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ABSTRACT 

 

The effect of histamine on exocytosis in bovine chondrocytes 

 

Background 

Osteoarthritis involves cartilage damage. Chondrocytes are known to secrete 

matrix metalloproteinases (MMP). It is also known that osteoarthritic synovial 

fluid contains high levels of histamine (from sources like mast cells). The aim 

of the study was to analyze a possible role for histamine in chondrocyte 

exocytosis. 

 

Objectives 

1. To investigate the role of histamine on chondrocyte secretion 

(exocytosis/endocytosis) 

2. To identify the histamine receptors on bovine chondrocytes 

3. The study effect of the absence or presence of intracellular ATP on 

exocytosis 

 

Methods 

Bovine chondrocytes were sourced from the local slaughter house. Cartilage 

shavings were obtained from these and digested. Chondrocytes were 
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maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with Ham’s F12 

additive, ascorbic acid and L-Glutamine. The isolated cells were then used for 

patch clamp studies. Capacitance of cell membrane was recorded. An increase 

in capacitance indicates a net increase in cell surface area and therefore a net 

exocytosis. The effect of histamine on cellular capacitance was recorded. 

 

Results 

Cell membrane capacitance was found to increase in the presence of histamine. 

This exocytosis was blocked by blockers of H1 and H2 receptors. Exocytosis 

though was possible only in the presence of ATP in the intracellular fluid. 

  

Conclusion 

Exocytosis of matrix degrading enzymes has been observed in osteoarthritic 

joints. Several studies have shown that histamine levels are also significantly 

high in the same. From our study we conclude that histamine does induce 

exocytosis. This might open new avenues of treatment of arthritis. 

 

Key-words: patch clamp, capacitance, exocytosis, histamine 
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INTRODUCTION 

 

Electrophysiology/Bioelectricity is a branch of physiology that studies the 

electrical properties of cells and tissues. Voltage difference across the plasma 

membrane is primarily due to flux of ions across the membrane. There are 

various electrophysiological techniques known today which help in studying 

these ionic fluxes. They can broadly be classified into two categories: direct and 

indirect methods.  

 

Indirect techniques are non-invasive techniques, like EMG, ECG, and EEG, in 

which the recordings are extracellular and the cell remains intact. 

 

The direct method is an invasive technique which involves the use of 

microelectrodes. The microelectrodes can be used for intracellular recordings 

where the pipette directly penetrates the cell; and it can also be used in patch 

clamp techniques where the pipette tip only makes a contact with the membrane 

but does not penetrate it.  

 

Patch clamp is a common technique used to study ionic currents across a patch 

of cell membrane. Patch clamp can be performed by either using a voltage 

clamp or a current clamp. In a voltage clamp technique, the voltage across the 

cell membrane is set by the experimenter and the resulting currents are 
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recorded. Whereas in the current clamp technique, current passing across the 

membrane is set by the experimenter and the resulting changes in voltage are 

recorded. In this study, voltage clamp mode was used to record capacitance.  

Various methods can be deployed to deduce capacitance. The commonly used 

methods include the time domain method and the frequency domain method.  

 

There are four configurations used for patch clamp. These include the whole 

cell mode, the cell attached mode, the inside-out patch and the outside-out 

patch. Figure 1 shows the four different configurations described by Hamill et 

al.(1) The configuration used in this study was the whole cell mode. 

  

 

 

 

 

 

 

 

 

 

 

Figure 1: The patch clamp modes described by Hamill et al (Illustration 

inspired from: Bertil Hille, Ionic Channels of excitable membranes, 2nd edition) 
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Electrical representation of cell 

The plasma membrane is composed of two layers of phospholipids arranged 

parallel to each other, which act as an insulator separating two conducting 

media: the intracellular fluid and the extracellular fluid. But, it is an imperfect 

insulator since it has ion channels and transporters which permit charge to flow 

across the membrane. A net flow of charges is called a current. The ease of flow 

of current between two points is called electrical conductance. The reciprocal 

of conductance is resistance. Therefore, the plasma membrane imparts 

properties of a resistor as well as that of a capacitor; and can be considered 

analogous to a parallel RC circuit. Shown below is a pictorial representation of 

the electrical model of a cell. (Figure 2) 

 

  

 

 

 

 

 

 

 

Figure 2: Electrical model of cell. Rm, Cm and Em represent the membrane 

resistance, the membrane capacitance and the cell resting potential respectively. 
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The current (I) across a resistor (R) according to Ohm’s law is: 

 

𝐼 =
𝐸

𝑅
 

(1) 

  

 

Capacitance (C) is a measure of the charge (Q) required to be transferred from 

one conductor to another to set up a given potential: 

 

𝐶 =
𝑄

𝐸
 

(2) 

 

Capacitive current is the rate of change of capacitive charge. i.e.: 

 

𝐼𝑐 =
𝑑𝑄

𝑑𝑡
= 𝐶

𝑑𝐸

𝑑𝑡
 

(3) 

 

From Ohm’s law, current across a resistor I = E/R. Therefore, the rate of 

discharge of the capacitor would be: 

 

𝑑𝐸

𝑑𝑡
=

𝐼𝑐

𝐶
=

−𝐸

𝑅𝐶
 

(4) 
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𝐸 = 𝐸0 exp (
−𝑡

𝑅𝐶
) =  𝐸0 𝑒𝑥𝑝 (

−𝑡

𝜏
) 

 

 

(5) 

 

  

where E0 is the starting voltage, t is time in seconds and exp is the exponential 

function, and τ is the time constant of the RC circuit. In other words, for the 

discharge of a capacitor, at time t=τ the capacitor is discharged to (1/e1) of its 

maximum; which equates to 33%. 

 

For the charging of a capacitor with a voltage E, the charge across the capacitor 

at time t is given by the equation  

 

 

In other words, at time t=τ the capacitor is charged to (1 - e-1) of its maximum; 

which equates to 63%. 

 

 

Membrane Capacitance as a Measure of Exocytosis: 

This study involves the measurement of capacitance in bovine chondrocyte 

cells. A change in membrane capacitance reflects a net change in cell surface 

area and thus cell secretion. An increase in capacitance indicates exocytosis 

whereas a decrease indicates endocytosis.  

𝐸(𝑡) = 𝐸(1 − 𝑒−𝑡 𝜏⁄ ) (6) 
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Several immunohistochemical assays of histamine on articular cartilage cells 

suggest that the secretion of histamine, an inflammatory mediator, increases in 

certain diseased conditions like osteoarthritis. The objective of our study has 

been to identify the various histamine receptors on bovine chondrocytes and to 

analyze the effect of histamine inhibitors on chondrocyte secretion in a 

histamine rich environment. Capacitance recordings to assess the change in 

membrane capacitance will be used as a measure of exocytosis. 
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REVIEW OF LITERATURE 

 

Articular Cartilage:  

Articular cartilage is a viscoelastic tissue, which is composed of chondrocyte 

cells and extracellular matrix (ECM). Chondrocytes, which make up about 5% 

of the wet weight of cartilage tissue, are metabolically active cells which 

synthesize and turnover large volumes of extracellular matrix. This ECM 

primarily consists of water, collagen type-II and proteoglycans. The 

combination of fluid and extracellular matrix enable the cartilage to be smooth, 

low friction and resistant to shear stress.(2) 

 

Hyaline cartilage is a wear-resistant tissue, capable of load bearing and 

distribution. It is neither vascularized nor innervated and is capable of surviving 

in low oxygen tension environments. Nutrient and waste exchange occur 

through diffusion. This predisposes the articular cartilage to degenerative 

diseases, the most common being osteoarthritis.(2,3) 

 

Arthritis can be broadly classified to be of two kinds, inflammatory arthritis 

(like rheumatoid arthritis) and non-inflammatory arthritis (like osteoarthritis). 

In any kind of arthritis, the most common finding is erosion of the cartilage 

matrix. The two major classes of enzymes responsible for this erosion are: the 

MMPs (matrix metalloproteinases) and ADAM-TS4 and ADAM-TS5 (a 
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distintegrin and metalloproteinase with a thrombospondin motif). The MMPs 

cleave the collagen and the ADAM-TS cleaves the proteoglycan moieties of the 

extracellular matrix.(3) 

 

L C Tetlow and D E Woolley demonstrated that histamine stimulated the 

production of MMP-3 and MMP-13 in human articular chondrocytes, in vitro. 

