficient or excessive 

digestion will decrease the success rate of the experiments. The digestion time of heart was mainly 

determined by the mice weigh. Therefore, Table 3 provides a simple and effective approach to 

judge the degree of digestion. 

Table 3. Time of enzymatic digestion depending of the mice weigh. 

Swiss Webster mice weigh (g) Time of perfusion with the digestion buffer (min) 

20-21 18 

22-23 19 

24-26 20 

9.2. Isolated cardiomyocytes display normal cardiac currents 

To confirm the amenability of isolated CMs to patch-clamp studies, cardiac currents were 

quantified in freshly isolated ventricular myocytes (Fig. 22). The membrane capacitance was 

138.64 ± 25.12 pF/cell (n=100). Measurements of whole cell under voltage-clamp mode were 

evoked in all cells tested. The current amplitude analysis was conducted on the traces obtained 

with the step protocols. The peak IK current density measured was 18.1 ± 1.7 pA/pF (n=5). The 

amplitude of the unitary currents depended on the holding potential and was reduced when the 

recording pipette contained 150 µM TEA (n=3). The blocking rate was significantly voltage-
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dependent. IK displayed robust voltage dependence with a mean V0.5 of −30 ± 1 mV and reverse 

potential of -83 ± 2 mV. We obtained current-voltage (I–V) relationships by plotting the 

amplitude of the steady-state component of these currents against the membrane potential. For 

Ca2+ channels, the peak current-voltage relation revealed a threshold at about -30 mV and a 

reversal potential close to 50 mV. The maximum amplitude was near 0 mV. The whole-cell ICa 

also was characterized by pharmacological tools. ICa was completely blocked by 13 µM nifedipine 

(n=4). These values are consistent with previous reports of ventricular cardiac currents measured 

under similar conditions (Maltsev et al., 1994). Thus, the currents were measurably preserved 

using our isolation technique. 

 

 

Fig. 22. Representative cardiac experiment recorded from a single ventricular myocyte using patch-clamp. a Characterization of 
outwardly K+ currents in cardiomyocytes.  Currents were evoked by 100 ms voltage-steps from −30 to +80 mV in 10 mV increments 

from a holding potential of −30 mV; TEA (150 µM) partially blocks the transient outward current. IK current density (pA/pF; n=5 

cells); b Current-voltage (I-V) relationship; c Graph showing electrophysiological characterization of the Ca2+ inward current; d 

Superimposed ICa current traces correspond to the I-V relation. Current in absence of Nifedipine (▪). The voltage protocols are shown 

in the inset.  Toxin and drug exposure time was 8 ± 1 min. 

 

9.3. The role of peptides from the venom gland of the spider 

Pamphobeteus verdolaga on voltage-gated Ca2+ and K+ channels 

Electrophysiological Studies  

The effect of vrdg peptides on channel activation was studied using isolated cardiomyocytes. Figs. 

23 to 28 show normalized K+ and Ca2+ currents without (Pre) and with these peptides (Pos). We 
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examined the effect of vrdg peptides on the current-voltage (I-V) relationship as well as the 

voltage-dependence of activation. Detailed channel selectivity characterization using whole-cell 

electrophysiology revealed that vrdg69 (1 µM) simultaneously inhibited VGPC (reduction of 

52,5% IK peak, Figs. 23a and b) and VGCC (reduction of 63,3% ICa max, Figs. 23c and d). 

Isoproterenol (ISO) (10-5 M) rapidly increased ICa 32,8% (Figs. 24e and f). The ICa started to rise 

usually within 10 min after application of ISO, and the response reached maximum within 15 

min. After ISO vrdg177 (1 µM) was added to the bath solution (Figs. 24e and f). The amplitude 

of ICa was inhibited 57,1% of ICa peak. Similar results were obtained with vrdg177 because had 

reduction of 59,1% IK peak (Figs. 24a and b) and 61,8% for ICa peak (Figs. 24c and d). 

