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ABSTRACT

Although the physiological mechanisms of lymphocyte acti.

vation have received considerable attention in recent years,

the emphasis has been on relatively late events. Tn C reases

in the level of intracellular free Calcium, which have been

detected in lymphocytes within one minute after the addition

of mitogenic lectins, constitute a notable exception. Tn

many cell types, calcium mobilization is associated with

changes in several plasma membrane properties, including

phospholipid turnover, permeability, Na-K-ATPase activity,

and electrical potential. The effect of Con A On each of

these membrane properties was investigated in rabbit thymo

cytes.

The effect of Con A on both breakdown and resynthesis of

phosphatidylinositol (PI) was measured. Stimulation of PI

breakdown was found to be an early event, detectable by

30-60 seconds. A 12-fold increase in the rate of PI re

synthesis, presumably a late response to the early break

down, was observed after one hour. This response was spe

cific for mitogenic lectins. PI was the only phospholipid

that showed an altered metabolism in response to activation

by Con A.



......brane permeability to potassium was found to increase

at about the same time as the Onset of PT breakdown. This

change in potassium permeability appeared to be a transient

event in the activation process with a distinct maximum at

two minutes. Con A was also tested for possible effects on

sodium in flux and Na–K-ATPase activity. Neither process was

found to be stimulated in the first ten minutes of lympho

cyte activation.

A lipophilic cation, tetra phenyl phosphonium (TPP), was

used as a probe in an effort to test the effect of Con A on

thymocyte membrane potential. Con A consistently induced a

transient increase in the rate of TPP uptake by thymocytes.

This increase in rate had an on set of about one minute and

returned to a basal level five minutes later. This effect

was consistent with a change of membrane potential in the

hyperpolarizing direction, as might be expected when the po

tassium permeability increases. However, in the course of

this work, TPP was found to interfere with the activation

process and to be generally unreliable as either a quantita –

tive or qualitative probe of membrane potential. Therefore,

elucidation of the role of membrane potential in thymocyte

activation must await the application of more reliable

probes.
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Chapter I

RATIONALE

Under resting conditions, the primary function of a

cell's plasma membrane is to maintain a permeability barrier

between the cytoplasm and the external milieu. However, the

nature of a cell is to function not in isolation but rather

in a coordinated fashion with its environment. Therefore,

the plasma membrane must also provide a means of transducing

signals from outside to inside the cell. Although many of

these signals, such as hormones and growth factors, are spe

cific for certain cells and elicit an array of responses,

the mechanisms evolved for their transduction appear to have

been highly conserved.

A group of biochemical and biophysical membrane events

have been found to occur concurrently in the first few min

utes of activation of a number of types of cells. This

group includes calcium mobilization, phosphatidylinositol

turnover, monovalent cation fluxes, and changes in membrane

potential (l). Although this general pattern has been ob—

served in many cell types, the functional interrelationships

of these events remains to be determined. Moreover, consid—

erable variability is known to exist within this pattern.

For example, calcium mobilization may involve either flux of
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calcium through the membrane or release from internal bind–

ing sites. Turnover of phosphatidylinositol can involve

several different biochemical pathways. Changes in either

active transport or passive diffusion of potassium or sodium

Can OCC Ulr . Finally, changes in membrane potential in both

the hyperpolarizing and depolarizing directions have been

Observed .

This pattern of events is known to be utilized for signal

transduction within the immune system. There is now sub

stantial evidence that early changes in calcium mobiliza–

tion, phosphatidylinositol turnover, ion flux, and membrane

potential occur in both macrophages (2-4) and polymorphonu

clear neutrophils (5–8 ). However, in lymphocytes the pic

ture is considerably less clear. While changes in intracel

lular calcium concentration have been measured directly

within one minute of activation by several laboratories

(9–14), there have been very few attempts to determine

whether changes in the other three processes also occur in

the same time frame. The studies that have been reported

have used different types of lymphocytes from different

SOU r C eS . For this reason, it has been difficult to formu

late a cohesive view of the events involved in signal trans

duction in lymphocytes.

The goal of this study was to establish whether a pattern

of events common to activation of many cell types was also

involved in lymphocyte activation. The approach to this
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question was to monitor each event directly within the first

few minutes of activation of nontransformed lymphocytes from

a single source. The source of cells selected for this

study was the rabbit thymus. Rabbit thymocytes offer the

advantages of being easily prepared in the large quantities

needed for some of these studies and of constituting a rela

tively homogeneous population of cells.



Chapter II

PHOSPHATIDYLINOSITOL METABOLISM

2. l INTRODUCTION

The current widespread interest in the "phosphatidylino

sitol response" derives from a series of observations made

by Hokin and Hokin nearly thirty years ago (15–17). Tn

1953, the Hokins reported that acetylcholine added to pan

creas slices could induce a marked increase in the incorpo

ration of 32p into phospholipids (15). In similar experi

ments, they examined the effect of acetylcholine on the

incorporation of **c-glycerol and found no stimulation (16).

Therefore, they concluded that the observed incorporation of

32p reflected stimulated turnover of phospholipid phosphate

and, presumably, the base attached to it. With the advent

of chromatographic techniques for separating phospholipids,

they found that phosphatidylinositol (PI), a quantitatively

minor component of cell membranes, and, to a lesser extent,

phosphatidic acid, accounted for most of the stimulated 32p

incorporation (17).

In 1964, the Hokins advanced the scheme shown in Figure l

to account for the observations accumulated at that time

(18). In this scheme, the primary event is the hydrolysis

of the glycerol-phosphate bond by phospholipase C. Incorpo
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ration of phosphate (32p) then follows breakdown, perhaps

much later, and represents resynthesis of PI .

AGONIST

CMP ? W
o-º-o-º-osmol

o

tºo ºntol. E4 PI E1 wºositol-poa

Fil- E
o o

CDP-DAG DAG

PF, -S E3 Ea ATP

s H
aloº

crp o
ºl

o-º-o
o

PA

Figure l ; The PI Cycle

Receptor activation stimulates the hydrolysis of PI by
phospholipase C (E1). The products of this reaction are
inositol-phosphate and diacylglycerol (DAG). DAG is then
phosphorylated by DAG kinase (E2) to form phosphatidic acid
(PA). PA-CTP cytidyltransferase (E3) then mediates the
conjugation of PA and CTP to form CDP-DAG. Resynthesis of
PI is completed with the transfer of inositol by CDP-DAG
ind sitol phosphatidyltransferase (E4).

32p intoLigand-stimulated increases in incorporation of

PI have now been reported in a large variety of cells (See

19 and 20 for reviews). In recent years, however, it has

become clear that incorporation of 32 P into PI is not neces—

sarily the result of PI breakdown. Allan and Michell (21 )

showed that the calcium ionophore A23 187 causes increased
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32p into PT and PA with no effect on eitherincorporation of

PI breakdown or incorporation of *H-glycerol. This effect

appeared to be due to activation of triacylglycerol lipase

which in turn increased the intracellular pool of diacylgly

cerol. Brindley et al. (22) have reported that certain ca–

tionic amphiphilic drugs can cause a rerouting of lipid me—

tabolism such that PI is preferentially synthesized from PA.

In addition, Abdel-Latif et al. (23) have found that in

creased labelling of PI can result from the breakdown of an–

other phospholipid, triphosphoinositide. Taken together,

these findings stress the importance of focus sing future

studies on the breakdown of PT rather than its resynthesis.

PI breakdown has now been shown to occur in a number of

cells and tissues. These include mouse fibroblasts (24),

blowfly salivary gland (25), rat parotid gland (26), guinea

pig macrophages (2), rat hepatocytes (27), and plate lets

(28–30). In these studies, PI breakdown was determined by

prelabelling the PI pool with radiolabelled phosphate, ino

sitol, arachidonic acid, or glycerol and then measuring the

stimulated disappearance of radioactivity in PI or by chemi

cally as saying the PI concentration. In the few instances

where both radiochemical and chemical assays have been used

in the same cell type, the two approaches have yielded simi

lar results (26, 31). In most cases, the PI breakdown step

has been found to be an early event occurring within a few

seconds to several minutes after ligand binding.
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The first indication that PI might play a role in activa–

tion of lymphocytes came from Fisher and Mueller in 1968

(32). They found that mitogenic concentrations of PHA se—

lectively enhanced incorporation of 32p into PI in human pe—

ripheral blood lymphocytes after thirty minutes. Similar

findings with T cell mitogens were subsequently reported for

human tonsil lymphocytes (33), mouse spleen and thymus lym—

phocytes (34), pig lymph node lymphocytes (21, 35), and rat

lymph node lymphocytes (36).

Several attempts were made to determine whether PI also

plays a role in B cell activation with as many answers as

attempts. Masuzawa et al. (37) found that pokeweed mito—

gen, which stimulates both B and T lymphocytes, had only a

minimal effect on incorporation of 32 P into lipids extracted

from human peripheral blood lymphocytes. They concluded

that either pokeweed mitogen stimulates cells differently

than other mitogens or PI does not play a role in B cell ac

tivation. The following year, Betel et al. (34) found no

effect of lipopolysaccharide, a B cell mitogen, on 32p in

corporation into PI in mouse spleen cells and concluded that

B cells do not show an early increase in PI phosphate turn—

OVer . Finally, one year later, Maino et al. (35) reported

that rabbit antibodies to pig immunoglobulin did in fact

stimulate 32p incorporation into PI in pig lymphocytes. The

issue has received no further attention.
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In none of the above studies in lymphocytes was it estab

lished that the observed increase in 32p incorporation was a

direct result of an early PI breakdown. Fisher and Mueller

(38) found increased incorporation of 32 P into phosphatidic

acid in a membrane fraction prepared from stimulated lympho

cytes and claimed that this suggested cyclic interconversion

of PA and PI . In the same paper, they reported an increase

in *H-glycerol incorporation into PI but dismissed it as be—

ing relatively minor. Resch (39) has reviewed their results

and calculated that on a mole per mole basis the stimulated

incorporation of *H-glycerol is actually greater than the

- - 3
-incorporation of 2 p. This suggests that the 32 P incorpora

tion into PI could reflect de novo synthesis independent of

breakdown. Hasegawa-sasaki and Sasaki (36) hsve recently

reexamined the question and confirmed that most of the PT

synthesis in mitogen-stimulated human lymphocytes is via the

de novo pathway rather than the turnover pathway. It should

be pointed out that these results do not rule out the possi

bility of PI breakdown as an early event in lymphocyte acti.

vation. That is, the increase in de novo PT synthesis could

be a response to breakdown.

In favor of PI breakdown in lymphocyte stimulation is the

observation by Allan and Michell (4%) that lymphocytes con–

tain a higher concentration of phospholipase C than any oth—

er tissue examined . There was no direct evidence of PI

breakdown in lymphocytes until a report by Hasegawa-sasaki



o
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and Sasaki (41) published while this work was in progress.

They prelabelled rat lymphocytes with radioactive arachidon

ic acid and found that Con A caused a small decrease in la

|belled PI . This decrease was first detectable at 1 minute

(2%) and was maximal at 5 minutes (17%). They also observed

concomitant increases in radiolabelled phosphatidic acid and

diacylglycerol.

2.2 METHODS

2. 2. 1 Materials

*P-orthophosphate and myo-(2-’H) inositol were purchased

from Amersham. Cell Culture media and fetal calf serum were

supplied by the Cell Culture Facility at UCSF. Lectins were

purchased from Sigma Chemical Company (WGA & PWM), Rur

roughs—Wellcome (PHA), and Vector Laboratories Inc. (Con A,

succinylated Con A, SBA, all biotiny lated lectins). All an–

tisera were purchased from Cappel Laboratories.

2.2.2 Preparation of Cells

The lymphocytes used for these studies were obtained from

8–12 weeks old male New Zealand White rabbits. The rabbit S

were anesthetized by i.v. in jection of 1.5 ml sodium pento

barbital (65 ug/ml). They were then terminally bled by car

diac puncture in order to minimize red cell contamination of

the cell preparation. The thymus and sacculus rotundus were

rapidly removed and placed in Petri dishes containing Hanks
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balanced salt solution (HBSS) warmed to 37° C. A Cell sus

pension was obtained by gently teasing the organ apart.

Connective tissue and cell aggregates were removed by

straining the suspension through 45 um nylon mesh. The

cells were washed once and resuspended to 5-10 x 127
cells/ml in HBSS. For most experiments, the cells were ac

climated to HBSS for 2–4 hours at room temperature before

use .