(4) Hence, the objective of this study has been to illustrate the role of histamine 

in exocytosis, in bovine chondrocytes. 

 

Histamine: 

Histamine is an autacoid hormone, which acts primarily as a mediator of 

inflammation and anaphylaxis. It also acts as a neurotransmitter; and plays a 

role in gastric secretions too. Decarboxylation of the amino acid L-Histidine 

produces the amine: Histamine. This process of decarboxylation is catalyzed by 

the enzyme Histidine Decarboxylase.  

 

Histamine acts on Histamine receptors which are G-protein coupled receptors. 

These are further classified into four different types as follows: H1, H2, H3 and 

H4. Once histamine is formed, it is either stored or rapidly deactivated. The 

major end products of histamine metabolism are M-methyl imidazole acetic 

acid and Imidazole Acetic Acid (IAA).(4, 5)  
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Numerous studies have been done on human articular cartilage and it has been 

found to primarily express only H1 and H2 receptors.(7,8) Porcine articular 

cartilage also expresses H1 and H2 receptors.(9) Whereas fetal bovine articular 

chondrocytes have been shown to express H2 receptors only.(10) Therefore, 

only H1 and H2 receptors have been tested for in this study. 

 

Mechanism of action of H1 receptors: 

Stimulation of H1 receptors (coupling to Gq) activates the PLC–IP3–Ca2+ 

pathway leading to hydrolysis of phospho-inositol, resulting in an increase in 

inositol triphosphate (IP3) and Diacylglycerol (DAG) levels as well as an 

increase in intracellular calcium.(6) Mepyramine is a partially selective 

antagonist of the H1 receptor.(5) Figure 3 depicts the molecular pathway of 

histamine acting via the H1 receptors. 

 

 

 

 

 

 

 

 

 

Figure 3: Molecular pathway of Histamine via H1 receptor 
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Mechanism of action of H2 receptors: 

H2 receptors couple to Gs, leading to the activation of the adenylyl cyclase–

cyclic AMP–PKA pathway, hence increasing intracellular cAMP levels.(6) 

Ranitidine is a partially selective antagonist of the H2 receptor.(5) Figure 4 

depicts the molecular pathway of histamine acting via the H2 receptors. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Molecular pathway of Histamine via H2 receptor 
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Source of Histamine in chondrocytes: 

L C Tetlow and D E Woolley carried out various immuno-localization 

experiments on tissues obtained from osteoarthritic joints removed at joint 

replacement surgeries. They detected histamine in the chondrocytes of every 

osteoarthritic joint specimen. The extent and location of staining varied across 

specimens depending on the grade (clinical severity) of osteoarthritis; staining 

being more profound in the severe cases.  

 

In this study, they also studied chondrocytes from age matched non-arthritic 

cartilage as controls. It was found that the controls showed much weaker 

immunostaining compared to the test group. In the control group, a few 

specimens showed positive immunostaining for histamine in very few cells (less 

than 5% of total). This finding draws our attention to the fact that the 

‘apparently’ normal tissue, clinically showing no signs of degeneration, might 

still show the presence of histamine. In other words, histamine might be an early 

indicator of osteoarthritis.(7) 

 

Histidine decarboxylase is the enzyme that catalyzes the formation of histamine. 

In the same study Tetlow and Woolley also demonstrated the immuno-

localization of histidine decarboxylase in the chondrocyte cells. The results 

were similar to that of histamine. All test samples, i.e. all chondrocytes taken 

from osteoarthritic joints showed the presence of histidine decarboxylase, 

whereas the controls did not. Therefore, their study suggests that histamine 
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expression within the chondrocyte in osteoarthritic cartilage tissue could 

potentially be an important contributor to the atypical, aberrant phenotype of 

osteoarthritic chondrocytes.(7) 

 

On the contrary, earlier studies have suggested that the prime source of 

histamine in synovial fluid is the mast cells and not the chondrocytes per se. 

Mast cells are normally found within the synovial fluid and function as first line 

of defense for prevention of infections. The synovial fluid taken from patients 

suffering from long standing, chronic arthritis have been found to contain 

markers of mast cell activators.(11) 

 

 Several studies have shown that there is a rise in mast cell counts in the synovial 

fluid in diseases like osteoarthritis and rheumatoid arthritis. With an increase in 

mast cells, there is also an increase in release of mast cell mediators like 

histamine. These mediators promote synovitis by recruiting inflammatory cells 

from the blood, induce hyperplasia of synovial fibroblasts, and they also foster 

angiogenesis. (11–17) 

 

Histamine and Osteoarthritis: 

The synovial fluid of osteoarthritic patients has been found to contain 

significantly high levels of histamine and mast cells. It has been noticed that 

histamine stimulates the proliferation of human articular chondrocytes.(18) Cell 

numbers are estimated by using naphthol blue-black (NBB) stain.(7) The H1 
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receptor stimulation leads to a rise in PGE2 levels.(4,8) It can be prevented by 

the H1 receptor antagonist Mepyramine. H2 receptor stimulation increases 

intracellular cAMP, which can be prevented by Ranitidine, an H2 receptor 

antagonist.(8) Expression of Histamine, H1 and H2 receptors and Histidine 

Decarboxylase by Human Articular Chondrocytes in Osteoarthritic cartilage is 

considered suggestive of Osteoarthritic chondrocytes.(7,18) 

 

Histamine and Exocytosis: 

Histamine stimulation on H1 receptor on chondrocytes causes an increase in 

intracellular calcium levels. This increase was found to be present but reduced 

in the absence of extracellular calcium. These results imply that the increased 

intracellular calcium is due calcium released from intracellular stores as well as 

due to calcium entry through plasma membrane.(9) 

 

Chondrocytes are the only cellular components of the cartilage. They are 

responsible for both the production as well as the destruction of matrix. Both 

the production of matrix as well as the production of matrix degrading enzymes 

will utilize exocytosis. An increase in matrix secretion is possibly beneficial to 

the cartilage, whereas an increase in secretion of degrading enzymes could 

affect the surrounding cartilage environment.  
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Exocytosis in cells: 

Several studies have demonstrated the role of intracellular calcium levels in 

exocytosis.(19–23) Reinhold Penner and Erwin Neher, in 1988, described the 

effect of intracellular calcium on different cell types. They state that in excitable 

cells calcium triggers cell secretion. In non-excitable cells, calcium though may 

not induce the process of cell secretion, it yet modulates the rate of cell 

secretion. 

 

Measuring Exocytosis: 

A capacitor is a device which consists of two parallel conducting plates capable 

of storing charge. An increase in surface area of the plates, increases the charge 

that it can hold and hence the capacitance.  

 

The cell membrane, a phospholipid bilayer, is considered to be analogous to a 

capacitor because it separates two conducting media, the intracellular fluid from 

the extracellular fluid. (24) Exocytosis is a process in which the vesicular 

membrane fuses with the plasma membrane, hence increasing its surface area 

and thereby it’s capacitance.  

 

There are various methods of recording exocytosis/endocytosis in a cell. The 

Patch Clamp technique for measuring cell membrane capacitance (or exocytosis 

or endocytosis) is one such method that has been used in this study. 
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In Patch Clamp, there are several methods used to determine capacitance. These 

include, the time domain analysis described by Lindau and Neher, and the 

frequency domain analysis described by Neher and Marty, Takashima et al and 

Asami et al.(1,25,27–29)  

 

Time domain analysis refers to analysis of the change in the recorded signal 

over time. Whereas the frequency domain analysis involves decomposition of 

the signal into its component frequencies and quantifying the signal strength at 

each frequency.(30)  

 

Before further discussion on on these techniques, it is important to understand 

a few technical terminologies.   