 

Fig. 23. Voltage-dependent inhibition by vrdg69 of VGPC and VGCC expressed in ventricular myocytes. a-b I-T and I-V curves 

before (black line and squares) and after addition of vrdg69 (red line and circles), vrdg69 (1 µM) inhibited K+ currents and c-d Ca2+ 

currents (n=3). The voltage protocols are shown in the inset. Currents without (Pre) and with toxins (Pos). Currents from each   cell   

were   normalized   to   their   maximum amplitude.  
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Fig. 24. Voltage-dependent inhibition by vrdg177 of VGPC and VGCC expressed in ventricular myocytes a-b I-T and I-V curves 
before (black line and squares) and after addition of vrdg177 (red line and circles), vrdg177 (1 µM) inhibited K+ currents and c-d Ca2+ 

currents (n=3); e-f Superimposed ICa traces evoked by various depolarizing steps (-50 to + 60 mV) in the absence (control) and 

presence of ISO (10-5M) and vrdg177 (1 µM). Ca: Control, Ca + Iso: Bath solution with 10-5 M of ISO, Ca + Iso + 177: Bath solution 

with 10-5 M of ISO and 1 µM of vrdg177. The voltage protocols are shown in the inset. Currents without (Pre) and with toxins (Pos). 

Currents from each   cell   were   normalized   to   their   maximum amplitude.  

On the other hand, vrdg66 (1 µM) mainly inhibited VGPC (reduction of 24,4% IK peak, Figs. 25a 

and b) over VGCC (reduction of 16,3% ICa max, Figs. 25c and d). Similar affinity was obtained 

with vrdg172 (1 µM) with a reduction of 43,9% IK peak (Figs. 26a and b) over 38,9% for ICa peak 

(Figs. 26c and d). 

 

Fig. 25. Voltage-dependent inhibition by vrdg66 of VGPC and VGCC expressed in ventricular myocytes. a-d I-T and I-V curves 

before (black line and squares) and after addition of vrdg66 (red line and circles), vrdg66 (1 µM) mainly inhibited K+ currents over 
Ca2+ currents (n=3). The voltage protocols are shown in the inset. Currents without (Pre) and with toxins (Pos). Currents from each   

cell   were   normalized   to   their   maximum amplitude.   
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Fig. 26. Voltage-dependent inhibition by vrdg172 of VGPC and VGCC expressed in ventricular myocytes. a-d I-T and I-V curves 

before (black line) and after addition of vrdg172 (red line), vrdg172 (1 µM) mainly inhibited K+ currents over Ca2+ currents (n=3). 

The voltage protocols are shown in the inset. Currents without (Pre) and with toxins (Pos). Currents from each   cell   were   normalized   

to   their   maximum amplitude.  

At a concentration that abolished inward current at Ca2+ channels (66.7% reduction in maximum 

amplitude, Figs. 27c and d), vrdg183 (1 µM) had little effect on the current traces for K+ channels 

(6.2% inhibition of IK peak, Figs. 27a and b). This result shows that vrdg183 was one of the most 

selective vrdg inhibitors. 

 

Fig. 27. Voltage-dependent inhibition of VGPC and VGCC by vrdg183 (n=3). a-d I-T and I-V traces recorded in the absence (black 
line) and presence of vrdg183 (red line), vrdg183 (1 µM) mainly inhibited Ca2+ currents over K+ currents. The voltage protocols are 



 

 

56 

 A research work submitted to obtain the degree of Master in Physics, Biophysics. 

 

 

shown in the inset. Currents without (Pre) and with toxins (Pos). Currents from each   cell   were   normalized   to   their   maximum 

amplitude.   

At VGCC, vrdg164 (1 µM) shifted the voltage-dependence of activation to more depolarized 

membrane potentials, showing gating modifier activity (Fig. 28c and d). Interestingly, this effect 

on the voltage-dependence of activation was unique to vrdg toxins on Ca2+ channels. Vrdg164 (1 

µM) had no significant effect at K+ channels (14,4% inhibition of IK peak, Figs. 28a and b).  

