
The effect of pH on membrane electrical
properties of vascular smooth muscle.

Item Type text; Dissertation-Reproduction (electronic)

Authors Liu, Bei-xing.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:37:41

Link to Item http://hdl.handle.net/10150/187098

http://hdl.handle.net/10150/187098


INFORMATION TO USERS 

This manuscript)las been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

mamJseript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

contimdng from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 
reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

UMI 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann A~bor, MI4S106-1346 USA 
3131761-4700 600:521-0600 





The Effect of pH on Membrane Electrical Properties 
of Vascular Smooth Muscle 

by 

Bei-xing Liu 

A Dissertation Submitted to the Faculty of the 

COMMITTEE ON PHYSIOLOGICAL SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

IN the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 995 



OMI Number: 9531118 

OMI Microform 9531118 
Copyright 1995, by OMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

2 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by ______ ~B~e~i~-~x~i~n~g~L~i~u __________________ __ 

entitled __ ~E~f~f~e~c~t~o~f~p~H~o~n~m~e=m=b~r=a=n~e_e~l~e~c~t~r~~~'c~a~l~p~r~o~p~e~r~t~i~e~s~o~f __________ _ 

vascular smooth muscle 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of __ ~D~o~c~t~o~r~o~f~P~h~i~l~o~s~o~p~h~y ________________ __ 

'~n~~{~ Date 

1-(17 /1 r;-
Ann L. Baldwin, Ph.D. 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. () ~ 

L7f?ad( ~-- i/I~/7J-
Dissertation D~ Date 
Paul C. Johnson, Ph.D. 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the library. 