 

Conductance (G) is the inverse of Resistance (R)   

 

𝐺 =  
1

𝑅
=  

𝐼

𝑉
 

(1) 

 

 

Electrical impedance (Z) is the opposition offered by a circuit when a current 

and voltage is applied. The magnitude of impedance is same as that of 

resistance. Resistance with a phase factor is impedance.  
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Therefore, on applying a sinusoidal wave, the impedance due to resistance is: 

 

𝑍𝑅 = 𝑅 (2) 

 

 

And the impedance due to a capacitor is: 

 

𝑍𝐶 =
1

𝑗𝜔𝐶
 

(3) 

 

(where ω is the angular frequency) 

 

 

The inverse of impedance is admittance (Y), [S.I. units: Siemens] 

 

𝑌 =  
𝐼

𝑍
 

(4) 

 

All studies of time domain and frequency domain analyses of patch clamp 

techniques mostly involve the calculation of impedance and admittance. Hence, 

a mathematical knowledge of these terminologies is essential for a better 

understanding of these techniques.  
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The admittance of the patch clamp circuit in whole cell mode is: 

 

𝒀(𝝎) =
𝑮 +  𝒋𝝎𝑪 

𝟏 +  𝑮
𝑮𝒔

⁄  +  
𝒋𝝎𝑪

𝑮𝒔
⁄

 
(5) 

 

 

where G is membrane conductance, Gs is series conductance (pipette 

conductance + electrolyte conductance), C is membrane capacitance. 

 

 

Time Domain Analysis 

This technique was described by Lindau and Neher in 1988. It is a simple 

method which requires the standard equipment necessary for 

electrophysiological studies and a computer for analysis. Membrane 

capacitance is deduced from the capacitive transients that appear in response to 

a voltage pulse (square wave stimulation). This is the technique used in our lab. 

 

When a capacitor is placed in a circuit and a voltage applied as a square pulse, 

a current is seen due to the charging and discharging of the capacitor. This 

current is sometimes referred to as a ‘capacitance transient’. In patch clamp 

recordings, such capacitance transients are seen due to the pipette capacitance, 

as well as due to the cellular capacitance. Pipette capacitance transients are 

usually smaller than the cell capacitance.  
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When a voltage square pulse is applied, charge starts building up on the 

capacitor. This buildup is initially rapid. Hence the initial slope of the developed 

current is steep. As charge builds up and capacitor voltage moves towards 

source voltage, or command voltage, the build up of charges slows down, and 

the developed current starts decreasing, until a point comes when the capacitor 

reaches the command voltage, and the current flow stops. There is no current in 

the circuit as long as there is no potential difference between the voltage source 

and the capacitor (during the plateau of the square voltage pulse). Once the 

voltage begins to drop again (instantaneously in the case of a square voltage 

pulse, analogous to switching off or breaking the circuit) the capacitor begins to 

discharge and a current is seen again. Shown below (figure 5) is a representative 

tracing of a square voltage pulse and the resulting capacitive transients seen due 

to charging and discharging of the capacitor, where V is voltage, I is current, 

and τ is the time constant. As discussed in the previous section 

 

 

 

 

 

 

Figure 5: Current developed when a capacitor is placed in series in a circuit, 

and a square pulse is applied. The capacitance transients are seen, with a time 

constant Tau (τ) 
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The total charge accumulated on the capacitor can be calculated by integrating 

the area under the capacitance transient, current over time.   

 

 

As the magnitude of the voltage (V) of the square pulse is known, using the 

charge calculated from the formula given above, the capacitance can be 

calculated: 

 

 

Apart from the method described above, there is another way to determine 

capacitance, using the capacitance transient.  

 

The maximum current developed during the capacitance transient is inversely 

proportional to the the series resistance (Rs). Using the maximum current 

developed (I), the series resistance (Rs) can be calculated using the magnitude 

of the voltage pulse and the recorded current (I). 

  

𝑅𝑠 =
𝑉

𝐼
 

(3) 

 

Curve fitting is done for the decreasing component of the capacitance transient. 

From this curve, the time constant (τ) is obtained. 

 

𝑄 =  ∫ 𝐼. 𝑑𝑡 (1) 

𝐶 =  
𝑄

𝑉
 

(2) 
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In the whole cell mode, the the relationship between the the time constant (τ), 

the series resistance (Rs) and the membrane capacitance (Cm) is given by the 

formula  

 

 

The series resistance Rs can be calculated from equation 3. Therefore, 

substituting the values of Rs and τ, the membrane capacitance can be calculated.  

 

The time domain method of calculating membrane capacitance is used by the 

Clampex software in the membrane test feature.  

 

This analysis can also be done offline using a square pulse.  

 

 

Frequency Domain Analysis 

Neher and Marty in 1982 described a technique of deducing capacitance by 

phase sensitive detection. Capacitance can be measured by applying a sine wave 

to the membrane and measuring current, under voltage clamp conditions, using 

patch clamp technique.(25) Lock-in amplifiers are phase sensitive detectors 

which are used for this purpose. The sine wave applied (reference signal) acts 

as a command signal to the voltage clamp. The resulting current sine wave is 

the output of the patch-clamp amplifier and is the input to the lock-in amplifier.  

 

𝜏 = 𝑅𝑠𝐶𝑚 (4) 
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The lock-in amplifier is set at a phase angle such that only that component of 

the input signal is selected which has the predetermined phase difference with 

the reference signal. Thus, in the parallel RC circuit, the resistive current is in 

phase with the command signal, whereas the capacitive current has a phase shift 

of 90° with respect to the reference signal. This phase shift helps in segregating 

the capacitive current from the resistive current. Hence, the output signal 

obtained is proportional to capacitance, and is independent of cell 

conductance.(25)  

 

Takashima et al and Asami et al demonstrated frequency domain analysis on 

erythrocytes. The technique described by them improved the resolution of the 

recording system. This is of great value especially in cells like erythrocytes 

which have very low total capacitance hence requiring tools with greater 

sensitivity for the measurement of capacitance.(28,29)   

 

Their method involved the measurement of impedance and admittance using 

three techniques: the micropipette technique, the suspension technique and the 

bridge technique. They used AC voltages as input signals, and measured 

magnitude and phase angle of impedance at different frequencies which ranged 

between 4Hz and 10KHz.(28)  

In the micropipette technique impedance measurement of cell and pipette both 

were done. Capacitance and conductance were calculated, using the feedback 

from operational amplifiers (feedback resistance and the parasitic capacitance 
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of the feedback resistor). However, this was accurate only at lower frequencies; 

at higher frequencies this was not reliable.  

 

Another drawback of this technique was the difficulty of forming a tight seal, 

and hence a leakage resistance. Hence, for higher frequencies, between 300Hz 

and 10 KHz, they employed the bridge technique. These are Lock-in Amplifiers 

with low frequency admittance. This technique provides a resolution of less than 

0.1pF at this frequency range. 

 

They derived a mathematical formula to estimate capacitance and conductance 

from the membrane admittance measured (which took into account the leakage 

resistance and the series resistance).  

 

The third parameter of their method was the cell suspension technique. A 

suspension of the cells in a hypoosmotic buffer was made. And then they 

measured the effect of hypoosmotic conditions on membrane permeability 

using the patch clamp technique. Following several mathematical derivations 

and equations, this technique was ultimately used to derive the dielectric 

constant of the membrane.(28) 

In subsequent studies done by them, they devised techniques to measure 

admittance of even lower frequencies ranging from 1Hz -1Khz with greater 

accuracy. They improved the resolution of the recording system and also 
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reduced the time for data acquisition. This helped eliminate the errors resulting 

from deteriorating specimens during recording.   

 

Asami et al tried to establish a frequency profile of membrane capacitance. 

However, they concluded that at frequencies ranging from 1Hz to 1KHz, 

membrane capacitance was independent of frequency.(29) 
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AIMS AND OBJECTIVES 

 

Aim:  

To investigate the role of histamine in exocytosis; in bovine chondrocytes 

 

Objectives: 

To study the effect of the following parameters on addition of histamine to 

bovine chondrocytes: 

1. The effect of histamine on chondrocyte secretion (exocytosis/endocytosis) 

2. The role of H1 and H2 receptor antagonists on chondrocyte secretion 

3. The effect of the absence or presence of intracellular ATP on exocytosis 
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METHODOLOGY 

Medium: 

Dulbecco’s Modified Eagle’s Medium (DMEM) with Ham’s F-12 additive 

(1:1), ascorbic acid (62mg/L) and L-Glutamine (0.365 gm/L) was used for 

culturing cells. Penicillin-Streptomycin (100IU/L) and Amphotericin B 

(2.5µg/ml) was added to the medium to prevent infection. 