 

Fig. 28. Voltage-dependent effect of VGPC and VGCC by vrdg164. a-d I-T and I-V traces recorded in the absence (black line) and 

presence of vrdg164 (red line), vrdg164 (1 µM) mainly inhibited Ca2+ currents over K+ currents. vrdg164 (1 µM) caused small but 

significant shifts in the V0.5 of activation at VGCC only. The voltage protocols are shown in the inset. Currents without (Pre) and with 
toxins (Pos). Currents from each   cell   were   normalized   to   their   maximum amplitude.  Data were presented at mean ± SEM 

(n=3). 
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Chapter 10 

Discussion 

 

10.1. Cardiac cells 

The extraction protocol of cardiomyocytes requires careful execution during cannulation of the 

aorta and appropriate heart perfusion, for obtaining the maximum number of functional cells. 

After cleaning around the aorta, place the heart with lungs for locating the heart and visualizing 

the perfusion of the coronary arteries. The position of the needle insertion is not inserted too deep 

through the aortic valve in order to help the collagenase fully interact with heart tissue during 

coronary circulation. If the blood does not begin to discharge after perfusion, the injection needle 

may be positioned incorrectly.  

Selection and concentration of enzymes with collagenolytic activity, buffer solutions, 

temperature, pH, 95% O2 and 5% CO2 flow, perfusion volume, and standardizing the criteria for 

termination of digestion time, were fundamental for obtaining single cells that maintain their 

properties for a suitable period after extraction. Viable and functional cardiomyocytes with the 

characteristic roughly rod-shaped morphology with rectangular ends and clear cross-striations 

were obtained from adult mice heart through our protocol as has been reported in the literature 

(Balse et al., 2012; Li et al., 2014; Mitcheson et al., 1998). Enzymes drastically decrease the pH 

of the buffer solutions; thus, optimal morphology of cells was most reliably achieved at 

dissociation buffer pH 8 (Fig. 21a). With these conditions, the protocol reproducibly yields 

hundreds of myocytes viable. In our results, about 60% cells were isolated during each 

experiment. Around 3 million cardiomyocytes could be obtained from an adult rat heart (Campora 

et al., 2018). 

We have optimized the Langendorff system for retrograde perfusion compatible with automated 

pump injection systems, for precise control of buffer pressure or flow rates, and provided 

standardized protocol for isolating adult mouse heart by establishing the cardiomyocytes with 

high purity and viability achieving from our methodology will facilitate the acquirement of high-

quality cardiomyocytes for patch-clamp experiments, and provide gentle cell isolation that 

increases the yield of single cardiomyocytes suitable for biophysical researches in our laboratory.   

10.2. Ca2+ and K+ currents in cardiac cells 
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We demonstrate that some basic cardiac-specific ionic currents, ICa and IK, are expressed in our 

cells. All major biophysical and pharmacological properties of these ionic currents were identical 

to previously descriptions (Nuss en Marban, 1994). To record calcium currents, potassium 

channel blockers were added to the internal and external recording solutions. Most K+ channels 

are blocked by Cs ions. CsCl blockade due to cesium ion is larger than the pore size of the 

potassium channel, thus blocking the channel (Cecchi et al., 1987, (IUPHAR/BPS Guide to 

PHARMACOLOGY, 2022). Therefore, adding cesium inside the pipette blocks only outward 

currents. However, when conditions favor inward rectification, K+ in external solution can still 

find entry, so it was necessary to add cesium in the external solution and supplement with 

TEA.  K+ currents were sensitivity to the pore-blocking agent TEA (by binding at aromatic residue 

of the channel structure) when it was applied to the extracellular side of the membrane as has 

been reported in the literature (Heginbotham en MacKinnon, 1992). To record potassium currents, 

Ca2+ currents and Na+ currents, were blocked by implementing electrical protocols. Similarly, 

to VGPC, VGCC currents were totally blocked by nifedipine when a concentration of 13 µM was 

used. These data suggest that nifedipine inhibition on these channels (influenced by extracellular 

divalent cations) confirm the amenability of our isolated CMs to patch-clamp studies 

(Heginbotham en MacKinnon, 1992). If we had not used blockers, the total current would have 

been the sum of all cardiac currents (Eqs. 1.7 and 1.13).  

