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INTRODUCTION

Transepithelial conductance is an essential parameter for determining the functional viability of a biological tissue. Several methods can be used to measure this parameter, including impedance spectroscopy and signal clamping [START_REF] Gordon | Electrical impedance analysis of leaky epithelia: Theory, techniques, and leak artifact problems[END_REF][START_REF] Li | Transepithelial electrical measurements with the Ussing chamber[END_REF]. However, this parameter alone is not sufficient to assess the effects of different drugs on the biological membrane. The measurement of the short-circuit current (I sc ) and the basal potential difference (V b ) is often also required for the interpretation of the electrolyte secretion mechanism. In fact, it is well known that the short-circuit current characterizes the net flow of ions transported across the intestinal membrane (3).

Ussing permeation chambers, which are commonly used devices, are equipped with two working electrodes to impose an electric current or voltage and two measurement electrodes in order to obtain the membrane potential difference. This work was primarily designed to study a new type of working electrode instead of conventional Ag/AgCl and platinum electrodes. This study also proposes the use of a digital controller-based method
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SUMMARY

Electrophysiological studies that include measurements of the electrical parameters of the epithelium offer insight into the cell's ability to react to different biological effectors and their functional viability. These parameters are commonly measured using a Ussing permeation chamber; however, most Ussing permeation chambers currently available must follow a strict operational protocol, and the type of electrodes used has to be taken into special consideration. The purpose of this study was to develop a new Ussing permeation chamber device with an automatic digital clamp which uses a microcontroller. Conventional electrodes, such as platinum or Ag/AgCl electrodes, are replaced by stainless steel 316L working electrodes. The electrode-electrolyte interface (inox-Ringer's) study was performed by impedance spectroscopy in the range of 1-10 kHz. The determination of Warburg's model electrical parameters was inferred from the Nyquist diagram. The model validation of the new digital clamp was performed experimentally on isolated segments of mouse jejunum. Two main study results should be mentioned. One is that impedance spectroscopy on stainless steel electrodes has provided Warburg's parameters, allowing the development of a transfer function model. The other is that the new digital clamp can simultaneously measure or calculate conductance, potential difference and short-circuit current. These results have also confirmed the great importance of Warburg's model for determining the electrical parameters of the electrode-electrolyte interface, and have shown that the measurement of intestinal mucosa electrical parameters can be achieved with a digital correction. Finally, the results suggest that stainless steel electrodes can be used successfully in a Ussing permeation chamber as working electrodes.
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where V out is the Calomel electrode PD, V calo is the Calomel PD with fluid resistance compensation, Z cell is the biological tissue impedance, V b is the basal PD, I sc is the short-circuit current, I is the electrical measured current, and R e2 is the fluid resistance between the Calomel electrode and isolated tissue.

I sc is measured when the voltage between the Calomel electrodes is zero. Before the measurement, it is necessary to know the electrolyte resistance (R e2 ) between the epithelium and a Calomel electrode in order to compensate the voltage drop induced by the electrical current flow in the chamber. Consequently, if V calo = 0, one gets V b = Z cell .I and then I = I sc [START_REF] Rothe | Measurement of epithelial electrical characteristics with an automatic voltage clamp device with compensation for solution resistance[END_REF][START_REF] Ussing | Active transport of sodium as the source of electric current in the short-circuited isolated frog skin[END_REF].

Assuming in the model (Fig. 1A) that I sc depends only on the epithelial impedance, one has: tored into the measurement system. This impedance can be placed in serial with the membrane impedance. A model widely used for this interface is Warburg's model. This model is constituted by a capacitor in serial with a resistor which vary together inversely proportional to a noninteger frequency power [START_REF] Ragheb | The polarization impedance of common electrode metals operated at low current density[END_REF][START_REF] Dymond | Characteristics of metal-tissue interface of stimulation electrodes[END_REF][START_REF] Fricke | The theory of electrolytic polarization[END_REF][START_REF] Onaral | Electrical properties of bioelectrodes[END_REF][START_REF] Schwan | Electrode polarization impedance and measurements in biological materials[END_REF][START_REF] Mirtaheri | Electrode polarization impedance in weak NaCl aqueous solutions[END_REF][START_REF] Geddes | Historical evolution of circuit models for the electrode-electrolyte interface[END_REF]:

1 Z w = R w + = σ 1 . ω α -j . σ 2 .
ω β jC w ω with: -1 ≤ α < 0 and -1 ≤β< 0 where R w is the Warburg's resistor, C w is the Warburg's capacitor and ω is the frequency in rad/s.