Brief quotation from this dissertation are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department of the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship. 
In all other instance, however, permission must be obtained from the 
author. 

~~~ SIGNED:,_-f'~"""""'_"""~-'--____ _ 
{ 



4 

DEDICATION 

To my wife Vi, her faithful love and encouragement have 

always worked as action potentials at alkalosis which activates 

me to accomplish this dissertation. 

Also to my parents, who brought me up and guided me into 

science. 



5 

ACKNOWLEDGMENTS 

I would like to express my great gratitude to my primary advisor, 
Dr. Paul Johnson, above all for mentoring and guiding me in the journey 
of science and life, for greatly encouraging me to learn from and cooperate 
with other scientists, for skillfully and patiently editing of my manuscripts 
and presentations, from which I have learned a lot. I also thank Dr. 
Johnson for showing me his wonderful experiences on teaching and other 
disciplines, including the technique of skiing. He taught me not only how to 
balance my body on skiing but also how to balance my life and science. 

I would also like to thank Drs. David Kreulen, David Hirst, and 
Robert Gillies for guiding me into the field of electrophysiology and 
fluorescence spectroscopy. Special thanks should be given to Drs. Allen 
Meeham and Raul Martinez-Zaguilan, who helped me to impale the first 
vascular smooth muscle cell and to measure my first intracellular pH 
measurement, respectively. 

In particular, I would like to thank Dr. Janis Burt for teaching me 
how to apply for the grant from American Heart Association, which helped 
me to get my first grant in the America. I would like to thank Dr. Kathy 
Keef for teaching me how to record membrane potential from pressurized 
blood vessels and also thanks for her warm hospitality during my stay in 
Reno. I also wish to thank Dr. Ann Baldwin for teaching me how to read 
an EM picture. I would like to thank Bethany Skovan and Bill Schechner 
for their help and fun demonstration of New York culture in the lab. 

Finally, I would like to thank Drs. Marlys and Charles Witte for 
their encouragement and friendship and also thank Dr. Steve Wright for 
recruiting me from China into America. 



6 

TABLE OF CONTENTS 

LIST OF ILLUSTRATIONS ............................................................... 10 

ABSTRACT .................................................................................. 13 

CHAPTER 1. REVIEW OF THE LITERA TURE ............................ 1S 

SECTION 1: BACKGROUND OF MEASUREMENT OF 

MECHANICAL RESPONSES ................................................... 16 

Dimensional or Diameter measurements ................................ 16 

Force measurement ....................................................... 17 

Vascular Resistance Measurement ....................................... 17 

SECTION 2: EFFECT OF PH ON MECHANICAL RESPONSE OF 

BLOOD VESSEL .......................................................... II •••••• 18 

Effect of CO2 Tension on Vascular Smooth Muscle .................. 19 

Effect of pH Changes With Fixed Acid or Alkali.. ................... 20 

Effect of pH on Mechanical Response of Blood Vessel 

To Sympathetic Nerve Stimulation ..................................... 21 

Anomalous Effects of pH on Vascular Tone .......................... 21 

SECTION 3: STRUCTURE OF SMALL ARTERIES AND 

SYMPATHETIC NERVE INNERVATION ................................... 22 

STRUCTURE ...................................................................... 22 

ELECTRICAL PROPERTIES ........................................... 23 

PASSIVE ELECTRICAL PROPERTIES ..................... 23 



7 

Formation of Resting Membrane Potential .................... 23 

Measurement of Resting Membrane Potential ................ 24 

Tip Resistance .................................................... 25 

Specifications of Preamplifier .................................. 26 

Potassium Channels In Vascular Smooth Muscle ........... 26 

ACTIVE ELECTRICAL PROPERTIES ...................... 30 

Excitatory Junction Potential.. ................................. 30 

Electrical-Mechanical Coupling ............................... .32 

Pharmaco-Mechanical Coupling ............................... 32 

Action Potentials ................................................. 34 

SECTION 4: EFFECT OF ALTERING PH ON ELECTRICAL 

PROPERTIES OF BLOOD VESSELS ......................................... 35 

Effects of CO2 and pH on Resting Membrane 

Potential of Vascular Smooth Muscle .................................. 35 

Effect of pRo on Resting Membrane Potential 

in Other Cell Types ....................................................... 36 

Effects of pH on Release of Neurotransmitter ........................ 37 

Effect of pH on Post junctional Alpha Adrenergic Receptors ........ 38 

Effect of pH on Calcium Channels in Vascular 

Smooth Muscle ............................................................ 39 

SECTION 5: pH REGULATION ................................................ 39 

Extracellular pH Regulation ..................................... 39 

Intracellular pH Regulation ..................................... .40 

Effects of pH on Intracellular Calcium ......................... 42 



8 

Background of pHi Measurement. ............................. .43 

OBJECTIVES OF THE PRESENT STUDY ................................... .45 

Hypotheses to be Tested ................................................... 46 

CHAPfERTWO EFFECT OF EXTRACELLULAR PH ON 

MEMBRANE ELECTRICAL PROPERTIES 

OF VASCULAR SMOOTH MUSCLE ..•............ .48 

Introduction ............................................. I •••••••••••••••••••• 52 

Methods ...................................................................... 54 

Results ........................................................................ 61 

Discussion .......................................................... 1 ••••••••• 67 

CHAPTER THREE ThITRACELLULARpHOFVASCULAR 

SMOOTH MUSCLE ..................................... 91 

Introduction .................................................................. 91 

Methods ....................................................................... 92 

Results ........................................................................ 96 

Discussion .................................................................... 98 

CHAPTER FOUR EFFECT OF 30 MIN ALTERATION IN pHo ON MEMBRANE 

POTENTIAL OF VASCULAR SMOOTH MUSCLE ......... 112 

Introduction .................................................................. 112 

Methods ...................................................................... 113 

Results ........................................................................ 114 

Discussion .................................................................... 115 



9 

ADDENDUM .......................................................................... 123 

CHAPTER FIVE EFFECT OF pH ON ACI'IVE ELECfRICAL PROPERTIES 

OF SMALL ARTERIES DURING SYMPATHETIC 

STIMULATION ................................................... 129 

Introduction .................................................................. 129 

Methods ...................................................................... 131 

Results ........................................................................ 134 

Discussion .................................................................... 137 

CHAPTER SIX SUMMARY AND FUTURE STUDY ........................... 153 

Summary ..... ~ ......................................... ....................... 153 

Conclusions ................................................................... 155 

Possible Future Study ........................................................ 156 

REFERENCES ................................................................................. 158 



Figure 2.1 

Figure 2.2A 

Figure 2.2B 

Figure 2.3 

Figure 2.4 

Figure 2.5 

Figure 2.6 

Figure 2.7 

Figure 2.8 

Figure 3.1 

LIST OF ILLUSTRATIONS 

Example of changes in resting membrane 
potential of vascular smooth muscle of 

10 

mesenteric artery during alteration of pHo ............... 81 

Summary of effect of pH on resting membrane 
potential of mesenteric artery ................................. 82 

Summary of effect of pH on resting membrane 
potential of femoral artery ...................................... 82 

Effect of [K+]o on Predicted and Measured 
Resting Membrane Potentials ................................... 83 

Effect of [K+]o on Relation Between pH and 
Resting Membrane Potential.. .................................. 84 

Effect of pH on Decay Time Constant of EJP ............ 85 

Effect of BaCl2 on pH-induced Changes in 
Membrane Potential ................................................ 86 

Effect of BaCl2 on Decay Time Constant 
of ElP ................................................................... 87 

Effects of Glibenc1amide and Cromakalim ................ 88 

Transmission electron micrograph of a longitudinal 
section of guinea pig mesenteric artery ..................... 1 04 



1 1 

List of illustrations (continued) 

Figure 3.2 

Figure 3.3 

Figure 3.4 

Figure 3.5 

Figure 3.6 

Figure 4.1 

Figure 4.2A 

Figure 4.2B 

Figure 4.3 

Figure 5.1 

Fluorescence and phase contrast micrograph of a 
cross section of guinea pig mesenteric artery .............. 1 05 

Examples of Changes in pHi During Alteration 
of pHo_ .................................................................... 106 

Relationship Between Changing plIo and Changes 
in pHi of Mesenteric Artery ...................................... l 07 

Latency of Vm vs. latency of pHi ............................... l08 

Half time of changes in V m and pHi ........................... l 09 

Examples of Response of Mesenteric Artery to 
30 min exposure to Metabolic Alkalosis and 
Acidosis .................................................................. 118 

Summaries of Response of Mesenteric Artery to 
30 min exposure to Metabolic Alkalosis and 
Acidosis .................................................................. 119 

Summaries of Response of Femoral Artery to 
30 min exposure to Metabolic Alkalosis and 
Acidosis .................................................................. 119 

Effect of TEA on repolarization of smooth muscle 
in mesenteric arteries following pHo change ............... 120 

Relationship between stimulus strength and EJP 
amplitude in mesenteric artery .................................. 141 



12 

List of lliustrations (continued) 

Figure 5.2 

Figure 5.3 

Figure 5.4 

Figure 5.5 

Figure 5.6 

Figure 5.7 

Figure 5.8 

Figure 5.9 

Addendum 
Figure 4.Al. 

Figure 4.A2. 

Relationship between stimulus strength and 
ElP amplitude in femoral artery ................................ 142 

Example of effect of altering pHo on ElP amplitude 
in a single cell .......................................................... 143 

Relationship between threshold of stimulus strength 
and altering extracellular pH ..................................... 144 

Examples of effect of on pHo on action potential ......... 145 

Effect of altering pHo on the threshold and plateau 
duration of action potentiaL ..................................... 146 

Effect of altering pHo on the predicted membrane potential 
in mesenteric artery during sympathetic stimulation .... 147 

Effect of altering pHo on the predicted membrane potential 
in femoral artery during sympathetic stimulation ........ 148 

Effect of altering pHo on the threshold of action potential 
and resting membrane potential ................................. 149 

Effect of NH4CI on Vm and pHi ••••••••••••••••••••••••••••••••• 126 

Effect of washing out NH4CI on Vm and pHi ••••••••••••••• 127 



13 

ABSTRACT 

I have investigated the effect of changing extracellular pH (pHo) with constant 

PC02 on the electrical and mechanical properties of vascular smooth muscle (VSM) in 

isolated guinea-pig mesenteric and femoral arteries. Acidosis depolarized the smooth 

muscle cells while alkalosis hyperpolarized the cells. Altering pHo also changed intracellular 

pH (p~) in the same direction but to a smaller degree. Both the latency and half time of the 

changes in membrane potential (Vm) are much shorter than those of the changes in pHi' 

indicating that change in pHo rather than change in p~ is primarily responsible for the 

change in Vm. Changing pH altered the time constant of the excitatory junction potential 

(EJP), which suggests that changing pH altere the membrane conductance of VSM. 

Application of glibenclamide and cromakalim did not significantly alter the effect of pHo on 

RMP, suggesting that ATP-regulated K channels or Ca-regulated K channels may not been 

affected by pH. Application of BaCl2 inhibited alkalosis-induced membrane 

hyperpolarization and reduction of the EJP time constant, suggesting that alkalosis 

increases K current passing through inward rectifier potassium channels (~). Vascular 

smooth muscle cells tended to repolarize somewhat toward their control level when the 

arteries were left in either acidic or alkaline buffers for 30 min. Application of 1 mM TEA 

inhibits this repolarization, suggesting that this repolarization may due to the effect of 

secondary change in pHi or land intracellular calcium ([Ca2+]i) on Ca regulated K channels. 

I also found that lowering pHo elevated the threshold of the action potential evoked by 

perivascular stimulation of the mesenteric artery during application of 10 mM 

tetraethylammonium (TEA), while increasing pRo had the opposite effect. Lowering pHo 

increased the threshold of the action potential but increased the plateau duration of the 
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action potential, while elevating pHo has the opposite effect. These results suggest that 

altering pRo affects Ca current through voltage-gated Ca channels. In conclusion, our 

studies are consistent rather with the hypothesis that changes in pH alter the threshold of 

voltage-gated Ca channels in vascular smooth muscle cells. 
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CHAPTER ONE 

REVIEW OF THE LITERATURE 

The main function of the vascular system is to allow appropriate amount of blood to 

be delivered to the various organs and tissues of the body. To carry out this function, blood 

vessels must have appropriate vascular tone. However, many factors can affect vascular 

tone, H+ is an important metabolic factor. 

In the body, H+ is continously produced by metabolic activity. Two major sources 

of H+ are CO2 and lactic acid. For practical purposes, H+ concentration is usually expressed 

as pH, which is defined as pH=-log[H+]. 

The normal pH of arterial blood is 7.40, while the pH of venous blood and of 

interstitial fluids is about 7.35 because of extra quantities of CO2 that form H2C03 in these 

fluids. When arterial blood pH is below or above 7.4, it is considered to be acidotic or 

alkalotic respectively. Maintaining normal pH and acid-base balance is an important 

function of the blood buffers, kidneys and respiratory system. 

Abnormality of acid-base balance is a common clinical problem. Acidosis can be 

caused by either increasing the concentration of CO2 (respiratory acidosis) or increasing 

fixed acids (metabolic acidosis) in the extracellular fluid and blood. Respiratory and 

metabolic alkalosis may also occur but clinically, acidosis is much more common and 

more serious. Among other effects, acidosis depresses the central and peripheral 

sympathetic system, which in tum affects the vascular system innervated by sympathetic 

nerves. Acidosis is also thought to have a depressant effect on vascular smooth muscle. 
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Therefore, it is of considerable clinical importance to understand the effect of acidosis on 

the vac;cular system and neural control of that system. 

Hydrogen ion may also playa role in normal blood flow regulation when metabolic 

activity increases in an organ or blood flow changes. Numerous studies have shown that 

changing pH affects vascular tone with acidosis reducing tone and alkalosis increasing 

tone. 

SECTION 1: BACKGROUND OF MEASUREMENT OF MECHANICAL 

RESPONSES 

Before I give a historical review of effect of pH on blood vessels, I will like briefly 

review the history of measurement of mechanical responses of blood vessels. 

Dimensional or Diameter measurements 

Measurement of the caliber of resistance vessels is one technique used to assess 

vascular response to pH changes. Since the vessels are small, light microscopic 

techniques are used for in vivo and in vitro measurements of vascular diameter. 

Dimensions of an isolated blood vessel can be determined by direct microscopic 

observation using a micrometer eyepiece calibrated against a stage micrometer. However, 

it is difficult collect information on time dependent changes in diameter by using this 

technique. Therefore, the video imaging technique is more commonly used. The system 

is calibrated at the beginning of experiment with a stage micrometer. From the 

microscopic image of the blood vessel obtained with a video camera, the vessel diameter 

can be measured either on-line or off-line with a manual electronic caliper (Johnson and 

Intaglietta, 1976) or with an automated technique (Neild, 1989). These approaches are 

based on procedures that detect diffraction and absorption patterns of the two edges of the 

blood vessel and measure the distance between these patterns. 
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Force measurement 

The circumferential arrangement of smooth muscle cells within the arterial wall 

makes it is possible to prepare helically cut strips. The helices are cut in such a way that 

the helix moves distally in a counterclockwise direction, following the orientation of the 

smooth muscle cells. These strips are then attached to a force transducer and mounted in a 

bath. The vessel strip support can be designed to include capabilities for electrical 

stimulation of the muscle as well as measurement of tension (Lloyd, 1967). 

A second method involves mounting a blood vessel segment between two L-form 

wires which pass through the lumen of the segment. One wire is attached to a force 

transducer and the other is fIxed, which allows wall tension exerted on the wires to be 

measured (Edvinsson and Sercombe, 1976). 

Vascular Resistance Measurement 

Arterial and venous blood pressure can be measured with pressure transducers 

(McGinn, et al, 1967). Blood flow can be measured by variety of techniques, including 

an electromagnetic flowmeter (Khouri, et al, 1962) or a pulsed ultrasound Doppler 

flowmeter (Chen, et al, 1991). The vascular resistance can then be calculated as the ratio 

of arteriovenous pressure difference divided by the blood flow. In some studies, blood 

flow in a vascular bed is kept constant by using a constant flow pump. The pump which 

delivers a constant flow is interposed between the aorta and the supply artery. The input 

and output pressure are measured and changes in the pressure gradient (perfusion 

pressure) reflect changes in the vascular resistance (Molnar, et aI, 1962). In other studies, 

perfusion pressure is held constant and changes in blood flow are measured as described 

above. 
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In summary, force measurement of strips and segment of vessels is frequently used 

for in vitro mechanical studies, whereas resistance measurement is frequently used for in 

vivo studies. The diameter measurement is used for both in vitro and in vivo studies. 

Now I will give a historical review of effect of pH on vascular system. 

SECTION 2: EFFECT OF PH ON THE MECHANICAL 

RESPONSE OF BLOOD VESSELS 

Many investigators have shown that acidosis depressed the contractility of blood 

vessels and an increase in pH had the opposite effect (see review by Aalkjaer, 1988). The 

change in pH was introduced either by altering carbon dioxide tension (pe~) or fixed 

acids or bases. Many investigators have selected the former technique, i.e., altering peo2 

to change pH. In fact, our current knowledge of the relationship between pH and 

vasculature stems mainly from the extensive studies of the effect of peo2 on vascular 

tone. 

An increase in CO2 decreases pH through the chemical reaction: CO2 + H20 = 

H2C03 = H+ + HCOl". Since the cell membrane is very permeable to CO2, when CO2 is 

added to extracellular fluid, the reaction will also occur inside the cell, lowering 

intracellular pH as well as extracellular pH. The reaction will proceed much faster if 

carbonic anhydrase is present in a high concentration. In this instance, elevation of 

extracellular Peo2 will rapidly decrease intracellular pH. 

It is generally thought that the effect of CO2 on vascular tone is mediated through 

changes in pH. However, there is evidence that vascular tone may be affected by direct 

action of CO2, For example, in the human forearm circulation, vasodilatation was 

mediated by the increase in peo2, which was independent of a concomitant reduction in 

extracellular pH (Kontos,1968). Therefore, it is important to be aware that there may be 
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effects of CO2, per se, separate from the effects of H+, when acidosis is induced by 

elevation of Peo2• From this standpoint, changing pH by altering Peo2 does not seem to 

be the optimal technique to study the effect of pH, per se, on the vasculature. For this 

reason, I will separately review previous studies in which pH was changed by altering 

CO2 and those in which it was changed by altering fIXed acid and base levels. 

Effect of CO2 Tension on Vascular Smooth Muscle 

One of the earliest observations of the effect of CO2 on blood vessels was reported 

by Donders in 1849 (cited by West, 1992) who noticed in cat cranial window 

preparations that hypoventilation resulted in dilation of pial vessels. Hypoventilation 

increases arterial peo2 and causes systemic respiratory acidosis. More recent, in vivo 

animal (dog) studies show that an increased peo2 produces, in the steady state, a fall in 

the vascular resistance to blood flow through many vascular beds including the hindlimb, 

forelimb, intestine, coronary, renal, and cerebral vasculature (Daugherty, et al, 1967; 

McGinn, et al, 1967; Haddy and Scott, 1968; Case, et al, 1976; Chen, et al, 1991). In 

those studies, blood flow was either held constant by a blood pump (Daugherty, et al, 

1967) or measured by an ultrasound Doppler flowmeter (Chen, et al, 1991). The dilator 

effect of CO2 has also been shown in studies of isolated vessels including the rat aorta, 

the rabbit carotid artery, the rat portal vein, rat cerebral artery and the dog and rabbit 

pulmonary artery (Tobian, et al, 1959; Harder, et al, 1982; Aalkjaer, 1988). In those 

vessels, an increased Peo2 reduced force development as measured by force transducers. 

Tobian, et al (1959) clearly demonstrated that the CO2 dilator effect can be pH 

independent in the in vitro preparation of rat aorta. By measuring force changes on strips 

of rat aorta, they carried out a systematic evaluation of the relative vasodilator effect of 

metabolic and respiratory acidosis as well as the effect of increased peo2 while 

maintaining constant extracellular pH. The results showed that the e02 - induced 

vasodilator effect was independent of extracellular pH. Their findings were further 
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supported by Kontos, et al (1968). In the study of human foreann circulation, Kontos, et 

al, measured the foreann blood flow by using venous occlusion plethysmography. 

Foreann vascular resistance was calculated as the ratio of mean arterial blood pressure 

divided by the blood flow. During hypercapnic acidosis (C02 in inspired air), they found 

a decrease in vascular resistance of the foreann. These responses were not significantly 

different from those seen during hypercania without acidosis (C02 breathing plus 

NaHC03 infusion). The latter maintains the arterial blood pH at the normal level. Those 

data suggested that respiratory acidosis induced vasodilatation could be mediated through 

a direct effect of CO2, 

Effect of pH Changes With Fixed Acid or Alkali 

One of the earliest reports of a direct effect of pH on blood vessels was published 

by Gaskell (1886). Observing an in vitro preparation of frog aorta under a dissection 

microscope, he found that as he added lactic acid into the tissue bath, the aorta relaxed 

and as he added NaOH the aorta constricted. Measuring force changes in isolated vessels, 

similar results were obtained in isolated rat aorta (Tobian, et al, 1959), rat small 

mesenteric arteries (Aalkjaer, et ai, 1988), rat caudal artery (Jeffrey and Diecke, 1988), 

rat mesenteric veins (Vanhoutte, et al, 1968), dog saphenous veins (Vanhoutte, et al, 

1968), rat portal veins (Peiper, et al, 1976), rat and cat middle cerebral arteries (Harder, 

et ai, 1985). In a preparation of an isolated single vascular smooth muscle cell from 

guinea pig basilar arteries, West, et ai, (1991) observed the image of the cell using bright 

field microscopy. They found that the cell relaxed at lower solution pH (pH 5.7) and 

constricted at higher solution pH (pH 8.0). Similar results were also reported from in 

vivo studies. Superficial application or intra-arterial infusion of acid decreased vascular 

resistance in the dog coronary vascular bed (Elliott, et ai, 1949), while increasing 

diameters of rat cerebral arteries (Wahl, et ai, 1970) and cat pial arterioles (Kuschinsky, 
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et al, 1972). These and other observations have led to the suggestion that H+per se plays 

an important role in the regulation of vascular tone. 

Effect of pH on Mechanical Response of Blood Vessels To Sympathetic 

Nerve Stimulation 

In some vascular beds, H+ does not affect basal (intrinsic) tone, but affects 

responses during sympathetic nerve stimulation or application of norepinephrine. In cat 

middle cerebral arteries and rabbit internal carotid arteries (Edvinsson, et al, 1975; Flaim, 

et al, 1983), acidosis produced by either adding HCI or increasing bath PC02 had no 

effect on basal (intrinsic) tone, as measured by a force transducer, of the vessel under 

resting conditions. However, during continuous sympathetic nerve stimulation or 

superfusion with norepinephrine, constriction of the vessels was greatly attenuated by 

acidosis. 

The above examples suggest that acidosis-induced attenuation of adrenergic 

constriction may be due to an interaction of H+ with the adrenergic receptor mechanisms. 

However, in the vascular bed of cat intestine, there was no significant difference between 

the vasodilator effects of CO2 before and after adrenergic blockade (McGinn, et al, 

1967). This result suggests that the dilator effect of CO2 on these vessels may not depend 

upon alteration of adrenergic receptor mechanisms. 

Anomalous Effects of pH on Vascular Tone 

Although it is commonly found that a decrease in pH reduces vascular tone, 

exceptions have been reported in which it enhances vessel tone. In those cases, pH was 

changed by altering either Peo2 or [N'ILCI], which caused a rapid change of intracellular 
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pH. This effect was fIrst seen in vivo, where the fall in resistance following an increase 

in PC02 was preceded by increased vascular resistance in the visceral circulation, in the 

foreann circulation and in the coronary circulation (Aalkjaer, 1988, review). While these 

effects might be of systemic origin due to neural or hormonal changes, similar results 

were reported in some in vitro preparations. For example, in the perfused rabbit ear 

artery, a reduction of intracellular pH by either increase in pco2 or washout of ~CI 

from the bathing solution caused a transient increase in vessel tone. In contrast, an acute 

reduction in pco2 or addition of ~CI to the bathing medium caused a transient 

reduction in tone. These experiments were done at a constant extracellular pH. In isolated 

mesenteric resistance vessels from rats, isometric force and pHi were simultaneously 

measured and similar transient changes as in the preparation of rabbit ear artery were 

obtained (Aalkjaer, 1988). The mechanism of these effects is unclear. 

In summary, elevating pC02 and/or lowering pH usually relaxes blood vessels and 

reducing pC02 and/or increasing pH usually constricts vessels. Vascular tone can be 