2. 2.3 Thymidine Incorporation

Cells were cultured in RPMT supplemented with 57% units/

ml Pen-Strep, 2 mM glutamine, and 15% heat—inactivated fetal

calf serum in Linbro 96-well flat-bottom multiwell plates.

Cell densities were 8 x 126 /ml for thymocytes and 2 x 126

/ml for sacculus rotundus cells. After 72 hours in culture,

Ø. 5 u Ci *H-thymidine was added to each well. After a fur

ther 4 hours of incubation, the cells were filtered and

washed with a cell harvester. The amount of radioactivity

retained on each filter was determined by liquid scintilla

tion counting in Liquifluor (New Fngland Nuclear).

2. 2.4 Fluorescent Labelling

Binding of various ligands to the surface of lymphocytes

was assayed by means of a biotin–avidin system. 2 x 126

cells were suspended in 1% ul labelling buffer (0.1% NaNa,

2% BSA in PBS). 5 ul of biotinylated ligand was then added



11

and the suspension was incubated for 1 hour on ice. Free

ligand was removed by two washes in 3 ml of labelling buffer

at 4° c. The cell pellet was then resuspended in 1% ul of

labelling buffer and 5 ul of fluorescein–avid in was added

for a further 1 hour on ice. The Cells were then washed

twice and resuspended in 200 ul of labelling buffer. Fluor

escing cells were counted on a Zeiss fluorescent microscope.

Determination of the number of surface IgG-positive cells

(B cells) by labelling with goat anti-rabbit IgG required an

additional step. Binding of anti-IgG to IgG absorbed to

non-B cells via FC receptors can lead to an overestimation

of the B cell population (42). Therefore, before adding

biotinylated anti-IgG, the cells were preincubated in RPMI

for 1 hour at 37° C., a procedure which facilitates endocy—

tosis of surface-bound IgG.

2. 2.5 Incorporation of *P-Orthophosphate
1.5 x 127 thymocytes or 1 x 127 sacculus rotundus lym—

phocytes were incubated for 1 hour at 37° C in 1 ml of phos

phate-free RPMI buffered with 25 mM HEPEs in 10x75 mm glass

test tubes. 32, uCi Of *P-orthophosphate was then added to

each tube in a volume of 1% ul and the cells were returned

to the incubator for a second 1 hour incubation. Mitogens,

where indicated, were added in a volume of 5–25 ul, and the

Cells were incubated for an additional hour. At the end of

this three hour incubation, each cell suspension was trans
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ferred to 1.5 ml microfuge tubes and spun at 10, 200 x g in a

Beckman microfuge for 10 sec. The cell pellet was washed

once with 1 ml of cold phosphate-buffered saline. The cells

were then resuspended in 1 ml of lø■ tricarboxylic acid

(TCA) and incubated on ice for 10 min. Cell protein and

phospholipid was pelleted by centrifugation for 30 sec. The

pellet was washed once with 1 ml 10% TCA and phospholipids

were then extracted by the procedure described below.

2.2. 6 Incorporation of *H-Inositol
1 x 128 thymocytes or 2 x 127 sacculus rotundus lympho

cytes were first incubated at 37° C for 1 hour in inositol

free RPMI. 15 u Ci myo-(2-’H) inositol in a volume of 15 ul

was then added and the cells were incubated for 2 hours. l■ º

ul of cold inositol was then added for l hour. After a to—

tal of 4 hours of incubation, the cells were transferred to

1.5 ml microfuge tubes, and the tubes were placed in a 37° C

water bath. Mitogen (where indicated) was added and the re

action was rapidly stopped by the addition of løø ul of lø■ º

TCA at the specified time (0.5–5 min). For ■ º time points,

TCA was added without the addition of mitogen. The tubes

were then incubated on ice for 10 min. Protein and phospho

lipid were pelleted by a 30 sec. centrifugation at 17, 200 x

9 . After a wash with 1 ml of cold 12% TCA, the phospholi

pids were extracted .



2. 2. 7 Extraction of Phospholipids

Phospholipids were extracted with hexane: isopropanol

(3 : 2, HIP). The cell pellet was resuspended in 1 ml HTP by

vigorous vortexing. The capped microfuge tube was then

placed in a Multi-Tube Vortexer (SMT) and vortexed for a

further l■ º min. The suspension was centrifuged for 2 min.

The supernatant, containing extracted phospholipids, was

transferred to a lox 1% mm glass screw cap culture tube.

This procedure was repeated twice. The samples were then

dried down under nitrogen and resuspended in Ø. 5 ml of mo–

bile phase (hexane: isopropanol: water, 6: 8: .75).

2. 2.8 Separation of Phospholipids

Phospholipids were separated by HPLC on a Micropak Si-5

column (Varian ). The solvent system consisted of two reser–

voirs, one containing hexane : isopropanol (3:4, solvent A)

and the second containing 89.5% solvent A and 17.5% water

(solvent B). Over the first 1% min. , the mixture was

changed from 55% solvent A and 45% solvent B to 1% solvent A

and 99% solvent B and then held Constant . The flow rate was

1 ml/min.

The column eluent was monitored for both UV absorption

and radioactivity. Radioactivity was measured with a Radio

matic Model HP flow-through scintillation counter. The el

uent was premixed with a scintillation fluid consisting of 2

liters toluene, l liter Triton X-100, 4. grams
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2,5-Diphenyloxazole (PPO, Packard), and Ø .. 2 grams

l, 4-bis-2-(4-Methyl-5–Phenyloxazoylyl)-Benzene (Dimethyl

POPOP, Packard) which was pumped at 1.5 ml/min.

2. 2.9 Thin Layer Chromatography

Individual peaks from the HPLC were analyzed by two-di

mensional thin layer chromatography on Silica Gel H plates

(Anal tech). The solvent for the first dimension was chloro

form: methanol: sodium hydroxide (13% : 55: 10), and the solvent

for the second dimension Wa S Chloro

form : methanol: water: acetic acid : a cetone (15% : 30 : 15: 3■ ": 67).

10 ug each of phosphatidylinositol, phosphatidyl serine,

phosphatidylcholine, phosphatidyl ethanolamine, and phospha

tidic acid standards were spotted with the sample. Once the

plate had dried, phospholipids were visualized with iodine

vapor. In order to determine the distribution of radioac

tivity, the plate was marked off into a grid of lx 1.5 cm

rectangles. Fach rectangle was scraped into a vial contain

ing 10 ml Liquiscint (National Diagnostics) for liquid scin

tillation counting.

2. 2. 10 Phospholipid Phosphate Determination

The phospholipid fraction extracted from cells by the

procedure described above was dried down and resuspended in

420 ul 10N H2SO4 and heated at 170° C for 32 min. l■ º ■ º ul

of 12 & H2O2 was then added and the sample was again heated
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at 170° C for 30 min. Once the sample had cooled, 4.6 ml of

a solution of 1.8 mM ammonium molybdate in 250 mM sulfuric

acid was added. After the addition of 200 ul of Fiske-Subba –

row reagent (Sigma) the solution was boiled for 10 min. The

OD was measured at wavelength 82% nm.

2. 3 RESULTS

Incorporation of *P-phosphate was measured as a first

approach to determining whether PI played any role in acti.

vation of rabbit lymphocytes. Although stimulated incorpo

ration of 32p would not necessarily imply an early PI break

down, it would indicate some kind of alteration in PI

metabolism. On the other hand, failure to detect a stimula

32
tion of P incorporation would strongly indicate that no PI

breakdown had occurred. Since the methodology for measuring

PI synthesis in lymphocytes had already been worked out by

others it was decided to first measure the effects of mito—

gens on 32p incorporation and then, if the results were en

couraging, to proceed to investigate the possibility of PI

breakdown.

2. 3. l Effect of Con A on 32p Incorporation in Thymocytes

The technique for measuring 32p incorporation is de

scribed in Methods in detail. Briefly, it involves a three
Ohour incubation at 37° C which is divided into three one

hour stages. In the first hour, the cells were depleted of
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phosphate by incubation in phosphate-free media. At the be

ginning of the second hour, *P-orthophosphate was added to

radioactively label the ATP pools. At the beginning of the

third hour, a lectin was added to stimulate the cells. At

the end of the three hours, the phospholipids were extracted

from the cells. Incorporation of radioactivity into specif

ic phospholipids was a ssayed by means of an HPLC in series

with a flow—through scintillation counter.

Using this approach, it was determined that the addition

of the mitogenic lect in Con A to thymocytes for the third

hour of the incubation produced a large increase of radioac

tivity in a single peak (see Figure 2). The Column reten–

tion time of this peak was the same as that of PI standard.

In some experiments, chromatograms of unstimulated cells

showed a significant amount of label in a peak corresponding

to phosphatidylcholine, the predominant phospholipid in cell

membranes. However, phosphatidylcholine labelling was never

altered by Con A over the one hour time course.

The retention time of the stimulated peak taken together

with the fact that 32p incorporation into PT has been re

ported to result from activation of many cell types, includ—

ing lymphocytes, strongly indicated that the peak was in

fact PI . Two approaches were used to confirm the identity

of the stimulated phospholipid. The first was to collect

the peak from the HPLC column and to then rechromatograph it

on silica gel plates using a two-dimensional thin layer
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Figure 2: Effect of Con A on 32p Incorporation

HPLC elution profile of radioactivity in phospholipid
fraction of thymocytes incubated for 1 hour with P
orthophosphate. (A) No additions (B) Con A (10 ug/ml)
added. Arrows indicate retention times Of major
phospholipids: PE, phosphatidylethanolamine; PA,
phosphatidic acid; PI, phosphatidylinositol; PS,
phosphatidylserine; PC, phosphatidylcholine.

chromatography method. Results of this approach were con

sistent with the stimulated peak being PI but did not abo—

lutely identify it. Several TLC systems were tested before

one was found that gave good separation of PI and phosphati

dylserine. In this system, the radioactivity migrated with

the PI standard in the first dimension but tended to smear

beyond it in the second dimension (not shown). There was no
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radioactivity associated with any other phospholipid stan–

dard .

The second approach Wa S to label cells with

myo-(2-’H)inositol instead of *P-orthophosphate. The only

phospholipids containing inositol are PI, diphosphoinositide

(DPI), triphosphoinositide (TPI), and lysophosphatidylinosi

tol (LPI). When DPI and TPI standards were applied to the

column no UV peaks were detected. Both compounds are highly

charged and may bind to the column irreversibly. LPT stan–

dard eluted from the column approximately 5 minutes after

PI. Therefore, Con A stimulation of myo-(2-’H) inositol into

a phospholipid with the same retention time as the 32p peak

would convincingly identify the peak as PI. Figure 3 shows

a chromatogram from such an experiment. Con A clearly stim—

ulated inositol incorporation into a peak with the same re
32

tention time as the P peak. This result confirms that Con

A stimulates PI metabolism in rabbit lymphocytes.

2. 3.2 Effects of Different Lectins on PI Metabolism in
Thymocytes

In the previous section it was shown that the addition of

the mitogenic lectin Con A to thymocytes caused a dramatic

increase in incorporation of 32p into PI. If increased PI

metabolism is relevant to the activation process, it would

be predicted that mitogenic lectins would induce the effect

while nonmitogenic lectins would not.
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Figure 3: Effect of Con A on *H-Inositol Incorporation

HPLC elution profile of radioactivity in phospholigid
fraction of thymocytes incubated for 1 hour with H
inositol. (A) No additions (B) Con A (10 ug/ml) added.
These chromatograms are typical of 4 different experiments.

Six lectins were tested for mitogenicity by the standard

*H-thymidine uptake assay. They included Con A, succinyl

Con A, phytohemagglutinin (PHA), pokeweed mitogen (PWM),

wheat germ agglutinin (WGA), and soybean agglutinin (SBA).

Dose response curves for the effects of these six lectins on

thymidine uptake are shown in Figure 4. It can be seen that

four of the lectins, Con A, succinyl Con A, PHA, and PWM,

stimulated thymidine uptake and are therefore mitogenic

while WGA and SBA did not affect thymidine uptake at any of

the concentrations tested .