The epithelial electrical parameters are not directly accessible; their measurement is performed through the working and Calomel electrodes. The basal potential difference is determined when the electric current flowing through the working electrodes (I) is null. The potential difference (PD) read at the balanced Calomel electrodes (V out ) is equal to V b . 
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where K c , T 1 and T 2 are design parameters.

The transfer function of the controller has been digitalized and implemented in the microcontroller. This is achieved by the use of the z-transform:

where ∆ is the sampling period. Then, with experimental or theoretical tuning, the closed-loop transfer function (FTBF) of the system can approach a second-or firstorder system.

The system model together with the controller (Fig. 1B) was simulated with Matlab/Simulink (The MathWorks, Inc.). An example of the results obtained is shown in Figure 2. The noncorrected (measured) and corrected (simulated) system responses were compared during a step input voltage of 63 mV. The results confirm that the static error is zero. The settling time and overshoot depend on the choices of T 1 , T 2 and K c .

MATERIALS AND METHODS

As presented in Figure 3, the electronic measurement chain is composed of the following components: 1) an instrumentation amplifier with a gain of 10 that measures the potential difference between the two Calomel electrodes; 2) a transimpedance amplifier with a gain of 10,000 that converts the electric current into a proportional voltage; 3) two analog-to-digital converters (ADCs) with 12-bit resolution that allow the measurement of the electric current and voltage; 4) a microcontroller that computes the control input and transfers the data to the computer via the serial port; 5) a digital-toanalog converter (DAC) with 12-bit resolution; 6) an input amplifier; 7) a direct digital synthesizer (DDS) that where p is the Laplace variable (p = jω), ω is the frequency (rad/s), R w and C w are the resistance and the capacity of Warburg's model, R e1 is the electrolyte resistance between a working electrode and a Calomel electrode, R e2 is the electrolyte resistance between a Calomel electrode and the isolated tissue, Z cell is the epithelium impedance, R 0 is the membrane resistance, and E 0 is the electromotive force.

Without any approximation, the transfer function would be described by a fractional derivative which increases the complexity. Thus, a simplified first-order model is chosen. The parameters of this model would be easy to identify. The transfer function model equation G(p) is given by: where K is the gain at high frequencies, τ is the time constant and G 0 is the DC gain. These parameters could be determined from the step response of the system.

Note that this transfer function is only a rough approximation; in particular, it assumes that the impedance of the electrode-electrolyte interface is constant, while it has been shown that they are frequency-dependent according to Warburg's impedance principle. In fact, considering that Warburg's impedance is equal to the transfer function is given by: Without any controller, V out cannot reach a fixed-step input value because of the zero in the transfer function numerator. Thus, a controller was chosen to compensate for this zero and to improve the step response of the system. The controller is designed in order to cancel the steady-state error, and therefore two integral actions are added in conjunction with alead filter. The controller therefore takes the following form: 
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(σ.ω -0.5 -j.σ.ω -0.5 (with σ 1 = σ 2 = σ and α = β = -0.5) by tightening, while watertightness was achieved by seals. Stainless steel electrodes had a surface of 0.36 cm² in contact with a physiological solution. Calomel electrodes were linked to the solution by 3M KCl solution in agarose bridges. Silver electrodes were also used to perform measurement comparisons. These electrodes were built with a silver (Ag) wire dipped into 3M KCl and interfaced by agarose bridges with Ringer's solution. The heating system, provided by TBC France, is composed of a heater base and an electronic temperature regulator.

Measurement protocol

As each biological membrane has a specific impedance value, the identification procedure has to be performed for each experiment. Ussing chambers were produces a sine wave form signal; and 8) several switches and multiplexers that permit the selection of the system configuration. The biological membrane conductance was computed from the measurement of V b and I sc acquired within a period of < 10 s. The main purpose of the electronic device is to settle the membrane voltage to the desired value. The system must be controlled to have zero static error, rapid settling time and small overshot (< 100 µA/cm²) to avoid any biological deterioration.