 

Solutions: 

The solutions were prepared using autoclaved deionized water. The composition 

of the external and internal solutions used for all the experiments are as follows 

(Table 1 & 2): 

Chondrocyte Extracellular Fluid (ECF) 

Salt Conc. (mM) 

NaCl 140 

KCl 5 

CaCl2 1 

MgCl2 1 

Glucose 10 

HEPES Buffer 10 

pH 7.4 (corrected with NaOH) 

 

              Table 1: Composition of the bath solution (extracellular fluid) 
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Chondrocyte Intracellular Fluid (ICF) 

 ATP present ATP absent 

Salt Conc.(mM) Conc.(mM) 

NaCl 5 5 

KCl 140 140 

CaCl2 ~ ~ 

MgCl2 ~ 2 

Mg-ATP 4 ~ 

Glucose 10 10 

HEPES Buffer 10 10 

pH 7.3 (corrected with KOH) 7.3 (corrected with KOH) 

 

Table 2: Composition of the internal solution used in the patch pipette  

 

 

Isolation of Bovine Cartilage: 

Bovine legs (below the ankle joint) were obtained from the local slaughter 

house. The metatarsophalangeal joint was opened under sterile conditions in a 

laminar flow hood (Class II, Biological Safety Cabinet). Figure 6 shows the 

laminar hood used in our laboratory. 
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Figure 6: Laminar Flow Hood 

 

 

 Thin shavings of cartilage tissue were obtained from the joint. These were 

rinsed in blank cell culture medium to remove traces of synovial fluid from the 

cartilage tissue. The shavings were then stored in 10 mL of blank cell culture 

medium in non-treated culture flasks.  

Chondrocytes synthesize large amounts of extracellular matrix of which 

collagen type-II is the most abundant. Hence, for isolation of chondrocytes, 

ECM needs to be digested. To this, 2.4mg/mL Collagenase-II (purchased from 

Worthington Biochemical Corporation) was added to the shavings and allowed 

to stand in an incubator (37o C, 5% CO2, 85% humidity) for a period of about 

20-22 hours.   
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To arrest digestion, 10 ml of blank medium was added to the flask at the end of 

20 hours. The cells were passed through a 40-micron cell strainer to filter 

undigested cells. It was then centrifuged at 2400 rpm for 6 min (at room 

temperature) and the supernatant discarded. The cells were washed twice. The 

final pellet was re-suspended. A cell count was done and the  Trypan blue dye 

exclusion test was performed to determine cell viability. A part of the freshly 

isolated cells was used for patch clamp studies.  The remaining cells were 

cultured for use on later days.  

 

Disposal of Tissue: 

Disposal of tissue was done as per institutional biomedical waste management 

techniques. 

 

Culture protocols: 

Cells were plated at a density of 20,000 cells/cm2 in different cell culture flasks. 

10% Fetal Bovine Serum (FBS) was added for cell growth. 0.25% Trypsin 

EDTA was used for harvesting the cultured cells. The cell suspension was 

centrifuged, the pellet washed with blank medium and re-suspended.  

 

Plating the cells: 

About 150µL of the cell suspension was placed on petri dishes. They were 

placed in the CO2 incubator for about 30 minutes to allow the cells to settle and 
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attach to the petri dish. A layer of medium was added, after the cells settled 

down, to prevent the cells from drying up. 

 

Preparation of the bath: 

The petri dishes in which the cells were plated were taken out from the 

incubator. It was rinsed with ECF so that only the cells adhered to the plate 

remained in it. Then 2mL of ECF was added to the petri dish. The cells were 

then ready for patching. 

 

Preparation of pipettes: 

The pipettes consist of glass capillaries. The ends of the capillary tubes were 

fire polished using a Bunsen burner. Figure 7 is a picture of the Narishige’s two 

stage gravity assisted pipette puller, a vertical pipette puller, that was used to 

pull pipettes.  

 

 

 

 

 

 

 

 

Figure 7: Narishige’s pipette puller 
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The pipette tips were fire-polished in a micro-forge to smoothen the pipette tip. 

After fire-polishing, a coat of Sylgard (a hydrophobic elastomer, which helps 

reduce the electrode capacitance) was applied near the tip of the pipette. Shown 

below is a picture of the micro-forge which was used for fire polishing. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Apparatus for fire polishing pipettes.  

[1. Inverted microscope, 2. Micro-forge] 

 

 

Filling the patch pipettes with ICF: 

The tip of the pipette was dipped into the Intracellular solution to allow the tip 

to be filled. The remaining pipette was filled with the same solution with help 

of a syringe. 
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ICF solutions containing ATP were stored in a -20°C freezer. During the 

experiment, the ICF solution containing ATP was placed in ice buckets to 

maintain low temperatures, to prevent the ATP from degrading.  

 

Patch Clamp setup: 

The Patch Clamp rig consists of an inverted microscope placed in a Faraday 

cage, on an anti-vibration table; a micromanipulator; and electronic equipment 

for data acquisition. The Faraday cage excludes electromagnetic interference 

thereby reducing electrical noise in recordings. Apart from electromagnetic 

interference, vibrations from the building can get transmitted to the rig, hence 

affecting recordings. Anti-vibration tables have dampening properties which 

compensate for this. Figures 9 & 10 shown next are pictures of the patch clamp 

rig and the data acquisition system used for this study. 
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Figure 9: A picture of the patch clamp rig. [1. The Faraday’s cage, 2. The 

Inverted microscope, 3. The OctaFlow® perfusion system, 4. The Axon 

Instruments data acquisition system, 5. Micromanipulators] 

 

 

 

 

 

 

 

 

Figure 10: A picture of the Axon Instruments Data Acquisition System.  

[1. Digitizer, 2. Patch Clamp Amplifier] 
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Recordings: 

All the recordings were done in the whole-cell mode. The pipette filled with 

ICF was placed on the pipette holder and was lowered down into the bath with 

the help of a micromanipulator. The pipettes were designed to have a resistance 

between 2-4 MΩ. This was done by adjusting the settings on the pipette puller.  

 

Pipettes are made of glass, and hence tend to hold charge. This contributes to 

the pipette capacitance. It is therefore important that cell membrane capacitance 

should not be mixed with pipette capacitance. Therefore, before beginning the 

recording, the baseline offset was corrected and the pipette capacitance 

cancelled.  

 

When the tip of the pipette touched the cell, a small suction was applied such 

that the cell membrane formed a ‘seal’ around the pipette tip. A resistance of 

the order of Giga Ohms (GΩ) is necessary to indicate a successful seal. Once a 

‘Gigaseal’ was formed, the holding voltage was changed from 0mV to -80mV. 

It is important to change the holding voltage to the resting membrane potential 

and not leave it at 0mV to prevent the cell from getting depolarized.  

 

A sharp suction was applied to break into the cell. The appearance of 

capacitance transients was reflective of the cell capacitance. The series 

resistance was maintained to be less than 20MΩ. Once the cell capacitance and 

resistance stabilized, the recording was started. Care was taken to ensure that 
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the seal was maintained. An average recording lasted from about 6 to 13 

minutes depending on the arm of the study.  

 

Capacitance recordings: 

The membrane test function was used to record cell capacitance. A period of 

about 2-3 minutes was allowed for the cell capacitance recordings to stabilize.  

This was followed by the addition of histamine or histamine inhibitors. The 

changes in capacitance on addition of the drug was recorded for another 2-3 

minutes. The procedure is repeated until all interventions were done.  Once all 

interventions were done, the drugs were washed off with ECF and a final 

recording of capacitance was taken for another 2-3 minutes.  

 

Drugs were administered focally, i.e., at the level of the cell, using the 

OctaFlow® System which is a fluid handling perfusion system used for focal 

drug application.  Histamine was used at a concentration of 1mM. The 

histamine inhibitors used were Mepyramine (H1 inhibitor) and Ranitidine (H2 

inhibitor); each at a concentration of 20µM. 