 

Cell electric capacitance depends on the shape of the cell and the membrane thickness (Eq. 1.4) 

(Heginbotham en MacKinnon, 1992).  Experimental data about the electric capacitance of 

cardiomyocytes was collected, the typical capacitance of adult mammalian ventricular myocytes 

is 100-200 pF (Nuss en Marban, 1994), and confirm the efficacy of the patch-clamp setup used 

in the present work (Platzer en Zorn-Pauly, 2020).  

 

10.3. Characterization of the effect of six synthetic peptides on Ca2+ and 

K+ currents 

We have characterized the effect of six synthetic peptides, that are abundant in the venom of the 

tarantula Pamphobeteus verdolaga (vrdg66, vrdg69, vrdg164, vrdg172, vrdg177, vrdg183) using 

the whole-cell voltage-clamp technique. Although there are adequate recommendations for 

naming peptides derived from spiders (King et al., 2008c), we propose this simple nomenclature 

to recognize peptides for internal experiments. These toxins are modulators of both K+ and Ca2+ 

channels. Although a variety of natural products target voltage-gated channels (Adams, 2004; 

Frazão et al., 2012; Lewis et al., 2012; Olivera, 1997; Possani et al., 2000) these six spider toxins 

are the first known agents from a new Colombian species that produce changes on the kinetic 
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characteristics of these ionic currents. vrdg peptides share striking structural and functional 

similarities to other ICK gating-modifier toxins and although all these peptides belong to the class 

of ICK peptides, they are almost completely dissimilar.  Given the high potential of innovation 

and future patenting, it is not possible to present in detail the sequences and structures of the 

peptides. 

 

vrdg66 (1 µM) has the shortest sequence and the highest percentage of bacterial growth inhibition 

however, it had the smallest current inhibition percentage on ICa and IK, mainly on VGPC. vrdg69 

did not have a significant percentage of bacterial growth inhibition but potent inhibited both ICa 

and IK (1 µM). vrdg172, vrdg177, vrdg183 only differ by one or two amino acids in their 

sequences. ISO increased ICa (through mechanisms that involve the pertussis-toxin-insensitive G 

proteins (Xiong et al., 1994)) but once vrdg177 (1 µM) was in contact with bath solution, the peak 

current was reduced. This peptide had a modular effect similar to vrdg69, nevertheless, it has a 

large bacterial growth inhibition percentage and its amino acid sequence is longer. vrdg172 had 

a specific effect like vrdg66 (mainly on VGPC). Given that vrdg66, vrdg69, vrdg172 and vrdg177 

modulate both K+ and Ca2+ channels it would be of interest to determine how conserved the 

binding domains are in these two channels. 

 

vrdg183 (1 µM) partially inhibits Ca2+
 channels (blockade > 65%) by decreasing peak current 

whereas under the same conditions, K+ currents were not affected. vrdg164 (1 µM) shifted the 

voltage-dependence of activation to more depolarized membrane potentials of Ca2+
 channels, 

whereas there was not the same effect on K+ channels. High selectivity is important, since activity 

at other channel and even isoforms, likely contributes to physiological activity but also adverse 

effects (Deuis et al., 2017). To analyze in detail if vrdg164 and vrdg183 are dose-dependent we 

are testing different dose in the same cell.  

 

Previous patch-clamp studies have shown that peptides derived from spider venoms act either as 

pore blockers (PBs) (that bind to the extracellular side of the channel pore) or as gating modifiers 

(GMs) (that bind to the voltage-sensing domains of VGIC channels) to modify the gating 

associated with channel activation and inactivation. (Agwa et al., 2020; Männikkö et al., 2018; 

Zhang et al., 2018). Although the molecular binding site of vrdg peptides are unknown, our results 

suggest that vrdg183 selectively could act to occlude the external pore (PBs) of the Ca2+ channels 

and vrdg164 could be a selectively GM of VGCC. 

 

Improved understanding of these synthetic peptides may be an important advance in the 

development of therapeutic agents. Our peptides could be comprised of different classes of 
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molecules displaying wide-ranging pharmacological activities. Most toxin-based approved drugs 

are derived from animal venoms. SNX-111 from the venom of the fish-hunting snail Conus magus 

blocks Cav channels leading to antinociception. SNX-111 is a valuable advantage in comparison 

to morphine. Phα1β, is classified as P/Q- and N-type voltage-gated calcium channel blocker, and 

demonstrated analgesic effects. PhTx3-3 (also a voltage-gated calcium channel blocker) had 

inhibitory effects on the proliferation and viability of different glioma cell lines. 