A permeation chamber was specially built according to classical constraints as bubbling, fluid flow or electrical field distribution (16-18) (Fig. 4). The chamber was machined into Acrylite (PMMA). Two stainless steel 316L electrodes were threaded to be set in the chamber 

Intestinal mucosa preparation

The Ringer's isotonic solution used in the experiments was composed of (in mM): 115 NaCl, 25 NaHCO 3 , 1.2 MgCl 2 , 1.2 CaCl 2 , 2.4 K 2 HPO 4 and 0.4 KH 2 PO 4 . The pH was 7.40 at 37 °C.

Tests of the new chamber were carried out on the mouse jejunum. Animals were fasted 12 h before the experiments with free access to tap water. For electrophysiology studies, the animals were anesthetized and subsequently sacrificed by cervical dislocation. After laparotomy, segments of intestine from fasted animals were removed and cleaned with Ringer's solution. The pieces of tissue were then opened along the mesenteric border and fitted in well flattened between the two half permeation chambers. Permanent bubbling was provided by a gaseous mixture of 95% oxygen and 5% carbon.

RESULTS

The impedance spectroscopy results (Fig. 5) obtained with the stainless steel-Ringer's solution interface show Warburg's model parameters of σ 1 = 5,000, σ 2 = 12,700, α = -0.5, β = -0.7. At high frequencies, the impedance tends toward a resistor model which corresponds to the mounted without a biological membrane. The electrolyte solution used was Ringer's solution and the temperature was set at 37 °C. The initial offset voltage between Calomel electrodes was first measured. Next, the Ringer's solution resistance R e2 was also measured by impedance spectroscopy at low frequencies (< 10 kHz). Both parameters were assumed to be constant during the experiment. After these preliminary measurements, the intestinal mucosa was mounted on a null-resistance paper filter with an adapter 0.75 cm² in diameter. The tissue was then left to rest for a period of 30 min.

The measurements of V b , I sc and G were run automatically according to the following phases:

1. No signal at input, and thus I = 0 and V b is measured (V out = V b ) 2. I is measured after compensating V out 3. I sc is calculated from the equations: 

I V I R V Z b e out cell + - = . . 2 2 cell b sc Z V I =
In fact, I sc is obtained with the intermediated calculation of Z cell . All compensations are virtually realized.

Results were stored in the computer using Matlab sofware (The MathWorks, Inc.). They were thus compared with those obtained on the same tissues using a DVC1000 WPI (World Precision Instruments) clamp and where R is the resistance (Ω), ρ is the resistivity (Ω.cm), l is the length (cm), and s is the surface (cm²). For the chambers used: l = 3 cm and s = 0.75 cm².

Ringer's solution resistance. At lower frequencies, Warburg's impedance becomes dominant. In addition, without intestinal mucosa, the Ringer's resistance was found to be about 300 Ω. These results can be checked theoretically with the following equation based on the resistance of Ringer's (80 Ω.cm at 20 °C) ( 
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ρ.l mM glucose. I sc increased more than 20 µA with the addition of 100 µM carbachol. As in the previous experiment, G was not influenced by either product. The comparison between the values of G calculated with the WPI clamp and those calculated with the new clamp showed that they are similar and about 20 mS.

Another experiment was performed in order to compare measurements made with silver and stainless steel electrodes (Figs. 7A and7B). Tissues were stimulated with 30 mM glucose and 500 µM phloridzin, respectively. The observed amplitude variations were found to be similar for both types of electrodes. I sc increases were about 50 and 60 µA and I sc decreases about 20 and 30 µA for stainless steel and silver electrodes, respectively. The measured value was about 50 mS and it differed little despite high I sc variations.

DISCUSSION

The electrode-electrolyte interface produced by the stainless steel electrodes in the physiological solution adds large polarization impedance in serial with the membrane impedance. The charging of Warburg's model capacity during a continuous voltage clamp induces a decrease of the electric current flowing between the working electrode and through the membrane. Thus, V out never reaches V in without the controller. The results indi-In the first experiment, the stimulatory effect of luminal glucose on the sodium-induced increase in I sc was examined in isolated mouse jejunal mucosa. After a 30min steady state, 30 mM D-glucose was added to both mucosal and serosal reservoirs. As depicted in Figure 6A, variations of V b and I sc were achieved very quickly. A subsequent increase in I sc (> 25 µA) reflecting the Na + mucosa-to-serosal movement that sustains glucose entry was observed in < 2 min. V b increased > 1 mV and reached a plateau. Serosal addition of 100 µM carbachol also resulted in a rapid and significant increase in V b and I sc of > 1.5 mV and 35 µA, respectively. The peak value that reflects chloride secretion was reached in < 2 min and then returned rapidly to the set value. The comparison between the values for G calculated with the voltageclamping method and with the ratio I sc :V b showed that they are similar and have a value of about 20 mS. The variations observed in G calculated with the voltageclamping method are due to artefacts and had no physiological origin. An increase of the measurement frequency should reduce these variations.