 

Study Design: 

The objectives of the study were to identify the histamine receptors in bovine 

chondrocytes by studying the effect of individual histamine blockers. The study 

also aimed at identifying the effect of the presence or absence of ATP in 

chondrocyte secretion. 
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The first arm of the study compares the change in membrane capacitance under 

different experimental conditions vs the change in membrane capacitance over 

time in the control arm where no intervention was done. All 4 sets of 

experiments were done with ATP in the ICF pipette. The experiments planned 

were as follows:  

 

1. Control arm (no intervention) 

 

2. Histamine inhibitors added after exposure of cells to histamine; i.e.  

 

3. Pre-treatment of cells with histamine inhibitors followed by addition of 

histamine;  

 

The second objective of the study was to analyse the effect of ATP in cell 

secretion. From the previous experiments (all of which were in the presence of 

ATP), it was observed that histamine causes a net exocytosis. The experiments 

were designed to compare the difference in membrane capacitance of the same 

cell before and after administering histamine, but in the absence of ATP in the 

ICF pipette.  
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The percentage change in membrane capacitance on addition of histamine in 

the absence of ATP was also compared to that of the two control arms (one in 

the presence of ATP and one in the absence of ATP). Thus, the following 

experiments were planned:  

 

1. Control arm (no intervention); with ATP in the ICF 

 

2. Control arm (no intervention); without ATP in the ICF 

 

3. Histamine (administered after a 2-3 minute stabilization time); ICF 

devoid of ATP.
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Null Hypothesis: 

1. Histamine does not cause exocytosis; and hence, there is no net increase 

in membrane capacitance on addition of histamine. 

 

2. Histamine inhibitors mepyramine (H1) and ranitidine (H2) do not prevent 

exocytosis. 

 

3. Cell secretion is independent of ATP; i.e. histamine can cause exocytosis 

irrespective of the presence or absence of ATP. 
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Experimental Setup: 

The experiments done were as follows (6 experiments for each set):  

 

Control: 

No intervention done. Capacitance was recorded while the cells were kept in an ECF 

bath and were also perfused with ECF from the OctaFlow® perfusion system. The 

two control arms were: 

• ICF with ATP 

• ICF without ATP 

 

Intervention: 

The cells were maintained in an ECF bath. They were sequentially perfused with 

ECF, followed by histamine or histamine inhibitor (all dissolved in ECF, perfused 

through separate channels of the OctaFlow® perfusion system), followed by a wash 

with ECF again. Depending on the test arm, some experiments were done with the 

presence of ATP in the ICF patch pipette, while some without. The intervention arms 

were as follows: 

 

o ICF with ATP: 

• ECF → Mepyramine (20µM) → Histamine (1mM) → ECF 

(wash) 

[abbreviation used later for reference: M → H] 
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• ECF → Ranitidine (20µM) → Histamine (1mM) → ECF 

(wash) 

[abbreviation used later for reference: R → H] 

 

• ECF → Histamine (1mM) → Ranitidine (20µM) → 

Mepyramine (20µM) → ECF (wash) 

[abbreviation used later for reference: H → R→ M] 

 

 

o ICF without ATP: 

• ECF → Histamine (1mM) → ECF (wash)  

[abbreviation used later for reference: E → H] 
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Experiments

Control

ICF with ATP 

(No intervention)

ICF without ATP

(No intervention)

Test

ECF

(ICF without ATP)

Histamine

ECF (wash)

ECF

Histamine

H2 inhibitor

(Ranitidine)

H1 inhibitor

(Mepyramine)

ECF (wash)

ECF

H1 inhibitor

(Mepyramine)

Histamine

ECF (wash)

ECF

H2 inhibitor

(Ranitidine)

Histamine

ECF (wash)

Figure 11: Layout of experiments. (6 set of experiments done in each arm) 
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Data Analysis: 

All the recordings were done on ‘Clampex’ and the analysis was done using the 

softwares ‘Clamp-fit’ and ‘MATLAB’. Six cells were recorded for each arm. 

The Wilcoxon Rank Sum test and the Wilcoxon Signed Rank test were applied 

for statistical analysis (also done on MATLAB). 

 

Calculations: 

The cell capacitance recordings were allowed to stabilize. Only the stabilized 

sections of recordings were used for analysis.  

 

The effect of the intervention (histamine) is gradual. Hence, calculations were 

done after allowing a time period of 1-2 minutes following the intervention. 

This divides our experiment into two phases; a pre-intervention phase and a post 

intervention phase. The average capacitance of both, the pre-intervention and 

the post-intervention phase was calculated. The change in mean capacitance 

after intervention was expressed as percentage change in membrane 

capacitance.  

 

For example, in the following experiments where only histamine was added to 

ECF bath,  

 

• ECF (0-3 min) → Histamine (3-6 min) → ECF (wash) (6-9 min) 
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The mean was calculated over two phases, the pre-intervention phase and the 

post-intervention phase. First, before the intervention (addition of histamine), 

i.e. from the 2nd to 3rd minute. Second, after the intervention (histamine), from 

the 5th to 6th minute (allowing a period of 2 minutes for the action of histamine 

to take place).  

 

The change in membrane capacitance (ΔCm) was calculated by subtracting the 

mean of ‘pre-intervention’ capacitance from the mean of ‘post-intervention’ 

capacitance; and finally expressed as a percentage (% ΔCm) increase or decrease 

compared to the ‘pre-intervention’ capacitance.  

 

To simulate similar conditions in the control arms, a recording of about 6 

minutes was done. The ‘pre’ phase was taken to be from the 2nd to 3rd minute, 

and the ‘post’ period was taken to be from the 5th to 6th minute. 

 

Statistical Analysis: 

A test for normality was done using the ‘Anderson-Darling Normality Test’ to 

check for normal distribution of data. Since the data was not normally 

distributed, all the statistical tests applied were non-parametric tests. Median 

was calculated as a measure of central tendency and the interquartile ranges 

were calculated to assess the variability of the data set in every arm of the 

experiment.  
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The ‘Wilcoxon Signed Rank Test’ was applied to assess the change in 

membrane capacitance of chondrocytes by comparing the pre-intervention 

capacitance to the post-intervention capacitance of the same sample set. 

 

A p-value of < 0.05 was considered significant; i.e. there is a significant 

difference between the ‘pre-intervention’ and ‘post-intervention’ membrane 

capacitance; and hence the null hypothesis should be rejected. Whereas, a p-

value > 0.05, was not significant; i.e. there is no significant difference between 

the ‘pre-intervention’ and ‘post-intervention’ membrane capacitance; and hence 

the null hypothesis should be accepted. 

 

For further analysis, another non-parametric test, ‘The Wilcoxon Rank Sum 

Test’ was also applied. This test compared the percentage change in membrane 

capacitance (% ΔCm) between two arms of the study, an intervention arm versus 

the control arm; or between two different intervention arms. A p-value of < 0.05 

was considered significant; while that of > 0.05, was not. 

 

To summarize all the experiments, the ‘Box and Whisker plots’ were 

constructed to graphically depict the data through their quartiles. 
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RESULTS 

Representative Capacitance Tracings  

Capacitance tracings were obtained on the ‘Clampex’ software used for data 

collection. ‘Clamp-fit’ and MATLAB were the softwares used for  analysis. 

Shown below (Figure 12) are tracings of the membrane capacitance (Cm, 

measured in pF), the membrane resistance (Rm, measured in GΩ), the access 

resistance (Ra, measured in MΩ), the time constant (Tau, τ), and the holding 

current (I, measured in pA). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12:  Representative capacitance tracings of raw data   
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Capacitance Tracings of the Control (ATP present)  

It was observed that in control (ATP present) conditions, when no intervention 

was done, the membrane capacitance did not change significantly. Figure 13 

shows a representative capacitance tracing, and table 3 shows change in 

membrane capacitance over time in the control arm which had ATP in the ICF. 

The p-value calculated using the ‘Wilcoxon Signed Rank’ test was 0.50. The 

median for the control arm was 0.95% and the interquartile range (IQR) was 

1.67%. 

 

 

 

Table 3: Change in membrane capacitance in controls (ATP present in ICF) 

Control 

(Exp. No.) 