Electrophysiological studies of Phα1β on calcium currents showed significant reductions of tumor 

areas. Kv currents are considered potential bioactive molecules to treat autoimmune diseases. 

HsTX1 from Heterometrus spinifer venom reduce inflammation in the induced arthritis. 

ImKTX88 from Isometrus maculatus ameliorates pathological severity in autoimmune 

encephalomyelitis. Ktx from Androctonus mauretanicus mauretanicus venom prevent bone loss, 

has been implementing to treat periodontal disease and rheumatoid arthritis. MgTX 

from Centruroides margaritatus venom has been considered as a novel therapeutic target for lung 

adenocarcinoma therapy. Ts6 and Ts15 from Tityus serrulatus venom reduce inflammation. ShK-

186 isolated from Stichodactyla helianthus sea anemone venom, acts as a Kv1.3 inhibitor reducing 

multiple sclerosis (Bordon et al., 2020). P. verdolaga venom is rich source of molecules with a 

wide range of applications. However, to make the use of these molecules, extensive preclinical 

trials are necessary. 
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Chapter 11 

Conclusion 

 

In conclusion, the flexible and adaptable Langendorff system was a useful tool for isolating 

cardiac cells. These factors support the conclusion that we have standardized a highly 

reproducible protocol for isolating viable cardiomyocytes murine cells from the adult mouse 

heart, suitable for biophysical investigations concerning to cardiac mechanisms at the cellular 

level. We demonstrate that all major biophysical and pharmacological properties of cardiac 

currents, ICa and IK, were identical to those previously described for adult cardiomyocytes. The 

electrophysiological characterization of cardiomyocytes using the patch-clamp technique allowed 

us to ensure that our cells corresponded to the model of interest, and allow us to ensure that our 

results are reliable. The effects on the currents generated by the pharmacological agents used 

(Nifedipine and Isoproterenol) and blockers known as tetrodotoxin and tetraethylammonium, 

show that we had the specific calcium and potassium currents, and also that their activation 

signaling pathways were functional.  Additionally, it demonstrates that the cells were in good 

viability conditions necessary for the experiments with the peptide toxins. Additionally, the 

electrical properties obtained during the implementation of the patch-clamp technique (cell 

capacitance, series resistance, seal resistance, tau, etc.) suggest that the gigaseals were of high 

quality and there was adequate voltage control. 

We present the first characterization of effects of Pamphobeteus verdolaga peptides on calcium 

and potassium channels by the patch-clamp technique. We conclude that, vrdg66, vrdg69, 

vrdg164, vrdg172, vrdg177, vrdg183 modulate Cav and Kv currents in cardiomyocytes. vrdg172, 

vrdg66, vrdg69 and vrdg177 affect both KV and CaV. The NDBP vrdg66, had the smallest current 

inhibition percentage which showed that the modulation of ion channels is poor due to the absence 

of disulfide bridges. vrdg164 delayed the inactivation process of Ca+ currents, giving a hypothesis 

that could be a GMs to bind to the VSD. Petide toxins like ω-Aga-IVB, ω-grammotoxin-SIA: 

kurtoxin, SNX-482, ProTx-1, and ProTx-2 shift calcium channel gating in the depolarized 

direction to unphysiologically positive voltage. In the presence of these GMs, channels activate 

more slowly and deactivated more quickly (McDonough, 2007). We conclude that vrdg183 

decrease the calcium current density. This peptide could be a PB binding to the extracellular side 

of the channel pore modifying the amplitude. v-ACTX-Ar1a, and its homolog v-ACTX-Hv1a 
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from Hadronyche versuta for example are PB due to block insect calcium channel currents. These 

findings validate PB as potential for insecticides (Chong et al., 2007).  