It was possible that WGA and SBA failed to stimulate thy

midine uptake because they did not bind to thymocytes.
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Figure 4: Effect of Lectins on Thymidine Uptake

Thymocytes were cultured with the indicated lectins for 72hours and then pulsed with H-thymidine. S. I. =cpm in
stimulated cells/cpm in resting cell. Each point is the
mean of data pooled from 4–16 experiments done in
triplicate.

Therefore, the binding of these two lectins was examined by
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fluorescent microscopy and compared to Con A binding.

Incubation of cells with WGA resulted in intense staining of

all the cells indistinguishable from that seen with Con A.

With SBA only about half the cells were stained and staining

was considerably weaker. It can be concluded that WGA, at

least, binds to cell membranes but does not activate the

Cell.

Each of the six lectins was tested for its effect on in

corporation of 32p into PI. Optimal concentrations of the

mitogenic lectins were determined from the data in Figure 4,

and the concentrations of the nonmitogenic lectins were ar

bitrarily set at 10 ug/ml. The results of two representa

tive experiments are shown in Table 1. For the sake of com—

parison, the mean stimulation index for thymidine uptake for

each lectin at the same concentration is also shown. Al

though the absolute values varied from one experiment to the

next, the order of potency of the lectins for their effect

On 32p uptake was similar to that observed for thymidine

uptake. PWM is the exception in that it was more potent in

stimulating thymidine uptake than in stimulating PI synthe

sis. In three experiments, each done in duplicate, the mean

stimulation index of 32p incorporation by PWM was 2. 2.

The effects of different concentrations of WGA and Con A

On 32p incorporation into PI were also tested. Tn Figure

5, it can be seen that WGA over the full range of concentra

tions tested for effects on thymidine uptake stimulated 32p
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TABLE 1.

Effects of Lectins on 32p Incorporation into PI

Lectin Fxpt. 1 Expt. 2 Thymidine

Con A 8.8 14.6 ll 9
(10 ug/ml)

Suc-Con A 4. 3 6. 2 79
(50 ug/ml)

PWM l. 2 3 . Ø 26
(5 ug/ml)

PHA 4. 1 4 - 8 16
(5 ug/ml)

WGA 2. 6 2 . Ø 1. 1
(10 ug/ml)

SBA Ø. 7 1 .. 5 1 . Ø
(10 ug/ml )

º
Values shown are stimulation indices. Ea Ch 32p experiment
was performed in duplicate. The values for thymidine uptake
are the means of 6–22 experiments done in triplicate.

incorporation no more than 2-fold. Con A, on the other

hand, stimulated 32 P incorporation at all concentrations a 1–

though less well at 102 ug/ml (S.I. =4–6) than at the lower

concentrations (S.I. =10–11). This is similar to the effect

of Con A concentration on thymidine uptake (Figure 4). The

Con A concentration producing maximal stimulation is the

same for both thymidine uptake and 32p incorporation.
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Figure 5: Concentration Effect of Con A and WGA on 32p
Incorporation

Thymocytes were incubated with Con A (solid line) Or WGA
(broken line) at concentrations indicated on abscissa. All
points are the means of duplicates.

2. 3.3 Incorporation of 32p into Sacculus Rotundus Cells

The sacculus rotundus (SR) is a rich source of B cells.

By a fluorescent staining technique with anti-IgG it was de

termined that 55-60% of SR cells are B cells. This is in

agreement with results reported by others (43). Wilson et

al. (43) also used an anti-thymocyte antiserum to assay for
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T cells and found that 30% of the SR cells bear T cell mark

ers. The effects of a B cell mitogen, goat anti-rabbit IgG,

and a T cell mitogen, Con A, on thymidine uptake into SR

cells is shown in Figure 6.

tºo Anti-IgG | 00 H. Con Al
so to H.

40 40

= r = r

zo H. 20

10 H. 10

0 ■ º # #–: so o ■ º 76 * 40 50

ul/a1 ug/al

Figure 6: Stimulation of Thymidine Uptake into SR Cells

Each point is the mean of 7–8 experiments done in
triplicate.

32
When P is added to resting SR cells, there is a high

level of background incorporation. This is in striking con

trast to the low levels of 32 P incorporated into un stimulat

ed thymocytes. 32p incorporation into both PI and phospha

tidylcholine was 7–8 fold greater in SR cells than in

thymocytes on a per cell basis. This result is only par

tially explained by the greater size of SR cells. Measure

ments of total phosphate in the two types of cells indicate

that SR cells have approximately 50% more phospholipid per

cell than thymocytes.
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A second striking difference between SR cells and

thymocytes is that mitogenic lectins fail to stimulate 32p

incorporation into PI in SR cells. Both the T cell mitogen

Con A and the B cell mitogen anti-IgG enhanced thymidine up

take, but neither showed a detectable effect on PI metabo—

lism (Table 2). It should be noted that anti-IgM and Fab,
fragments of anti-IgG were tested for their effect on thymi

dine uptake in SR cells. Their effect from 10–lº■ ’ ul/ml was

identical to that of anti-IgG (data not shown).

TABLE 2

Effect of Con A and Anti-IgG on 32p Incorporation into PI

Additions 32p Thymidine

Con A 1. Q) .. 5 57
(10 ug/ml)

Anti-IgG 1. 1 .. 3 42
(25 ul/ml )

Values for 32p incorporation into PI are from 4 experiments
performed in duplicate (mean S. I. S. D. ). Values for thymi
dine uptake are the mean S. T. from 18 (Con A) and 12
(Anti-IgG) experiments performed in triplicate.

2. 3.4 Phosphatidylinositol Breakdown in Thymocytes

The finding that mitogenic lectins stimulated incorpora

tion of 32p into PI in thymocytes indicated that there was

some alteration in PI metabolism associated with activation
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of these cells. It remained to be determined whether the

observed increase in phosphate incorporation reflected stim—

ulation of the PI cycle or only of de novo synthesis. To

distinguish between these two possibilities, methods were

developed to measure PI breakdown directly.

Whereas in the above experiments activation caused a net

increase in radioactivity in PI, the object now was to meas—

ure a decrease in radioactivity. This required raising the

basal level of radioactivity in PI in unstimulated cells.

To accomplish this, the cell concentration was increased
8from 1.5 x 127 /ml to 1 x 10 /ml and the incubation with

the radioactive label was increased from one hour to two

hours. In order to ensure that only PI metabolism was being

measured, myo-(2-’H) inositol Wa S used in place of

32 P—orthophosphate. After labelling the cells for two hours

with the isotope, cold inositol was added in excess for one

hour so that PI breakdown would not be rapidly obscured by

reincorporation of label. Using this procedure, a basal

level of radioactivity of 1500–4500 cpm in PI was routinely

obtained.

The results of a typical experiment are shown in Figure

7. In seven out of seven experiments, Con A caused an early

decrease in labelled PI. The on set of PI breakdown was Ob

served by 30 seconds in four experiments and by one minute

in the other three. The maximum reduction in labelled PI

occurred from 30 seconds to 2 minutes and ranged from 25–68%
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of the labelled PI at time Ø. The mean and standard devia

tion of the decrease in labelled PI was 45% + 1.7%.

O n l l l l

MINUTES

Figure 7: Con A Stimulation of PI Breakdown in Thymocytes

Thymocytes Were incubated with *H-inositol before
stimulation with Con A. (ordinate) cpm in PI. (abscissa)
Time after addition of 20 ug/ml Con A. Results are from a
representative experiment. Each point is the mean of
triplicates. Bars indicate standard deviations.

The tendency of PI labelling to increase again by 5 min

utes, as seen in Figure 7, was consistently observed. Pos

sible reasons for this effect will be discussed. Whatever
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the reason, the relabelling of PI may obscure the duration

and full magnitude of PI breakdown.

2. 3.5 Phosphatidylinositol Breakdown in Sacculus Rotundus
Lymphocytes

The effect of anti-IgG on PI breakdown in sacculus rotun–

dus lymphocytes was tested in two experiments. The protocol

was similar to that for thymocytes, with each time point

done in triplicate. As would have been predicted from the
º
-

results with P uptake, anti-IgG at 25 ul/ml had no effect

on PI breakdown (data not shown).

2.4 DISCUSSION

Two different aspects of phosphatidylinositol metabolism,

breakdown and synthesis, have been studied in rabbit thymo

cytes. Both processes were stimulated by mitogenic lectins.

The data supports the hypothesis that PI plays a role in the

early stages of lymphocyte activation.

PI breakdown was found to be a very early event in thymo–

cyte activation, occurring as rapidly as thirty seconds a f

ter the addition of Con A. Although substantial early de

creases in radioactively labelled PI were consistently

measured, the onset time and magnitude of the decrease was

somewhat variable. Undoubtedly, this is in large part due

to the considerable variability observed between individual

rabbits. A second factor contributing to variability was

the consistently observed reappearance of *H-PI by 5 min
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utes . Reincorporation of *H-inositol into PI after a one

hour chase with excess cold inositol is surprising. HOW

ever, other investigators have made similar observations

(2,28, 41, 44–46). Tolbert et al. (44) have suggested that

the Cleaved *H-inositol might be compartmentalized and pref

erentially reincorporated into PI. Alternatively, the in

crease in labelled PI might be a result of conversion of di

and triphosphoinositide to PI (23).

In contrast to PI breakdown, PI synthesis, as measured by

incorporation of *P-orthophosphate, is a later event in

thymocyte activation not detectable until approximately 15

minutes after addition of Con A. Despite the fact that PT

is a relatively minor phospholipid, constituting only 2–1.2%

of the total phospholipid in eucaryotic cells (19), this

stimulation of 32 P incorporation was specific for PI. COr–

relation of increased PI synthesis with cell activation was

established by comparing the effects of mitogenic and nonmi

togenic lectins. While three of the four mitogenic lectins

(lectins which enhanced thymidine uptake) stimulated PI

synthesis, the nonmitogenic lectins did not. In control ex

periments, it was determined that the failure of nonmitogen

ic lectins to stimulate was not due to a lack of cell recep

tors or the use of a suboptimal concentration.

The one mitogenic lectin that failed to stimulate PI

synthesis was pokeweed mitogen (PWM). This observation is

in accord with an earlier report that PWM failed to stimu
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late PI synthesis in human peripheral blood lymphocytes

(37). Resch et al. (47) have found that when rabbit lympho

cytes are activated by PWM a number of events, including the

onsets of protein, RNA, and DNA synthesis, are delayed as

compared to lymphocytes activated with other mitogens. They

suggest that PWM-induced lymphocyte activation may occur via

a mechanism different from that induced by other mitogens.

While T cell mitogens stimulated both PI breakdown and PT

synthesis in thymocytes, a B cell mitogen, anti-IgG, had no

effect on PI metabolism in sacculus rotundus cells. Al

though the failure to detect an effect of anti-IgG on PI may

in fact be due to the absence of a PI response in B cells,

certain factors should be kept in mind : (1) The sacculus ro–

tund us contains a mixed population of cells, only 60% of

which are surface Ig positive. (2) Despite the preponder

ance of B cells, anti-IgG is less effective than Con A in

stimulating thymidine uptake in sacculus rotundus cells, in

dicating that anti-IgG might not be a very potent mitogen

for rabbit B cells. (3) On a per cell basis, there was a

higher rate of PI turnover in sacculus rotundus cells than

in thymocytes which might have tended to obscure any stimu

latory effects of anti-IgG. It therefore seems premature to

draw any conclusions concerning the role of PI in activation

of rabbit B cells at this time.

The function of PI turnover in cell activation remains to

be elucidated. However, there is no shortage of sugges—
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tions. The most popular hypothesis was advanced by Michell

in 1975 (19). Michell had observed that in nearly every

cell in which calcium fluxes had been found to play a role

in activation, PI turnover was also involved. He postulated

that the function of PI turnover was to regulate the gating

of calcium channels. Although the calcium gate hypothesis

has recently come under attack (48, 49), there is a large

body of evidence supporting it (for review see 19, 20, 50–52).

An increase in calcium flux has been shown to be an early

event in activation of lymphocytes isolated from a variety

of sources (9–14). Most investigators agree that the onset

of this flux is within one or two minutes of activation,

similar to the onset of PI breakdown reported here.