Mean (Pre) 

(2nd to 3rd minute) 

Mean (Post) 

(End of recording) 

ΔCm 

(Post – Pre) 

% ΔCm 

[(ΔCm/Pre)*100] 

18904003 11.62 11.83 0.21 1.79% 

18905000 6.80 7.01 0.21 3.06% 

18905001 9.64 9.73 0.09 0.93% 

18905002 7.61 7.57 -0.03 -0.43% 

18911002 4.81 4.43 -0.38 -7.88% 

18923002 15.47 15.62 0.15 0.97% 
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Figure 13: A representative tracing of the control arm (ATP present in ICF) 
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Effect of Histamine and Histamine Inhibitors 

 

Inhibitors administered after exposure to histamine 

Table 4 and Figure 14 show the change in membrane capacitance on exposure 

to histamine; and the effect of blockers when administered after exposure to 

histamine. The ‘Wilcoxon Signed Rank Test’ was applied to compare ‘pre-

intervention’ and ‘post-intervention’ cell membrane capacitance. The highest 

capacitance values obtained after the addition of histamine was taken as the 

‘post intervention period’ (a mean period of 1-2 minutes). There was an increase 

in membrane capacitance on addition of histamine; and the addition of 

histamine inhibitors post exposure to histamine did not decrease the membrane 

capacitance. [p = 0.0313, median = 11.19%, IQR = 8.04%]  

 

Test 

(H → R → M) 

Mean 

(Pre) 

Mean 

(Post) 

ΔCm 

(Post – Pre) 

% ΔCm 

[(Δ Cm/Pre)*100] 

18910000 6.99 8.73 1.74 24.83% 

18910001 6.29 6.86 0.57 9.06% 

18910002 6.08 7.14 1.06 17.47% 

18911001 7.90 8.95 1.05 13.31% 

18923001 10.35 11.19 0.84 8.16% 

18923003 6.78 7.23 0.45 6.65% 

 

Table 4: Change in membrane capacitance of the intervention arm. [H = 

Histamine, R = Ranitidine, M = mepyramine 
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Figure 14: A representative tracing of capacitance in cells exposed to histamine followed by the receptor blockers  

ranitidine (H2 inhibitor) and mepyramine (H1 inhibitor), followed by a wash with the extracellular fluid (ECF). 
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Inhibitors administered before exposure to histamine 

Figure 15 and Table 5 show the change in membrane capacitance of cells which 

were administered mepyramine (H1 inhibitor) prior to histamine. There was no 

significant change in membrane capacitance after the addition of histamine 

when pre-treated with mepyramine. [p = 0.8438 (Wilcoxon Signed Rank Test), 

Median = 1.18%, IQR = 3.40%] 

 

 

Test 

(M → H) 

Mean 

(Pre) 

Mean 

(Post) 

ΔCm 

(Post – Pre) 

% ΔCm 

[(Δ Cm/Pre)*100] 

18912000 11.20 10.21 -0.99 -8.80% 

18912001 11.29 11.49 0.20 1.76% 

18925000 5.42 5.46 0.04 0.80% 

18925001 4.66 4.54 -0.12 -2.52% 

18925002 5.44 5.66 0.22 3.99% 

18925003 3.47 3.53 0.05 1.56% 

 

Table 5: Change in membrane capacitance on pre-treatment with mepyramine.  

[M = mepyramine, H = Histamine] 
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Figure 15: A representative tracing of capacitance in cells exposed to H1 inhibitor (mepyramine) before the addition of histamine. 
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The percentage change in membrane capacitance in cells administered 

ranitidine before histamine is shown below in table 6 and figure 16. Results of 

the Wilcoxon Signed Rank Test showed a significant change in membrane 

capacitance. [p = 0.0313, Median = 1.88%, IQR = 1.61%,] 

 

Test 

(R → H) 

Mean 

(Pre) 

Mean 

(Post) 

ΔCm 

(Post – Pre) 

% ΔCm 

[(Δ Cm/Pre)*100] 

18924004 6.26 6.34 0.08 1.32% 

18924005 8.25 8.45 0.20 2.45% 

18924006 9.05 9.09 0.04 0.42% 

18924007 6.61 6.78 0.17 2.57% 

18924008 6.89 7.14 0.25 3.57% 

18924009 7.52 7.58 0.06 0.80% 

 

Table 6: Change in membrane capacitance on pre-treatment with ranitidine.  

[R = Ranitidine, H = Histamine] 
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Figure 16: A representative tracing of capacitance in cells exposed to H2 inhibitor (ranitidine) before the addition of histamine. 
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Table 7 summarizes the results of the above discussed four arms of the study, 

obtained by applying the ‘Wilcoxon Signed Rank test’ (pre-intervention versus 

pre-intervention). All these experiments had ATP present in the ICF. 

 

Pre-Intervention vs Post-Intervention 

‘Wilcoxon Signed Rank Test’ 
p-value 

(H → R → M) 0.0313 

(M → H) 0.8438 

(R → H) 0.0313 

Control (with ATP) 0.5000 

 

Table 7: Comparative analysis of pre-intervention and post -intervention 

capacitance. [H = Histamine, R = Ranitidine, M = mepyramine] 
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Figure 17 is a graphical representation of the interquartile ranges of the three 

test arms and the control arm discussed above. All experiments were done with 

ATP in ICF. Outliers were found in the control arm and the arm in which cells 

were administered mepyramine before histamine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Graphical representation of interquartile ranges. 

[H = Histamine, R = Ranitidine, M = mepyramine] 
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Table 8 shows the percentage change of membrane capacitance in the three 

intervention arms and the control arm. The intervention arms were: (a) addition 

of histamine followed by ranitidine and mepyramine, (b) mepyramine followed 

by histamine, (c) ranitidine followed by histamine. All the four arms of the study 

were done with ATP present in the ICF. 

 

% ΔCm (Test) 

(H → R → M) 

% ΔCm (Test) 

(M → H) 

% ΔCm (Test) 

(R → H) 

% ΔCm  Control 

(ATP) 

24.83% -8.80% 1.32% 1.79% 

9.06% 1.76% 2.45% 3.06% 

17.47% 0.80% 0.42% 0.93% 

13.31% -2.52% 2.57% -0.43% 

8.16% 3.99% 3.57% -7.88% 

6.65% 1.56% 0.80% 0.97% 

 

Table 8: Comparison of percentage change in membrane capacitance (% ΔCm).  

[H = Histamine, R = Ranitidine, M = mepyramine] 
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Shown below is a comparison of percentage change in membrane capacitance 

between two arms of the study, calculated by the ‘Wilcoxon Rank Sum test’.  

 

Wilcoxon Rank Sum Test p-value 

(H → R → M) vs (M → H) 0.0022 

(H → R → M) vs (R → H) 0.0022 

(H → R → M) vs Control 0.0022 

(M → H) vs Control 0.9372 

(R → H) vs Control 0.3939 

 

Table 9: Comparative analysis of change of capacitance between two different 

study arms. [ATP present in all experiments. H = Histamine, R = Ranitidine, M 

= mepyramine] 
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Control (ATP absent in ICF)  

Figure 18 and table 10 represent the capacitance tracing and data showing 

change in capacitance over time in the control arm in which the ICF was devoid 

of ATP. The p-value calculated using the ‘Wilcoxon Signed Rank Test’ was 

0.0313. [Median = 2.43%, IQR = 0.92%] 

 

Control 

(without ATP) 

Mean 

(Pre) 

Mean 

(Post) 

ΔCm 

(Post – Pre) 

% ΔCm 

[(Δ Cm/Pre)*100] 

18923005 9.84 10.68 0.84 8.53% 

18923006 7.10 7.28 0.18 2.55% 

18923007 7.33 7.34 0.01 0.18% 

18923008 4.75 4.84 0.09 1.80% 

18923009 5.72 5.89 0.17 2.94% 

18923010 6.36 6.50 0.15 2.30% 

 

Table 10: Change in membrane capacitance in controls (ATP absent in the ICF 

pipette).  
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Figure 18: A representative tracing of the control arm (ATP absent in ICF) 
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Effect of Histamine (ATP absent in ICF) 

 There was no significant change in membrane capacitance on addition of 

histamine if the ICF was devoid of ATP. The p-value calculated from the 

‘Wilcoxon Signed Rank Test’ for this arm was 0.3125. [Median = 2.36%, Inter 

Quartile Range = 3.30%]. Table 11 shows the capacitance changes in this arm; 

and figure 19 shows a representative capacitance tracing of this arm.  