affected by either alteration of pC02 with constant pH or alteration of pH with constant 

pC02• Finally, there are a few vascular beds in which acidic pH increases vascular tone, 

although the effect is transient. 

SECTION 3: STRUCTURE OF SMALL ARTERIES 

Since our studies are carried out an small artery of the guinea pig, I will now briefly 

review the structural properties of these vessels. 

STRUCTURE 

Small arteries have an outer or adventitial layer (tunical adventita) that contains 

collagen fIbers. Varicose sympathetic nerve axons, which innervate arteries, are usually 

located in this layer. Beneath this layer, circumferentially arranged smooth muscle cells 
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make up the media of the vessels (tunica media). The larger the artery, the more layers of 

smooth muscle cell the media has. Individual arterial smooth muscle cells have lengths of 

40-60 J.lIIl and diameter near the nucleus of 4-5 J.lIIl; the cells taper toward their ends 

(Rua, et al, 1980). All vascular smooth muscle cells are electrically coupled to their 

neighbors and are interconnected by gap junctions (Hirst, et al, 1989). Beneath the layer 

of tunica media, a layer of fme connective tissue (internal lamina) separates the layer of 

smooth muscle from the endothelium where a single layer of endothelial cells lines the 

internal surface of the vessel (tunica intima). The separation between endothelial and 

smooth muscle cells is sufficiently narrow that vasoactive substances released from the 

endothelium (EDRF, EDCF) can diffuse to the smooth muscle layer. 

Sympathetic axons ramify over the adventitial surface of artery but rarely penetrate 

into the smooth muscle layer (Hirst, et aI, 1989). Sympathetic axon terminal regions are 

varicose. Individual varicosities are about 2 J.1m long and 1 J.1m across; they are separated 

by 5-10 J.1m (Hirst, et al, 1988). Individual varicosities contain granular vesicles which 

store norepinephrine. Although sympathetic nerves and arterial smooth muscle cells are 

separated by a junctional cleft, recent evidence indicates that the width of the cleft 

between them is very narrow. In the arteriole of the submucosa of the guinea pig ileum, 

the gap between pre junctional neuronal membranes and the post junctional arterial smooth 

muscle membrane at its narrowest point is of the order of 50-100 nm (Luff, et al, 1987). 

Therefore, there are close contacts between sympathetic nerves and arterial smooth 

muscle cells. 

ELECTRICAL PROPERTIES 

PASSIVE ELECTRICAL PROPERTIES 

Formation of Resting Membrane Potential 
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The potential difference recorded across the membrane of vascular smooth muscle 

is the result of a selectively permeable cell membrane and an unequal distribution of 

various ionic species. The level of the resting membrane potential in vascular smooth 

muscle depends on the relative permeability of the cell to K+, cr, and Na+, as well as the 

distribution of these ions across the membrane. 

As with all cells, arterial smooth muscle cells maintain large ionic gradients across 

their membranes. The ratio of [Na+]o I [Na+]1 is about 10 (150 mMJ15 mM), while the 

ratio of [K+]j I [K+]o is about 30 (150 mMJ5mM). The ratio of [CI-]o I [CI-]j is about 2 

(140 mMf70 mM), while the ratio of [Ca2+]o I [Ca2+]j is about 4xl()4 

(2 mMJ5xlO-s mM). These concentration gradients give rise to a series of electrochemical 

gradients, the eqUilibrium potentials (Ejon) of which are described by the Nemst equation 

for each ion; the potentials are ENa=+50 mY; EK=-90 mY; Ea=-20 mY; and Eca= +150 

m V. Depending on the relative permeability of each ion and its electrochemical gradient, 

each ion will make a larger or smaller contribution to the resting membrane potential. 

There is general agreement that resting arterial membranes have a much higher 

permeability to K+ than they do to CI-, Na+, or Ca2+. The relative permeabilities of K+ to 

CI- to Na+ are assigned the ratio 1:0.09:0.005 (Hirst and Edwards, 1988). Therefore, the 

resting membrane potential is mainly determined by the transmembrane K + gradient and 

the resting conductance of K+ (00. The resting membrane potentials of arterial and 

arteriolar smooth muscle, when determined in vitro, have been found to be in the range of 

-60 to -75 mY. Resting membrane potentials (Vm) reported from in vivo measurements 

are 20 m V more positive than those measured in vitro. A part of the difference may reflect 

ongoing sympathetic nerve activity (Hirst and Edwards, 1988) and myogenic tone in vivo 

(Neild and Keef, 1985). 

Measurement of Resting Membrane Potential by Intracellular Microelectrode Recording 
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Assessment of the contribution of membrane poten~al to vascular smooth muscle 

function has been based on microelectrode recording techniques. Intracellular 

microelectrode recording involves an intracellular impalement with a glass micropipette 

filled with an electrolyte solution such as KCI to act as a conductor of electrical current. 

At the tip of a microelectrode it is believed that a restriction of anionic mobility is 

established. As a result of this, the liquid junction potential is altered by properties of the 

electrode tip. This is the tip potential which can be abolished experimentally by breakage 

of the tip. To record the absolute resting membrane potential, the tip potential of a 

microelectrode must be balanced to zero before impaling a cell. This can be accomplished 

with Wheatstone bridge circuitry. 

Tip Resistance 

Since the diameter of a vascular smooth muscle cell is very small (5 J.lID), an 

electrode with a very fme tip is required. Actually one defmition of a microelectrode 

might be "an electrode constructed with a tip having the dimensions of the order of a 

micrometer (1 J.lID) " (Halliwell and Whitaker, 1981). The tip of an electrode is usually 

required to be less than 0.4 J.lm for vascular smooth muscle studies. Such a tip size is too 

small to be seen under a light microscope due to the limitation of lens resolution. 

Therefore tip size of an electrode is evaluated electronically. This can be done by injecting 

a known current through the electrode and then measuring the voltage change after the tip 

potential of the electrode has been balanced out. According to Ohm's law, in an electrical 

circuit, as the current is constant, the change in voltage reflects the change in the 

resistance (R). R is inversly proportional to the cross sectional area of the conductor 

(which here is the tip size of the electrode). Therefore, while passing a constant current 

through the electrode, the magnitude of voltage change reflects the associated resistance 

of the electrode. Since the tip has the smallest cross sectional area, this area contributes 

most of the electrode resistance and the voltage actually indicates the tip resistance of the 
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electrode. Electrodes of tip resistance around 100 Mil (with 0.5 M KCI filling the pipette) 

were found to be appropriate for recording from vascular smooth muscle cells in this 

study. My experiments showed that if the resistance was below 60 Mil, the tip size of the 

electrode was usually too large for successful impalment. The indication of cell damage 

usually appears as a quick membrane depolarization or "bump" followed by return to 

electrical zero. Sometimes a local vasoconstriction at the impaling site can be observed.) 

Specifications of Preamplifier 

To measure the full signal at the microelectrode tip, an electronic amplifier with 

input resistance of at least 100-1000 times the microelectrode resistance is used (Halliwell 

and Whitaker, 1987). Since we use microelectrodes of about 100 Mil, the preamplifier 

input resistance of at least lOS Mil is required. This amplifier also should have a fast rise 

time. Rise time is the time for the output to pass from 10% to 90% of the final value 

following the application of a step voltage change to the input. For faithful reproduction 

of fast signals like action potentials, rise time should be less than a fifth of the signal time 

to peak (Purves, 1981). The amplifier used for this should have a low leakage current. 

Leakage current is the current which flows into or out of the input terminal in the absence 

of applied voltages. Since this current transverses the microelectrode and impaled cell, it 

needs to be small enough to produce less than 1 m V across the tip resistance of the 

microelectrode or the cell input resistance (Halliwell and Whitaker, 1987). Finally, the 

preamplifier should have a reasonable working input voltage range which is the range of 

input voltages over which the amplifier transmits signals to the output. This is especially 

critical during the current injection. The working input voltage range needs to be large so 

that the amplifier can force large currents through high resistance electrodes. Values of 

working input voltage in excess of ± 1 or 2V are generally acceptable (Purves, 1981). 
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Potassium Channels In Vascular Smooth Muscle 

Ion channels are macromolecular pores in cell membranes. Such a pore is viewed as 

a narrow, water-filled tunnel, permeable to the few ions and molecules small enough to 

fit through the tunnel (Hilles, 1992). Excitation and electrical signalling in the blood 

vessels involve the movement of ions through ionic channels. The current known 

functions of ionic channels include establishing a resting membrane potential, shaping 

electrical signals, gating the flow of messenger Ca2
+ ions, controlling cell volume, and 

regulating intracellular pH. It is essential for electrical excitability that different ionic 

channels be selective for different ions. Depending on the relative permeability or the 

relative conductance of each ion and its electrocbemical gradient, each ion will make a 

larger or smaller contribution to the resting membrane potential. There is general 

agreement that resting membrane potential of vascular smooth muscle is mainly 

determined by the transmembrane K+ gradient and the resting K conductance (gJ. 

At least four distinct K channel types in vascular smooth muscle have been 

identified to date. These channels are described below: 

1) An inward rectifier K channel (Ku.): these channels are activated by 

hyperpolarization and readily allow the inward movement of K+. 

2) A delayed rectifier K channel (Ko): these channels are activated by depolarization 

and allow the outward movement of K+. 

3) A Ca regulated K channel (KcJ: these channels are activated when the internal 

concentration of Ca2+ is increased. The activation of these channels allows the outward 

movement of K+. Depending on the activation rate of these channels, they are further 

classified as slow and fast types. 

4) An ATP-sensitive potassium channel (KATP): these channels are activated when 

the internal concentration of A TP is decreased. The activation of these channels allows 

the outward movement of K+. 
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Inward or anomalous rectifier K channels 

The inward rectifier K+ channels have been suggested to have an important role in 

maintaining the resting membrane potential in vascular smooth muscle. These channels 

contribute the major outward K current at resting membrane potential (Hirst and Edwards, 

1989) and have a unique rectification property. At membrane potentials below the K+ 

equilibrium potential (B0, the inward conductance increases, which prevents excessive 

hyperpolarization while at membrane potentials just above Ek, the outward conductance 

increases slightly, which helps to hold the resting membrane potential close to Ek. 

Extracellular cations such as Ba2+ block the inward rectifier possibly by entering the 

open channel pore (Kuba, et al., 1993). Recent studies on the structure of an inward 

rectifier K channel isolated from rat skeletal and cardiac muscle by Kubo, et al., (1993) 

have shown that there is one histidine and three cysteines located in the two extracellular 

hydrophilic domains of the inward rectifier K channel. Both histidine (pK 6.8) and 

cysteine (pK 8.0) can release a proton and change their conformations when extracellular 

pH is above the pK. Therefore, it is possible that such changes alter the conformation of 

IKj channels and therefore K conductance and resting membrane potential. 

Delayed rectifier K channels 

Nearly all excitable membranes exhibit delayed rectification when the potential 

across them is less negative than -40 mV (Hirst and Edwards, 1989). Such a 

depolarization causes an increase in gk. Delayed rectification is blocked by TEA+, Cs+, or 

4-aminopyridine. The physiological function of these channels is to repolarize the 

excitable membrane toward its resting condition (Hirst and Edwards, 1989). 

cd+ -activated K channels 
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The membranes of many excitable cells contain Ca regulated K channels. In 

vascular smooth muscle, the threshold [Ca2+]j for opening is about 10-9 M; when [Ca2+]j 

is increased, both the frequency of opening and the mean open times increase. Both are 

further increased by depolarizing the membrane. It has been suggested that an important 

role for Ca regulated K channels in limiting the duration of arterial action potentials (Hirst 

and Edwards, 1989). 

ATP-sensitive potassium channels 

This K + channel has been recently suggested to play an important role in the 

physiological regulation of vascular smooth muscle electrical and mechanical activity 

(Nichols and Lederer, 1991). This channel is activated by lowering intracellular ATP. 

Opening this channel causes hyperpolarization because of K+ efflux. Hyperpolarization in 

vascular smooth muscle is predicted to inhibit Ca2+ influx via the closing of voltage-gated 

Ca2+ channels and lead to vasodilation. 

Evidence is growing that the KATP channel is activated by certain mediators of 

vascular tone. Calcitonin gene-related peptide (CORP) opens single K+ channels in 

patches on single vascular smooth muscle cells isolated from rabbit mesenteric arteries. 

CORP (5 nM) also hyperpolarizes vascular smooth muscle cells in the intact arteries by 

16 mY. This hyperpolarization is reversed by glibenclamide, which is a potent and 

selective inhibitor of KATP channels (Nelson, et al, 1990). CORP-induced vasodilation is 

partially reversed by the glibenclamide (Nelson, et al, 1990). Olibenclamide also 

attenuates ATP-induced vasodilation in dog coronary arteries (Avers ana, et al, 1991; 

Belloni, et al, 1991). Nelson (1990) haS suggested that the KATP channel has an important 

role in regulation of vascular tone. 

It has also been reported that an increase in [H+] activated KATP channels in skeletal 

muscle and inhibited the channels in pancreatic beta-cells, while H+ had little or no effect 
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on cardiac KATP channels. There is no information on effect of H+ on KATP channels in 

vascular smooth muscle. 

ACTIVE ELECTRICAL PROPERTIES OF SMALL ARTERIES 

During sympathetic nerve stimulation, the membranes of varicosities in the nerve 

depolarize, which allows the opening of voltage dependent calcium channels in the 

membrane (Katz, 1966). Extracellular Ca2+ then enters the varicosities and causes the 

vesicles which contain neurotransmitter to move to the cleft side of the pre junctional 

membrane. As the vesicles fuse with the pre junctional membrane, neurotransmitter 

norepinephrine and A TP will be co-released into the cleft through the process of 

exocytosis. 

Sympathetic nerves have alpha-2 adrenoreceptors on their varicosities. During a 

train of stimuli, some of the norepinephrine released from the sympathetic nerve 

varicosities activate pre junctional alpha-2 adrenoreceptors, which inhibits further release 

of norepinephrine (Kuriyama and Suzuki, 1978). 

Excitatory Junction Potential 

During sympathetic nerve sitmulation, the nerves release quanta of transmitter from 

a preformed store but the probability that a given varicosity will release a quantum is very 

low (Hirst, et al, 1988). When the stimulus strength is increased so that more axons are 

stimulated, the EJP has a larger amplitude and fmally reaches a maximum amplitude. The 

amplitudes of EJPs are associated with the state of neurotransmitter release (Hirst, 1989). 

Therefore, measurement of EJPs can be used as a technique to evaluate the 

neurotransmitter release. However, since EJPs are recorded at the post junctional site, 

their amplitudes are determined not only by the pre junctional state but also by the 
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post junctional condition. EJPs represent the result of both pre- and post-junctional 

activation. 

Identity o/Transmitter Underlying EJPs 

The EJPs evoked with perivascular or nerve-trunk stimulation in many systemic 

arteries are not blocked by either alpha or beta-adrenergic antagonists (Neild and Zelcer, 

1982). These data suggest the post junctional receptors responsible for the EJP are not 

conventional adrenergic receptors. Two hypotheses have been proposed. The fIrst 

hypothesis suggests that there are specialized lower affinity junctional receptors for 

norepinephrine that are insensitive to the conventional adrenergic receptor antagonists 

(Hirst and Neild, 1981). The second hypothesis suggests that ATP is co-released with 

norepinephrine and the EJP is the result of ATP combining with a purinergic receptor 

(Sneddon and Westfall, 1984). These two hypotheses will be now considered. 

1. ATP Acts on a Purinergic (P2x) Receptor 

There is evidence that sympathetic adrenergic axons innervating the arteries release 

not only norepinephrine but also A TP, which acts as a transmitter during the sympathetic 

nerve stimulation. In some arteries, exogenously applied A TP causes a depolarization 

which is similar to that which is neuronally mediated; the response is not affected by 

alpha-adrenoreceptor antagonists (Benham, et al, 1987)(Ishikawa, 1985)(Suzuki, 1985). 

Furthermore, the ATP analogue, mATP or ANAPP3, prevents neuron ally mediated 

depolarization (Cheung and Fujioka, 1987)(Sneddon and Westfall, 1984). Since mATP 

and ANAPP3 prevent EJPs mediated by P2x receptors, it has been proposed that EJP is 

the result of ATP combining with a purinergic P2x receptor (Sneddon and Bumstock, 

1984). 

2. Norepinephrine Acts on a Low Affinity Adrenergic (gamma) Receptor 



32 

Hirst, et al, (1988) suggested that resistance arteries have a type of receptor that is 

activated only by high concentration of norepinephrine (10·s M), i.e., it has a low affinity 

for the transmitter. Low affInity receptors in general are characteristic of neurotransmitter 

receptors at synapses and neuromuscular junctions where the effect of the 

neurotransmitter must not be prolonged (Neild, 1990). The low affInity of the receptors 

assures the rapid unbinding of the neurotransmitter, so that the system does not remain 

activated or refractory for a long period. For this reason, Hirst and Neild suggested that 

low affInity receptors are the most likely to be used for nerve-muscle transmission and 

such receptors are located junctional site. They proved this theory by applying NE 

through iontophoresis on the surface of submucosal arteriole. When NE was applied to 

an area within 10 urn from a sympathetic nerve it often produced a depolarization, beyond 

the range of 10 urn from the nerve, NE did not produce a depolarization (Neild, 1981). 

In most arteries, stimulation of the sympathetic nerves gives rise to an EJP in the arterial 

muscle. The EJP has been found to be resistant to alpha-adrenoceptor antagonists, which 

suggests EJP is caused by the activation of a junctionally-Iocated adrenergic receptor. 

Such a receptor is not of alpha type. Based on these considerations, Hirst, et al, proposed 

that a special receptor, which they named the gamma receptor, is present in arterial 

vessels (Hirst, et al, 1982). 

Electro-Mechanical Coupling 

During sympathetic nerve stimulation, when the stimulus strength is increased so 

that more axons are stimulated, the amplitude of the EJP increases. In most arteries and 

arterioles the maximum amplitude of the EJP that can be evoked by a single stimulus is 

about 10 mV (Hirst, et al, 1989). Such a depolarization is usually too small to activate 

Ca2+ channels and thus does not cause contraction. When the sympathetic nerves are 

stimulated repetitively, the EJPs sum or facilitate to produce a larger depolarizations that 
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then open Ca2+ channels, allow calcium entry and trigger an action potential. Calcium 

entry into smooth muscle activates calcium and calmodulin-dependent myosin light chain 

kinase, which phosphorylates the myosin light chain, allowing myosin-actin interaction 

and force generation which causes vasoconstriction. The relationship or coupling 

between the substantial depolarization and increase in vascular tone is called electro

mechanical coupling. 

Pharmaco-Mechanical Coupling 

During sympathetic nerve stimulation, neuronally released norepinephrine can cause 

vasoconstriction, which is usually by accompanied membrane depolarization (Hirst, et al, 

1989). Exogenously applied norepinephrine also causes vasoconstriction but in the 

absence of any detectable membrane potential change in some blood vessels (Somlyo and 

Somlyo, 1968). 

The threshold concentration of norepinephrine to induce vasoconstriction is very 

low (less than 10-9 M), which indicates that the receptors which accept the transmitter are 

high-affinity adrenergic receptors (Faber, 1988). The receptors are of two types, alpha-l 

and alpha-2 adrenoreceptors. Both receptor types are found on vascular smooth muscle 

of resistance vessels. However, in larger arteries, the alpha-l receptor is predominant, 

while in small arterioles, the alpha-2 receptor is predominant (Faber, 1988). 

Both alpha-l and alpha-2 receptors are involved in the constrictor response of 

resistance arteries to norepinephrine. In resistance arteries, the alpha-l-adrenoceptors are 

reported to be predominantly in the junctional region of sympathetic nerve terminals, 

whereas the alpha-2-adrenoceptors are predominantly extra junctional (Langer, et al, 

1985; Matthews, et al, 1984). Therefore, the norepinephrine released from sympathetic 
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nerve varicosities is thought to act on the junctional alpha-l-adrenoceptors, whereas, the 

exogenous applied norepinephrine is thought to act on the extra junctional alpha-2 

adrenoceptors. Dodd and Johnson (1993) tested these hypotheses on second order 

arterioles of skeletal muscle. They found that prazosin, an alpha-I-adrenergic antagonist, 

blocked about 50% of the vasoconstrictor effect of sympathetic nerve stimulation, but 

with addition of yohimbine, an alpha-2-adrenergic antagonist, no further decrease of tone 

was found. In contrast, prazosin did not affect the vasoconstrictor response to exogenous 

norepinephrine, while addition of yohimbine almost completely inhibited the response. 

Activation of alpha-l-adrenoceptor-induced vasoconstriction is believed to be 

mediated through elevation of intracellular inositol triphosphate (IP3), which releases Ca2+ 

from intracellular stores, while activation of alpha-2 adrenoceptors cause opening of Ca2+ 

channels, which increases Ca2+ influx (Nishigaki, et al, 1991). 

Differences were found regarding the location of alpha-l-adrenoceptors in 

resistance vessels in studies done by Neild, et al, (1982) and studies done by Dodd, et al, 

(1993). Results from the former group suggested that the alpha-adrenoceptors, when 

present in the arterioles of the submucosa of the guinea-pig, are not concentrated at the 

neuromuscular junctions. Data from the latter group in skeletal muscle showed that the 

alpha-l-adrenoceptors were predominantly located in the neuromuscular junctional region 

in the 2nd-order arterioles. The differences could reflect variations between species or 

organs. 

Action Potentials 

In some arterioles, a well-defmed action potential is initiated by sympathetic nerve 

stimulation. The action potential has a spike component and a plateau component. In 

arteries by contrast, sympathetic nerve stimulation rarely initiates a defmite action 

potential: more commonly, small regenerative membrane potential changes are 
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superimposed on the summed EJPs (Hirst, 1988). However, when delayed rectifier K+ 

channels have been blocked by tetraethylammonium (TEA), a well-defined action 

potential in the large arteries can be initiated by a single perivascular stimulation (Hirst 

and Edwards, 1989). The action potential persists in solutions containing a low 

concentration of sodium. They are not affected by tetrodotoxin (TIX) but are abolished 

by calcium channel antagonists (Tomita, 1970). These fmdings indicate that the action 

potential in vascular smooth muscle results from entry of Ca2+ through voltage-dependent 

Cachannels. 

Voltage-dependent Ca2+ channels are present in all vascular smooth muscles studied 

(Hirst, et al, 1989). The channels are normally selective for Ca2+ but their selectivity is 

lost when extracellular [Ca2+] is greatly reduced. The Ca2+ channels are activated by 

membrane depolarization and evoke an action potential that allows Ca2+ to enter the cell 

and initiate contraction. The threshold potential for the initiation of contraction was found 

to be about -50 mV.1t is known that there are two types of voltage-dependent Ca 

channels: a lower-threshold fast Ca2+ (Carast) channel that rapidly inactivates and a 

higher-threshold slow Ca2+ (Caglow) channel that allows a persistent entry of Ca2+ (Hirst, 

et al, 1989). Presumably Carast channels underlie the spike component and Caglow 

channels underlie the plateau component of the action potentials, the measurement of the 

threshold for initiation of the spike and the duration of the plateau can reflect the state of 

Cafast and Caslow channels respectively (Hirst, et al, 1989). 

SECTION 4: EFFECT OF ALTERING PH ON ELECTRICAL 

PROPERTIES OF BLOOD VESSELS 

Effects of CO2 and pH on Resting Membrane Potential of Vascular 

Smooth Muscle 
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It is known that membrane potential is one of the key modulators of vascular tone 

(Nelson, et al, 1990). It has been suggested that pH has an effect on vascular tone in 

large part by alteration of resting membrane potential (Harder, 1985). 

Current information on the effect of pH on resting membrane potential of vascular 

smooth muscle shows that acidosis causes hyperpolarization of vascular smooth muscle, 

at least in brain blood vessels. However, those studies used co2, which as noted above, 

may also have direct effects independent of pH changes. Harder, (1982), found in rat 

cerebral arteries that elevation of bath solution Pco2 from 40 to 60 mmHg caused a rapid 

hyperpolarization and the slope of the equilibrium membrane potential (Em) vs.log[K+]o 

relation was increased, indicating that elevating Pco2 induces hyperpolarization by 

increasing K+ conductance. In accord with this, in the preparation of cat middle cerebral 

artery (Harder, et al, 1982), either reduction ofPco2 (37 to 14 mmHg) or increase in 

extracellular pH from 7.4 to 7.6 depolarized the membrane and increased force 

development. To investigate the mechanism underlying acidosis-induced 

hyperpolarization, Siegel (1981) changed the bath pH and measured the transmembrane 

flux of radioactive 24Na+ and 42K+ from the canine basilar arteries. He changed the bath 

pH by changing the 02/C02 ratio of the gas mixture with which the Krebs solutions were 

aerated. He reported that reducing bath pH from 7.3 to 6.8 increased 42K+ flux and 

decreased 24Na+flux. Increasing bath pH from 7.3 to 7.8 had the opposite effect. He 

suggested that acidosis hyperpolarizes vascular smooth muscle cells by an increase of K+ 

and a decrease of Na+permeability, while alkalosis depolarizes the cells by a decrease of 

K+ and an increase of Na+permeability. However, he did not determine whether those 

results were caused by cO2 or H+. 

Effect of pHo on Resting Membrane Potential in Other Cell Types 