Recent evidence in cells (53) as well as liposomes (54)

that phosphatidic acid and leukotriene B4 (another product

of the PI cycle; see below) are calcium ionophores has stim—

ulated new interest in the possible relationship of PI turn—

over to calcium fluxes. It has also been suggested that PI

turnover modulates the release of Calcium from intracellular

stores and that calcium flux across the plasma membrane is a

secondary event. In this respect, it is interesting to note

that Mikkelsen and Schmidt-Ullrich (13) found that Con A had

no effect on calcium in flux into rabbit thymocytes but did

enhance calcium efflux. Moreover, they found that addition

of Con A to thymocytes pretreated with chlortetra cycline

caused a decrease in fluorescence, which indicates a release
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of Calcium from cell membranes. This effect of Con A was

detectable by two minutes and completed by five minutes.

More recently, Nishizuka and coworkers have suggested

that the function of PI turnover may be to regulate the ac

tivity of a phospholipid- and calcium-dependent protein ki

nase, which they have named C kinase (55). C kinase is an

ubiquitous enzyme which requires calcium, diacylglycerol,

and either phosphatidylserine or phosphatidyl ethanolamine to

be fully activated. The diacylglycerol must have an unsatu

rated fatty acid at the number two position. PI, which ex

hibits a marked preference for arachidonic acid at the two

position, would then provide the required diacylglycerol

when hydrolyzed by phospholipase C. To date, the only

strong evidence for C kinase having a role in activation de

rives from studies of plate lets, in which thrombin stimula

tion of serotonin release, PI turnover, and phosphorylation

of a 40k protein by C kinase are all tightly linked (56).

However, C kinase has been found in every mammalian tissue

examined . The highest concentrations were found in brain

and in lymphocytes (57) (30 times higher than most other

tissues).

Still another proposed role of PI turnover is the regula

tion of arachidonic acid metabolism. Arachidonic acid, as

the precursor for prostaglandins, prostacyclins, thrombox

anes, and leukotrienes, is critical to cell function. Under

normal circumstances, there is very little free arachidonic
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acid in a cell. Free arachidonic acid is rapidly metabo—

lized and the rate-limiting step in arachidonic acid metabo—

lism is its release from its cell repositories. PI repre

sents a major arachidonic acid repository. Studies in pla—

telets have revealed that arachidonic acid can be released

from PI at various points in the cell cycle. Phospholipase

A2 can cleave arachidonic acid directly from PI, producing

free arachidonic acid and lysophosphatidylinositol (28).

Alternatively, PI can be hydrolyzed by phospholipase C to

form diacylglycerol and diacylglycerol lipase can then re

lease arachidonic acid to produce monoacylglycerol (58).

Lastly, the diacylglycerol produced from PI can go on to

phosphatidic acid at which point a different phospholipase

A2 with specificity for phosphatidic acid can liberate ara

chidonic acid to form lysophosphatidic acid (59). The re

fore, PI turnover provides a means of modulating the avail—

ability of substrate for these various enzymes and

consequently the availability of arachidonic acid for

synthesis of various macromolecules.

Finally, it has been suggested that PI turnover may regu

late the activity of guanylate cyclase. There is clearly a

link between the two processes since almost all receptors

that stimulate PI turnover also stimulate guanylate cyclase.

Lymphocyte receptors for Con A and PHA fall into this cat

egory (60). The link may be indirect since these receptors

also stimulated calcium fluxes and guanylate cyclase is
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known to be regulated by calcium (60). However, Nishizuka

and Takai (61) have recently found that guanylate cyclase

can be stimulated by polyunsaturated fatty acids. The re

fore, liberation of arachidonic acid by the action of phos

pholipase A2 or diacylglycerol lipase, as discussed above,

could provide a direct link between PI turnover and ccMP

production. In studies of human peripheral blood lympho

cytes, Con A has been shown to cause a three-fold enhance

ment in the level of CGMP in two minutes. The role of this

increase in cºmp concentration is not known. In a recent

study of platelets (62), 8-bromo-cGMP was found to inhibit

phospholipase C, suggesting that the increased level of ccMP

could serve to feedback inhibit PI turnover.

In conclusion, although the role of PI turnover in lym—

phocyte activation remains to be determined, many cell pro

cesses proposed to be associated with PI turnover have been

extensively characterized in lymphocytes. Therefore, inte

gration of the findings presented in this chapter with the

studies of these various cell processes may yield important

information concerning both the mechanism of lymphocyte a C

tivation and the role of PI turnover in biological systems.
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MONOVALENT CATIONS

3. l INTRODUCTION

Quastel and Kaplan (63) first proposed a role for cation

fluxes in lymphocyte activation in 1968. They based their

proposal on the finding that the addition of ouabain, a car

diac glycoside which inhibits Na-K-ATPase, to PHA-stimulat

ed human lymphocytes caused reversible blockade of a number

of processes associated with mitogenesis, including protein,

RNA, and DNA synthesis (63, 64). They subsequently found

that lymphocytes showed an increased rate of 42k uptake a f

ter several hours of incubation with mitogen (65). This

stimulated uptake was inhibited by ouabain. With these

findings, Quastel and Kaplan offered a revised hypothesis;

activation of human lymphocytes by PHA involved an "early"

stimulation of the Na-K pump which in turn elevated the in

tracellular potassium concentration to levels required for

protein synthesis. Averdunk and Lauf ('66) subsequently re

ported ouabain-sensitive increases in potassium influx and

sodium efflux in lymphocytes from other species stimulated

by an array of mitogenic lectins. This suggested that stim–

ulation of Na-K-ATPase was a general feature of lymphocyte

activation.

– 35 —
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The theory of Quastel and Kaplan stood unchallenged until

1975 when Segel and coworkers made two important observa–

tions: (1) addition of PHA to rat lymphocytes caused an in

crease in potassium permeability measured at 30 minutes (67)

and (2) there is no change in the intracellular potassium

concentration during the first 24 hours of activation (68).

These findings led to the prediction that there was a potas–

sium efflux equivalent to the ouabain-sensitive potassium

in flux. This prediction was rapidly confirmed by Segel and

Lichtman (69), Iversen (70), and Hamilton and Kaplan (71).

In addition, Segel et al. (72) reported that the addition

of PHA to lymphocyte membrane vesicles had no direct effect

on Na-K-ATPase activity. Therefore, it now seems that acti.

vation of Na-K-ATPase may be a compensatory mechanism for

maintaining potassium homeostasis which is secondary to an

increase in potassium leak fluxes. However, the kinetics of

neither the leak flux nor the active transport have been re

solved sufficiently to definitively establish the functional

relationship of these two processes.

Recently, early sodium fluxes have also been implicated

in lymphocyte activation. Averdunk (73) has measured an in

crease in sodium uptake in mouse lymphocytes detectable by

five minutes. Segel, Simons, and Lichtman (74) have detect

ed an increase in the intracellular sodium concentration of

6 mM in human lymphocytes treated for 4 hours with PHA.

They suggested that this increase in Na concentration is re
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sponsible for stimulating the Na-K-ATPase. Deutsch, Price

and Johannson (75) have found that exposing lymphocytes to

low sodium for the first three hours of activation greatly

inhibited mitogenesis. However, their effect appeared to be

independent of ATPase activity (76).

To date, these early "leak" fluxes of potassium and sodi

um in lymhocytes have been treated as direct effects of re

ceptor binding wth no attempt at understanding the underly

ing molecular events. Although direct coupling of the

receptor with the ionophore is possible (e.g. the acetylcho

line receptor), potassium and perhaps sodium channels in

most nonexcitable tissues are thought to be regulated by a

second messenger. In many cases, this second messenger has

been identified as calcium. The involvement of intracellu

lar calcium in modulating potassium permeability was first

established by Gardos in 1958 and is often referred to as

the "Gardos effect" (77). Now there is evidence in some

systems (e.g. pancreas (78) and fibroblasts (79) ) that cal

cium may also regulate sodium flux.

The increase of intracellular free calcium can arise ei

ther from calcium influx through membrane channels or from

release of calcium from intracellular binding sites. The

possible role of phosphatidylinositol turnover in these pro

cesses was discussed in the preceding chapter. In the vast

majority of the tissues in which calcium-gated potassium

channels have been found to be present, PI turnover also oc

Curs .
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It was established in the preceding chapter that PT

breakdown in rabbit thymocytes occurs within 32 seconds and

may be maximal at two minutes. This is very similar to the

time course of calcium release reported by Mikkelsen and

Schmidt-Ullrich (13). The study presented in this chapter

was undertaken to determine whether changes in membrane

permeability to monovalent cations occurred in a similar

time frame in these cells.

3.2 METHODS

3. 2. 1 Measurement of Sodium Influx

Thymocytes or sacculus rotundus cells were suspended in

Hanks Balanced Salt Solution at concentrations of 4 X 12.7/ml
or 2 X 127/ml respectively. HBSS was used instead of RPMI

in order to avoid sodium/amino acid cotransport. 40% ul al

iquots of the cell suspension were pipetted into 13 X 75 mm

glass test tubes. The tubes were then placed in a 37° C wa–

ter bath and incubated for 30 minutes. In order to inhibit

22Na efflux, 3 mM Ouabain was added in a volume of 20% ul

(final concentration 1 mM) 10 minutes before the addition of

isotope. At the end of this preincubation period, 6 ul of 2

mg/ml Con A was added. At various times after the addition

22Na (Amersham, lmCi/ml) in 75 ulof the stimulus, 3 uCi of

of HBSS was added. Two minutes later, the reaction was ter—

minated by layering three 200 ul aliquots of the suspension

over 100 ul of an oil mixture (80% Dow Corning 540 Fluid,
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20% heavy mineral oil) in 400 ul Beckman microfuge tubes.

The tubes were spun at 10, ØØØ x g x 1 min in a Beckman Mi

crofuge. The supernatant and oil layer were a spirated. The

tip of the tube containing the cell pellet was cut off and

counted in a Beckman Gamma Counter, Model L5500 . All values

shown in Results are corrected for Counts in extra Cellular

water space, which ranged from 28%–550 cpm.

3.2.2 Measurement of Potassium Influx

86 Rb was used as a tracer for potassium flux. The meth

od used was similar to that for measuring 22Na uptake. In

these experiments, ouabain was added only where indicated.

200 ul of HBSS was added to the other tubes. 3 uCi of 86 Rb

(Amersham, 1 mCi/ml) was added at the indicated time for

only 1 minute. In order to measure the radioactivity in the

cell pellets, the pellets were dissolved by heating the tips

of the centrifuge tubes at 55° C in 1 ml soluene 352 (Pack

ard) and ló0 ul water overnight in glass scintill ation vials

with polyethylene-lined caps. The vials were then cooled to

room temperature, and 10 ml of Dimilume scintillation cock

tail (Packard) was added to each vial. Radioactivity was

counted on a Beckman Model LS-233 Liquid Scintillation

Counter.
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3. 3 RESULTS

The goal of the following studies was to determine wheth

er changes in ion flux occurred during the interval in which

PI turnover and calcium mobilization are stimulated . Since

neither of these two processes has been established to play

a role in activation of sacculus rotundus (SR) cells, these

studies focussed on thymocytes. SR cells were occasionally

used in control experiments.

3. 3. l Effect of Activation on Potassium Permeability

Changes in the potassium permeability of the thymocyte

plasma membrane were monitored by measuring the initial rate

of uptake of the potassium analog, 86 Rb, at fixed intervals

over the first eleven minutes of activation. In four exper

iments, each performed in triplicate, thymocytes consistent

86 Rb influx inly exhibited an early increase in the rate of

response to Con A. This increase in influx was a transient

phenomenon detectable by one minute, maximal at 1–2 minutes,

and greatly reduced by 10 minutes (see Figure 8). The maxi

mal stimulation of 86 Rb uptake, measured one to two minutes

after the addition of Con A, had a range of 30–130%.

In order to determine whether the observed increase in

the rate of 86 Rb uptake was due to increased Na-K-ATPase ac

tivity, parallel time courses were run in every experiment

in the presence of ouabain. The effect of Ouabain was to

consistently reduce the stimulated influx by the same amount
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Figure 8: Effect of Con A on 86 Rb Influx

Thymocytes were aliquotted and preincubated at 37° C as
described in Methods. They were then subjected to one of
the following treatments: ( & ) no additions, (e) 10 ug/ml
Con A at time 36 ( C ) l mM ouabain, ( O ) 10 ug/ml. Con A + 1
InM ouabainge Rb (3 uCi ) was added for l minute and the
amount of Rb taken up is plotted at the middle of the the
1 minute interval. Points represent the mgans of values
determined from triplicate measurements of Rb uptake in
three incubations at each time (SEM & 5%).

as it reduced the control influx. (Compare distance between

solid lines to distance between broken lines in Figure 8.)