 

Test (Histamine) 

(without ATP) 

Mean 

(Pre) 

Mean 

(Post) 

ΔCm 

(Post – Pre) 

% ΔCm 

[(Δ Cm/Pre)*100] 

18923011 6.64 7.19 0.54 8.20% 

18923012 5.20 5.39 0.19 3.59% 

18924000 4.58 4.79 0.21 4.56% 

18924001 4.89 4.94 0.06 1.13% 

18924002 5.43 5.49 0.05 0.98% 

18924003 5.59 5.34 -0.25 -4.50% 

 

Table 11: Change in membrane capacitance on addition of histamine but 

without ATP in the ICF.  
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Figure 19: A representative tracing of capacitance in cells exposed to histamine (ICF without ATP)  
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Figure 20 is a graphical representation of the interquartile ranges of the 2 test 

arms showing the effect of histamine with and without ATP; and the two 

controls arms with and without ATP. There were two outliers in the control 

(sans ATP) arm, and one outlier each in the control (ATP present) and 

Histamine without ICF-ATP arms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Histamine (+/- ATP), Control (+/- ATP) 
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Table 12 shows the percentage change of membrane capacitance in the test arms 

(addition of histamine, with and without ATP in ICF) and the two control arms 

(one with ATP, and one without ATP). Since the application of histamine 

inhibitors after administering histamine did not prevent the increasing 

capacitance, we took the same arm as a reference for the histamine with ATP in 

ICF arm. 

 

% ΔCm (Test) 

Histamine  

(ATP absent) 

% ΔCm (Test) 

Histamine  

 (ATP present) 

% ΔCm (Control) 

(ATP absent) 

% ΔCm  Control  

(ATP present) 

8.20% 24.83% 8.53% 1.79% 

3.59% 9.06% 2.55% 3.06% 

4.56% 17.47% 0.18% 0.93% 

1.13% 13.31% 1.80% -0.43% 

0.98% 8.16% 2.94% -7.88% 

-4.50% 6.65% 2.30% 0.97% 

 

Table 12: Comparison of percentage change in membrane capacitance (%ΔCm).  
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The ‘Wilcoxon Rank Sum Test’ was done to compare the percentage changes 

in membrane capacitance in the control arm versus the test arm. It was also done 

to compare the histamine test arm (ATP absent) with the histamine test arm 

(ATP present). Table 13 shows the p-values of test versus control arms under 

different experimental conditions calculated by the ‘Wilcoxon Rank Sum Test’. 

 

 

Intervention vs Control 

‘Wilcoxon Rank Sum Test’ 

p-value 

Histamine (ATP absent) vs Control (ATP absent) 0.9372 

Histamine (ATP absent) vs Histamine (ATP present) 0.0087 

 

Table 13: Comparative analysis of change of capacitance between two different 

study arms. 
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DISCUSSION 

 

Cell membrane, a lipid bilayer which acts as an insulator between two 

conducting media the extracellular fluid and the intracellular fluid, is analogous 

to a capacitor. Capacitance is proportional to the size of the cell. Larger the cell, 

larger the surface area of the cell membrane, greater the charge it can hold, and 

hence proportionally greater is its capacitance. However, capacitance does not 

only depend on the size of the cell. It is dynamic, because the cell membrane is 

a dynamic structure. A net exocytosis leads to fusion of vesicles to the cell 

membrane and increases the surface area of the membrane; thereby increasing 

membrane capacitance. On the contrary, in endocytosis, vesicles pinch off from 

the cell membrane and decrease the surface area; leading to a decrease in 

membrane capacitance. Therefore, membrane studies use capacitance as a 

measure for net cell secretion. 

 

The objective of our study was to analyze the effect of histamine on net 

secretion in bovine chondrocytes. Membrane capacitance of these cells was 

recorded under different experimental conditions. A change in capacitance 

(ΔCm) reflected cell secretion. [Expressed as a percentage increase or decrease 

in capacitance, (% ΔCm)] 
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From the results of the experiments carried out, we infer, that on exposure to 

histamine there is a significant increase in membrane capacitance.  An average 

increase of capacitance by 13.25% was observed [% ΔCm: mean = 13.25%, 

median = 11.19%, p = 0.0313].  All the 6 experiments carried out showed an 

increase in capacitance on addition of histamine in the presence of ATP in the 

ICF. This increase in capacitance could not be blocked by administering 

histamine inhibitors mepyramine (H1) and ranitidine (H2) to these cells which 

were already exposed to histamine. A continuous rise in capacitance was 

observed even after adding the blockers. We thus infer that histamine does lead 

to exocytosis in bovine chondrocytes (in experiments which had ATP in the ICF 

pipette). The question that arises here is that why the inhibitors did not prevent 

further exocytosis. It could be due to two reasons. First, that probably histamine 

acts on chondrocytes via some other receptors (other than H1 and H2 receptors). 

Or second, that histamine is already bound to all the receptors, as in this arm of 

the study, hence histamine inhibitors are unable to express themselves. 

Therefore, another set of experiments was planned where histamine was 

administered to cells pre-treated with histamine blockers. 

 

Previous studies done on chondrocyte cells suggest that histamine receptors on 

chondrocytes vary from species to species. Human articular chondrocytes are 

found to have both H1 and H2 receptors. Studies suggest that bovine 

chondrocytes too have been found to have both H1 and H2 receptors, thus 

making it an appropriate model for our study. 
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The experiments in which mepyramine (H1 inhibitor) was administered prior to 

exposure to histamine, it was observed that the membrane capacitance did not 

change. Two out of the six cells showed a net drop in capacitance; and the 

remaining four cells showed a negligible increase in capacitance [% ΔCm: mean 

= -0.53%, median = 1.18%, p = 0.8438]. This implies that cells pre-treated 

with mepyramine can successfully prevent exocytosis. 

 

On the contrary, pre-treatment of cells with ranitidine (H2 receptor inhibitor) 

prior to addition of histamine did not prevent an increase in capacitance. 

[%ΔCm: mean = 1.85%, median = 1.88%, p = 0.313 (Wilcoxon’s Signed Rank 

Test)]. However, the change in capacitance was much less in the cells which 

were pre-treated with ranitidine as compared to those which were administered 

ranitidine post-exposure to histamine. [p = 0.0022 (Wilcoxon’s Rank Sum 

Test)]. The two findings seem to contradict each other. We hence speculate that 

histamine might be acting via both H1 and H2 receptors, however, the 

predominant pathway seems to involve the H1 receptor. The H2 receptor might 

have a lesser role to play in histamine induced exocytosis.  Nevertheless, this 

warrants further investigation. 

 

The control arm (ATP present in ICF) too, as expected, did not show a 

significant change in membrane capacitance over time.[%ΔCm: mean = -0.26%, 

median = 0.95%, p = 0.500]. This implies that under normal conditions, when 

no intervention has been done, there is no net exocytosis or endocytosis. 
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A significant difference in change of membrane capacitance (%ΔCm) was 

observed when blockers were administered prior to exposure to histamine as 

compared to that when administered post-exposure to histamine. [p = 0.0087] 

 

Thus, we conclude that the action of histamine on bovine chondrocytes is via 

the H1 and H2 receptors. These are competitive inhibitors; hence, they can 

successfully block the effect of histamine (i.e. prevent exocytosis), only if 

administered prior to histamine and not if the cells are already exposed to 

histamine.  

 

We hence reject our first and second null hypotheses which state that histamine 

does not cause exocytosis; and that it cannot be prevented by histamine 

inhibitors mepyramine and ranitidine.   

 

The third null hypothesis states that cell secretion is independent of ATP. 

However, it was observed that the cells behaved differently in the absence of 

ATP. The membrane capacitance did not change significantly on the addition 

of histamine if the ICF was devoid of ATP. The p-value of this arm, comparing 

the pre-intervention capacitance from the post-intervention capacitance, was 

0.3125. The Rank Sum test was applied to compare the test arm (histamine 

administered to cells devoid of ATP in ICF) to other control and test arms. 

There was no significant difference in membrane capacitance of this arm 

compared to both the control arms. [p = 0.1797 (test vs control (ICF with ATP)), 
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p = 0.9372 (test vs control (ATP absent in ICF))]. This implies that if the ICF 

is devoid of ATP, there is no change in membrane capacitance. 