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In contrast to the fmdings described above, it has been shown that metabolic 

acidosis caused significant depolarization of the basolateral membrane in the preparations 

of proximal renal tubules of several species including rabbit, frog, and Necturus (Biagi, 

et al, 1981; Bello-Reuss, et al, 1981; Kubota, et al, 1980; Matsumura, et al, 1984). In 

those studies, lower extracellular pH (- 6.7) was produced by reducing the [NaHC03]o 

from 25 to 5 mM. This metabolic acidosis depolarized cells by about 10-20 mY, which 

was suggested to be due to the reduction of K+ conductance across the cell membrane 

(Kubota, et al, 1980). These findings and explanations were opposite to those presented 

by Siegel (1981) and Harder (1982) in cerebral arteries. 

Effects of pH on Release of Neurotransmitter 

Vanhoutte, et al, (1978) proposed that acidosis inhibits the release of 

norepinephrine from the pre junctional sympathetic nerve terminal during sympathetic 

nerve stimulation. In support of this hypothesis, Vanhoutte and Verbeuren (1978) 

showed that lowering solution pH reduced overflow of eH]NE in the dog saphenous 

vein during electrical stimulation, indicating inhibition of norepinephrine release from the 

sympathetic nerve terminals. The mechanism behind this H+-induced inhibition of 

norepinephrine release is unclear. One possibility is that H+ depresses Ca2+ entry into the 

nerve endings, which results in inhibition of the exocytotic process (Shepherd and 

Vanhoutte, 1981). This explanation is consistent with that the fmdings of Landau (1975) 

who noted that low pH depressed the release of acetylcholine in the frog neuromuscular 

synapse and suggested that H+ blocks Ca2+ influx presynaptically. In accord with this, 

acidosis may inhibit the Ca2+ channel in the membrane of the sympathetic nerve 

varicosity, which would reduce the influx of Ca2+. 

In contrast to those findings, Chen and Shepherd (1990) showed that lowering 

blood pH during sympathetic nerve stimulation did not reduce the rate of endogenous 
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norepinephrine release in the canine gut. However, acidosis did inhibit the intestinal 
-

vasoconstrictor effects of selective alpha-2 agonists. Their data suggested acidosis acted 

post-junctionally rather thanjunctionally. We will now review the evidence for such 

inhibition by pH. 

Effect of pH on Postjunctional Alpha Adrenergic Receptors 

As mentioned before, in arteries the alpha-l-adrenoceptors are reported to be 

predominantly in the junctional region of sympathetic nerve terminals, whereas the alpha-

2-adrenoceptors are predominantly extrajunctional (Langer, et al, 1985)(Matthews, et al, 

1984). Therefore, if acidosis attenuates response to sympathetic nerve stimulation 

through an action on post-junctional receptors, the target must be alpha-I-receptors. 

Available evidence however, indicates that acidosis selectively inhibits alpha-2 

adrenoceptors in the vascular smooth muscle cells rather than alpha-l-adrenoceptors. 

McGillivray and Faber (1987) reported that during catecholamine suffusion over the rat 

cremaster muscle, decreasing solution pH from 7.4 to 7.1 selectively inhibited the effect 

of alpha-2-receptor agonists on third order arterioles but had no effect on constriction 

mediated by alpha-l receptors. Their results were supported by Chen and Shepherd 

(1990) who showed that lowering venous pH by infusing acidic buffer intra-arterially 

selectively inhibited the intestinal vasoconstrictor effects of selective alpha-2 agonist, 

clonidine. Furthermore, in an isolated rabbit pulmonary artery preparation containing 

only alpha-l receptors, responses to norepinephrine were unaffected by changing 

solution pH from 7.4 to 7.0. By contrast, in an isolated cat middle cerebral artery 

containing only alpha-2-receptors, the same pH changes markedly shifted norepinephrine 

dose-response curves to the right (Medgett, et al, 1987). In conclusion, available 

evidence suggests pH may inhibit alpha-2 but not alpha-l receptors. The mechanism 

behind this selective inhibition has not been described. 
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Effect of pH on Calcium Channels in Vascular Smooth Muscle 

Vascular smooth muscle maintains its basal tone partly by the influx of Ca2+ 

through voltage-dependent Ca2+ channels (Nelson, et al, 1990). In whole-cell patch

clamp experiments of single smooth muscle cells isolated from guinea-pig basilar arteries 

at constant Pe02, West, et al, (1992) showed that decreasing solution pH from 7.2 to 5.7 

caused a large decrease in Ca2+ inward current through slowly inactivating, 

dihydropyridine-sensitive L-type Ca2+ channels, whereas an increase in solution pH 

(from 7.2 to 8.1) caused an increase in this inward Ca2+ current. Using the voltage clamp 

technique in rat cerebral arterioles, Hirst recently found that calcium channel conductance 

was reduced at lower pH (unpublished results). Thus, pH may alter calcium channels and 

calcium entry into vascular smooth muscle cells. 

In summary, altering pC02and/or pH can change both passive electrical properties 

of blood vessels such as the resting membrane potential and active electrical properties 

such as the action potential. The H+-induced alteration of electrical properties of blood 

vessels may lead to changes in mechanical response of blood vessels to certain stimuli. 

SECTION 5: pH REGULATION 

Extracellular pH Regulation 

Acid-base balance or pH in the extracellular fluid is tightly regulated, such that pH 

of the arterial blood is maintained within a small range, pH 7.37-7.42 or [H+] = 40 

nmolsIL. This delicate balance is threatened continuously by the addition of extra acids or 

bases to body fluids from metabolic processes. Cellular respiration produces 20,000 mM 

of CO2 daily; this is continously eliminated by the lungs so that no pH change occurs 

under normal conditions. Metabolism of foodstuffs produces fixed acids from protein 
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diets and bases from vegetarian diets. In addition, fixed acid concentrations may rise 

during exercise. Most of these acidlbases are buffered by buffering systems within the 

body. These buffers act within seconds, therefore chemical buffering is the first line of 

defense against changes in pH. The remaining volitile acids are eliminated through the 

lungs by appropriate adjustments in alveolar ventilation within seconds or minutes 

(second line of defense). Finally, acid-base balance is adjusted by the kidneys through 

renal excretion ofH+, renal reabsorption of HCOf and the creation of new HCOfWhich 

take days to complete (third line of defense). 

Bicarbonate buffer (HC03-IPC02) is the most important physiological buffer of 

extracellular fluid, because: 1) it exists in high concentration in plasma (24 mM), and 2) 

the buffer pair can be tightly regulated: C02 by the lungs and HC03- by the kidneys. The 

pH of extracellular fluid containing HC03 - buffer can be expressed as functions of the 

buffer pair concentrations using the Henderson-Hasselbalch equation. 

pH=6.1 +log {[HC03 -]/[H2C03] } =6.1 +log {[HC03 -]/[0.03 x PC02] } 

where 6.1 is the pK for this system, the proportionality constant between dissolved CO2 

and PC02 is equal to 0.03. Under normal conditions, the [HC03 -] is about 24 mM/L 

while the PC02 is about 40 mmHg. Thus, the maintenance of normal plasma pH depends 

on the preservation of the ratio of [HC03-]/[H2C03] in plasma at approximately 20:1. 

Intracellular pH Regulation 

In spite of three defense lines to regulate extracellular pH, acid-base imbalance 

sometimes still cannot be compensated or compensated quickly enough by the regulatory 

system, which will lead to cellular dysfunction. Fortunately, there is an intracellular pH 

regulatory system in many types of cells including vascular and other smooth muscle 

cells (Wray, 1988). In a study on rat uterine smooth muscle, decreasing pRo by 1 unit 

(7.4-6.4) by altering HC03 - at constant C02 caused the pH to change by only 0.3-0.4 
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unit (Wray, 1988). This indicates that one or more active pH regulatory systems which 

extrude protons against their electrochemical gradient must be present in the cell. In fact, 

intracellular pH of vascular smooth muscle is regulated by several ionic transport 

systems. 

Na-H exchanger 

The best characterized system which mediates proton extrusion is the amiloride

sensitive Na-H exchanger. This has been demonstrated in rat mesenteric resistance 

vessels and aorta as intracellular pH is decreased. However under resting conditions, the 

activity of Na-H exchanger in resistance vessels is very low. In vascular smooth muscle, 

the Na-H exchanger appears to playa role in recovery from an acid load induced by 

~CI removal or CO2 application (Wray, 1988). 

Na-HCOi cotransport 

In mesenteric resistance arteries from WKY rats, a diisothiocyanato

stilbenedisulfonic acid (DIDS) sensitive Na-coupled uptake of HC03 - has been shown to 

be of primary importance for the recovery from intracellular acid load (Aalkjaer, et al, 

1988). This sodium-coupled bicarbonate uptake is not associated with an efflux of 

chloride, suggesting that the mechanism is Na-HC03 - cotransport. 

Cl--HC03 - exchanger 

Deletion of Ct from the external medium causes a substantial DIDS-sensitive 

increase in pH of rat mesenteric resistance arteries, but only when HC03- is present. 

This finding suggests that a CI--HC03 - exchanger is present in the blood vessel 

(Aalkjaer, et al, 1988). Under resting conditions, as well as during an alkaline load, the 

transmembrane gradients for Cl- and HC03 - will result in net efflux of HC03- by CI-

HC03- exchanger (Aalkjaer, et al, 1988). The CI--HC03- exchanger appears to playa 

role in recovery from alkaline load (induced by N~CI incubation). The importance of 
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CI-HCOl transport is particularly apparent during force development (Aalkjaer, et al, 

1988). 

Effects of pH on Intracellular Calcium 

When intracellular pH changes, second messengers including calcium will be 

affected. Since the intracellular level of calcium is critically important for contraction, 

changes in pHj will affect the mechanical response of blood vessels. Thus a possible 

mechanism for at least part of the pH effect on vascular smooth muscle contractile state is 

through changes of intracellular pH and calcium. Because both H+ and Ca2+ are cations, 

there may be competition between the two ions at intracellular binding sites. Thus when 

[H+]I is increased, some of the Ca2+ bound to myofllaments would be displaced and tone 

decreased, which is indeed what happens during acidosis in skeletal and cardiac muscle 

(Wray, 1988). However, this may not be the dominant factor in all smooth muscles, 

since Ca2+ will also be displaced from SR, mitochondria and the inner surface membrane. 

This effect could lead to an elevation of [Ca2+]j, that would predominate over the reduced 

affinity of the myofibrils to bind Ca2+. Such an effect could explain an increase in force 

with acidosis, as is seen in rabbit ear artery and human ureteral muscle (Wray, 1988). If 

the contributions of these sources of calcium differed among smooth muscle types, 

acidosis could elicit either an increase or a decrease in tension, depending on the balance 

between these two effects. 

The effect ofpHj on [Ca2+]j was clearly demonstrated by Jensen, et al, (1993) in an 

in vitro preparation of rat mesenteric artery. They simultaneously recorded the pH, 

[Ca2+]h membrane potential, and force development. They showed that C02-induced 

intracellular acidification caused a transient increase in tone and [Ca2+]1 without affecting 

the membrane potential after they exogenously applied 2-3 J.lM norepinephrine or 50 mM 
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KCl. They suggested that the acute acidification induced-force development was caused 

by concomitant increase in [Ca2+]j. 

It has been reported that Kea channels are present in VSMCs. When [Ca2+]i is 

increased, Kea channels are opened (see review by Hirst and Edwards, 1988). 

BACKGROUND OF pHI MEASUREMENT 

Several techniques are available to measure pHi' including pH sensitive 

microelectrodes, nuclear magnetic resonance spectroscopy, and spectroscopy. Two major 

advantages of spectroscopy over other techniques are its high time resolution and 

sensitivity, which permits very fast detection even very small changes in intracellular H+. 

We will limit our description of technique to spectral probes as this is the approach used 

in our study. 

pH probes that respond with spectral changes 

pH probes are dyes whose structures are changed by the binding ofH+. The 

absorption properties or the fluorescence properties, or both, can be affected depending 

on whether the hydrogen ion concentration is near the dissociation constant of the ground 

state or the excited state, respectively. To measure intracellular pH, the pH probe must be 

loaded into the cell and remain within the cell. This method can detect a very small change 

of pHi. This method also provides continuous measurement (unlike NMR) and can be 

used even when the smooth muscle contracts (unlike microelectrodes). 

A commonly used dye is a fluorescent compound, Carboxy-SNARF-l AM 

(Molecular Probes, Eugene, OR). SNARF-l has dual emission wavelengths, a clear 

isoemissive point and a good in situ acid dissociation constant (pKa). These properties of 

SNARF-l make it one of the fluorophores of choice for determining intracellular pH. The 

AM fonn of SNARF-l (acetoxymethyl acetate) is lipophilic and cell penneable, which 
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allows the dye easily to be loaded intracellularlly. After the AM form of SNARF-l enters 

the cell, cellular esterases cleave the ester groups of the acetoxymethyl esters to yield the 

free acids which are impermeant; the free acid form of SNARF-l cannot leave the cell. 

The changes in intracellular pH change the electronic structure and spectra of the 

SNARF-l, which leads to changes in dual emission wavelengths of the dye. A small 

change of emission wavelength of the dye can be detected by fluorescence spectroscopic 

probe and converted to changes in intracellular pH. The major advantage of SNARF-l 

for pHi measurement is that it has dual emission wavelengths and a clear isoemissive 

point (600 nm). The fluorescence intensity of the SNARF-l at this point is unaffected by 

the change of pHh but is proportional to the total amount of intracellular SNARF-l, 

which can be used as a reference to correct fluorescent artifacts or quenching (Martinez

Zaguilan, et al, 1991). 
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OBJECTIVES 

As shown in the section of literature review, many investigators have reported the 

effect of altering CO2 andlor pH on the mechanical state of blood vessels. While those 

effects have been well demonstrated as discussed above, the effect of pH on electrical 

response of the blood vessels has been studied to a lesser degree, especially as regards 

the electrophysiological aspects of resting membrane potential, excitatory junction 

potential, and action potential. Although there are several reports of electrical response of 

the blood vessels to changing CO2 level, it is possible that the effects observed were due 

at least in part to CO2 rather than W ion. Also, those studies were limited to cerebral 

arteries, which may not be representative of other vascular beds. In addition, the relative 

importance of intracellular pH and extracellular pH in these effects has not been 

investigated. Therefore, the major objectives of this study are: 1) to determine the effect 

of altering extracellular pH (plio) under constant levels of CO2 on resting membrane 

potential and membrane conductance, especially K conductance of the isolated guinea-pig 

mesenteric and femoral arteries; 2) to determine the effect of altering pHo on K channels 

in the vascular smooth muscle of small arteries; 3) to determine whether the effect of 

altering extracellular pH on vascular smooth muscle is due to changes in intracellular pH 

(pHI) of vascular smooth muscle; 4) to determine the effect of altering pHo on electrical 

response of vascular smooth muscle to sympathetic nerve stimulation. 

The results of this study should lead to a better understanding of the mechanisms by 

which changes in extracellular pH affect the passive and the active membrane properties 

of vascular smooth muscle cells. 



HYPOTHESES TO BE TESTED 

To reach the above objectives in this study, I tested the following major 

hypotheses. 
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1. Available evidence suggests that effect of pH on vascular tone may be due to its 

direct effect on resting membrane potential based on two papers in which elevated PC02 

levels caused membrane hyperpolarization and vasodilation. Those findings were 

complicated by use of CO2 which may have other effects besides altering pH. I tested the 

hypothesis that lowering extracellular pH with constant CO2 causes hyperpolarization of 

vascular smooth muscle, whereas increasing extracellular pH has the opposite effect. 

2. It has been suggested that pH-induced change in resting potential is due to an 

alteration of membrane conductance. It has been found that CO2-induced acidosis 

increases membrane conductance to potassium in brain vessels. I tested the hypothesis 

that lowering solution pH by decreasing [HC03"]oincreases membrane conductance, 

especially K conductance, whereas increasing extracellular pH has the opposite effect. I 

also tested the hypothesis that one or more K channels are responsible for the effect of 

pH on membrane potential. 

3. It has been suggested that the effect of a change in pH on vascular smooth muscle is 

due to change in intracellular rather than extracellular pH. This suggestion is based on the 

fact that altering pc~ immediately changes intracellular pH. I tested the hypothesis that 

intracellular rather than extracellular pH is responsible for the direct effect on vascular 

smooth muscle after solution pH is changed by altering [HCOi ]0. 

4. There is evidence that acidosis inhibits blood vessel response to sympathetic nerve 

stimulation mediated through acidosis-induced inhibition of neurotransmitter release. 
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Studies of this mechanism have been limited mainly to the effect of pH on pre junctional 

neurotransmitter release. I tested the hypothesis that acidosis reduces EJP amplitude 

mediated through acidosis-induced inhibition of neurotransmitter release. 

S. There is also evidence from cerebral vessels that acidosis relaxes vascular smooth 

muscle cells by an effect on voltage-gated calcium channels while alkalosis has the 

opposite effect. I tested the hypothesis that changes in plIo affects the action potential 

mediated through effect of pH on voltage-gated calcium channels in mesenteric artery. 
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CHAPTER TWO 

EFFECT OF EXTRACELLULAR PH ON MEMBRANE 

ELECTRICAL PROPERTIES OF VASCULAR SMOOTH 

MUSCLE 
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ABSTRACT 

We have investigated the effect of changing extracellular pH (pHJ on the 

membrane potential of vascular smooth muscle in isolated guinea-pig mesenteric and 

femoral arteries. Reduction of pRo below 7.4 depolarized the smooth muscle cells 

while increase of pHo hyperpolarized the cells. The resting membrane potential was 

close to the value predicted by the Goldman equations. Lowering pRo increased the 

time constant of the excitatory junction potential, which suggests that acidosis reduces 

the membrane conductance of vascular smooth muscle. Increasing pHo had the 

opposite effect on the time constant, suggesting that alkalosis increases the membrane 

conductance of smooth muscle. Depolarizing the membrane by elevating [K+]o did not 

affect the slope of the pRo-induced change in membrane potential, suggesting that the 

effect of pRo is not voltage dependent. Application of glibenclamide and cromakalim 

did not significantly alter the effect of pHo on resting membrane potential. Thus, the 

effect of pRo does not seem to be mediated through the ATP-regulated K channels or 

Ca-regulated K channels. Application of BaCl2 inhibited alkalosis-induced membrane 

hyperpolarization and reduction of the EJP time constant, suggesting that alkalosis 

increases K current passing through inward rectifier potassium channels (I~). 

However, BaC~enhanced acidosis-induced membrane depolarization but shortened 

the EJP time constant. From these observations, we conclude that a change in pH 

greatly alters the K current; apparently in part through an effect on inward rectifier K 

channels. 
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INTRODUCTION 

Extracellular pH is believed to play an important role in regulation of 

vascular tone and blood flow (reviewed by Aalkjaer, 1990). Lowering extracellular 

pH causes vasodilation, while increasing extracellular pH causes vasoconstriction. 

This effect has been documented extensively from studies such as those on rat 

cerebral arteries (Harder, 1982) and pial arterioles (Kontos, 1977). Similar results 

were obtained on segments of frog and rat aorta (Gaskell, 1880; Tobian, et al., 

1959), dog saphenous vein (Verbeuren, 1978), rat mesenteric artery (Aalkjaer, 

1990), and rat caudal artery (Gardner and Diecke, 1988). 

It has been suggested that the effects of pH on vascular tone are mediated 

through changes in the membrane potential of the vascular smooth muscle. Siegel, 

et al.(1981) showed that in dog basilar arteries acidification from pH 7.4 to 6.8 by 

elevating CO2 hyperpolarized vascular smooth muscle by 5.6 mY, while 

alkalinization to pH 7.8 by lowering CO2 depolarized the smooth muscle by 5.6 

mY. These results were supported by Harder, et al., (1982; 1985) who found that 

in rat cerebral arteries CO2-acidification from pH 7.4 to 7.2 hyperpolarized vascular 

smooth muscle by 9 mV from a resting membrane potential of -65 mY. They 

concluded that alteration of membrane potential mediates the effects of CO2 and pH 

on vascular tone. 

Since previous studies of the effects of pH on membrane potential altered 

pH primarily by changing CO2 level it is possible that the effects observed were 

due, at least in part, to CO2 rather than W ion. Also, those studies were limited to 

cerebral arteries, which may not be representative of other vascular beds. To 

provide further information on this important question, in the present study we 

investigated the effect of changing pHo under constant levels of CO2 on membrane 
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potential of vascular smooth muscle in isolated guinea-pig mesenteric and femoral 

,arteries. We tested the hypothesis that lowering pHo hyperpolarizes vascular 

smooth muscle cells and increasing pHo has the opposite effect. We also tested the 

hypothesis that altering pHo changes membrane conductance. To obtain more 

specific information on underlying mechanisms, we tested the hypothesis that H+ 

alters membrane potential through an effect on K channels. 
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METHODS 

Tissue Preparation 

Guinea-pigs of either sex weighing 150-400g were tenninated by CO2 

asphyxiation. Segments of mesenteric or femoral arteries were excised and pinned 

out in an open, plastic chamber. The outer diameter of the mesenteric artery is 

about in vitro 100 J.lIIl while the outer diameter of the femoral artery is about 300 

flm. Initially the chamber was continuously perfused with a modified Krebs 

solution equilibrated with 95%Ol5%C02 at 37°C and pH 7.4. The composition 

(in mM) of the Krebs solution was: NaCI, 120; KCI, 4.7; CaCI2, 2.5; MgCh, 2; 

NaHC03, 22 (at pH 7.4); NaH2P04, 1; glucose, 11, and HEPES, 10. The pHo 

was adjusted to 6.6, 7.0, 7.2, 7.4, 7.6, 7.8, and 8.0 by altering the [HC03 -] in 

the bath solution. The [HC03 -] needed to achieve any given solution pH was 

estimated from the following equation (Gillies, et al. 1990): 

[HC03-] = (1.52 mM) x [10 (pH-6.24)] [1] 

where 6.24 is the pKa for the process of hydration and 1.52 mM is the [C02] in 

Krebs at 37°C and peo2 40 mmHg. 

In preparing the modified Krebs solution, solution pH was measured with a 

Corning-glass combination electrode and a Beckman model 71 pH meter. The 

electrode was calibrated from pH 7.0 to 10.0 using a commercial buffer at 37°C. 

Changing Tissue Bath pH 

For each experiment, Krebs solutions of three different pH levels were 

prepared. One was at pH 7.4 and was used as a control solution, while the other 

two were below and above 7.4 respectively. The perfusion delivery system was 

driven and controlled by a pump (Masterflex, Cole-Parmer) that maintained a 
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perfusate flow rate of 15 mVrnin. The input of the pump was connected to a 

manifold leading to the three perfusate solutions, while the output tube of the 

pump was connected to the input of the tissue chamber. The fluid level of the 

tissue chamber was held constant by aspiration. At the beginning of each 

experiment, the tissue was perfused with the pH 7.4 solution. Before changing 

the tissue bath pH, we turned off the pump, moved the input tube of the pump to 

another perfusate, and then restarted the pump. Following the same procedure, 

the tissue bath pH was returned to 7.4. 

The same protocol was used for application of varying concentration of KCI 

as well as application of BaC~, glibenclamide and cromakalim. 

Measurement of pHo 

A pH sensitive microelectrode (MEPH2, World Precision Instruments) was 

positioned as close possible to the impalement point in the small artery and the 

plio around the small artery was then be continously monitored by a pH meter 

(J671P, World Precision Instruments). 

Electrophysiological Measurements 

Intracellular membrane potential recordings were made using 

microelectrodes pulled from fiber-containing glass tubes (AFI20-85-10, Sutter 

Instrument Co.) using a Brown-Flaming micropipette puller (Model P-87, Sutter 

Instrument Co.). The microelectrodes were fllled with flltered O.5M KCI 

solution. Only electrodes with tip resistance of about 100 M.Q and tip potentials of 

less than 5 m V were used. The KCI filled microelectrode was flIst mounted in an 

electrode holder (MEHIR,World Precision Instruments) which was then mounted 

in a head stage or electrode probe (A-M System Inc.). The latter was then 
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mounted in a micromanipulator (Leitz). By adjusting the micromanipulator, the tip 

of the microelectrode was positioned vertically just above the exposed area of the 

small artery which was pinned on the base of the tissue bath. By tapping the 

micromanipulator, arteries were impaled from the adventitial surface. Electrical 

signals recorded from vascular smooth muscle were fIrst collected by a 

neuroprobe amplifIer (Model1600, A-M System Inc.) and amplifIed 10 fold. The 

amplifIed output analog signals were then fed into an analog-digital converter 

(Digidata 1200, Axon Instruments Inc.) for digitization. The digital signals were 

stored in an PC computer (486 MiniDesktop, Gateway2(00) and further analyzed 

by a software package (pClamp, Version 5.1, Axon Instrument Inc.). The output 

analog signals were also simultaneously transferred to an NC video cassette 

recorder adapter (PCM-4, Medical System Corp.) and stored on video tape with a 

Sony video cassette recorder (SL-56oo). 

Measurement of Membrane Potential With Alteration of pHo 

After the arteries were dissected and pinned out in the tissue chamber, the 

vessels were equilibrated in the bath with the Krebs solution at pH 7.4 for at least 

30 minutes before recording. Resting membrane potential recordings were 

acquired beginning one minute or more after cell impalement to allow time for the 

membrane to become sealed and membrane potentials to reach a steady state. At 

the end of the recording period for each cell, the microelectrode was removed to 

determine the electrical zero. After recording for 5 minutes at pH 7.4, the 

perfusate was then changed to Krebs solution of pH 6.6, 7.0, 7.6, or 7.8. The 

resting membrane potential was then continuously recorded at the new pH for 5 

minutes and the value of this time was taken as representative of the effect of pH 