86 Rb influx were due to inIf the Con A stimulation of

creased ATPase activity, ouabain would be expected to reduce

Con A-stimulated influx and control influx to the same level

(i.e. open circles would be superimposed on open squares in



42

Figure 8). Therefore, these results strongly indicate that
86

Con A caused an increase in Rb influx which was indepen

dent of the Na-K-ATPase pump.

3. 3.2 Effect of Activation on Sodium Permeability

A rapid increase in the rate of Na entry has been deter

mined to be an early response to mitogenic stimulation of

several types of cells. Since the activity of the Na-K pump

is known to be very sensitive to intracellular Na concentra

tion (80), it has been proposed that an increase in the rate

of Na entry would in turn cause an increase in pump activi

ty. This has, in fact, been found to be the case for fi

broblasts (81), neuroblastoma cells (82), and hepatocytes

(83). A similar sequence of events has been proposed to oc

cur in activation of human lymphocytes (74). However, noth

ing is known about sodium fluxes in rabbit lymphocytes. The

results of the previous section indicated against an early

increase in Na-K pump activity and, therefore, provided in

direct evidence against an early increase in Na influx. In

order to further investigate the role of Na in activation of

rabbit thymocytes, the initial rate of Na influx was meas—

ured directly using 22Na a S tra Cer. The technique used was

86 Rb influx.very similar to that used for measuring

In three experiments, there was no significant effect of

Con A on the rate of 22Na influx within the first five mi–

mutes of activation. The results from a representative ex

periment are shown in Table 3.
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TABLE 3

Effect of Con A on 22Na In flux

Additions Time of 23ddition cpm
NaOf

(minutes)

None Ø 1193 (52 )

Con A Ø. 5 1152 (18)

Con A 2 1223 (95)

Con A 5 1264 (42)

COn A l■ º 1388 (27)

COn A 30, 1595 (2.2)

NOne 3 Q■ 1421 (71)

Where indicated ("Additions"), thymocytes were stimulated
with Con A at time 0 . Na was added at the Bjmes indicated
in the second Column. Two minutes later, Na uptake was
determined as described in Methods. Values for uptakezare
the means of values determined for three incubations. Na

uptake in each incubation was measured in triplicate. Stan
dard errors of the mean are in parentheses.

3. 3. 3 Effects of Monensin on *Na and Bºrb Fluxes

Evidence has been presented that activation of rabbit

thymocytes (l) involves an early increase in Pk , (2) does

not involve an early increase in Na-K pump activity, and (3)

does not involve an early increase in *Na The latter two

conclusions, which are based on negative results, would

clearly be strengthened if it could be shown, first, that

the ouabain treatment was adequate for preventing the stimu

lation of Na-K pump activity and, second, that if the rate
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of Na in flux were increased it would in turn increase Na-K

pump activity in these particular cells. To this end, mon

ensin proved a useful tool.

Monensin is a carboxylic ionophore which mediates Na–H

exchange. As a passive carrier, monensin transports sodium

down a concentration gradient. Since the intracellular con

centration of sodium is several fold lower than the extra

cellular concentration, the net effect of adding monensin to

a cell suspension should be to icrease the intracellular so
22

- -Na is used as tracer, an 1. ndium concentration. When

crease in intracellular sodium should be reflected by in

creased cell-associated radioactivity in a reliable assay

system. When cell-associated radioactivity was measured up

to 30 minutes after the addition of 22Na to thymocytes incu

bated with or without monensin, the results were as expected

(Figure 9). At all time points assayed, monensin produced a

2–3 fold increase in cell-associated radioactivity.

In fibroblasts (81) and neuroblastoma cells (82) monensin

has also had the effect of increasing Na-K-ATPase activity,

presumably as a result of the increased intracellular sodium

concentration. Therefore, monensin provided a means of a sk

ing whether rabbit lymphocytes would exhibit an accelerated

Na-K-ATPase activity if the sodium permeability were in fact

to increase during cell activation. If so, then it should
86

be possible to measure an increase in the rate of Rb up

take in cells incubated with monensin as compared to control
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22Figure 9: Effect of Monensin on Na Influx

(* 22Monensin (3 ug/ml) was added 2 J■ nutes before addition
Of Na at time 0. (4 ) Control, Na only. Uptake was
stopped at times indicated on abscissa by centrifuging cells
through oil. Each point is the mean of values from three
incubations measured in triplicate. Bars represent standard
deviations (n=9).

cells. In the presence of ouabain, a specific inhibitor of

Na-K-ATPase, 86Rb uptake in both cells exposed to monensin

and control cells should be reduced to the same level. Fig

ure 10 shows the effect of monensin on the initial rate of

86 Rb uptake with or without ouabain in both thymocytes and
22SR cells. For the sake of comparison, initial rates of Na

uptake are also shown. In both cell types, monensin stimu

lated 22Na uptake as well as 86 Rb uptake. The basal rate of
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86 Rb uptake is reduced by ouabain, indicating that a portion

of the 86 Rb uptake is mediated by Na-K-ATPase pump activity.

Ouabain also reduced the 86 Rb uptake in cells stimulated

with monensin and to the same level as control cells.

Therefore, the increase in 86 Bb uptake mediated by monensin

in both thymocytes and SR cells was a result of an increase

in Na-K-ATPase activity. Apparently, accelerated pump a c

tivity is a rapid response to elevation of intracellular so

dium in both cell types.

3. 3.4 Effects of Ion Flux Inhibitors on Thymidine Uptake

3. 3. 4. 1 Ouabain

The hypothesis that Na-K-ATPase plays an important role

in the early stages of lymphocyte activation originated from

the observation that ouabain inhibited thymidine uptake in

PHA-stimulated human lymphocytes. This type of experiment

was repeated with rabbit lymphocytes. In Figure 11, it can

be seen that ouabain inhibited thymidine uptake of both thy

mocytes stimulated by Con A and SR cells stimulated by

anti-IgG. l um ouabain partially inhibited both responses

while 10 um ouabain inhibited totally. This result suggest

ed that active transport of sodium and potassium by Na-K-AT

Pase might play a role at some point in activation of rabbit

lymphocytes.

If Na-K-ATPase were involved in only the early stage of

lymphocyte activation, it would be predicted that, while
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Figure 10: Effect of Monensin on Na-K-ATPase Activity

Where indicated (abscissa) cells were first incubated with
monensin (3 ug/ml) for 2 minutes. The iggubations were then
pulsed for two minutes, either with Rb in the absºee

Na(open bars) or presence (solid bars) of ouabain or win
(hatched bars). N=9, S. D. & 5%.

ouabain added at the same time as the stimulating ligand

would totally inhibit thymidine uptake, ouabain added at

later times would have little inhibitory effect. The re

sults of an experiment testing this question in rabbit thy

mocytes are shown in Figure l2. As shown, the addition of

ouabain as late as 48 hours totally inhibited thymidine up

take and ouabain added as late as 72 hours, i.e. at the same

time as *H-thymidine, inhibited by 50%. Therefore, the in
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Figure ll: Effect of Ouabain on Thymidine Uptake

Ouabain, at concentrations indicated on abscissa, was added
simultaneously with the addition of (A) 10 ug/ml Con A to
thymocytes or (B) 25 ul/ml anti-IgG to SR cells. Each point
is the mean of data from four experiments done in
triplicate. Bars represent standard error of the mean.

hibitory effects of ouabain on lymphocyte mitogenesis could

be the result of interference in a relatively late step in

the activation process.

3. 3. 4.2 Amiloride

The results of the 22 Na influx studies indicated that Na

influx does not play a role in the first five minutes of

thymocyte activation. The possible importance of Na fluxes

in later stages of the activation process was investigated

by testing the effect of amiloride on thymidine uptake. Am—

iloride inhibits passive sodium flux without affecting pas–
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Figure 12: Time Course of Ouabain Inhibition of Thymidine
Uptake

Thymocytes were stimulated at time Ø with 10 ug/ml Con A.
10 um ouabain was added 3t times indicated on abscissa.
Cells were pulsed with H-thymidine at 72 hours and
harvested at 76 hours. Results are expressed as per cent of
thymidine uptake observed in the absence of ouabain. Points
are the means of triplicate determinations from a single
experiment. The range of values was within 10% of the mean.

sive potassium fluxes or Na-K-ATPase activity (84). In

non-excitable cells in which sodium influx has been found to

be an early event in cell activation, the influx has been

shown to be totally inhibited by amiloride at concentrations

of lø-402 um (82, 83, 85). If sodium influx were an important

step in lymphocyte mitogenesis, then it would be expected

that mitogenesis would also be inhibited in the presence of
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amiloride. In Figure 13 it can be seen that sodium uptake

by SR cells stimulated with anti-IgG is inhibited by 45% in

the presence of 100 um amiloride and by 90% in the presence

of 400 um amiloride. In comparison, thymocytes were rela

tively insensitive to amiloride, their response to Con A be—

ing inhibited only 25% by 400 um amiloride. Therefore,

while sodium influx may play a role in activation of SR

cells, it seems less crucial to thymocyte activation.

120 A
110 !

i
AMILORIDE CONCENTRATION (UN)

Figure 13: Effect of Amiloride on Thymidine Uptake

Amiloride, at concentrations indicated on the abscissa, was
added at the same time as the addition of (A) 10 ug/ml Con A
or (B) 25 ul/ml anti-IgG to SR cells. Each point represents
the mean of data from 5 experiments done in triplicate.
Error bars represent standard errors of the mean.
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3. 3.5 Effect of Ouabain on Phosphatidylinositol Turnover

Others have suggested that there might be a link between

phosphatidylinositol turnover and Na-K-ATPase activity. In

rabbit thymocytes, PI turnover has been found to be stimu

lated in the absence of any stimulation of Na-K-ATPase ac

tivity. The availability of a specific ATPase inhibitor

made it possible to ask whether PI turnover required even

basal Na-K-ATPase activity. In three experiments, 12, uM

ouabain had no effect on Con A-stimulated incorporation of

32p into PI (data not shown). It can be concluded that the

early stimulation of PI turnover in rabbit thymocytes is in

dependent of Na-K-ATPase activity.

3.4 DISCUSSION

In this chapter, a change in passive potassium flux has

been detected within one minute after the addition of Con A

to rabbit thymocytes. The observed increase in flux repre

sents an increase in the permeability of the membrane to po

tassium which is transient in nature and has a distinct max

imum at 1–2 minutes. There is only one other report of

changes in potassium flux occurring in lymphocytes within 10

minutes of activation. In 1972, Averdunk (86) reported an

increase in potassium in flux within 30 seconds of the addi

tion of PHA to human peripheral blood lymphocytes. He did

not determine the ouaba in sensitivity of this flux, but he

claimed that it represented Na-K pump activity.
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The absence of other reports of this early transient

change in permeability may be a result of interspecies dif–

ferences, although a number of other species, including sev

eral rodents, have been studied. More likely, the reason

may be that no one has looked for very early changes. The

bulk of the reports on fluxes in lymphocytes have described

changes occurring from hours to days after stimulation, and

only a very few describe changes as early as 15 minutes

(69–71). No one to date has taken the approach of using

initial rates to detect changes in permeability associated

with lymphocyte activation. This is surprising in light of

the valuable information gained by this approach in other

cell types, including fibroblasts (85, 87,88), neutrophils

(89, 90), neuroblastoma cells (82) and hepatocytes (83, 91).

Ouabain had no effect on the Con A stimulation of potas

sium flux. A possible explanation might have been the known

relatively low sensitivity to ouabain of Na-K-ATPase in ro–

dents (92). However, the inhibitory effect of ouabain on

monensin-induced 86 Rb influx strongly indicated that the

ouabain concentration and duration of exposure in these ex

periments were adequate to inhibit the Na-K pump. There

fore, it can be concluded that the Con A-stimulated potassi—

um fluxes reported here were not the result of increased

active transport via the Na-K pump.

Sodium fluxes were unaffected during the first ten min

utes following the addition of Con A. The experiments with
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monensin clearly demonstrated that the assay was sensitive

to changes in sodium flux. The monensin experiments also

showed that rabbit thymocytes, as expected, respond to an

increase in intracellular sodium with increased Na-K pump

activity. Therefore, the lack of any detectable stimulation

of ouabain-sensitive 86 Rb fluxes by Con A constitutes fur

ther evidence that no enhancement of sodium influx occurred

during the 10 minute period.