 

In this way, the results of this degree work are the first to report about novel spider toxins that 

modulate Cav and Kv in mammals. Due to the potent effects of vrdg164 and vrdg183 had on 

cardiac cells, we recommend not to use them as antimicrobials. In addition, some of these spider 

toxins could ultimately become the defining pharmacology for certain illness, for example, Pn3a 

μ-theraphotoxin-Pn3a, isolated from venom of the tarantula Pamphobeteus nigricolor, potently 

inhibits voltage-gated-sodium channels (NaV1.7) and this toxin is a useful pharmacological tool 

to inhibit the pain (Deuis et al., 2017). In addition, these new peptides could be novel molecular 

tools for ion channel characterization. 

Reliability 

Pre-currents: The one with the best electrical properties was chosen. 

Pos-currents: Although the recordings can last 40 minutes, the current between 5-10 minutes after 

application of the peptide was chosen. After that time, there may be a run-down in the cell that 

would skew the results. 

Strengths and weaknesses:  

Cells with homogeneous geometries were chosen to ensure good voltage control. 

Solutions were kept on ice while in use to reduce bacterial growth and prevent degradability (e.g. 

ATP). 

Access resistance was low while executing an experiment by patch-clamp. The best electrical 

properties were always guaranteed during each experiment (e.g. Tau, gigaseal, etc.). If this is not 

possible, the experiment was discarded. The membrane capacitance was chosen from the current 

obtained with the best electrical properties.  

High skills and experience was acquired to move the glass pipette over the single cell for 

measuring current changes across the membrane through ion channels without damaging the cell, 

pipette or configuration. 

Patch-clamp technique offers high sensitivity (pA resolution). Noise was minimized thanks to the 

high technology of the electrophysiology equipment used in the laboratory. 

Patch-clamp technique is especially useful in the study of excitable cells (e.g. cardiomyocytes). 

Isolated cells represent simplified systems whose electrophysiological responses are controlled. 

The external and internal side of the cells, protocols, etc., can be controlled by the experimenter. 
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Ions, toxins, and other pharmacological agents can be applied easily in stablished concentrations, 

even on the same membrane patch, facilitating generation of dose–response curves.  

There are, of course, limitations to the model exercises presented here. A problem with whole cell 

recordings is a chance of dialysis of cell content due to the intrinsic disruption of the natural 

intracellular environment. Too much negative pressure to seal or break the membrane was not 

applied, this could injure the cell. 

Patch-clamp configurations penetrate the pipette through the membrane at and could disrupt the 

natural cell physiology. Thus, the implementation of patch-clamp for several minutes is 

unsuccessful due to the decay of intracellular signals (run-down). 

Patch electrodes are not reusable. It is only experimented with completely clean pipettes, once the 

experiment is finished, the pipette is discarded. 

Other issue arises such as temperature control. As I mentioned above, the kinetics of currents are 

temperature dependent. All the experiments were done at room temperature in Medellin. This 

temperature can vary depending on the specific climate of the day. 

The patch pipette must be positioned precisely on a micrometer scale. For this purpose, hydraulic 

(water) manipulator was damaged.   

Recordings on sodium channels were not fully completed because of the time. 

Other limitations: 

• Delay due to closure of the Biophysics and PHYSIS laboratory located at the Faculty of 

Medicine of the University of Antioquia from 03-15-2020 to 10-15-2020 and from 12-20-2020 

to 02-25-2021 (National quarantine for Covid-19). This laboratory is equipped with the essential 

equipment for the project execution. 

• No availability of animals (mice) used for experimentation, given the closure of the 

Serpentarium of the University of Antioquia because of the pandemic, with which there is an 

agreement. 

• Delay in purchasing inputs used for experiments. 

• Mobility restrictions (quarantine / curfew) from Thursday to Monday implemented by the 

Government of Antioquia to the Medellin city. This measure affected admission to the Faculty of 

Medicine, since academic activities could only be carried out from Wednesday to Saturday. 

• Diagnosis of Covid19 twice. 

• Two domestic calamities. 

Funding: Producing this body of research would not have been possible without the funding 

received from the University of Antioquia three-Year Fellowship (Estudiante Instructor). 
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Chapter 12 
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