on resting membrane potential. The solution pH was then changed back to 7.4 

while the resting membrane potential was continuously recorded. 

Dependence of Membrane Potential on Extracellular Potassium Concentration 

([K+],,) 
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To determine the dependence of membrane potential on potassium, we 

increased or decreased the extracellular concentration ([KCI]O> from a control level 

of 4.7 mM as described above for alteration of plio, continuously recording the 

resting membrane potential of mesenteric arteries until it reached a steady state, 

which usually required 2 min. We then returned the [KCI]o to the control level. 

This procedure was carried out over a range of [KCI]o values of 1 to 80 mM at 

pHo of 7.4 and 37 °c. These values for membrane potential were then compared 

with the Goldman and Nernst predictions as described below. 

Goldman and Nemst Prediction 

Values for the parameters in the Goldman equation were adjusted to provide 

the best match of predicted membrane potential to the measured value over the 

[K+]o range 1 to 80 mM. This was achieved by adjusting values of [K+]i' [Na+]i' 

[CI"]i' and the relative permeabilities of K., cr, and Na+ (pK+/pCr/pNa+) within the 

range reported for submucosal arterioles (reviewed by Hirst and Edwards, 1989). 

Optimal values were obtained using Sigma Plot software (Version 5.0). The 

Nernst prediction was generated by applying the values of [K+]. obtained from the 

Goldman optimization procedure. 
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Measurement of Excitatory Junction Potential (ElP) 

To detennine whether membrane conductance is altered by plio, we 

examined the time constant of decay of the excitatory junction potential (EJP). 

The decay time constant of the EJP is the function of membrane capacitance and 

membrane conductance. Since the membrane capacitance of most cells is constant 

(reviewed by Hirst and Edwards,1989), changes in the time constant of the EJP 

of vascular smooth muscle will most likely reflect changes in membrane 

conductance or gap junction conductance, with a longer time constant indicating a 

lower membrane conductance or a lower gap junction conductance. 

To elicit the EJP, the proximal end of the artery was placed on a pair of 

bipolar platinum electrodes with the perivascular stimulating site about 1 cm from 

the recording site in the vessel. After intracellular impalement and achievement of 

a stable resting membrane potential, square wave pulses of 0.1 ms duration and 

O.S Hz in the range of 1O-IS0V were delivered from the stimulator (Grass S88) 

through a stimulus isolation unit (Grass SIU-S). An EJP was evoked by a single 

pulse. The amplitude and decay time constant of the EJP was analyzed by a 

software package (pClamp, Version S.I). 

Calculation of Membrane Conductance 

In this study we evaluated membrane conductance by measuring the time 

constant of the EJP, which is generated by K and Na currents (reviewed by Hirst 

and Edwards,1989). It has been shown that the resting membrane potential of 

vascular smooth muscle is insensitive to change in external concentration of 

chloride (reviewed by Hirst and Edwards,1989). Therefore, we did not include 

chloride conductance in the conductance calculation. Membrane conductance was 

calculated from the chord conductance equation as follows: 
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V m=Ek (gk/GT) + ENa (gNJGT) [2] 

where V m is the measured membrane potential, ~ and ~a are the equilibrium 

potentials to K and Na respectively, GT is the total membrane conductance which 

is equal to the sum of K conductance (gJ and Na conductance (gNJ (Northover, 

1992). GT is also equal to the membrane capacitance divided by the decay time 

constant of the EJP. To calculate gk and gNa, the above equation is converted to 

the following: 

gk=GT [(V m - ENo)/(Ek - ENJ] 

gNa=GT [(V m - Ek )/(Ek - ENa)] 

[3] 

[4] 

Effect of Selective Blockade of Inward Rectifier Potassium Channels 

To test the hypothesis that H+ exerts its effect on membrane potential by 

inhibiting outward K + current through inward rectifier K channels, resting 

membrane potential was recorded while the tissue was superfused with normal 

Krebs solution and then with a Krebs solution of pH 7.4 containing 0.5 mM 

BaCl2 (Sigma) to block the inward rectifier K channels (reviewed by Hirst and 

Edwards,1989). We continuously recorded the resting potential until it reached a 

steady state. We then superfused the tissue with a Krebs solution of pH 7.8 or 

6.6 with 0.5 mM BaCl2 and continuously recorded the resting potential until it 

reached a new steady state. Finally, we replaced that solution with one of pH 7.4 

containing 0.5 mM BaCI2• In some experiments, EJPs were recorded after BaC~ 

was added to the Krebs solution. 
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Effect of Selective Blockade or Opening of ATP-regulated Potassium Channels 

To test the hypothesis that If exerts its effect on membrane potential by 

inhibiting ATP-regulated K channels (KA'Il')' we added glibenclamide (Sigma) and 

cromakalim (Sigma), an antagonist and an agonist of KA'Il' channels separately to 

the suffusing solution of guinea-pig mesenteric arteries. We utilized either 5 J.LM 

glibenclamide or 500 nM cromakalim in Krebs solutions of pH 6.6, 7.4, or 7.8 

and perfused the bath with each solution after a period of recording control resting 

membrane potential at the same pH level. We then continuously recorded the 

resting potential until it reached a steady state. Finally, we returned the perfusate 

solution to the control composition at the same pH. 

Data Analysis 

All data are expressed as the Mean ± Standard Error. N represents the 

sample size. The two tail student t test was used to determine the significance of 

differences between two groups. A p value less than 0.05 was considered 

significant. In some studies, ANOV A (analysis of variance) and ANCOV A 

(analysis of co-variance) were also used. 



RESULTS 

Effect of pHo on Resting Membrane Potential 

Mesenteric Arteries: 
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At plio 7.4, resting membrane potential was -74±1(25) mY. Lowering pHo 

below 7.4 depolarized and increasing plio above 7.4 hyperpolarized vascular 

smooth muscle in mesenteric arteries. As shown in Fig. 1 the depolarizing effect 

was 77% complete within 5 min and the hyperpolarizing effect was maximal at 5 

min. All data reported was obtained 5 min after changing solution pH. Resting 

membrane potential ranged from -60±4(15) mVat pH 6.6 to -95±4(7) mVat pH 

8.0 (Fig.2A). Using multiple comparisons based on ANOV A and ANCOV A, the 

change in membrane potential as plio was changed from 7.4 to 6.6, 7.0, or 8.0 

was found to be significant. The change in membrane potential as pHo was altered 

from 7.4 to 7.2 or 7.6 was not significant. 

Femoral Arteries: 

To determine whether the plio-induced change in Vm we observed is unique 

to the mesenteric artery, we repeated the experiment using the femoral artery for 

comparison. At plio 7.4, resting membrane potential was -66±1(11) mY, which 

was significantly less negative than that of mesenteric arteries. Lowering pHo also 

depolarized vascular smooth muscle in femoral arteries, while increasing pHo had 

the opposite effect and the magnitude of change was greater in femoral than in 

mesenteric arteries. (Fig.2B). After 5 min of exposure to an altered pH, resting 

membrane potential ranged from -43±5(8) mV at pH 6.6 to -87±4(7) mV at pH 

7.8. The membrane potential at pH 6.6 and 7.8 was significantly different from' 

that at pH 7.4. 
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Time Course of Resting Membrane Potential During Chcnage in pHo 

When pRo was decreased from 7.4 to 6.6, the mesenteric artery depolarized 

with a latent period of S±2 (S) seconds. When plio was increased from 7.4 to 

7.S, the latency of the Vm change was lo±l (9) seconds. There was no 

significant difference in latency of Vm between these two procedures, suggesting 

that the mechanism of the response of Vm to either external acidosis or external 

alkalosis is similar. When plio was decreased from 7.4 to 6.6, the half time of 

change in Vm was 5o±17 (6) seconds and when pRo was increased from 7.4 to 

7.S, the halftime of the change in Vm was 3S±5 (12) seconds. 

Effect of [J(f" loon Membrane Potential 

The membrane potential of mesenteric arteries was measured over a range of 

[K+]o from 1 to SO mM at pHo of 7.4 and 37 °c as shown in Fig. 3. Also shown 

are both Nernst and Goldman predictions. The following parameters were 

obtained with our optimization procedure: [K+]j=147 mM, [CI-]j=69 mM, 

[Na+]j=15 mM, and pK+/pCr/pNa+=1:0.029:0.005 using Krebs solution 

composition of, [Kl=4.7 mM, [CI-J.=134 mM, and [Nal=143 mM. The Nernst 

equation fit the data well in the range of 15 to 80 mM. This rmding indicates that 

K+ is mainly responsible for the resting membrane potential within this range of 

[K+]o. At [K+]o < 15 mM, measured membrane potential is depolarized relative to 

that predicted by the Nernst equation. By contrast, the Goldman equation fit the 

data very closely in the range of [K+]o from 1 to 80 mM, suggesting that ions 

other than potassium also contribute to the resting membrane potential at [K+]o 

below 15mM. 
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The time course of the change in Vm was also measured with alteration of 

[K+]o from 4.7 to 25 mM. The latent period was 4±2 (6) seconds and the half 

time was 24±5 (6) seconds. 

Effect of pHo and [J(+lo on Membrane Potential 

To determine whether the effect of pHo on resting membrane potential of 

mesenteric arteries is influenced by the absolute value of membrane potential, we 

increased the [KCI]o from 4.7 to 25 mM while holding pHo at 6.6, 7.4 or 7.8. 

With a [K+]o of 25 mM, vascular smooth muscle was depolarized at all the above 

levels of pHo' the regression slope for pH versus membrane potential was 

however the same as at control [K+]o (4.7 mM) as shown in Fig. 4. Thus, 

elevating [K+]o did not affect the slope of the pH-induced change in membrane 

potential, suggesting that the effect of pRo is not voltage dependent within the 

range of about 30 m V depolarization. 

Effect of pHo on the Decay Time Constant of the ElP 

When vascular smooth muscle is depolarized by sympathetic nerve 

stimulation, it typically decays and returns to the resting potential in an 

exponential fashion. In mesenteric arteries, lowering pHo from 7.4 to 6.6 

significantly increased the decay time constant ofEJP by 33% (from 245±7 to 

367± 22 ms), while increasing pRo from 7.4 to 7.8 significantly shortened the 

time constant by 27% (from 245± 7 to 180± lOms)(Fig. 5). In femoral arteries, 

lowering pRo from 7.4 to 6.6 significantly increased the decay time constant of 

EJP by 55% (from 287±11 to 445±16 ms), while increasing pHo from 7.4 to 7.8 

shortened the time constant by 7% (from 287±11 to 266±11 ms) as shown in 

Fig. 5. These data suggest that changes in pHo alter membrane conductance. 
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Effect of [K+lo on ElP Time Constant 

We have shown that lowering plio lengthened the decay time constant of the 

EJP but also caused depolarization. To detennine whether the change in time 

constant may be secondary to change in membrane potential, we elevated [KCI]o 

to depolarize the vascular smooth muscle of mesenteric arteries to the same level 

of resting membrane potential as obtained by reducing pH. Elevating [KCI]o 

shortened the time constant by 60%, from 245 ms to 97 ms (data not shown), 

showing that the acidosis-induced increase in the time constant is not secondary to 

depolarization. 

Effect of BaCl2 and pHo on Membrane Potential 

To determine whether change in plio affects outward K current through the 

inward rectifier K channels, we introduced BaCI2, which can block these channels, 

into the bathing solution. When 0.5 mM BaC~ was added to Krebs solution at pH 

7.4, vascular smooth muscle of mesenteric arteries was depolarized by about 20 

m V as shown in Figure 6. After the BaCl2-induced depolarization reached a steady 

state, changing the solution to pH 7.8 had no significant effect on membrane 

potential. Thus, Ba2+ inhibited alkalosis-induced hyperpolarization. These data 

suggest that increasing pHo from 7.4 to 7.8 may enhance K current (I~) through 

inward rectifier K channels and cause hyperpolarization. 

By contrast, as shown in Figure 6, superfusion of a Krebs solution of pH 

6.6 and 0.5 mM BaCl2 appeared to enhance the depolarization induced by lowering 

pH. In the presence of Ba2+, acidosis depolarized the membrane by 45%, which 

was significantly greater than the 20% change seen in the absence of Ba2
+. 
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Effect of BaCl2 and pHo on ElP Time Constant 

The data from preceding study (Fig. 6) provides evidence that the outward 

K+ current may be enhanced during alkalization. A separate test of this hypothesis 

is to examine the effect of Ba2
+ on the EJP time constant during alkalization. 

Superfusion with a Krebs solution of pH 7.8 with 0.5 mM BaCl2 completely 

inhibited the alkalosis-induced decrease in time constant of the EJP as shown in 

Fig. 7. This finding is consistent with the suggestion that increasing pHo from 

7.4 to 7.8 alters membrane potential by enhancing K+ current through inward 

rectifier K channels. However, lowering pHo from 7.4 to 6.6 decreased the EJP 

time constant in the presence of Ba2+ (Fig. 7). This finding is not consistant with a 

role for ~r channels in the depolarization seen with acidosis. Possibly ions other 

than potassium are involved in the depolarization induced by acidification in the 

presence of Ba2+. 

Effect of Selective Blockade or Opening of ATP-regulated Potassium Channels 

To determine whether ATP-regulated K channels (KAll') might also 

contribute to pH-induced change in membrane potential, we examined the effect of 

blockade and opening of these channels. At pH 7.4, application of 5 J.1M of the KAll' 

channel blocker glibenc1amide did not significantly alter membrane potential. 

Similarly, application of 500 nM of the KAll' channel opener cromakalim did not 

significantly change resting membrane potential. These fmdings suggest that ATP

regulated K channels do not contribute to resting membrane potential of mesenteric 

arteries. Also, there was no significant difference in the regression slopes of pH 

versus membrane potential among the groups (Fig. 8), indicating that ATP

regulated K channels are not involved in the effect of pH on resting membrane 
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potential. The fmdings with cromakalim also suggest that Ca-regulated K channels 

may not be involved in the effect of pH on membrane potential. 
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DISCUSSION 

A major fmding of the present study is that lowering pHo with constant CO2 

level causes depolarization of vascular smooth muscle in both small mesenteric 

and femoral arteries, whereas increasing pHo induces hyperpolarization. 

Together, the visceral and skeletal muscle vascular beds represent a substantial 

fraction of the peripheral vasculature. The changes in membrane potential we 

obtained are opposite to those reported by Siegel (1981) and Harder (1982; 1985) 

in cerebral arteries when pHo was altered by changing CO2 level. They interpreted 

the CO2-induced change in membrane potential was due to the change in pHi 

rather than pHo' which has been generally accepted for a long time. However, 

Harder also found that when pHo was lowered from 7.4 to 7.0 by decreasing 

[HC0
3
-]o with a constant level of CO2 as used in our study, resting potential of 

cerebral vascular smooth muscle appeared to depolarize by about 5 m V although 

the effect was not statistically significant (Harder and Eick, 1985). Others have 

reported findings similar to ours in studies of metabolic acidosis on cardiac 

Purkinje fibers (Lauer, 1984) and basolateral membrane of proximal renal tubules 

(Belo-Reuss, 1982). 

Possible Roles of pHo and pH; in the Change in Membrane Potential 

The nature of our study did not allow us to determine directly whether the 

changes in membrane potential were due to an extracellular or intracellular effect. 

However, the time course of the change in membrane potential provides some 

perspective on this issue. 
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The latent period and half time of change in V m when pRo was altered from 

7.4 to 6.6 was approximately twice as great as when [K+]o was changed from 4.7 

to 25 mM (8±2 vs. 4±2 and 50±17 vs. 24±5 seconds respectively). The longer 

time course could reflect proton passage through the plasma membrane. 

However, since the aqueous diffusion coefficient of K+ is 1.957 100S cm2 S·1 and 

that of HCOi is 1.185 100s cm2 S·1, much of the difference in the time course 

could also be attributed to the slower diffusion of HCOi between the adventitial 

surface of vascular smooth muscle and the bath solution following the 

concentration gradient. It is also possible that this time difference is due in part to 

interaction between H+ and H+ sensitive ion ~hannels. On this basis, it appears 

quite possible the effect of pH on membrane potential is mediated extracellularly. 

In further support of this possibility we have found in separate studies that when 

pRo was changed from 7.4 to 6.6 the latent period and half time of change in pHi 

were much longer than those ofVm, namely, 45 seconds and 7 minutes 

respectively, (Liu, Gillies, Martinez-Zaguilan and Johnson, unpublished data). 

Thus the effects on membrane potential observed in this study are most consistent 

with an extracellular site of action. 

As noted above, Siegel (1981) and Harder (1982, 1985) reported effects of 

pH on membrane potential opposite to ours, using CO2 to alter suffusate pH. It is 

known that CO2 rapidly alters intracellular as well as extracellular pH (Wray, 

1988). When CO2 in the suffusate is altered the effect 011 intracellular pH may 

outweigh the effect on extracellular pH. In support of this possibility, we have 

observed that when external concentration of HCOi is altered, for a 30 min 

period vascular smooth muscle cells in both mesenteric and femoral arteries tend 

to repolarize somewhat toward their control level (Liu and Johnson, unpublished 
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data) and at the same time intracellular pH slowly changes in the same direction as 

extracellular pH (Liu, Gillies, Martinez-Zaguilan and Johnson, unpublished data). 

Possible Mechanisms of pHo-induced Change in Vm 

In respect to our fmdings, there are at least three possible mechanisms 

which may be responsible for the effect of change in plIo on the resting membrane 

potential, namely, changes in proton electrochemical gradient across the 

membrane, alteration of membrane conductance and alteration of Na+-H+ 

exchange. Considering the fIrst mechanism, we calculated the H+ equilibrium 

potential based on the Nemst equation. At an extracellular pH of 7 A, the 

calculated H+ equilibrium potential is about -25 mV, asSllming intracellular pH is 

7.0. The relative permeabilities of K+ to H+ in vascular smooth muscle are 

unknown but using the value for lipid bilayers of liposomes of 1: lOS (Deamer 

and Nichols, 1989), we calculated from the Goldman equation that lowering pHo 

from 704 to 6.6 would depolarize vascular smooth muscle by only 0.04 m V. 

Thus it appears unlikely that the effect of pH on membrane potential is due to a 

change in the H+ electro-chemical gradient across the cell membrane. There is 

evidence that H+ channels are present in non-smooth muscle cells such as 

neutrophils (Kapus, et al, 1993). However, there is no evidence that H+ channels 

are present in vascular smooth muscle cells. Even if H+ channels are available in 

vascular smooth muscle cells and they are fully opened, the large recorded 

depolarization (about 15 mV) caused by decreasing pHo from 704 to 6.6 still 

cannot be due to the passive influx of H+ according to the above calculated 

changes in Vm (0.04 mV). 

Considering the second mechanism, we found that the resting membrane 

potential of mesenteric vascular smooth muscle ( .. 74 m V) was fairly close to the 
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K+ equilibrium potential (-92 m V). We also found that the measured membrane 

potential fit closely with the Goldman prediction and reasonably well with the 

Nemst prediction using the parameters obtained with an optimization procedure 

(Fig. 3). The values of our optimal parameters are in range of those obtained in 

guinea-pig submucosal arterioles (reviewed by Hirst and Edwards,1989). These 

data indicate that the resting membrane potential of vascular smooth muscle in the 

mesenteric artery is predominantly determined by the membrane conductance to 

K+. 

Reduction of intracellular pH secondary to the change in extracellular pH 

may activate Na+-H+ exchange, which will lead to influx of Na+and may cause 

depolarization. However, this exchange is not an electrogenic pump. Since one 

H+ ion is pumped out for each Na+ ion pumped in, the exchange will not affect 

resting membrane potential. Alteration of intracellular pH secondary to the change 

in extracellular pH may also activate the Na+-HC03 - transporter and may lead to 

change in membrane potential. However, there is evidence that the Na+-HC03-

transporter in smooth muscle cells is an electroneutral pump and does not affect 

Vm (Aalkjaer and Hughes, 1991), which is in contrast to what has been reported 

in other cells such as glial cells (Munsch and Deitmer, 1994). 

In this study we estimated pK+/pCr/pNa+was 1:0.029:0.005. If CI

conductance is affected by altering pHo, resting membrane potential might also be 

expected to change. However, the ratio ofCl'permeability to K+permeability 

optimized in this study is much smaller than that of squid axon, i.e. 0.2: 1 

(Hodgkin and Katz, 1949) where changing [Cno only transiently affected Vm. 

Also it has been reported that in guinea pig submucosal arteriole and rat 

pulmonary artery changes in extracellular concentration of CI- changed resting 

membrane potential of arterial smooth muscle only slightly (Hirst and van 



HeIden, 1982; Suzuki and Twarog, 1982). Moreover removing CI- from the 

bathing solution of guinea pig superior mesenteric artery did not alter resting 

membrane potential (Harder and Sperelakis, 1978). From these studies we 

conclude that the CI- conductance of arterial smooth muscle does not contribute 

significantly to the resting membrane potential. 

Effect of pHo On Membrane Conductance 
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Based on the considerations described above, the most likely explanation 

for the effect of pH on membrane potential is through alteration of membrane 

conductance. Direct measurement of membrane conductance is possible in single 

isolated cells with current injection methods but since smooth muscle cells in 

arteries are electrically well coupled, this is not feasible in our preparation. 

Therefore we evaluated the membrane conductance by measuring the decay time 

constant of EJPs as described by Hirst and Edwards (1989). Since the membrane 

capacitance is usually fixed, changes in decay time constant of the EJP are thought 

to reflect changes in membrane conductance. Our analysis showed that the rate of 

decay of the EJP fit well to a single exponential function, as found by Hirst and 

Edwards (1989). Lowering pHo increased the decay time constant, suggesting that 

membrane conductance was decreased; while increasing pHo had the opposite effect 

(Fig.S). To determine whether the lengthened EJP induced by acidosis may be 

secondary to depolarization, we elevated [KCI]o to depolarize the vascular smooth 

muscle to the same level as by reducing pH. However, elevating [KCI]o shortened 

the time constant, showing that acidification increased the time constant despite the 

effect of depolarization. Edwards and Hirst (1988) also reported that increased 

[K+]o decreased the duration of EJP in guinea pig submucosal arterioles. Our 



finding is also consistent with the report of Hennsmeyer (1976) who found that 

depolarization by elevation of [K+]o increased K conductance of vascular smooth 

muscle in rat portal vein. Therefore, the acidosis-induced increase in the time 

constant is not due to depolarization but rather an effect of pH. 

Gap Jwzction Conductance 
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It is known that vascular smooth muscle cells are well coupled through gap 

junction channels in small arteries (Hirst and Edwards, 1988). It has been reported 

that CO2-induced acidosis greatly reduces gap junction conductance in isolated adult 

rat ventricular myocytes, amphibian embryos, fish embryo, crayfish axon (Spray, 

et al., 1984). Burt (1987) found similar results, namely reversible uncoupling, in 

neonatal rat ventricular myocytes with CO2-induced acidosis. If gap junction 

conductance is reduced, membrane conductance will also be decreased and the 

decay time constant ofEJPs will be increased. However, Burt (1989) found no 

effect of reducing extracellular pH from 7.2 to 5.0 on gap junction conductance in 

neonatal rat ventricular myocytes, suggesting that H+ acts on intracellular rather than 

extracellular binding sites. Based on our measurement of the change in pHi with 

alteration of pHa as described in chapter 3, we estimate that pHi was decreased by 

0.18 pH unit (from pHi 6.91 to 6.73) 5 minutes after pHa was lowered from 7.4 to 

6.6. To calculate the change of gap junction conductance, we fit these values into 

the Hill equation (Spray and Bennett, 1981): 

OJ=Knl(K~ [H+]n) 

where OJ is the junctional conductance normalized with respect to its maximum 

value and K is the concentration at which OJ is 0.5, and n, the Hill coefficient, is the 

effective number of cooperative binding sites. Assuming the gap junction response 

to intracellular acidosis is the same in vascular smooth muscle and cardiac muscle, 
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we choose values for K=IQ-6.8 M or pKa=6.8 (Reber and Weingart, 1982) and n=2 

(Spray and Burt, 1990). Based on these values, we calculated that gap junction 

conductance in our preparation would decrease by 34% with an reduction in pHi of 

0.18 pH unit (from pHi 6.91 to 6.73). Gap junctions have been reported to 

contribute about 19.5% oftota! membrane conductance (Hirst and Neild, 1978) in 

arteriolar smooth muscle. The associated change in gap junction conductance was 

34% and represents change of 34% xI9.5%, i.e., 6.6% of total membrane 

conductance. The above calculation of effect of pHi on gap junction conductance of 

vascular smooth muscle cells is based on the values in the gap junction connexin 43 

of cardiac cells and the assumption the pH sensitivity of gap junction conductance is 

the same in these two types of cell~. Connexin 43 cloned from rat heart cDNA has 

also been found in vascular smooth muscle cells (Moore, et al., 1991). However, it 

is unclear whether the connexin 43 in these two types of cells has the same pH 

sensitivity. In addition, connexin 40 is expressed in both arteriolar smooth muscle 

and endothelium (Little, et al., 1995) and connexin 37 is expressed in endothelial 

cells (Reed, et al., 1993) but it is unclear whether these connexins are pH sensitive. 

It has been reported that endothelial cells are electrical coupled with vascular smooth 

muscle cells (Little, et al., 1995) but it is unclear whether this coupling is pH 

sensitive. Furthermore, in this study, bath pH was changed by changing the 

extracellular concentration of bicarbonate whereas in previous studies of effect of 

intracellular pH on gap junction, pHI was changed by changing the extracellular 

CO2 concentration, these two different methods for changing pHI can also lead to 

different results. Therefore, it is difficult to tell how precisely the above calculation 

actually represents the effect of pHI on gap junction conductance of vascular smooth 

muscle. 
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K membrane conductance 

Utilizing the decay time constant and resting potential of vascular smooth 

muscle and the chord conductance equations as described by Northover (1992), we 