 

A marked difference was observed in the effect of histamine subject to different 

ICF-ATP conditions. The capacitance change was massively higher in the arm 

which contained ATP in the ICF. [p = 0.0087] 

 

We therefore conclude that ATP is crucial for exocytosis to take place; thus 

rejecting the third null hypothesis. 

 

Thus, to summarize, we conclude that subjecting a cell to a histamine rich 

environment leads to exocytosis; which is dependent on ATP. Exocytosis can 

be prevented by prior exposure to histamine inhibitors. However, exocytosis 

cannot be prevented by histamine blockers if the cells are already exposed to 

histamine.
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STRENGTHS  

 

• Patch clamp is a highly sensitive apparatus that can capture even the 

minutest changes in capacitance; to the range of fF (10-15F). It thus makes 

it a useful technique to reconfirm the findings of the commonly done 

immunohistochemical assays of histamine on chondrocytes. 

 

• The ‘OctaFlow Perfusion System’ is a highly specialized equipment 

used for focal application of drugs. It ensures that the cell in study has 

been perfused with the drug. This circumvents the problems that arise 

out of direct addition of drug to the bath which can lead to changes in 

pH and osmolarity. 
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LIMITATIONS  

 

• Temperature of the bath could not be maintained at normal body 

temperatures of 37°C; it was maintained at room temperatures. 

 

• The compound exocytosed could not be investigated. 

 

• It is yet to be established whether the compound exocytosed is actually 

beneficial or harmful to the body. 

 

• ICF in the patch pipette only accounts for the osmolarity and source of 

energy (ATP). The other cellular factors which play a key role in 

molecular pathways are not taken into consideration. Hence, however 

accurately the ICF is prepared, it is not the actual representation of the 

true intracellular fluid. Thus, it limits us from simulating the true natural 

environment of the cells in the body. 

 

• The cells used were mostly that of young bovine cartilage; for the ease 

of tissue isolation. Osteoarthritic human cartilage tissue would have been 

a more appropriate model of study.  
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SUMMARY 

 

The key findings of this study are: 

 

• Histamine leads to an increase in membrane capacitance, thus implying 

exocytosis (p-value = 0.0022) 

 

• If cells are pre-treated with histamine inhibitors, there is no significant 

change in membrane capacitance 

 

• Cells once exposed to histamine, cannot revert the increasing 

capacitance on treatment with histamine blockers. 

 

• The histamine receptors on bovine chondrocytes are probably H1 and H2 

receptors. 

 

• ATP, the source of energy for the cell, is crucial for exocytosis. 
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CONCLUSION 

The observations of the study lead us to a conclusion that it is certain that a 

histamine rich environment induces exocytosis in bovine chondrocytes.  

 

Exocytosis may be prevented by histamine inhibitors if administered prior to an 

exposure to histamine, as these appear to be competitive inhibitors. These 

inhibitors cannot exert their effect if administered post-exposure to histamine 

as the receptor sites would be already be occupied by histamine. The two 

histamine receptors identified on these chondrocytes are H1 and H2 receptors, 

of which the H1 receptor seems to have a predominant role to play. 

 

To conclude, ATP is an integral part of the exocytosis pathway and its pivotal 

role should not be overlooked. 
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FUTURE COURSE 

 

• Identification of the chemical nature of the compounds exocytosed by 

chondrocytes in a histamine rich environment. 

 

• Reconfirm the results of this study by replicating it on human osteoarthritic 

cartilage tissue. 

 

• To determine whether these substances are beneficial (matrix formation) or 

harmful (matrix degradation) to the cartilage tissue. 

 

• Translate this study to clinical practice by administering anti-histamines if 

the substances exocytosed are actually found to be harmful to the joint. 
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APPENDIX 

      The code used to analyze data in MATLAB is given below: 

  

Histamine Induced Exocytosis 

Table of Contents 

1. Load File 

2. Mean and Delta 

3. Plot Experiment 

4. Event Markers 

5. Save File 

 

 

1. Load File 

% Get File & Load Data 

x = uigetfile('*.atf','Select Axon Text File'); 

xp = importdata(x,'\t',11); 

 

% Time Correction 

xp.data(:,1)=(xp.data(:,1))/60; 

 

% Defining Axes 

t=xp.data(:,1); 

cm=xp.data(:,2); 

 

% Obtain Filename 

x1 = strtok(x,'.'); 
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2. Mean and Delta 

% Find Average 

mean1 = mean(cm(1500:2250)); 

% cmn = flip(cm); 

mean2 = mean(cmn(1:750)); 

% Delta 

delta = (mean2-mean1); 

% Percentage Change in Capacitance 

pcnt = 100*(delta/mean1); 

 

 

3. Plot Experiment 

% Figure 

figure('Name','Membrane Capacitance (Controls)',... 

       ...'NumberTitle','off','units','normalized',... 

       ...'OuterPosition',[0 0 1 1],'Visible','on'); 

 

% Plot Experiment 

plot(t,cm,'LineWidth',1.5); 

title(sprintf('%s (Control)',x1));     

xlabel('Time (min)','FontWeight','bold'); 

xlim([0 t(end)]) 

ylabel('Cm (pF)','FontWeight','bold'); 

ylim([0 15]); 

yticks([0 3 6 9 12 15]); 

ax1 = gca; 

axs(ax1) 
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4. Event Markers 

% User Defined Event Markers 

prompt = {'Histamine','Ranitidine','Mepyramine','ECF (wash)'}; 

title = 'Event Markers (Enter time in minutes)'; 

definput = {'3.0','6.0','9.0','12.0'}; 

answer = inputdlg(prompt,title,[1 70],definput); 

 

% Plot and Label Event Markers 

n = length(answer); 

for i = 1:n 

    t1 = str2double(answer{i,1}); 

    line ([t1 t1],[-1 16],'color','k',... 

          ...'LineStyle','--','LineWidth',1.0); 

    t2 = (t1-0.175); 

    text(t2,11.5,sprintf('%s',prompt{1,i}),... 

         ...'FontWeight','bold','Rotation',90); 

end 

 

5. Save File 

% Set Aspect Ratio 

pbaspect([16 9 1]); 

 

% Save Figure 

saveas(gcf,sprintf('%s',x1),'png'); 

savefig(gcf,sprintf('%s',x1)); 

 

% Save .mat File 

save(sprintf('%s',x1),'-mat'); 
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      The code used for statistical analysis of data in MATLAB is given below: 

  

Statistical Analsysis 

% Load the file  

load('ranksums.mat') 

 

% Check whether data is normally distributed  

% (if 1 then ND, if 0 then not ND) 

 

normality_h = zeros(1,6); 

for i = 1:4 

    normality_h(i) = adtest(cmtest(:,i)); 

end 

normality_h(5) = adtest(ca); 

normality_h(6) = adtest(cna); 

 

Rank Sum Test (Test vs Control) [Equivalent of unpaired T-test] 

% p = p value; h = logic  

% (if 1: reject null hypothesis, if 0: accept null hypothesis) 

% cmtest(:,1) = ehrme               ca = control with ATP 

% cmtest(:,2) = emhe                cna = control without ATP 

% cmtest(:,3) = erhe 

% cmtest(:,4) = ehe 

 

p1 = zeros(1,4); p2 = zeros(1,4); h1 = zeros(1,4); h2 = 
zeros(1,4); 

for i = 1:4 

    [p1(i),h1(i)] = ranksum(cmtest(:,i),ca); 

    [p2(i),h2(i)] = ranksum(cmtest(:,i),cna); 

end 
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Sign Ranks Test [Equivalent of paired T-test] 

% Done for pre and post intervention (mean values) 

% atp_test(:,1) = ehrme              atp_ctrl = control with ATP 

% atp_test(:,2) = emhe                 

% atp_test(:,3) = erhe 

% atp_test(:,4) = ehe (without ATP) 

 

[hrm_p,hrm_h] = signrank(atp_test1(:,1),atp_test1(:,2)); 

[mh_p,mh_h] = signrank(atp_test2(:,1),atp_test2(:,2)); 

[rh_p,rh_h] = signrank(atp_test3(:,1),atp_test3(:,2)); 

[eh_p,eh_h] = signrank(atp_test4(:,1),atp_test4(:,2)); 

[ca_p,ca_h] = signrank(atp_ctrl(:,1),atp_ctrl(:,2)); 

 

 

 