The same experiment was then conducted on adjoining tissues with WPI clamp DVC1000 with silver electrodes. As shown in Figure 6B, the current I sc measured with the WPI clamp increased more than 25 µA with 30 FIG. 7. Effects of 30 mM glucose + 500 µM phloridzin stimulation on I sc and G measured on mouse jejunal mucosa (0.75 cm²) with a WPI DVC1000 clamp. Measurements were made with silver electrodes (A) and with stainless steel electrodes (B).
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cated that the digital clamp is able to correct this problem. The low current density in Ussing chambers permits the use of stainless steel electrodes as working electrodes to measure electrical parameters. The results obtained after more than 1 h of experimentation and measurement indicate that stainless steel has no toxic effect on the intestinal mucosa samples. Moreover, the comparison of results obtained with silver and stainless steel electrodes showed similar behavior. All these observations confirm the possibility of correctly measuring all electrical parameters by means of this new Ussing chamber associated with stainless steel electrodes.

The results also showed that the measurements made with the WPI DVC1000 clamp and with the new digital clamp are similar. Furthermore, the same conductances were achieved by both systems. This confirms the accuracy of the measurements. Several cases were tested: Na + absorption by glucose addition, inhibition of Na + absorption by phloridzin addition and Cl -secretion by carbachol addition. Only small variations of G were observed under the different conditions. The tissues used in these experiments were not stripped; measured G was the overall transmural conductance. Some studies have shown that subepithelial resistance was about 80% of total tissue resistance, which can explain these small variations [START_REF] Hemlin | The importance of the subepithelial resistance for the electrical properties of the rat jejunum in vitro[END_REF][START_REF] Fromm | Epithelial and subepithelial contributions to transmural electrical resistance of intact rat jejunum, in vitro[END_REF].

In summary, these results suggest that the approximation of the new theoretical permeation chamber model by a first order with constant parameters is consistent. The measurement process defined above can be used for the automatic determination of the three electrical parameters: basal potential difference, short-circuit current and conductance of biological tissues. However, further measurements made with an analogical fluid compensation and using the controller described above will probably improve their accuracy and provide further validation of the new system performance.

FIG. 1 .

 1 FIG. 1. Electrical model of the new permeation chamber (A). The electrode-electrolyte interface is represented by Warburg's model (Z w = R w + 1/ (jωC w )) in serial with an electrolyte resistance R e1 . R e2 is the resistance of the physiological solution. The epithelial model is represented by impedance Z cell in parallel with an electromotive force E 0 in serial with a resistor R 0 to simulate I sc . A theoretical model of a closed-loop system with controller is shown in (B).

FIG. 2 .

 2 FIG.2. Comparison between measured output response (continuous) without controller and simulated output response with controller (dash-dot) when a 63-mV voltage amplitude step change in the input signal (dot) is applied. Measurement was performed in a Ussing chamber when mouse jejunal mucosa was mounted, and the simulation was performed with Simulink/MATLAB (The MathWorks, Inc.).

FIG. 4 .

 4 FIG. 4. Half-cell scheme of the Ussing chamber designed. (A) represents the stainless steel electrode used as a working electrode; (B) is the entrance for 3M KCl/agarose bridges; (C) is the O 2 /CO 2 inlet; and (D) shows the adaptor used.
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 56 FIG. 5. Nyquist diagram of electrode-electrolyte interface in the frequency range of 1-10 kHz. Comparison between Warburg's model with σ 1 = 5,000, σ 2 = 12,700, α = -0.5, β = -0.7 parameters and experimental values. Experiments are realized with two stainless steel electrodes with a 0.36-cm² surface in contact with Ringer's solution.
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