calculated total membrane conductance. According to our calculations, K 

conductance contributes about 94% of total membrane conductance in mesenteric 

arteries and 82% in femoral arteries. Lowering plio from 7.4 to 6.6 reduced 

calculated total membrane conductance by 13% in mesenteric arteries and 35% in 

femoral arteries. Increasing pHo from 7.4 to 7.8 increased calculated total 

membrane conductance by 13% in mesenteric arteries and 12% in femoral arteries. 

These fmdings indicate that metabolic acidosis reduced the total membrane 

conductance, probably through an effect primarily on K conductance, whereas 

increasing pH had the opposite effect. However, our data shown in figure 3 are not 

consistent with this interpretation since the line of best fit of the data fall on the 

Nemst equation curve at 25 mM extracellular concentration of K+, suggesting 

V m=~ or Gk=<> at this concentration of K +. If this is correct, it suggests that 

changing pHo should not affect Gk at this concentration of K +, contrary to our data 

shown in figure 4. However, we did not measure the intracellular K concentration 

but used a value which allows us to have a best fit of the data on the Nernst 

equation curve. The value of [K+]j used (147 mM) is in the range of [K+]j (130-160 

mM) given by Hirst and Edwards (1989) in arterial smooth muscle cells. With a 

different value for intracellular K concentration, the curves representing the Nernst 

and Goldman equations would change and V m would not equal ~ at 25 mM 

extracellular concentration of K+. We suggest this is the case since changing pHo 

affects V m at this concentration of K+ as shown in figure 4. Our data on the role of 

the inward rectifier channel also support the concept that pH affects membrane K 

conductance. 
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Effect of pHo on Inward Rectifier Potassium Channels 

The inward rectifier K+ channels have an important role in maintaining the 

resting membrane potential in vascular smooth muscle. These channels contribute 

the major outward K current at resting membrane potential (reviewed by Hirst and 

Edwards,1989) and have a rectification property that helps to hold the resting 

membrane potential close to Ek. 

There is evidence that inward rectifier K channels exist not only in large 

blood vessels such as rat tail artery (Casteel, et al.,1988) and guinea pig ear artery 

(Kajiwara, et al., 1981) but also in small blood vessels such as resistance-sized 

cerebral artery (Quayle, et al., 1993) and cerebral arterioles of the rat (Edwards 

and Hirst, 1988). There is no report of inward rectifier K channels (KIR) in the 

guinea pig mesenteric artery. However, it has been reported that the property of 

inward rectifier K current is present in the guinea pig submucosal arteriole, the 

same vascular bed as used for this study. (Edwards, et al., 1988). 

It has been shown that lowering external pH suppresses inward K current 

through inward rectifier K channels in the starfish egg and this effect is voltage

independent (Hagiwara, et al. 1978). In accordance with this, we found that 

elevating [K+]o caused depolarization but did not change the slope of the pH

induced change in membrane potential (Fig. 4), suggesting the gating properties of 

the K channels responsible were not affected. This behavior is not consistent with 

that of voltage-gated K channels such as delayed rectifier K channels, since 

changing membrane potential will change the gating properties of those channels 

(Hille, 1992). 

Extracellular cations such as Ba2+ block the inward rectifier channel, most 

likely by entering the open channel pore (Kubo, et al., 1993). While the half-block 
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constant for barium to block the KIR in vascular smooth muscle cells from rat 

cerebral artery is less than 10 J.1M (Quayle, et al., 1993), a concentration of 0.5 mM 

barium has been used to block the outward rectifier K current through Km channels 

in that preparation and in preparation of rat cerebral arteriole and guinea pig 

submucosal arteriole (Edwards and Hirst, 1988; Edwards, et al., 1988). 

Application of 0.5 mM BaCl2 in our preparation blocked the alkalosis-induced 

hyperpolarization (Fig. 6) and appeared to eliminate the alkalosis-induced decrease 

in the time constant (Fig.7). This fmding suggests that increasing pHo may alter 

membrane potential primarily by enhancing the lKj • Consistent with this finding, it 

has been shown previously that lowering pHo from 7.4 to 7.0 decreased IKi 

conductance by 50% in cat ventricular myocytes (Harvey and Eick, 1989). 

However, in our study, in the presence of barium the depolarization induced by 

lowering p~ was enhanced and the time constant was decreased. These fmdings 

are not consistent with a role for the ~r channel in acidosis but it is possible that in 

the absence of stabilizing influence of the inward rectifier on membrane potential, 

ionic currents other than potassium dominate membrane potential. 

Delayed rectifier K channels are also present in vascular smooth muscle. 

However it has been shown that 0.5 mM Ba2+ does not affect delayed rectifier K 

current (Hirst and Edwards,1989), therefore the delayed rectifier K channels may 

not involved in the hyperpolarization induced by alkalosis. 

It has been proposed that H+ acts on ionic channels by affecting certain 

amino acid-groups in the domains of ionic channels and altering the conformation 

of the channels (Hille, 1992). Recent studies on the structure of an inward rectifier 

K channel isolated from rat skeletal and cardiac muscle by Kubo, et al., (1993) 

revealed one histidine and three cysteines located in the two extracellular 

hydrophilic domains of the inward rectifier K channel. Both histidine (pK 6.0) and 
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cysteine (pK 8.0) can release a proton and change their conformation when 

extracellular pH is above the pK. Therefore, it is possible that such a change alters 

the confonnation of the lKj channel which then changes the resting membrane 

potential. This hypothesis is similar to one proposed by Spray and Burt (1990) who 

suggested that acidification-induced uncoupling in gap junctions of cardiac cells 

may result from the protonation of titratable histidine residues present in the 

cytoplasmic loop of connexin 43. Recently, Ek, et al., (1994) tested this 

hypothesis. They found that a properly placed histidine residue is an important 

structural element for functional expression as well as for pH regulation of Cx43 

and suggested pH gating would result, at least in part, from a direct effect of the 

protons on the confonnation of the connexin protein. 

Effect o/pHo on ATP-Regulated Potassium Channels 

Numerous studies have shown that KAll' channels play an important role in 

physiological regulation of vascular smooth muscle (Nichols and Lederer, 1991). 

Glibenclamide at 5 J1M concentration is believed to completely block the A TP

regulated K channels (Nelson, 1990), while 500 nM cromakalim is believed to 

completely open ATP-regulated K channels (Gelband, 1989; Nichols and Lederer, 

1991). Application these agents did not change the resting membrane potential or 

the slope of the relationship between extracellular pH and resting membrane 

potential in this study, indicating that these channels do not contribute to the pH 

effect. Therefore, it does not appear that the depolarization caused by changing pHo 

is due to an effect on the IKATP channel. Since cromakalim also opens Ca-regulated 

K channels, the data also suggest that these channels may not be involved in the pH 

effect on membrane potential observed in these studies. 
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. Role of Endothelium in Mediating pH effects on Vascular Smooth Muscle 

There are no reports in the literature on the possible contribution of 

endothelium to the pH dependence of vascular smooth muscle membrane potential. 

Hypothetically, a pH dependent release of endothelial derived hyperpolarizing 

factor (EDHF) (Rand and Garland, 1992) could produce such an effect. However, 

there are reports that pH affects release ofEDRFINO. Iadecola (1992) reported that 

in a preparation of rat cerebral vasculature NO synthase inhibitor N omega-nitro-L

arginine attenuated the cerebrovasodilation elicited by hypercapnia (pC02=55.8 

mmHg) while the D enantiomer did not. In contrast, Mitchell, et al.(1992) reported 

that alkaline buffer (sodium carbonate, pH 8.6-9.5) also caused EDRF release. 

Also, Dembinska-Kiec, et al.(1990) found that rabbit aortic strips superfused with 

Krebs buffer at pH 7.3 were relaxed in an endothelium-dependent manner by both 

an increase in pH up to 7.6-8.5 or acetylcholine. These vasorelaxant effects were 

attenuated by methylene blue. They suggested that activation of Na+lH+ exchange 

might trigger the release of an endothelium-derived relaxing factor. In contrast to 

the above reports, Loutzenhiser, et al.(1990) reported that acute extracellular 

acidification from 7.4 to 7.0 by addition of HCI produced marked endothelium

independent dilations of rabbit aortic rings that had been precontracted with 

norepinephrine. Removal of the endothelial layer abolished the vasodilation to 

acetylcholine but did not alter the vasodilation elicited by acidification. Thus, it 

appears that only CO2 induced acidosis in cerebral vessels produces an effect on 

EDRF release consist with the observed effects of pH on vascular tone. 

In respect to a possible contribution of the endothelium to the pH 

dependence of membrane potential in our preparation, our experimental procedure 

was to tightly pin the two ends of the vascular segment to the underlying Sylgard 

layer. Under these circumstances it does not appear likely that the rapid changes we 
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observed in membrane potential could be due in significant degree to the 

superfusion solution flowing into the lumen of the artery and to the endothelium. 

Similarly, the wall thickness (30 J.lID) is too great to permit significant intraluminal 

pH alteration by diffusion. Complete resolution of this issue would require removal 

of the endothelium to assure that none of the antacoids released by the endothelium 

contribute to the change in membrane potential. 

Mechanism ofpHo Effect on Vascular Tone 

These studies leave unanswered the question of how lowering extracellular 

pH reduces vascular tone while at the same time causing membrane depolarization. 

One possible explanation is that changes in pHo may also affect the threshold of 

voltage-gated Ca channels. West, et al, (1992), reported that lowering pRo by 

reducing [HC03-] at constant CO2 level in single vascular smooth muscle cells 

isolated from guinea-pig basilar arteries depressed Ca2+ inward current through 

slowly inactivating, dihydropyridine-sensitive L-t}rpe Ca2+ channels, whereas 

increasing pHo increased Ca2+ inward current. If this effect is greater than that on K 

channel conductance, the apparent paradox could be explained. In agreement with 

this explanation, we have found that lowering pRo raises the threshold of the action 

potential (believed to be due to Ca current) evoked by perivascular stimulation of 

the mesenteric artery during application of 10 mM tetraethylammonium (Liu, Hirst, 

and Johnson, unpublished data). This issue is considered further in Chapter 5. 

In summary, these studies provide evidence that K channels may be 

involved in the effect of pH on membrane potential. However important questions 

remain. The effect of BaCh shown in figure 6 and 7 suggest that elevation of 

extracellular pH affects membrane conductance of K due to an action on Ku 

channels. However the data in figure 3 are not consistent with this interpretation. 
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As noted above, this apparent contradiction could be resolved if ~ is different from 

the value we assumed in our calculations for the Nemst and Goldman equations. 

Complete resolution of this issue would require studies of single channel 

conductance. As described in Chapter 6, such studies are planned in the next phase 

of our investigation. 
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Fig. 2.2 
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Fig. 2.4 
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Fig. 2.6 
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Fig. 2.8 
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Figure Legends 

Fig.2.t Changes in Resting Potential During Alteration of pRo. Upper panel: 

depolarization of smooth muscle in mesenteric artery when pH is lowered from 7.4 to 

6.6. Lower panel: hyperpolarization when pRo is increased from 7.4 to 7.8. Note that 

the change in membrane potential is essentially complete within 5 min. 

Fig. 2.2A Effect of pH on Resting Membrane Potential of Mesenteric Artery. 

Values shown are means ± SE. Membrane potentials were measured at pH 6.6, 7.0, 

7.2, 7.4, 7.6, 7.8 and 8.0. Asterisks (*) indicate significant difference (p <0.05) 

between resting potential at pH 7.4 and that at altered pH. Curve through data points 

represents a third order polynomial. Numbers represent impaled cells from which 

measurements were obtained. 

Fig. 2.2B Effect of pH on Resting Membrane Potential of Femoral Artery. 

Membrane potentials were measured at pH 6.6, 7.4 and 7.8. Asterisks (*) indicate 

significant difference (p <0.05) between resting potential at pH 7.4 and that at altered 

pH. Line through data points represents a first order regression. Note that the resting 

membrane potential of femoral arteries at pRo 7.4 is less negative 

(-69 m V) than that of mesenteric arteries (-74 m V). 

Fig.2.3 Effect of [K+]o on Predicted and Measured Resting Membrane 

Potentials. Filled circles, membrane potentials recorded in Krebs solution of different 

[K+]o; dotted line, Nemst prediction; solid line, Goldman prediction. 
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Fig.2.4 Effect of Elevated [K+]o on Relation Between pH and Resting 

Membrane Potential. Line through data points represents a fIrst order regression. The 

slopes of the two lines are not signifIcantly different. 

Fig.2.S Effect of pH on Decay Time Constant of EJP. Line through 

data points represents a fIrst order regression. The insert shows EJP traces at pH 6.6, 

7.4, and 7.8. 

Fig.2.6 Effect of BaCl2 on pH-induced Changes in Membrane 

Potential. When pH was altered from 7.4 to 7.8 membrane potential did not change 

signifIcantly in the presence of Ba2+. However, when pH was lowered to 6.6 

membrane potential was signifIcantly altered as indicated by asterisk (*). The inserts 

show membrane potential traces when pH was shift to pH 6.6 and 7.8 in the presence 

of BaCI2• 

Fig.2.7 Effect of BaCl2 on Decay Time Constant ofEJP. The asterisk 

(*) indicates signifIcant change in membrane potential when pH was altered from 7.4. 

The insert shows EJP traces at pH 6.6, 7.4, and 7.8 in the presence of BaCI2• 

Fig.2.S Effects of Glibenclamide and Cromakalim. Comparisons of the 

resting membrane potential and the relationship between the resting potential and pH in 

the presence of glibenclamide or cromakalim and in normal Krebs solution. Lines 

through data points represent fIrst order regressions. There were no signifIcant 

differences among the slopes of the regression lines. 
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CHAPTER THREE 

EFFECT OF CHANGING EXTRACELLULAR pH ON 

INTRACELLULAR pH OF VASCULAR SMOOTH MUSCLE 

INTRODUCTION 

In the preceding chapter we showed that lowering extracellular pH (pa) by 

decreasing suffusate [HCOi]odepolarized the membrane of vascular smooth muscle cells 

of mesenteric and femoral arteries while increasing pa by increasing suffusate [HCOi]o 

caused hyperpolarization. The time course of the change in membrane potential was 

consistent with an extracellular site of action. Earlier investigators altered pa by 

changing the level of pC02 in the suffusing solution and reported effects of pH on 

membrane potential opposite to our findings. They suggested that the effects of altering 

CO2 were the result of secondary changes in pHi rather than pa. In view of the 

difference in interpretation, in this study we monitored the change in p~ during alteration 

of suffusate HCOi. I tested the hypothesis proposed by others that the observed effects 

of altering [HCOi]o on membrane potential are caused through changes in intracellular 

rather than extracellular pH. 
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METHODS 

TISSUE PREPARATION 

Guinea-pigs of either sex weighing 150-400g were tenninated by CO2 

asphyxiation. Segments of mesenteric arteries (100-200 J.1IIl o.d., 2-3 cm length) with 

surrounding mesentery were excised and extraneous fat and connective tissue were 

carefully removed from the surface of the arteries under a dissection microscope. For 

intracellular pH measurement a segment of artery 17-19 rom long was mounted flush on a 

glass cover slip (lOx 22 rom) by securing the two ends of the artery with an elastic band 

and positioning the vessel on the center of the coverslip. 

To identify the cells involved in SNARF-l dye uptake, some of the dissected 

isolated arteries were examined using phase contrast microscopy, fluorescence 

microscopy, and transmission electron microscopy. For phase contrast and fluorescence 

microscopy, the arteries were placed in a mold filled with an embedding compound, 

O.C.T.4583 (Miles Scientific), and the tissue specimens were frozen at -20°C. For 

transmission electron microscopy, the dissected arterial tissue was fixed in half strength 

Karnovsky's fixative solution. 

MORPHOLOGICAL STUDIES 

Since the fluorescence spectroscopy to measure pHi of vascular smooth muscle 

cells in mesenteric arteries involved epi-illumination of the adventitial surface of the 

artery, we need to know how the dye (SNARF-l) is distributed in the arteries. 

Specifically it is important to detennine whether other cells such as fibroblasts are present 

in the adventitial layer in sufficient numbers to significantly affect the measurement. Our 

first step was to examine the artery wall with transmission electron microscopy. The 



93 

dissected arterial tissue was fIxed in half strength Kamovsky's fIxative solution (in O.IM 

Cacodylate, pH 7.2) for 2 hours. The tissue was then washed three times in 0.1 M 

Cacodylate buffer, for a total of 30 minutes. The tissue was then put into 2% Os04 in 

0.1 M Cacodylate buffer for 1 hour. The tissue was then washed three times in 0.1 M 

Cacodylate buffer, for a total of 15 minutes. The tissue was dehydrated in a graded series 

of ethanol from 50% to 100% and transferred to 100% ETOHI Spurr (50:50) solution 

overnight and subsquentially placed in 100% Spurr for 8 hours. All the above procedures 

were performed at room temperature. The tissue was then embedded in pure Spurr and 

cured at 60°C for 24 hours. The tissue was then cryo-sectioned with a diamond knife on 

an ultramicrotome (Reichert Ultracut E, Leico) to a thickness of 60-90 nm. The cut 

sections were placed on the copper grids and stained with uranyl acetate and lead citrate. 

Finally, the grids were examined on an electron microscope (Philips CM 12 S, Philips 

Electronic) at 80 kV. Photomicrographs were taken in the magnifIcation range of700x-

7800x. 

Our second step was to identify the distribution of pH sensitive dye in the arterial 

tissue using fluorescence microscopy. Arteries were placed in a mold fIlled with an 

embedding compound 0.C.T.4583 (Miles ScientifIc) and the tissue specimens were 

frozen at -20°C. The frozen tissue block was then cryo-sectioned on a microtome 

(CRYO-Cut, American Optical Co.) to a thickness of 10-20 J,Lm. Photomicrographs were 

taken at 40x magnifIcation. 

DYE LOADING 

All pHi measurements were performed in a temperature controlled cuvette unit 

housed in an SLM8000c spectrofluorometer (SLM, Urbana, IL) at 37°C, using SNARF-

1 (Molecular Probes, Eugene, OR) as a pH indicator. This dye was loaded into the 

arteries as described previously (Martinez-Zaguilan, et al, 1991), with slight 
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modifications. Briefly, the dissected arteries were incubated in Krebs solution (pH 7.4) 

containing 7 J1M SNARF-l (AM) in a modular incubator (VWR mod. 1820IR,) under 

95% air/5% CO2 at 37°C. After 45 minutes, the arteries were washed with Krebs solution 

and further incubated in the fresh Krebs solution (pH 7.4) for another 30 minutes to 

allow for complete hydrolysis and washout of the dye. Subsequently, the preparation 

was mounted in a perfusion-through device (Ohkuma, et al, 1978) and placed in the 

fluorometer cuvette. 

PHI MEASUREMENTS 

The fluorescence of SNARF-l was excited at 534 nm and monitored using 

emission wavelengths of 584, 600 and 644 nm. The fluorescence at 600 om (isoemissive 

point) is proportional to the total amount of intracellular SNARF-l and can be used to 

monitor fluorescent artifacts and/or quenching. The ratio of fluorescence intensities at 

emissions of 644 and 584 nm was converted to pHI values using the following equation 

(Martinez-Zaguilan, et al, 1991) : 

pH=pKa+log(Sf2/Sb2)+log[(R-Rmin)/(Rmax-R)] eqn [2] 

where R, Rmin and Rmax are the measured, minimum, and maximum ratios, respectively, 

and Sf2/Sb2 are the fluorescence values for the free and bound fonDS of the dye, 

respectively, at the denominator wavelength. The parameters pKa, Rmin, and Rmax were 

obtained from in situ calibration curve performed by titration of the small artery. This was 

achieved by collapsing the pH gradients across the cell membrane of the small artery 

using a high K+ buffer containing 147 mM KCl. This buffer was supplemented with 2 

J1M Valinomycin and 6.8 J1M nigericin. The high K+ is used to approximate the 

intracellular K+ concentration. Valinomycin completes the collapse of the K + gradient 

without significant effects on cell volume, and nigericin sets the H+ gradient equal to the 

K+gradient which, in this case, is unity (Martinez-Zaguilan, et al, 1991). The pH was 
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increased stepwise by adding 3 J.1l aliquots of 1 M NaOH into the fluorometer cuvette. 

From the in situ calibration curve, we determined the pKa of pHi to be 7.61, the Rmin of 

pHi to be 0.40, Rmax of pHi' 3.14 for SNARF-I in smooth muscle. 

After the completion of dye loading and time for hydrolysis at pRo 7.4, the 

mesenteric artery was taken from the incubator and mounted in the fluorometer cuvette at 

pRo 7.4. Sometimes there was small decline in pHi initially but usually reached a steady 

state within 10 minutes. Therefore, we fIrst recorded the pHi for 10 minutes at pRo 7.4. 

We then switched the perfusate to either lower or higher than 7.4. pH was then 

continuously recorded for 30 minutes at the new pRo. 
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Examination of the mesenteric arteries by electron microscopy showed that the 

tunica adventitia consists primarily of collagenous and elastic fibers. Fibroblastic cells are 

sparsely distributed in the tunica adventitia (Fig. 1). There are many gaps in the tunica 

adventitia itself (Fig. 1 ). The external elastic lamina covers the external surface of tunica 

media which consists of multiple layers (8-10) of circularly arranged smooth muscle 

cells. There are also numerous gaps in the external elastic lamina (Fig. 1). Therefore, it 

appears that pathways are available for the pH sensitive dye (SNARF-l) to diffuse 

through the external elastic lamina into the tunica media, which consists of 8-10 layers of 

vascular smooth muscle cells. 

The arteries were also sectioned and examined by fluorescence microscopy to 

determine localization of SNARF-l. By comparison of the phase contrast and 

fluorescence images it is apparent that dye is present throughout the tunica media in the 

area of the artery exposed to the dye (Fig 2). The tunica adventitia also exhibited some 

SNARF-l fluorescence. Dye was not present in the endothelium. Diffusion of the dye 

into the lumen of the artery was prevented by elastic bands which occluded the ends of 

the vessel. 

RESPONSE OF pHI TO ALTERATION OF [HCOJ-]o 

Magnitude of Change in pHi 

At plio 7.4, pHi is 6.91± 0.06 (20), indicating the intracellular environment is 

acidic compared with the extracellular environment. As shown in Fig. 3, when pHo was 

changed pHI changed also although the change was not as great and required several 

minutes to reach completion. There was no tendency for the pHI to return to its control 
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level. As shown in Figure 4, we found that increasing plio by 0.4 pH unit increased pHi 

by O.24±O.04 (7) pH unit, a change which was significant. We also found that 

decreasing plio by 0.4 and O.S unit decreases pHi by 0.25±O.04 (S) and 0.45±O.05 (S) 

respectively. Thus it appears that a linear relationship exist between p~ and plio within 

the pHorange of6.6-7.S with a slope ofO.5S pHi per unit change in plio. 

Time Course of Change in pHi 

When plio was decreased from 7.4 to 6.6, the latent period before pHI changed and 

half time of the change was 45±S sec (S) and 6.SS± 0.31 min (6) respectively. After plio 

was increased from 7.4 to 7.S, the latent period of pHI was 1.I±O.2 min (9) and halftime 

of the change was 3.4±O.3 min (6). 
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DISCUSSION 

Origin of fluorescence signal 

Upon loading the dye SNARF-l from the upper adventitial surface, the dye is first 

taken up by fibroblastic cells in the tunica adventitia. After the dye passes through the 

tunica adventitia, it diffuses through numerous gaps in the external elastic lamina into the 

layers of vascular smooth muscle cells in the tunica media. It appears that the dye was 

uniformly loaded through the adventitial and medial layers of small artery but not in the 

endothelium as shown in figure 2. A possible complication in this measurement is the 

. presence of the dye in other types of cells, specifIcally fibroblastic cells and possibly 

endothelial cells as well. To estimate the possible contribution of fibroblastic and 

endothelial cells to the total fluorescent signal, we first considered the worst case situation 

i.e.when all cells contribute to the signal and the fibroblastic cells form a complete 

monolayer. The total cross-sectional area of the fibroblastic layer in this case is 1491 

J.lIIl2, while the cross-sectional area of smooth muscle cells is 5815 J.lIIl2, and of 

endothelial cells is 518 J1m2. If we assume that, in the worst case, the fluorescent 

intensity of fibroblastic cells and endothelial cells is 5 times higher than that of vascular 

smooth muscle cells (e.g. due to a higher esterase concentration or rate of ester cleavage 

in those cells), then the fibroblastic cells would contribute 47% of the total fluorescent 

signal, vascular smooth muscle cells contribute 37%, and endothelial cells contribute 

16%. 

A more realistic assessment of the contribution of the non-smooth muscle elements 

would take account of the fact that, as shown in figure 2, the endothelial cells were not 

loaded with dye and that fibroblastic cells are quite sparsely distributed as shown in the 

electron micrograph of Fig. I. Excluding the endothelial cell layer, the data of figure 1 
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indicate that fibroblastic cells contribute only 2.4% of the cellular cross section area. In 

this calculation, we only counted the vascular smooth muscle cells with apparent nuclei. 

Further evidence of sparse fibroblastic cell density is the fact that EJPs were always 

evoked during sympathetic stimulation, which indicates that only vascular smooth muscle 

cells were impaled where the microelectrode was inserted at the adventitial surface. An 

additional modification of the worst case situation is that the fluorescence intensity of 

fibroblastic cells does not appear to be higher than that of vascular smooth muscle cells as 

shown in figure 2. This was verified at higher magnification with an Olympus IMT-2 

inverted fluorescence microscope in Dr. Ronald Lynch's laboratory. If relative intensities 

are the same, then fibroblastic cells contribute about 2.4% of the combined signal from 

those cells and vascular smooth muscle cells. 

The fluorescence properties of this sample would also be affected by the inner fllter 