Taken together, the increase in potassium permeability

and absence of any change in either Na-K pump activity or

sodium permeability suggest the early activation of potassi

um channels. In general, potassium channels in biological

systems can be divided into two classes. In One class are

channels which are gated by voltage-sensitive particles

(93). These channels mediate the repolarization phase of

action potentials and are probably restricted to nervous

tissue. They can be selectively inhibited by application of

tetraethylammonium (TEA).

A second class of potassium channels is voltage-insensi

tive and regulated by calcium. Since the discovery of the

"Gardos effect" in 1958 (77), calcium-dependent potassium

channels have been found to exist in many different tissues,

both nervous and non-excitable. In nervous tissue, these

calcium-dependent channels generally mediate slow afterhy–

perpolarizations and are usually (94-96), but not always

(97), distinguished pharmacologically from the fast channels
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by their insensitivity to TEA. In non-excitable tissues,

opening of calcium-dependent channels has been established

as an early event in receptor-mediated activation of parotid

gland (98, 99), lacrimal gland (1%), liver (101, 17.2) and po

lymorphonuclear neutrophils (103).

Activation of potassium channels as a result of increased

concentration of intracellular calcium raises the question

of what mediates the rise in calcium. In nervous tissue,

calcium enters via voltage-dependent calcium channels which

open late in the course of an action potential. Non-excita

ble tissues, possessing neither voltage-sensitive calcium

channels nor action potentials, must utilize other means for

raising their intracellular calcium levels. This is proba

bly accomplished by two mechanisms, release of bound calcium

from intracellular sites and influx of external calcium. In

parotid and lacrimal glands, there is direct evidence that

both of these processes occur as a result of receptor bind

ing (124-106). Potassium fluxes have been measured in both

tissues and were found to be biphasic . In the first phase,

there is a rapid efflux of potassium, lasting 2–6 minutes,

which is unaffected by the removal of extracellular calcium.

Direct measurements of increased intracellular calcium con

centration, even in the absence of extracellular calcium,

strongly indicate that this early phase of potassium efflux

is a result of the release of bound calcium. In contrast,

the second phase, in which potassium flux falls to a lower
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level but remains above control for thirty minutes or more,

does not occur in the absence of extracellular calcium.

Therefore, this prolonged potassium flux is apparently medi—

ated by influx of external calcium. It remains to be deter

mined whether the biphasic nature of the potassium flux ob—

served in rabbit thymocytes also reflects two different

phases of calcium mobilization.

As noted in the preceding chapter, phosphatidylinositol

(PI) turnover has been proposed by Michell (19) to mediate

the increase in intracellular calcium in non-excitable tis

Sue S • Recent evidence that two products of PI metabolism,

phosphatidic acid and leukotriene B4 (54), are calcium iono

phores seems to increase the likelihood of PI playing a role

in calcium influx. In opposition to Michell's proposal are

the findings that PI turnover is both (l) inhibited by re

moval of extracellular calcium and (2) stimulated by the ad—

dition of A23.187 in calcium-containing media in several cell

types (49, 107). In the studies in which extracellular cal

cium was removed, the amount of intracellular calcium was

not measured and may have also been depleted. Therefore,

the possibility still remains that calcium-sensitive PI

breakdown, perhaps stimulated by the early release of bound

calcium, mediates calcium in flux.

Whatever the connection between PI breakdown and intra

cellular calcium, it cannot be denied that the two are

tightly linked. In each of the non-excitable tissues listed
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above in which a stimulus has been found to trigger the

opening of calcium-dependent potassium channels the same

stimulus also activates PI turnover. Now, with the finding

that calcium mobilization (13), PI turnover, and a biphasic

potassium flux are activated by Con A within two minutes, it

appears that rabbit thymocytes may be added to this list.

Is this triad of calcium mobilization, PI turnover, and

potassium flux likely to be a feature common to activation

of all lymphocytes? It would not be surprising if this

turned out to be the case. Calcium influx has been reported

to occur within one or two minutes of activation in lympho

cytes from several species (10, 108), and an increase in in

tracellular calcium has been measured in pig lymph node lym—

phocytes and mouse thymocytes (14). Also, the results of

many studies in different types of lymphocytes indicate that

PI metabolism and potassium permeability play a role at some

point in lymphocyte activation.

As discussed in the introduction, there is also some evi

dence, although mostly indirect, that activation of sodium

influx and/or Na-K-ATPase may be early events in human lym—

phocytes. If these processes were in fact found to occur

early, their coexistence with activation of calcium-depen

dent potassium channels would be an arrangement with ample

precedent. For example, an early stimulation of calcium

sensitive sodium fluxes has been found to occur at the same

time as potassium fluxes in the exocrine glands (l). Recent
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experiments with patch clamp techniques, in addition to con

firming the existence of calcium-activated potassium-selec

tive channels (109, 110), have revealed the existence of cal

cium-activated channels equally permeable to potassium and

sodium (111-113). There is also pharmacological evidence

for calcium-sensitive channels selective for sodium in la

crimal glands (114). With regard to Na-K-ATPase, this en

zyme may be activated as a result of either sodium influx

(81), calcium mobilization (91), or membrane perturbation

(91). Therefore, there are many mechanisms by which modula

tion of sodium flux and Na-K-ATPase activity, together or

independently, might occur in concert with a calcium-sensi

tive increase in potassium permeability in activation of

different types of lymphocytes.

In conclusion, the finding that Con A activation of rab

bit thymocytes entails early changes in calcium mobiliza

tion, PI turnover, and potassium flux strongly indicates

that the first step in transduction of an activating signal

may involve the functional integration of this triad of cell

processes. These same three processes have already been

found to be closely connected in receptor-mediated activa

tion of several other cell types. The functional interrela

tions of the processes, particularly the relationship of

calcium to PI turnover, remain to be elucidated. It is sug

gested that rabbit thymocytes may now serve as a model sys

tem for further exploring these problems.



Chapter IV

MEMBRANE POTENTIAL

4. 1 INTRODUCTION

All cells, whether excitable or non-excitable, maintain

transmembrane ionic gradients. As recognized by Bernstein

in 1902, an ionic gradient across a semipermeable membrane

gives rise to an electrical potential, the membrane poten

tial (Em). The magnitude and sign of a cell's membrane po

tential depend upon both the ionic concentration differences

between the inside and outside of the cell and the perme

ability properties of the membrane.

The values reported for the resting potential of mouse

and human lymphocytes, measured by various techniques, are

listed in Table 4. It can be seen that the values estimated

by several different chemical probes are consistently larger

than those estimated by direct electrical recordings. Al

though the reason for this discrepancy is not known, it has

been suggested that, because lymphocytes are so small (less

than 10 um in diameter), the microelectrodes used in these

experiments may have caused extensive leaking and thereby

disrupted the transmembrane ionic gradients. The use of the

finer electrodes now available may resolve this issue. In

lymphocytes, as in most cells, the intracellular potassium
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concentration is higher than the extracellular concentration

while the intracellular sodium concentration is lower. Var

ious reports place the intracellular potassium concentration

at 100–170 mM and the intracellular sodium concentration at

10–30 mM (70, 73, 115, 116). The corresponding equilibrium po

tentials (1) for potassium and sodium, Ev and Esa, are apK

proximately -80 mV and +40 mV respectively.

TABLE 4

Reported Values of Lymphocyte Membrane Potentials

E Source of Probe Reference
(mW) Lymphocytes

– 12 Human Blood Microelectrode 117

– 7 Human Blood Microelectrode 118

–52 Human Blood *H-TPMP 119

–35 Human Blood **c-Thiocyanate 119

–60 Mouse Spleen dis-ca-(5) 120

–65 Mouse Spleen *H-TPP 121

–52) Mouse Thymus Oxanol 14

(l) The equilibrium potential for ion X, E., is defined as
the potential which would exist if the membrane were ex
clusively permeable to X. For any given intracellular
and extracellular concentrations of the ion, the equi
librium potential is the potential at which electrical
forces and diffusion forces are exactly balanced .
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Ionic gradients and, consequently, membrane potentials

are maintained by the Na-K pump at the expense of considera–

ble metabolic energy. In excitable cells, the membrane po

tential is crucial to the conduction of nervous impulses and

to muscle contraction. In non-excitable cells, the reason

for this energy expenditure is less clear. It has been sug

gested that the membrane potential may regulate certain cell

functions, such as solute transport across the membrane

(122), the conformation and activity of membrane-bound en

zymes (123), secretion (124) and intercellular communication

(125). A corollary of this proposal is that changes in the

membrane potential could serve to modulate and coordinate

cell functions associated with cell activation.

There have been only a very few reports of early changes

in membrane potential in lymphocyte activation. Taki (117)

reported small depolarizations (about 2mV.) in human and

mouse lymphocytes detectable by intracellular recording

within 10–30 minutes after stimulation. Utsumi et al.

(126), using the cyanine dye dis-ca-(5), reported but did

not quantitate a depolarization in mouse thymocytes detecta

ble within three seconds and maximal at ten minutes. Most

recently, Tsien (14) has used another fluorescent dye, oxa

nol, to measure membrane potential changes in mouse thymo

cytes and has reported very different results. He has re

corded a transient hyperpolarization, the onset of which

occurred after one minute. This hyperpolarization was oua

bain-insensitive and calcium-dependent.
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If a change in membrane potential occurs in activation of

rabbit thymocytes, it might be predicted that its direction

and time course would be similar to that observed by Tsien

in mouse thymocytes. An increase in the permeability of the

membrane to potassium with no change in the sodium perme

ability, as described in the previous chapter, would tend to

shift the membrane potential closer to E that is, to aK”

more negative value. However, it is possible that the hy–

perpolarizing influence of an increase in Prº could be offsetK

by changes in permeability to other ions, e.g. chloride or

calcium. Alternatively, if the resting potential is already

very close to Ek, an increase in Pk would have little ef

fect. Therefore, the question of whether membrane potential

plays a role in activation of rabbit thymocytes can be re

solved only by direct measurement.

Cell membrane potentials can be monitored either by di

rect recording with intracellular microelectrodes or by the

use of probe molecules. Of these two approaches, intracel

lular recording is generally more reliable but is not always

technically feasible. In order to measure potentials in

very small cells, investigators have resorted to the use of

probe molecules.

The probe molecules can be divided into two classes,

fluorescent dyes and lipophilic ions. The fluorescent dyes

have been widely used to measure membrane potentials in many

types of suspension cells. It has only recently been appre
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ciated that their use requires considerably more caution

than originally supposed. Smith et al. (127) have reported

that the dyes are toxic to cells and uncouple oxidative

phosphorylation. Moreover, they can give erroneous esti

mates of Fm for a variety of reasons: they (1) can hyperpo

larize cells by increasing P (128), (2) can depolarizeK

cells by blocking calcium-activated potassium channels

(129), (3) accumulate in mitochondria (13%), and (4) are

also responsive to pH changes (131).

In comparison to the fluorescent dyes, the lipophilic

ions had received relatively little attention at the time

this study was undertaken. Kaback and coworkers (132) had

measured Fm in E. coli giant cells with both intracellular

microelectrodes and radiolabelled tetra phenylphosphonium

(TPP) distribution and found that the two methods yielded

very similar values. Lichtshtein et al. (133) applied the

same approach to neuroblastoma-glioma hybrid cells and again

found close agreement. A closely related probe, triphenyl

methylphosphonium (TPMP) had been used to measure hyperpo

larization consequent to ligand-receptor interaction in hu

man granulocytes (134) and bovine thyroid cells (135).

Finally, Deutsch et al. (119) used both TPMP and a lipophil

ic anion, tetra phenylboron (TPB), together to measure the

resting potential of human red cells and lymphocytes and,

despite encountering some difficulty in calibration, con

cluded that the technique was generally applicable to sus

pension cells.
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In this report, two different approaches have been taken

to measuring TPP partitioning into rabbit thymocytes. One

approach was the use of one of several techniques modelled

after ligand-receptor binding assays. The standard proce—

dure in this type of assay is to first incubate cells with a

radiolabelled ligand, in this case *H-TPP, and then to rap

idly separate the cells from the external milieu. The

amount of cell-associated ligand is then determined by scin

tillation counting.