effect in which the dye molecules close to the surface emit a stronger fluorescence signal 

than those located deeper in the sample. The inner fllter effect would decrease the intensity 

of the excitation at the point of observation and decrease the observed fluorescence by 

absorption of this fluorescence. The inner filter effect is not considered to be a serious 

problem in a monolayer preparation of cultured cells since the cells are thin and uniform. 

However, the inner fllter effect could represent a significant problem in tissues where the 

path is several cell layers thick. 

The inner fllter effect can be calculated by entering the fluorescence data into the 

following equation: 

Fcorr=Fobs{antilog[ODcx + ODcnJ/2} 

where Fcorris the corrected fluorescence value, Fobs is the fluorescence obtained at the 

particular wavelength of interest, and ODcx and ODem are the optical densities at excitation 

and emission wavelength, respectively. 



100 

The above equation can be simplified as Foo/Fcorr=lIantilog(ODave) or expressed as 

IlIo = lIantilog(ODave) 

where I is the light intensity after passing a distance through the sample, Yo is the incident 

intensity, ODaveis the average extinction coefficient at excitation wavelengths and 

emission wavelengths. ODave can be calculated by the following equation: 

ODave= cl . 
where is the average extinction coefficient, c is the concentration of absorber, and I is 

the patblength of light through the sample. 

To evaluate how much of the fluorescent signal of SNARF-l is lost from deeper 

layers of vascular smooth muscle due to the inner filter effect, we calculated IlIo. Based 

on Martinez-Zaguilan's data for in vitro inner fllter corrections, at pHo 7.47, the 

extinction coefficients (M·lcm· l ) of SNARF-l are 23493, 22489, 13288, and 837 at an 

excitation wavelength of 534 nm, and emission wavelengths of 584, 600, and 644 nm 

respectively. Therefore the average extinction coefficient is 15027 M·lcm·1• We assume 

the intracellular concentration of SNARF-l is 3xl()-4 M in all vascular smooth muscle 

layers. We calculated fIrSt the inner filter effect in the fIrSt layer of vascular smooth 

muscle which is next to the adventitia. We assumed that the average patblength was 2.5 x 

10-3 cm, which is the half of the thickness of first layer of vascular smooth muscle. Based 

on these parameters, we calculate that the ODaveis 0.01125 and the ratio IlIois 0.97, 

which means that 3% of incident light intensity was lost due to the inner fllter effect. This 

suggests that the inner fllter effect is negligible. We then calculated the effect for the 

deepest layer of vascular smooth muscle. We assumed that the average patblength was 

27.5 x 10-3 cm, which is the distance from adventitial layer through half of the thickness 

of the deepest layer of vascular smooth muscle. Under this condition, the ODave is 

0.12392 and the ratio IlIois 0.75, which means that 25% of incident light intensity was 

lost due to the inner fllter effect. This suggests that the inner filter effect is significant in 
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this case. Base on the above values, the amount of fluorescence signals coming out from 

vascular smooth muscle cells was calculated out after correcting the inner fllter effect. It 

shows that 97% of total fluorescence signals come out from vascular smooth muscle cells 

after correcting the inner fllter effect. 

Effect of Extracellular pH on Intracellular pH 

It has been reported that there is an efficient intracellular pH regulatory system 

available in vascular smooth muscle. It includes intracellular buffer system, Na+-H+ 

exchanger, Na+-HC03' exchanger, and Cl'-HC03' exchanger (reviewed by Wray, 1988). 

This regulatory system holds intracellular pH within a narrow range. 

In the studies shown in chapter 2, the value of resting membrane potential was -74 

mV at pHo 7.4. Under this electrochemical gradient, the passive distribution ofH+ would 

predict a pHi value of 6.2, which is considerably more acidic than actually recorded. This 

relative intracellular alkalosis in vascular smooth muscle of guinea pig mesenteric arteries 

indicates that a process capable of net extrusion of protons must be present in these cells. 

This suggestion is further supported by the observation in our study that altering 

extracellular pH always causes changes in intracellular pH to a smaller degree. However, 

previous studies reported that values of pHi in the range of 7.06-7.11 at pRo of 7.4 in a 

variety of smooth muscle cells including rat uterus, rabbit bladder, dog trachea, and rat 

aorta. The pHi in cultured vascular smooth muscle cells from rat aorta is 7.08 at pRo of 

7.3 (reviewed by Wray, 1988). Our finding that pHI of vascular smooth muscle in 

guinea-pig mesenteric arteries is 6.91 at pRo of 7.4, indicates a more acidic intracellular 

environment than in other smooth musCle cells. It is unclear why the pHI value of our 

measurement at pRo of 7.4 is lower than that of in rat aorta. In separate studies, we found 

that the resting membrane potential measured in rat mesenteric artery was -60.3±3.3 (21) 

m V, which is less negative than that of guinea pig mesenteric artery (-74 m V). Possibly 
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resting membrane potential of rat aorta is also less negative than that of guinea pig 

mesenteric artery. If this is the case, it would explain, by at least in part, the difference in 

pHt. The more negative resting membrane potential would lead to greater influx of H+. 

Another possibility is that in guinea pig mesenteric artery the capability of extrusion of H+ 

is weaker than that of other smooth muscle tissue. Finally, differences in measuring 

technique (NMR vs. fluorescence), species (rat vs. guinea pig), and preparation (cultured 

cell vs. isolated tissue) may also affect the measured value of pHi' 

Our data also show that it usually takes longer for pHi to reach a new steady state 

when solution pH is decreased rather than increased. The mechanism is still unclear, one 

possibility may be that the influx rate for protons is much slower than the efflux rate. 

Relative role of pRo vs pHi on Vm 

In the studies shown in chapter 2, when pHo was reduced from 7.4 to 6.6, the 

mesenteric artery depolarized with a latent period of S±2 (S) seconds while the latent 

period before pHi changed was 4S±S sec (S). When pRo was increased from 7.4 to 7.S, 

the latent period before Vm changed was 10±1 (9) seconds while the latent period of pHi 

was 66±12 seconds (9). Therefore, when pRo was altered changes in Vm occurs much 

earlier than changes in pHi does as shown in Figure S. 

As shown in chapter 2, when pHo was decreased from 7.4 to 6.6, the half time of 

change in Vm was SO±17 (6) seconds while the half time of change in pHi was 

6.SS±O.31 min (6). When pRo was increased from 7.4 to 7.S, the halftime of the change 

in Vm was 3S±5 (12) seconds while the halftime of change in pHi was 3.4±O.3 min (6). 

Therefore, when pRo was altered Vm changes much faster than pHi as shown in Figure 

6. 

These results indicate that it is pRo rather than PHt is responsible for the initial 

change in Vm. Based on our rmding, we reject the hypothesis that changing pRo with 
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constant peoz is responsible for the initial change in Vm. It appears that changes in plL, 

act at an extracellular rather than an intracellular site. 
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Fig. 3.2 
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Fig. 3.3 
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Fig. 3.4 
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Fig. 3.5 
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Fig. 3.6 
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Figures Legend 

Fig.3.t Transmission electron micrograph of a longitudinal section of guinea pig 

mesenteric artery, outer diameter 150 J.1ID. Fibroblastic cells (FB) are sparsely distributed in 

the tunica adventitia (T A) which consists primarily of collagenous and elastic fibers. 

Numerous gaps are evident in the tunica adventitia and the external elastic lamina (EEL) 

covering the external surface of tunica media (TM). The latter consists of multiple layers of 

circularly arranged smooth muscle. Endothelial cells (EC) are seen on the inner surface of 

the internal elastic lamina (IEL) and red blood cells (RBC) in the lumen (Lu) of the artery. 

Fig.3.2 The upper panel is a micrograph taken from the phase contrast microscope, 

showing a cross section of a guinea pig mesenteric artery which has an outer diameter of 

about 100 J.1ID. When the picture was taken, the small artery had been loaded by the 

SNARF-l and the hydrolysis completed. Nuclei of vascular smooth muscle cells can be 

distinguished. Eight layers of vascular smooth muscle cells in the tunica media. The lower 

panel is a micrograph of the same artery taken from the fluorescence microscope. The 

tunica media adjacent to the upper surface of the mesentery is well stained with SNARF-l 

while the region of the tunica media adjacent to the lower surface of the mesentery mounted 

on the microscope slide is not. 

Fig.3.3 Examples of Changes in pHi During Alteration of plio, Upper panel: 

decrease in pHi of smooth muscle in a mesenteric artery when plio is lowered from 7.4 to 

6.6. Lower panel: increase in pHi when plio is increased from 7.4 to 7.8. 
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Fig.3.4 Relationship Between plio and pHi in Mesenteric Artery. Asterisks (*) 

indicate significant (p «)'05) changes in pHi from the pHi at plio 7.4 and that at altered 

plio. Numbers represent mesenteric artery sample size. 

Fig.3.5 Latency of Vm vs Latency of pHi. The latencies of Vm and pHi were 

measured from mesenteric arteries after plio was altered from 7.4 to 6.6 or 7.8. 

Asterisks (*) indicate significant difference (p <0.05) between the latency ofVm and 

that of pHi. The latency of Vm is much shorter than that of pHi. It seems like that after 

the plio was altered from 7.4 to 7.8 the latency of pHi is longer than that ofpHj after 

the pHo was altered from 7.4 to 6.6. 

Fig.3.6 Half time of maximum changes in Vm and p~. Asterisks (*) indicate 

significant difference (p <0.05) between the half time of Vm and that of pHI. After tissue 

bath pH was changed from 7.4 to 6.6 (upper panel) or 7.8 (lower panel), the half time of 

changes in Vm is much shorter than that for pHj. 
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CHAPTER FOUR 

EFFECT OF 30 MIN ALTERATION IN pHo ON MEMBRANE 

POTENTIAL OF VASCULAR SMOOTH MUSCLE 

INTRODUCTION 

In the preceding chapters we showed that lowering extracellular pH (plIo) rapidly 

depolarized vascular smooth muscle cells of mesenteric and femoral arteries over a period 

of 5 min while elevating extracellular pH had the opposite effect. We also showed that the 

change in membrane potential is due to the effect of plIo rather than that of pHi' In chapter 

3, we found that it took 12 to 30 minutes for pHi to reach a new level after altering 

extracellular pH. Others (Siegel, 1981; Harder, 1982) has suggested that changes in pHi 

also affect resting membrane potential. If this is the case, the slow change in pHi may affect 

membrane potential also. Therefore in this chapter we measure the membrane potential 30 

min after altering pHo• 
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METHODS 

The same methods as described in chapter 2 were also used here. Briefly, after 

recording resting membrane potential of vascular smooth muscle in mesenteric or femoral 

arteries for 5 minutes at pH 7.4, the perfusate was then changed to Krebs solution of pH 

6.6, 7.0, 7.8 or 8.0. The resting membrane potential was then continuously recorded at the 

new pH up to 30 minutes if possible. The solution pH was then changed back to 7.4 while 

the resting membrane potential was continuously recorded. Usually it was not possible to 

record continuously for 30 min and in most cases a new impalement was begun 30 minutes 

after the solution pH was changed to obtain data on longer-term effects of pH on membrane 

potential. 

EFFECT OF SELECTIVE BLOCKADE OF CA-REGULATED POTASSIUM CHANNELS 

To determine whether the long term exposure to change in extracellular pH exerts 

an effect on intracellular Ca2+, which in tum acts on Ca-regulated K channels (Kca), we 

applied tetraethylammonium (TEA) (Sigma). It is believed that 1 mM TEA can selectively 

block Kca channels (Lee, personal communication). 



114 

RESULTS 

Mesenteric Arteries: 

Vascular smooth muscle cells tended to repolarize somewhat toward their control 

level when the arteries were left in either acidic or alkaline buffers for 30 min as shown in 

Fig.I. At this time, resting membrane potential changed by -lo±4(12) mV at pH 6.6 and 

14±5 (7)mV at pH 8.0 from the value obtained after 5 min (Fig.2A). The 30 min values 

were significantly different from those obtained at 5 min. The slope of the regression line 

of pH versus membrane potential at 30 min was significantly different from that at 5 min. 

Femoral Arteries: 

The smooth muscle cells of femoral arteries also tended to repolarize somewhat 

toward their control level after 30 min as shown in Fig.2B, resting membrane potential 

changed by -9±6(5) mVat pH 6.6 and 10±4(7) mV at pH 7.8. The 30 min values were 

significantly different from those obtained at 5 min. The membrane potential at pH 6.6 and 

7.8 was significantly different from that at pH 7.4. As with mesenteric arteries, the slope of 

regression line for pH versus membrane potential was significantly less after 30 min as 

compared to the slope after 5 min. Thus the findings in femoral arteries are similar to those 

in mesenteric arteries. The regression slopes for pH versus membrane potential of femoral 

arteries were significantly greater as compared to the slopes of mesenteric arteries after 5 

min and 30 min respectively. 

Effect of TEA on Secondary Change in Resting Membrane Potential of Mesenteric Arteries 

We found that 1 mM TEA inhibited the repolarization of smooth muscle (Fig. 3). 

The regression slopes obtained 5 min and 30 min after changing pH were not significantly 

different in the group treated with TEA, in contrast to the result without TEA. 
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DISCUSSION 

A major finding of the present study is that vascular smooth muscle cells in both 

mesenteric and femoral arteries tend to repolarlze somewhat toward their control level 

when left in buffers made acidic or alkaline by adjustment of bicarbonate concentration 

for 30 min (Fig. 1 and Fig.2). As described in chapter 3, we have shown that intracellular 

pH slowly changes in the same direction as extracellular pH during this period. This 

observation suggests that the return of the membrane potential is due to the shift of 

intracellular pH. If this is correct, it must follow that the effect of intracellular pH on 

membrane potential is opposite from that of extracellular pH. One possible mechanism 

for this effect is that change in pHI may change intracellular concentrations of Ca2+, 

affecting Ca-regulated K channels. 

Ca2+ -dependent increase in membrane conductance has been shown in single 

isolated mesenteric smooth muscle cells, and Ca-regulated K channels are believed to 

exist in vascular smooth muscle cells (Benham, et al., 1986). The threshold [Ca2+]j for 

opening of these channels was about 10-9 M (Benham, et al., 1986). It has been shown in 

rat mesenteric arteries that a decrease in intracellular pH causes elevation of intracellular 

concentrations of Ca2+ (Jensen, et al., 1993), which in turn may activate Ca-regulated K 

channels and induce repolarization. 

It has been shown by Benham, et al.( 1986) that the opening of these channels is 

prevented by TEA (Benham, et al., 1986). 1 mM TEA is considered to selectively block 

Ca-regulated K channels in rat Purkinje neuron (Yool, et al., 1988). In this study, we 

found that application of 1 mM TEA completely inhibits the repolarlzation of smooth 

muscle induced by 30 min exposure to metabolic acidosis and alkalosis as shown in 

Fig.3. This result suggests that the repolarization is induced by effect of secondary 

changes in pHI on Ca-regulated K channels. Since TEA may also affect other K channels 
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in addition to Ca-regulated K channels, our findings do not rule out a role for such 

channels in the response to pH. 

In agreement with this interpretation, Siegel, et al.(1981) and Harder (1985), et al. 

found that in rat and cat cerebral arteries increasing CO2 caused membrane 

hyperpolarization and vasodilation while decreasing CO2 had the opposite effect. They 

further reported that increasing CO2 increased membrane permeability to K while 

decreasing CO2 had the opposite effect. They interpreted the effect of CO2 on membrane 

potential and vascular tone as due to the effect of CO2-induced change in intracellular pH 

on membrane conductance to K. 

Taken together with our earlier results (Chapter 2), the present finding suggests 

that changes in intracellular pH and extracellular pH have different effects on resting 

membrane potential of vascular smooth muscle. One explanation for this difference is that 

pHi may act on different K channels. Our previous study showed that changing pHo 

seems in the first 5 minutes to predominantly affect outward K current probably through 

inward rectifier K channels. The present study, however, indicates that changes in pHi 

affect Ca-regulated K channels. However, the effect of pHI on Kca channels in the 

presenet study is opposite from those reported by Copello, et al. (1991) who observed 

that in cultured Necturus gall-bladder epithelial cells lowering pHI decreased Kca channel 

open probability. Therefore we do not rule out the possibility that intracellular acidosis 

directly inhibits Kca channels. However, we noticed that Copello, et al. found this 

intracellular acidosis induced inhibition of Kca channels at internal internal Ca2+ 

concentration ([Ca2+]i) below saturation levels for the channel gating sites and change in 

pHI did not affect the channel open probability as they increased [Ca2+]i to the saturated 

level. In our studies, we did not hold [Ca2+]1 at certain level as Copello, et al. did and the 

[Ca2+]j in our studies may be associated with change in pHi' This may make different 

results between our studies and those of Copello, et al. Differences in measuring 
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technique (patch clamp vs. intracellular recording), species (Necturus vs. guinea pig), 

tissue and preparation (cultured epithelial cell vs. isolated small artery) may also lead to 

the different results. 

It appears that H+ can selectively affect different K channels depending on 

whether H+ concentration is changed extracellularly or intracellularly. This suggests that 

site of action of H+ is different in different K channels; in inward rectifier K channels H+ 

may act on a extracellular site, while in Ca-regulated K channels H+ may act on an 

intracellular site. 
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Fig. 4.2 
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Fig. 4.3 
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Figure Legends 

Fig. 4.1 Examples of response of mesenteric artery to 30 min exposure to 

metabolic alkalosis and acidosis. As shown in the upper panel, increasing plio initially 

hyperpolarizes the smooth muscle cell and then the cell partially repolarizes, while in the 

lower panel, after lowering plio the smooth muscle cell is initially depolarized the smooth 

muscle and then partially repolarizes. 

Fig. 4.2A Effect of pH on resting membrane potential of mesenteric artery. Values 

shown are means ± SE. Asterisks (*) indicate significant difference (p <0.05) between 

resting potentials at 5 and at 30 minutes after pH was altered from 7.4. Lowering plio 

initially depolarizes and increasing plio initially hyperpolarizes the smooth muscle. Curve 

through data points represents a third order polynomial (dashed line). Numbers represent 

impaled cells from which measurements were obtained. Thirty minutes after plio was 

changed, the Vm tends to return to the control level (solid line). Line through data points 

represents a first order regression. The 5 min data are from our previous reported paper. 

Fig. 4.2B Effect of pH on resting membrane potential of femoral artery. Asterisks (*) 

indicate significant difference (p <0.05) between resting potential at 5 and at 30 minutes 

after pH was altered from 7.4. Line through data points represents a frrst order regression. 

Thirty minutes after plio was changed, the Vm tends to return to the control level (solid 

line). The 5 min data are from our previous reported paper. 

Fig. 4.3 Effect of TEA on repolarization of smooth muscle in mesenteric arteries 

following pH change. The control data are shown in the upper panel and the 5 min data 

are from our previous reported paper. The lower panel shows that application of 
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tetraethylammonium (TEA) completely inhibits the long-tenn (30 min) repolarization of 

smooth muscle. 



Addendum 

EFFECT OF ALTERING [N04Cl]oON pOlAND RESTING MEMBRANE 

POTENTIAL: PRELIMINARY REPORT 
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To evaluate the effect of change in pHi on resting membrane potential, in 

preliminary studies we continuously measured the membrane potential and pHi during 

alteration of [NH4CI]o' 

With this method, cells are superfused with a buffer containing ~Cl. The 

uncharged ammonia (NH3) is more permeant, enters the cytoplasm, and establishes an 

equilibrium with ammonium ion ~ i, inducing a cytosolic akalinization. With time, 

ammonium also continuously enters the cell and accumulation of ammonium tends to 

reduce pHI towards its pre-treatment levels. If the cells are then placed in a ~Cl-free 

buffer, all of the NH3 plus ~ + will leave the cell. As the ~ + leaves, it exits as 

uncharged NH3• Thus, extra protons are left behind, inducing cytosolic acidification. 

Since Walter Boron developed this technique, we call this method "giving the cells a 

Wally". 

Effect of Altering [NH4Cl]oon pH; 

Using the same methods as described in chapter 3, we measured changes in pHi in 

mesenteric arteries during alteration of ~CI]o. With a constant pHa of 7.4, application 

of 50 mM NH4CI caused a transient increase in pHi from 6.95±O.05 to 7 .03±7 .03 within 

4.5 min (N=5). The pHi then returned to its original level over a period of 6 min. An 

example is shown in Figure. 1. Washing out the ~CI caused a fast, transient reduction of 

pHi' The pHi dropped to 6.66±O.04 within 2.2 min and then gradually recovered and 

returned to its original level in 16 min. 
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The increase in pHi induced by ~CI treatment is very slow when compared to 

other preparations such as BALB/c3T3 mouse embryo cells where the rise time is less than 

10 seconds (Gillies and Martinez-Zaguilar, 1994). This may be due to the high buffer 

capacity of the vascular smooth muscle cells (about 400 mM H+/pH unit) which is about 5 

times that ofBALB/c3T3 mouse embryo cells (about 84 mM H+/pH unit) (Gillies and 

Martinez-Zaguilar, 1994). In addition, if the permeability ratio ofNH/NH.+ is lower in 

vascular smooth muscle cells, the rate of change in pHi may also be reduced. 

The decrease in pHi induced by washing out N~CI is faster than the increase 

induced by addition of~CI (2.2 vs. 4.5 minutes). One possible explanation for this is 

that the permeability to NH3 is higher than to ~+. 

Effect of Altering [NH4Cl]oon Vm 

To record Vm during alteration of lNH4CI]o' we initially added 50 mM ~CI into 

the superfusion solution. However, 50 mM NH4CI usually caused vigorous 

vasoconstriction, which made it very difficult to hold the microelectrode inside the cell. 

Therefore, we used a concentration of 25 mM NH4CI, allowing the microelectrode to stay 

inside the cell for a longer time. The same methods as described in the chapter 2 for 

electrophysiological recording were used here. 

As shown in Fig. 1, adding 25 mM NH4CI causes depolarization of the mesenteric 

artery by about 15 mY. The half time of the depolarization was about 4 min. Mer the 

membrane potential reaches a new steady state, washing out 25 mM ~CI (Fig.2) 

causes repolarization but tends to hyperpolarize by about 7 mY. The halftime of the 

repolarization was about 6.5 min. 

As shown in Figure 1 and 2, both resting membrane potential (Vm) and pHi 

changed after either adding or washing out ~CI from superfusion solution. If change 

in pHi is directly involved in the change in Vm, we would expect the time courses to be 
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similar. However, after adding ~CI the halftime of change in Vm was S.2±O.7 min 

while the half time of change in pHi was 2.S±O.S min. Moreover, the change in pHi was 

transient. Likewise, when washing out ~CI the half time of change in Vm was 

7.5±1.0 min while the half time of change in pHi was O.6±O.1 min and was transient. 

Thus, the kinetics of the change in Vm is much slower than of pHi and is monotonic 

while the change in pHi is biphasic. It appears that change in Vm is not a consequence of 

the change in pHi. However, since Vm did change substantially during this treatment, 

other factors are obviously involved which might mask the effects of change in pHi. 

Therefore it appears that a different protocol will be required to more critically assess the 

effect of pHi on Vm. 

Since the Vm response of vascular smooth muscle to alteration of ~CI is very 

slow, it seems like the effect of ~CI or possibly pHi on Vm is predominantly mediated 

through its effect on intracellular secondary messenger system rather than ion channels in 

the membrane of vascular smooth muscle. Future studies on simultaneously measuring 

Vm, pHi' and Ca2+ may answer this question. 
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Figure Legends 

Fig.4.Al Effect ofNHtCI on pHi and Vm. As shown in the upper panel, 

adding NHtCI into superfusion solution with constant pH of 7.4 caused transient 

increase in pHi' As shown in the lower panel, adding ~CI into the superfusion 

solution depolarized the smooth muscle cell of mesenteric artery. 

Fig.4.A2 Effect of washing out ~CI on pHi and Vm. As shown in the 

upper panel, washing out NH.CI with superfusion solution with constant pH of 7.4 

caused transient decrease in pHi . As shown in the lower panel, washing out NH.CI with 

the superfusion solution hyperpolarized the smooth muscle cell of mesenteric artery. 
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CHAPTER FIVE 

EFFECT OF pH ON ACTIVE ELECTRICAL PROPERTIES OF 

SMALL ARTERIES DURING SYMPATHETIC STIMULATION 

INTRODUCTION 

In the previous chapters we have shown that a reduction in extracellular pH 

depolarizes vascular smooth muscle in the guinea pig mesenteric artery. Paradoxically, 

this would tend to make the vessel more excitable with sympathetic nerve stimulation 

since the latter elicits further membrane depolarization. However, it has been shown that 

acidosis attenuates arterial constriction induced by sympathetic nerve stimulation 

(Verbeuren and VanhouUe, 1978; Chen and Shepherd, 1990; Edvinsson, et aI, 1975; 

Flaim, et al, 1983). It is evident that other factors must more than compensate for the 

depolarization. One possible explanation is that sympathetic excitation produces a smaller 

change in membrane potential at lower pH. 

There is evidence in the dog saphaneous vein that H+ inhibits the release of 

norepinephrine from the sympathetic nerve terminal during sympathetic nerve stimulation 

(Verbeuren and Vanhoutte, 1978). However, H+ does not inhibit norepinephrine release 

in arterial vessels of dog small intestine (Chen and Shepherd, 1990). On the other hand, 

there is also evidence that H+ selectively acts on alpha-2 adrenoceptors in the vascular 

smooth muscle cells of arterial vessels (McGillivray and Faber, 1987; Medgeu, et al, 

1987; Chen and Shepherd, 1990). These receptors are apparently innervated only in 

small arterioles (Anderson and Faber, 1991). There is also evidence that H+ inhibits 
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voltage-gated Ca channels in vascular smooth muscle cells from guinea pig basilar artery 

and causes relaxation (West, et al, 1990). 