The second approach was to use a newly developed TPP

electrode, designed by Dr. Juan Korenbrot. The principle of

this method is quite different from that of radioisotope

methods. Rather than counting radioactivity associated with

the cells, this technique monitors free extracellular TPP.

The TPP electrode offers two important advances over the

conventional radioisotope techniques. First, changes in TPP

uptake can be measured within 1 second of cell activation.

The electrode has a rapid response time; the t \; for response

to an instantaneous change in the free TPP concentration is

approximately 300 milliseconds. In contrast, radioisotope

methods require several seconds to separate the cells from

the free TPP, either by centrifugation or by filtration.

Second, the electrode allows continuous monitoring of TPP

uptake in a cell suspension. To establish the time Course

of TPP uptake by the radioisotope method entails the cumber

some process of starting and stopping a series of reactions

at precisely timed intervals.
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The TPP electrode also has certain limitations. Care

must be taken to control for possible interaction of some

substances with the electrode itself rather than with the

Cells. For example, addition of ethanol at a final concen—

tration of 1% v/v (a concentration thought to not adversely

affect cells) to a solution containing 2% um TPP in the re

cording chamber caused a rapid voltage jump of l mV, corre

sponding to an apparent decrease in free TPP equal to . 75

uM. Ion carriers, such as valinomycin or monensin, cannot

be used in the electrode since they alter its selectivity.

4. 2 METHODS

4. 2. l The TPP Electrode

The TPP electrode is designed to measure the concentra

tion of free TPP in a small volume. This is accomplished by

means of electrical recording across a TPP-selective polyvi

nylchloride (PVC) membrane. The preparation and selectivity

characteristics of the membrane are described by its cre

ator, Dr. Juan Korenbrot, in Appendix A, page 121.

The construction of the TPP electrode is shown in Figure

14. A small circle (7 mm in diameter) of the TPP-selective

membrane was glued to the top of a PVC cylinder (12 mm out

side diameter, dark cylinder in Figure 14) with tetrahydro

furan containing 3% PVC (W/V). After overnight drying, the

PVC cylinder was glued (with epoxy cement) to an acrylic

cylinder (shaded cylinder in figure), thus creating a re
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cording chamber with a volume of 300 ul. Finally, the PVC

cylinder was attached to an acrylic U tube by means of a

tight fit.

STIRRER

RECORDING
CHAMBER

ELECTRODE
MEMBRANE

TPP+
REFERENCE SOLUTION

Figure 14: The TPP Electrode

In a typical experiment, the U tube was filled with a

reference solution containing a fixed concentration of TPP
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and cells suspended in 150 ul of the same solution were

placed in the recording chamber. The cell suspension was

constantly stirred with a Teflon stirring rod driven by a

low noise motor. Any uptake or release of TPP by the cell

would cause a change in the concentration of free TPP in the

recording chamber. The resulting gradient of free TPP con–

centration across the electrode membrane would generate an

electrical potential which was detected by silver/silver

chloride microelectrodes (IVM). The electrical signal was

amplified 100-fold with a high input impedance (1700 Mohms),

low noise differential amplifier with a recording bandwidth

of DC to 100 Hz (PARC, Model 113) and recorded on a strip

chart recorder (Gould, Brush 220) and a digital multimeter

(Keithley, Model 179) wired in series. The TPP COn Centra

tion in the recording chamber at any point in time was de

termined by fitting the corresponding value of the electri

cal potential measurement to a plot of E vs. log ■ TPPT

generated at the beginning of each experiment. In general,

the response of the electrode was linear with the logarithm

of the TPP concentration with a slope of 45–58 mV per decade

concentration down to a limiting concentration of about 0.4

uM.
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4.2.2 Assay of Radiolabelled TPP Uptake

Cells were suspended at the indicated densities in 1 ml

of a TPP solution trace-labelled with .75 uCi *H-TPP/ml
(NEN, specific activity 4.3 mCi/mmol). Reactions were stop

ped by layering triplicate 20% ul aliquots over 10% ul of

80% silicon oil/20% mineral oil in Beckman 4% ul microfuge

tubes and centrifuging for 32 seconds at 10, 200 x g. The

supernatant and oil layer were a spirated and the tips of the

tubes were cut off. The cell pellets were solubilized by

incubating each tip at 55° C overnight in 1 ml of Soluene

350 (Packard). Cell-associated radioactivity was measured

by liquid scintillation counting in Dimilume (Packard). The

values reported are corrected for radioactivity trapped in

the extracellular space, which was less that 150 cpm.

4. 2. 3 Measurement of Cell Water Volume

Thymocytes were suspended in 1.5 ml of HBSS to a density
8

Of 3 x 12) cells/ml. 50 ug/ml Con A was added to half of

the tubes and the cells were incubated for three minutes at

23° C. . 3 uCi of *H-H,o ( NEN ) and . 5 uCi of

(1,2-4°c)-polyethyleneglycol (PEG) (NEN, specific activi

ty=0.7 mci/gram, MW=4000) were then pipetted into each tube.

Five a liquots of 25% ul each were layered over oil in micro

fuge tubes as rapidly as possible (about 30 seconds) and

centrifuged for 2 minutes at 13, ØØØ x g . In control experi
3

ments it was determined that the H-H2O completely equili
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brated with the intracellular water by 30 seconds. Cells

were centrifuged as soon as possible after the addition of

the radioactive markers in order to minimize adsorption of

the extracellular marker, **c-peg, to the Cell surface.

In order to determine the distribution of radioactivity,

the cell pellets were dissolved by overnight incubation in 1

ml. of Soluene 352 (Packard) at 55° C and radioactivity in

the pellet and supernatant was counted on two channels,

Ø-31 7 (*H channel) and 397–655 (14c channel), using library

program 8 on a Beckman LS 7000 liquid scintillation counter.

Counts per minute in the two channels were converted to dis

integrations per minute of 3H and 14c by correcting for

counting efficiencies and spillover of 14c counts into the

3H channel.

4. 3 RESULTS

4. 3. l Measurement of TPP Uptake with the TPP Electrode

As a first approach to determining whether Con A induces

changes in membrane potential in rabbit thymocytes, the ef

fect of Con A on the rate of TPP uptake was measured with

the TPP electrode . The reason for looking at rates rather

than equilibrium conditions was that equilibrium could not

be attained within a reasonable span of time. The cells

continued to take up TPP even after two hours of preincuba

tion. It should be noted that the electrode was not equip

ped with a means of regulating the temperature at the time
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of these experiments. All incubations were, therefore, at

room temperature.

4. 3. l. l Effect of Con A on the Rate of TPP Uptake

In these experiments, thymocytes were incubated with 25

uM TPP in the recording chamber until a steady rate of TPP

uptake was achieved (about one minute) before the addition

of a stimulus. Using this approach, it was found that Con A

caused a change in the rate of TPP uptake. Approximately

1.5 minutes after the addition of Con A, a marked increase

in the rate of TPP partitioning into thymocytes (correspond

ing to an upward slope in Figure 15) was consistently ob

served. This increase in rate continued for about 3 minutes

and then returned to control levels. The experimental con–

ditions for the Con A effect on TPP uptake were as follows.

First, it required a high cell density, 10° cells/ml. Se C

ond, it required a Con A concentration of løø ug/ml, 1%

times higher than that found to be optimal for stimulation

of mitogenesis (see Figure 4). This was not surprising

since the cell concentration was over 100 fold higher than

that used for the mitogenesis studies. Others have reported

that working with higher cell densities requires working

with higher mitogen concentrations (115). Third, the effect

of Con A was observed only when the cells were stirred slow

ly, 60 rpm or less. At higher revolutions, no effect was

ob served even though the faster stirring did not affect vi

ability.
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Figure 15: Increased Rate of TPP Uptake Induced by Con A

In a typical experiment, thymocytes (12°/ml) were incubated
with 25 um TPP in the electrode chamber until a steady rate
of TPP uptake was achieved (about 1 minute). Con A (lº■■ º
ug/ml) was then added. In the electrical recording shown
here, a ramp generator was used to produce an opposing
signal so that the basal rate of TPP uptake is represented
by a flat line. Therefore, the upward inflection at 1
minute reflects a Con A-stimulated increase in the rate of
TPP uptake. The rate returned nearly to the basal level by
6 minutes.

The direction and time course of the observed electrical

signal were consistent with an early transient hyperpolari

zation in thymocytes in response to Con A. Another observa

tion provided further support for the existence of a hyper

polarizing response; when the cells were preincubated with

l■ º um ouaba in for lò minutes, there was no response to Con

A. Since ouabain at low concentrations is thought to be a

specific inhibitor of ATPase, inhibition of the response by

ouabain strongly suggested that the electrical signal re

flected a hyperpolarization which resulted from a transient

increase in Na-K-ATPase activity. However, since this con
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flicted with results of the previous chapter, in which Con A

was found to have no effect on Na-K-ATPase activity, alter—

native explanations were investigated.

4. 3. l. 2 Control Experiments

Cell Volume . The first possibility considered was that

Con A induced an early swelling of thymocytes. Such a

swelling might be expected to cause an increase in the rate

of TPP uptake either as a direct result of the larger sur

face area or as a result of distortions and concomitant

permeability changes in the plasma membrane. To determine

whether changes in cell volume occurred, the cell water vol—

ume of control cells and of cells exposed to Con A for 3

minutes were measured as described in Methods. As shown in

Figure 16, Con A had no significant effect on the cell water

volume.

Cell Aggregation. The second possibility tested was that

the apparent decrease in extracellular TPP concentration was

an artefact of cell aggregation. That is, it was possible

that Con A caused the formation of large cell aggregates

which could have settled on the TPP-selective membrane,

thereby interfering with the function of the electrode. The

fact that the Con A response was seen only with slow stir

ring could have been explained in this way, although it was

difficult to understand why such a phenomenon would result

in a transient signal. To address this question, the ef

fects of Con A on both TPP uptake and cell aggregation were
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Figure 16: Cell Water Volume of Control and Con A
Stimulated Thymocytes

The cell water volumes of control cells and cells stimulated
for 3 minutes with Con A were measured as described in
Methods. Bars indicated standard deviations (n=8).

compared with the effects of WGA, a nonmitogenic lectin. In

four trials, WGA was found to have no effect on TPP uptake.

When cells were removed from the electrode and examined un

der the microscope, it was found that (l) no aggregates were

observed in the absence of lectin, (2) many small aggregates

(10–40 cells) were observed in the presence of løø ug/ml Con

A, and (3) many small aggregates as well as large aggregates

(> 100 cells) were observed in the presence of 100 ug/ml WGA.

Although these results were not quantitated, it was clear
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that WGA aggregated cells at least as much as Con A did and

yet had no effect on TPP uptake. Therefore, it can be con

cluded that the effect of Con A on TPP uptake was indepen

dent of cell aggregation.

4.3.2 Defining Optimal Conditions for Equilibrium TPP
Uptake

The results of the various control experiments discussed

above increased the likelihood that the observed change in

the rate of TPP uptake was in fact due to a change in mem—

brane potential. However, this putative change in potential

could not be quantitated from a change in the rate of TPP

uptake. This can only be accomplished by measuring steady

state distribution of the probe. Therefore, experiments

were undertaken to define optimal conditions for establish

ing equilibrium between free and cell-associated TPP. Once

this was accomplished, it would be possible to assess the

quantitative relationship of TPP uptake to membrane poten

tial in rabbit thymocytes.

For these studies, the more conventional radioisotope

technique for measuring TPP uptake was used. This technique

offered the capability of manipulating the incubation temp

erature and made possible the use of ionophores. Further,

it was fore seen that the radioisotope technique would, at

some point, be useful as a check on the TPP electrode. AC

cordingly, a method was adapted from the literature for

measuring *H-TPP uptake. Briefly, the method involves incu

-
--,tº .

■ º º
-

º

*
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bating cells with TPP trace-labelled with *H-TPP and at var

ious times stopping the reaction by centrifuging a liquots of

the cell suspension through a layer of silicon oil/mineral

oil. In this way the cell-associated *H-TPP could be effi

ciently separated from the free *H-TPP. The method is de

scribed in detail in Methods.

4.3.2. l Effect of Temperature on TPP Uptake

As shown in Figure 17, the time course of TPP uptake by

cells incubated at 23° C (solid lines) is distinctly differ—

ent from that of cells incubated at 37° C (broken lines).