The purpose of this study was to test the hypothesis that acidosis, acting either pre

junctionally or at the level of the cell membrane, reduces the electrical response to 

sympathetic nerve stimulation. We tested the above hypothesis by measuring the 

amplitude of the EJP at different pRo levels. In addition, by examining the action potential 

induced by sympathetic nerve stimulation during treatment of the artery with 10 mM 

TEA, we tested the hypothesis that lowering pRo changes the threshold of voltage-gated 

Ca channels. 
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IvIETHODS 

The tissue preparation is the same as described in chapter 2. The proximal end of 

the artery rests on a pair of bipolar platinum electrodes with the perivascular stimulating 

site 1-2 cm from the recording sites in the vessels. Square wave stimuli pulses of 0.1 ms 

duration and 0.5 Hz are delivered from the stimulator through stimulus isolation units 

(Grass SIU-5). EJPs were evoked by a series of perivascular stimulations. The duration 

and the frequency of stimulation are 0.1 ms and 0.5 Hz respectively. A series of 

stimulations was then applied and the stimulus intensity increased with each step of IOV 

until a supramaximum stimulus intensity determined. In the preparations of mesenteric 

arteries, the threshold stimulus intensity to evoke an EJP is usually about 20V. The 

amplitude and time constant of EJPs will be analyzed by a software package (pClamp, 

Version 5.1). 

The values of stimulus strength during perivascular stimulation presented in this 

study are the values set on the voltage control of the Grass S88 stimulator. However, 

since the stimulating electrode was immersed in Krebs solution, most of the electrical 

current was lost in the lower resistance buffer. It is estimated that with an output voltage 

of 150V, the stimulus delivered by the electrode immersed in the Krebs solution is 

actually about 2V. This voltage is sufficient to evoke EJPs but not to injure the tissue. 

In some experiments, a solution flow rate of 3 mlImin instead of 15 mlImin was 

used. In those studies the setup was similar to that described above except for the 

following: 1) preamplifier; data were collected using a microelectrode current and voltage 

clamp (Axon Instruments), digitized and stored on disc for later analysis using an 

mMlAT computer. Data acquisition and analysis routines were programmed using a 

software package DAOS (Laboratory Software Associates). 
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Experimental Protocol 

After intracellular impalement and achievement of a stable resting membrane 

potential, we applied ten perivascular stimuli to elicit an EJP. After completion of 

recording the EJPs at pHo 7.4, we then switched the perfusate pH. Data presented in 

chapter 2 show that the resting membrane potential usually reaches a new steady state 

within 5 minutes after switching the perfusate pH at flow rate of 15 mlImin. Therefore,S 

min after switching the perfusate pH we applied perivascular stimulation and recorded 

EJPs or action potentials at the new pHo. 

Measurement of EJP Amplitude 

After each stimulus pulse (0.1-0.5 ms duration, 0.1-0.5 Hz) within the range of 

stimulus strength from 10 to 150 V, an EJP was elicited and stored in the computer for 

later data analysis. After 10 stimuli, the stimulus strength was changed to a new level. 

Using the pClamp software, ten EJPs at each level of stimulus strength were averaged 
-

and the amplitude of the averaged EJP was measured. 

Measurement of Action Potential 

Action potentials of vascular smooth muscle in mesenteric arteries could not be 

evoked by a single perivascular stimulus under control conditions. To evoke an action 

potential, IOmM tetraethylammonium chloride (TEA)(Sigma) was added to the perfusion 

solution to suppress the delayed rectifier potassium channel of arterial smooth muscle 

(Hirst, et al, 1977). The same protocol as described above for EJP studies was used in 

the action potential studies. The membrane potential threshold of an action potential was 

determined by measuring the potential at the beginning of the spike component. The 

plateau duration of the action potential was determined by measuring the time course from 

the beginning of the spike component to the point at which the slow membrane 
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repolarization started. The threshold and plateau duration were measured manually from 

the print out of individual traces. 
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RESULTS 

EJP AMPLITUDE 

mesenteric arteries 

As shown in Fig. 1, at pH 7.4 increasing stimulus strength caused a graded increase 

in EJP amplitude in the range 20 to 90 V. Beyond 90V, there was no further significant 

increase in the EJP amplitude which averaged 13.4±O.2 mV in the stimulus range 100-

150V. During recording of the EJPs, there was no significant change in Vm which 

averaged -73.0±1.1 mY. At pHo 7.S, increasing stimulus strength also caused a graded 

increase in EJP amplitude in the range of 20 to 90 V. As at pH 7.4, beyond 90V, there 

was no further significant increase in the EJP amplitude which averaged 11.3±O.4 mV in 

the stimulus range loo-150V. During EJP recording, Vm was -S2±2 (S) mY. 

By contrast, at pHo 6.6 there was no significant change in EJP amplitude when 

stimulus strength was increased above 20V. In the stimulus range 90-150V, EJP 

amplitude averaged 7.0±0.1 mY. During EJP recording, Vm was -60±4 (15) mY. 

Lowering pHo from 7.4 to 6.6 significantly depressed EJP amplitude at the higher 

stimulus strengths, 100 and 150 V, while increasing pHofrom 7.4 to 7.S did not 

significantly affect the EJP amplitude, at any stimulus strength. 

femoral arteries 

Similar to the observations on mesenteric arteries at pH 7.4, , increasing stimulus 

strength caused a graded increase in EJP amplitude over the range 20-S0V as shown in 

Fig. 2. Beyond SOV, there was no further increase in the EJP amplitude which averaged 

15.0±0.7 mV in the stimulus range 90-150V. During EJP recording, Vm was -66.2±1.0 

(S) mY. 
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At pHo 6.6, in contrast to the observations in mesenteric arteries, increasing 

stimulus strength causes a graded increase in EJP amplitude until a stimulus strength of 

70V was reached. In the stimulus range lOO-150V, EJP amplitude was 1O.3±1.0 mY. 

During EJP recording, Vm was -43±5 (S) mY. 

At pHo 7.S, similar to the observations at pH 7.4, increasing stimulus strength 

caused a step-wise increase in EJP amplitude in the stimulus range 20-90V; above 90V, 

there was no significant further increase in the EJP amplitude which averaged 14.0±0.7 

mV in the stimulus range lOO-150V. During EJP recording, Vm was -S7±4 (IS) mY. 

EJP amplitude at pH 6.6 was significantly smaller than that at pH 7.4 with stimulus 

strength of 60V, lOOVand 120V. When pHo was increased from 7.4 to 7.S there was no 

significant change in the EJP amplitude. 

Since the data in Figures. I and 2 were obtained with separate impalements, the 

variability evident in these figures may represent in part differences between individual 

cells. The trends seen in Figures 1 and 2 may be more clearly established with a different 

protocol in which paired comparisons are made ofEJP amplitude in the same cell at 

different pH. An example of such a protocol is shown in Figure 3. Further studies of this 

kind are planned. 

In conclusion, during sympathetic stimulation there is evidence that acidosis does 

significantly affect EJP amplitude, primarily at higher stimulus strength in mesenteric 

arteries. Alkalosis does not appear to affect EJP amplitude at any stimulus strength. 

Action Potential 

MINIMUM EFFECTIVE STIMULUS STRENGTH 

The action potential was studied in mesenteric arteries in the presence of 10 mM 

TEA. At pHo 7 .4, as stimulus strength was increased the amplitude of the EJP was 
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increased as described previously. When the stimulus strength reached 34±3 (16) V, an 

action potential was elicited. The threshold stimulus strength was 4S±2 (16) Vat pHo 7.0 

and 30±3 (10) V at pHo 7.6 as shown in Figure 4. Therefore, lowering pH increases 

threshold stimulus strength needed to elicit an action potential while increasing pH has the 

opposite effect. 

ACTION POTENTIAL THRESHOLD AND PLATEAU DURATION 

In the mesenteric artery treated with 10 mM TEA the action potential has a spike 

component and a plateau component as shown in Figure S. At pH 7.4, The action 

potential occured at a membrane potential of about -so m V and the plateau duration was 

about 400 ms. 

As shown in Figure 6 the membrane potential threshold of the action potential rose 

from -S4.7±O.8 (33) to -47.7±O.7 (30) mV after solution pH was changed from 7.4 to 

7.0 and decreased to -63.3±O.7 (32) mV after solution pH was changed from 7.4 to 7.6. 

The plateau duration of the action potentials decreased from 400±loo (36) to 300±loo 

(26) ms after solution pH was changed from 7.4 to 7.0 and increased to 700±2oo (30) 

ms after solution pH was changed from 7.4 to 7.6. These changes in threshold and 

duration of action potentials were significant (p<O.OS). The amplitudes of the action 

potentials were unaffected as the solution pH was changed. The resting membrane 

potential was -72.6±1.1 (2S) mv at pH 7.4, -69.2±1.7 (9) mv at pH 7.0, and -74.6±1.2 

(13) mv at pH 7.6. 
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DISCUSSION 

Effects of pH on Amplitudes of EJPs 

One purpose of this study was to test the hypothesis that acidosis reduces the 

amplitude of the EJP elicited by sympathetic nerve activity. Our data show that the EJP is 

significantly depressed at pH 6.6 with a stimulus strength setting of l00V and above in 

both mesenteric and femoral arteries as shown in Figures 1 and 2. We observed that 

increasing stimulus strength causes a step-wise increase in EJP amplitude, which was 

especially clear at pH 7.4 as shown in Figure 1. Our results agree with those reported by 

Hirst, who observed a similar step-wise increase in EJP amplitude during sympathetic 

stimulation in small arterioles (Hirst, 1977). He interpreted this phenomenon as being 

due to different threshold levels among perivascular sympathetic nerve fibers. We note 

however that this recruitment is much less evident at pH 6.6 in the mesenteric arteries. 

There was a large variation in the EJP amplitude at each value of pH and stimulus 

strength probably reflecting in part differences among individual cells. This may be one 

reason that the effect of reduced pH on EJP amplitude is only evident at higher stimulus 

strength. 

The EJP amplitude is determined by the amount of neurotransmitter reaching the 

post junctional receptors, the interaction of the neurotransmitter with the receptor in 

vascular smooth muscle and the resting membrane potential. H+ may affect EJP amplitude 

mediated through its action on one or more of these sites. 

When plio was shifted from 7.4 to 6.6, membrane potential in mesenteric arteries 

changed from -73 to -60 mY, a 18% change, while the mean amplitude ofEJP's in the 

stimulus range l00-IS0V was reduced from 13.4 to 7.0 mY, a 48% reduction. Thus it 

appears that the diminution of the EJP could be at least partially explained on the basis of 
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the reduction in resting membrane potential. When pHo was changed from 7.4 to 7.8 

membrane potential changed from -73 to -82 mY, a 12% change, while the amplitude of 

EJP did not change significantly. Thus, it appears that in this pH range the change in 

membrane potential did not affect EJP amplitude. 

When pHa was shifted from 7.4 to 6.6, membrane potential in femoral arteries 

changed from -66.2 to -43.3 mY, a 35% change, while the mean amplitude ofEJP's in 

the stimulus range l00-150V was reduced by 31 %. Thus it appears that the diminution 

of the EJP could be explained on the basis of the reduction in resting membrane potential. 

When pHa was changed from 7.4 to 7.8 membrane potential changed from -66.2 to -86.7 

m V, a 31 % change, while the amplitude of EJP did not change significantly. Thus, it 

appears that in this pH range the change in membrane potential did not affect EJP 

amplitude. 

In both mesenteric and femoral arteries acidosis reduced the amplitude of EJP while 

increasing pHo did not affect EJP amplitude. The associated change in resting membrane 

potential could explain partially or completely the effect of lowering pH on the EJP but in 

that case a change in EJP with hyperpolarization upon elevation of pH would be 

expected. One explanation for the apparent absence of change in EJP with 

hyperpolarization induced by alkalosis is that the large variation in the EJP amplitude 

among different cells may mask a relatively small alkalosis-induced change in EJP 

amplitude. We can more critically test this possibility by recording EJPs from single cells 

at different pH levels. Our findings as they stand do not entirely rule out an effect of pH 

on transmitter release or on membrane receptors but do not require that these mechanisms 

be involved to explain these effects of pH on the EJP. 



139 

Effects of pH on Action Potential of Vascular Smooth Muscle 

Lowering pH elevates stimulus strength needed to excite the nerve to sufficiently 

elicit an action potential in the smooth muscle while increasing pH has the opposite effect 

as shown in Figure 4. One possible explanation is that alteration of pH changes the 

excitability of the sympathetic fibers. 

Action potentials in smooth muscle result from the activation of voltage-dependent 

calcium channels which are generally present in vascular smooth muscle (Hirst and 

Edwards, 1989). In this mesenteric preparation, the rapid upstroke of the action potential 

at pRo 7.4 began at about -50 mY, which is close to the threshold of voltage-gated Ca 

channels in vascular smooth muscle (Nelson, 1992). The threshold membrane potential 

for initiation of the spike reflects the state of Cllrast channels and the duration of the 

plateau reflects the statd of C~low channels (Hirst and Edwards, 1989). 

In this study, we found that lowering pRo raises the membrane potential threshold 

and increases the plateau duration of the action potential evoked by perivascular 

stimulation of the mesenteric artery, whereas increasing pRo has the opposite effect as 

shown in figures 4 and 5. These results suggest that lowering pRo inhibits Ca2+inward 

current while increasing pRo enhances the Ca2+ current. Our results are consistent with 

patch clamp studies of West, et al, (1992), who reported that altering solution pH 

affected Ca2+ channels in vascular smooth muscle cells isolated from guinea-pig basilar 

arteries. Lowering pRo depressed Ca2+ inward current through slowly inactivating, 

dihydropyridine-sensitive L-type Ca2+ channels, whereas increasing pRo increased Ca2+ 

inward current. Therefore, our results support the hypothesis that changes in pRo affect 

the action potential through their effects on voltage-gated Ca channels in vascular smooth 

muscle. 

Shown in Figure 9 is the effect of pRo on resting membrane potential and the 

threshold of voltage-gated Ca channels in the guinea pig mesenteric artery. Lowering pRo 
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produces a shift in membrane potential, but that change less than the change in the 

threshold of voltage-gated Ca channels. Increasing pRo also has a greater effect on the 

threshold of voltage-gated Ca channels than on resting membrane potential. Since both 

factors are pH dependent, the likelihood of an action potential being generated is 

determined by the difference between the resting membrane potential and the threshold 

potential of voltage-gated Ca channels, rather than by the level of resting membrane 

potential alone. On addition, the amplitude of the EJP is also pH sensitive, at least when 

pH is lowered. 

The effect would be to make the vascular smooth muscle even less responsive in 

terms of action potential generation and mechanical response to sympathetic excitation. 

These studies also leave unanswered the question of whether sympathetic 

stimulation affect the release of EDRF from endothelial cells. It has been reported that 

during sympathetic stimulation the released norepinephrine can bind alpha 2 adrenergic 

receptors located on endothelial cells, which causes the release of EDRF and vasodilation 

(Miller, et al., 1990). However, Miller suggested that the effect of sympathetic 

stimulation on the release of EDRF from endothelial cells may be irrelavant in the 

preparation of isolated segment of small artery because of the diffusion limitation of 

norepinephrine released from the varicosities of nerve terminal in the adventitial layer. 
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Fig. 5.4 
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Fig. 5.5 
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Fig. 5.6 

Ke .. nhrla Artery 

-40 

...... 
> 
E ..... 
~ 

-50 c 
~ 
0 
II. 

c 
~ 
u 
< ... 
0 

-60 
" Ci 
.J: .. 
D .. 

.J: 
I-

32 

-70 
7.0 7.4 7.6 

Extracellular pH 

900 
...... • 30 .§. 800 • 
~ 700 c 
~ 
0 600 II. 

C 

~ 500 
u 
< ... 400 0 

c 

~ 300 a .. 
::I 
C 200 
::I 
a 
! 100 a 
ii: 

0 
7.0 7.4 7.6 

Extracellular pH 

f;~· k 

.r C ~I.~ ') 



147 

Fig. 5.7 
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Fig. 5.9 
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Figure Legends 

Figure 5.1. Effect of pH on Relationship between stimulus strength and EJP amplitude 

in the mesenteric artery. Elevating pH from 7.4 to 7.8 had no significant effect on EJP 

amplitude at any stimulus strength. EJP amplitude was significantly lower at pH 6.6 than at 

pH 7.4 when stimulus strength was l00V or greater. 

Figure 5.2. Effect of pH on Relationship between stimulus strength and EJP amplitude 

in the femoral artery. Elevating pH from 7.4 to 7.8 had no significant effect on EJP 

amplitude at any stimulus strength. EJP amplitude was significantly lower at pH 6.6 than at 

pH 7.4 when stimulus strength was l00V or greater. 

Figure 5.3. Example of effect of altering pHo on EJP amplitude in a single cell. During 

sympathetic stimulation with stimulus strength of 100 V, lowering pHofrom 7.4 to 6.6 

depressed EJP amplitude by about 50% while increasing pHo from 7.4 to 7.8 increased 

EJP amplitude by about 15%. Note that the resting membrane potential was depolarized at 

pHo 6.6 while it was hyperpolarized at pHo 7.8. Data obtained from one cell. 

Figure 5.4. Relationship between threshold stimulus strength and pHo. At pHo 7.4, the 

minimum stimulus strength needed to elicit action potential was 34 V, at pHo 6.6, the 

threshold was 45 V while at pHo 7.8 the threshold was 30 V. Asterisks (*) indicate 

significant difference (p <0.05) between the threshold of stimulus strength at pHo 7.4 and 

that at the altered pHo. 
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Figure 5.5. Examples of Effect of Altering plIo on Action Potential (AP). Upper panel 

(A): Applying a 45 V of nominal stimulus voltage elicited an action potential. Middle panel 

(B): After plio was lowered from 7.4 to 7.0, 50V was needed to elicit an action potential 

and the form of the action potential was changed. Acidosis elevates the membrane potential 

threshold of the action potential (indicated by the arrow) and shortens the plateau duration. 

Bottom panel (C): After plio was lowered from 7.4 to 7.0, only 40V was needed to elicit 

an action potential. Alkalosis reduces the threshold, the membrane potential at which the 

action potential begins and increases the plateau duration. 

Figure 5.6. Upper panel: Effect of altering pHo on the threshold of the action potential. 

Asterisks (*) indicate significant difference (p <0.05) between the threshold of action 

potential at pHo 7.4 and that at the altered pHo. Lower panel: Effect of altering pHo on the 

plateau duration of action potential. Asterisks (*) indicate significant difference (p <0.05) 

between the plateau duration of action potential at pHo 7.4 and that at the altered pHo. 

Figure 5.7. Effect of altering pHo on the predicted minimum membrane potential in 

mesenteric artery during sympathetic nerve stimulation. The minimum membrane potential 

was calculated by subtraction of the amplitude of EJP during supramaximal stimulus 

strength from the resting membrane potential. Also shown is the resting membrane 

potential. It appears that at pH 6.6 both resting membrane potential and minimum 

membrane potential are shifted to more positive levels. However, since the amplitude of the 

EJP is reduced at low pH, the former has a greater positive shift (depolarization) than the 

latter as pH is reduced. Since EJP amplitude was not significantly affected when pH was 

increased to 7.8, the difference between resting membrane potential and minimum 

membrane potential was unchanged. 
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Figure 5.8. Effect of altering pHo on the predicted minimum membrane potential in 

femoral artery during sympathetic nerve stimulation. Also shown is the resting membrane 

potential. At pH 6.6 both minimum membrane potential and resting membrane potential 

shift to more positive leveJs but the former is less affected by the pH change than the later 

due to the reduction in EJP amplitude. This effect is not seen at pH 7.8 because EJP 

amplitude was not affected with the change to pH 7.8. 

Figure 5.9. Effect of altering pHo on the threshold of the action potential and resting 

membrane potential. In spite of a slight depolarization after pHo was decreased from 7.4 to 

7.0, the difference between the threshold of action potential and resting membrane potential 

was greater than that at pHo 7.4. In contrast, in spite of the slight hyperpolarization after 

pHo was decreased from 7.4 to 7.6, the difference between the threshold of action potential 

and resting membrane potential was less than that at pHo 7.4. 
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CHAPTER SIX 

SUMMARY AND FUTURE STUDIES 

SUMMARY 

In this study, we found that resting membrane potential of vascular smooth muscle 

of isolated guinea pig mesenteric and femoral arteries was affected by changing 

extracellular pH by altering [HCO,] levels in the bathing solution. Lowering pHc, 

depolarizes vascular smooth muscle of these arteries while increasing plio hyperpolarizes 

the smooth muscle. These effects are opposite to those reported by earlier investigators 

who changed CO2 levels in the bath solution to alter pH. 

To determine whether the change in membrane potential was due to the effect of 

changes in pHc, or p~, we compared the latency and half time of change between Vm and 

p~ after altering plio, We found that change in Vm has a much shorter latency than p~ 

(9sec vs. 45 sec) and halftime (44 sec vs. 7 min). The time course of change in Vm 

induced by changes in [HCOf]o is similar to that induced by changes in [K+]o, when 

allowance is made for the difference in diffusion coefficients in aqueous solution. 

Therefore, we conclude that changes in p~ are not responsible for the membrane potential 

alterations after altering pHc,.These findings suggest membrane potential is modulated by an 

extracellular site to that is pH sensitive. 

The effects of pHc, on Vm appear to be mediated through ion channels, since 

membrane conductance was greatly affected by plio. Our studies indicate that K+ is the 

primary ion which is responsible for the resting membrane potential. Voltage gated K 

channels do not appear to be involved, nor do KATP or Kc. channels. However, BaC12 
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inhibited the hyperpolarization induced by alkalosis, suggesting that reduction of [H+]o 

enhances outward K current, probably through Ku channels. Depolarization with increased 

[H+]o was enhanced by Baelz for reasons that are unclear. Thus it appears that the effect of 

plio on Vm can be explained at least in part by an action on Ku channnels. 

The changes in Vm described above were observed during 5 min exposure to 

altered pHc,. However, over a period of 30 min exposure there is a secondary return toward 

the Vm value seen at pH 7.4. Associated with this is a change in pllt, which was usually 

about 50% of the change in plio. We found that TEA (1 mM), which blocks Kc. channels, 

completely inhibits repolarization observed during 30 min exposure to altered plio. The 

data suggest that the secondary repolarization is due to the change in pllt and that Kc. 

channels are responsible. 

Based on these observations, I propose that plio and pHi have opposite effects on 

the membrane potential of small arteries, with extracellular acidosis depolarizing vascular 

smooth muscle while intracellular acidosis hyperpolarizes the muscle. This interpretation 

would reconcile our findings with those of earlier workers, who found that acidosis 

induced by COz causes membrane hyperpolariziation. 

Our findings appear to present a paradox in-as-much as changes in plio are known 

to cause relaxation of vascular smooth muscle. By exciting action potential in mesenteric 

arteries after treatment of 10 mM TEA, we found that the membrane potential at which the 

action potential is initiated is highly pH dependent, being elevated with reduced plio. Also, 

the amplitude of the EJP is decreased as pH is lowered. The combination of these two 

effects very substantially increases that separation between the membrane potential achieved 

during sympathetic nerve stimulation and the threshold of the fast Ca channels initiating the 

action potential. 
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CONCLUSIONS 

It appears that changes in plio and pHi have opposing effects on the membrane 

potential of small arteries through selective effects on different ion channels in the vascular 

smooth muscle. A change in plio may primarily affect ~r channels while a change in pHi 

may primarily affect Kca channels. The initial electrical response of vascular smooth muscle 

to change in plio is primarily due to an extracellular effect while a secondary change in pHi 

over a period of 30 min tends to compensate for the initial change in the membrane 

potential. 

In contrast to results of earlier studies, our studies suggest that change in resting 

membrane potential is not responsible for the effect of extracellular pH on vascular tone. 

Our studies are consistent rather with the hypothesis that changes in pH alter the threshold 

of voltage-gated Ca channels in vascular smooth muscle cells. 
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POSSIBLE FUTURE STUDIES 

The following studies appear to be potentially fruitful areas to expand our knowledge of the 

mechanism by which pH affects vascular smooth muscle. 

1. To obtain more direct evidence that pH affects K channels, directly measure whole cell 

K current at different pH levels using the whole cell patch clamping technique in isolated 

single vascular smooth muscle cells. 

2. To provide more direct evidence on involvement of specific ion channels, directly 

measure K current from specific ~rt Ken and KATP channels at different pH levels. 

3. To test whether protonation of titratable histidine residues in the ~r channels can alter 

membrane conductance, replace these histidine residues with other amino acids using site 

directed mutagenesis and evaluate whether this replacement eliminates the pH sensitivity of 

these channels. 

4. Since our study of action potential suggests that change in plio affects voltage-gated Ca 

channels, directly measure Ca current at different pH by using both whole cell and single 

Ca channel patch clamping techniques. 

5. Our study suggests that changes in pHI affect [Ca2+]1 and in turn alter the state of Ken 

channels. To test this hypothesis, measure intracellular Ca2+ while altering intracellular pH. 
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6. To test the hypothesis that the diminution of the EJP was due to the acidosis-induced 

depolarization, measure EJP amplitude at different pH levels but with the same level of 

resting membrane potential by applying a loose patch clamp on the isolated small arteries. 

7. To study the effect of pH on vascular tone during sympathetic stimulation, monitor 

changes in diameter of small arteries during sympathetic stimulation at different pH 

levels. 
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