The initial rate of TPP uptake is much greater in cells at

370 than in cells at 23°. The rate of TPP uptake into cells

at 37° can be fit to a single exponential with a rate con

stant of . Ø72 min' (t. = 9.6 min). TPP uptake in these

cells reached equilibrium by 1 hour. In contrast, cells at

23° were still taking up TPP at 90 minutes and had by this

time taken up approximately 20% more TPP than had cells at

37°.

4.3.2.2 Effects of Tetraphenylboron

From the results in Figure 17 it can be seen that TPP up

take by rabbit thymocytes is a slow process which reaches

equilibrium at 37° C by 60 minutes. Since the rate at which

TPP fluxes across the cell membrane limits its usefulness in

measuring rapid changes in membrane potential, efforts were
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Figure 17: The Effect of Temperature on TPP Uptake

25 um TEP (.75 uCi *H-TPP/ml) Wa S added at time Øoto cells(1.5x10' /ml) suspended in RPMI at 23° C ( - ) or 37° C ( e ).
Cell-associated TPP (ordinate) was measured at various times
(abscissa) as described in Msthods. Points are the means of
triplicate measurements (bars, S.D.). The time course at37° C was fitted with a single exponential (broken line).

made to increase the rate of TPP uptake. As discussed

above, tetraphenylboron increases the permeability of biolo

gical membranes to hydrophobic cations. Therefore, it might

be expected that the time required for TPP uptake to reach

equilibrium would be shortened by the addition of TPB to the

incubation medium. The results of an experiment testing the
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effect of TPB on the rate of TPP uptake are shown in Figure

18. In this experiment, the concentration of TPP was held

constant at 25 um. TPP uptake was measured over a time

course of 60 minutes in the absence of TPB and in the pres–

ence of 2 and 5 um TPB. Panel A shows the time course of

uptake at 23° C, and panel B shows the time course of uptake

at 37° c. It can be seen that TPB at all concentrations

tested greatly enhanced the rate of TPP uptake at both temp—

eratures. At 379, TPB at . 5 and 2 um also had the effect of

increasing the equilibrium level of TPP uptake by a s much as

22, $ . The release of TPP in the presence of 5 um TPB by 60

minutes is probably due to the adverse effects of TPB on

cell viability at concentrations greater than 2 um as re

ported by Cheng et al (136).

4.3.3 TPP Uptake at Different Membrane Potentials

Membrane potential probes are generally used for one of

two purposes; measuring the membrane potential in the steady

state or detecting changes in membrane potential associated

with cell activation. For measuring steady state poten

tials, it is important that there be an easily quantitated

relationship between the signal and the membrane potential.

Although not intuitively obvious, the importance of quanti

tation in detecting changes of membrane potential will be

come apparent (see Discussion). Since conditions had at

this point been established for rapidly attaining steady
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Figure 18: Effect of TPB on TPP Uptake ". .

The following additions were made at time Ø to cell
-suspensions (i.5x12"/ml) incubated at 23° C (Panel A) or 370 * …

C (Panel B): 25 um TPP (solid line), 25 um TPP + 2 um TPB
(dashed line), 25 um TPP + 5 um TPB (dash-dot line). Tpp

-

uptake (ordinate) was determined at times indicated



78

(abscissa). Points represent the means of triplicate
mea Surement S.

state TPP distribution, an assessment of the quantitative

relationship of TPP uptake to cell membrane potential seemed

possible. The approach to this problem was to manipulate

the membrane potential by changing the composition of the

suspension medium and then to measure TPP uptake under the

various conditions.

If a cell in suspension can be treated as a simple two

compartment system in which compartment one, the cell, is

separated from compartment two, the extracellular medium, by

a semi-permeable membrane, the relationship between TPP up

take and membrane potential can be clearly defined. Assum–

ing that TPP distributes passively a cross the plasma mem–

brane (i.e. E E.), at a given membrane potential (Em),TppT*m

TPP distribution between the two compartments will be de

scribed by the Nernst equation:

_ RT [TPP]
E. = *; in HFº

In this equation R is the gas constant, T is temperature,

and F is the Faraday constant. At 37° C the equation can be

rewritten as :
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An approach to determining whether the assumption of a

simple two compartment model is valid is to manipulate the

membrane potential and measure TPP uptake at various poten

tials. In physiological solutions, a cell's membrane poten

tial is a function of both the distribution and the relative

permeabilities (Px) of the predominant ions, sodium, potas–

sium, and chloride, as described by the Goldman-Hodgkin-Katz

equation:

PK■ Kle + PNa■ halet
... + ... +PK■ Kli PNaINali

Pol (Cl];
E. = Pºs, [Cl]Cl e

Although determining numerical values for all ionic perme

abilities and intracellular concentrations in a single type

of cell can be an arduous task, this equation can often be

simplified for experimental purposes. For example, if sodi

um chloride in the medium is replaced with equimolar choline

chloride, the terms containing Na drop out. (Biological

membranes are essentially impermeable to choline . ) Chloride

is often assumed to be in or close to equilibrium so that

chloride terms can also drop out, although this may not al

ways be true. In addition, the dependence of membrane po

tential on K distribution can be enhanced by adding low con

centrations of valinomycin to the medium. The effect Of

valinomycin, a potassium-specific carrier, is to increase

the value of Pk. With these experimental manipulations and

the assumption of chloride equilibrium, the Goldman-Hodgkin

Katz equation reduces to the Nernst equation:
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RT [K]
E = — ln —-

m F [K] .

If [KI remains constant during the course of the experi

ment, the membrane potential (Em) will vary with the potas

sium concentration of the suspension medium. If the assump

tion of a simple two-compartment model is valid for

describing TPP uptake into a cell, then it follows that (1)

TPP uptake should also vary with the external potassium con–

centration and (2) TPP should distribute across the plasma

membrane as according to the Nernst equation.

The effect of varying the external potassium concentra

tion on TPP uptake in thymocytes is shown in Figure 19. At

each potassium concentration, TPP uptake was measured in

both the presence and absence of 2.2 um valinomycin. The

effect of TPP concentration was also investigated; TPP up

take was measured at three different concentrations of TPP.

It is evident from the figure that TPP uptake does in fact

vary with external potassium concentration and is therefore

related to the membrane potential. However, it is also evi

dent, for reasons discussed below, that quantitation of the

relationship is too complex to be fitted to a simple two

compartment model.

In the presence of valinomycin, when the extracellular

potassium concentration is equal to the intracellular potas

sium concentration, the membrane potential should be equal

to or very close to zero. Under these conditions, in the
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Figure 19: The Effect of Membrane Potential on TPP Uptake

The thymocyte yembrane potential was varied by suspending
cells (l.5xlø ' /ml) in medium containing different
concentrations of potassium (abscissa). Sodium chloride was
replaced with choline chloride and the combined
concentration of potassium plus choline was equal to 150 mM.
The TPP accumulation ratio (ordinate) was determined at
three different TPP concentrations in the presence. (A ) or
absence ( & ) of 2.2 um valinomycin by measuring “H-TPP in
the cell gellet and in the supernatant. All incubations
were at 37° C for 45 minutes.
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two compartment model, the ratio TPP, /TPP, should equal l.

The intracellular potassium concentration in lymphocytes is

reported to be in the range of 110–150 mM. In this range of

extracellular potassium concentrations, the cell-associated

TPP in thymocytes is 5–7 fold more concentrated than the

free TPP. Apparently, there is a third compartment in addi—

tion to the cytoplasm and the extracellular space. If Tpp

distribution is to be used as a measure of membrane poten

tial, it now becomes necessary to quantitate TPP partition—

ing into this third compartment. Unfortunately, this be—

comes a complex problem, for the "third compartment" is

likely to be composed of a number of compartments, including

the various cell organelles and membranes. Quantitating the

extent of TPP partitioning into these compartments at vari

ous membrane potentials is an imposing task. A number of

approaches to this problem have been suggested and are re

viewed in the Discussion.

Figure 19 also serves to illustrate a second problem in

arriving at an estimate of Fm from TPP distribution. At a

physiological potassium concentration, the TPP accumulation

ratio is highly dependent on the extracellular free TPP con

centration. This effect is probably the result of a combi—

nation of factors, including actual changes in Fm imposed by

the TPP distribution itself (137), saturation of certain in

tracellular compartments, and changes in TPP conductance at

higher concentrations (138). The relationship of TPP uptake
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to concentration can be quite complicated . For example,

Zaritsky et al. (137) have shown that the accumulation rat

ios of both TPP and TPMP in bacteria show discrete maxima at

concentrations of 3 and 25 um respectively and decrease when

the lipophilic ion concentration is shifted either higher or

lower.

4.3.4 Partitioning of TPP into Membranes Independent of
Membrane Potential

In the course of this study, another observation was made

which further complicates the use of TPP as a probe for mem—

brane potential. It was found that TPP partitioning into

membranes could be significantly increased under conditions

at which the membrane potential remained at Ø (see Appendix

1 for details). This observation was made in acetycholine

receptor (AChR)-enriched membrane vesicles prepared from the

electric organ of the marine ray Torpedo californica. The

uptake was initiated by the addition of cholinergic ligands

to the medium and was found to be a result of specific bind

ing of the ligands to the AChR.

The extent of the ligand-induced TPP partitioning into

the membranes was measured with the use of the TPP elec

trode . At maximum steady-state levels of TPP uptake, there

was a reduction in the free TPP concentration of the medium

equal to 1.6 um. The membrane protein concentration in this

experiment was 2 mg/ml. The AChR constitutes approximately

50% of the total membrane protein. For the sake of compari
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son, 2 x 128 thymocytes/ml represents an equivalent concen—

tration of total cell protein.

The molecular nature of the ligand-induced change in the

AChR-enriched membranes which in turn produced an increase

in TPP partitioning is not fully understood. The partition

coefficient for any ion is a function of the difference in

free energy of the ion in the membrane and in the medium.

For lipophilic ions, like TPP, the difference in free energy

is determined by both the hydrophobic and electrostatic in

teractions of the ion with the solvating medium. Therefore,

a change in either the hydrophobic or electrostatic proper

ties of the membrane might cause a change in TPP partition

ing. In these experiments, the change in the membrane was a

result of binding of cholinergic ligands to the acetylcho

line receptor. It seems reasonable to assume that binding

of any ligand to a membrane receptor might cause similar

changes. In such cases, measurements of TPP uptake would

indicate changes in membrane potential where none may have

occurred .

4. 3.5 Effects of Stimulation on Steady-State TPP
Distribution

The results of the previous sections cast considerable

doubt on the wisdom of attempting to use TPP as a quantita

tive probe of membrane potential in small lymphocytes. How

ever, it still seemed reasonable to think that TPP could be

used to detect and point the direction of a change in mem—
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brane potential. If TPP partitioning is first allowed to

reach equilibrium at the cell's resting potential, depolari

zation should then cause an overall release of TPP from the

cell while hyperpolarization should result in a further up

take of TPP .

In order to make these measurements, both the *H-TPP

method and the TPP electrode method were used . A similar

protocol for equilibrating the TPP was used for each method.

This protocol was designed from information about the inter

action of TPP and thymocytes which had been gained since the

original observation of the Con A-induced change in the rate

of TPP uptake. Accordingly, the preincubation was carried

out at 37° C for 32 minutes in the presence of a low concen—

tration of TPB. The continued presence of TPB, since it en

|hanced the rate of TPP partitioning, could also be expected

to increase the rate of response of TPP to a membrane poten

tial change.

Subsequent to the preincubation the cells were stimulated

by the addition of Con A and TPP uptake was monitored over

the course of the next ten minutes. In the case of the

*H-TPP method, this involved sampling of the cell suspension

at fixed intervals. With the TPP electrode method, uptake

was monitored continuously. In order to maintain the cells

at 37° C on the electrode, the design of the electrode was

modified to accommodate a 37° C water bath.
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In the first set of experiments, the effect Of COn A On

steady-state TPP distribution was measured with the TPP

electrode . Over the course of four separate experiments, a

broad range of experimental parameters was tested. The cell

density was varied from 1.5 x 127/ml to 2. 75 x 1 a”/ml. Tpp

concentrations from 15 um to 5 ■ º um were used with and with–

Out 2 um TPB. Cells were stimulated with 10 to 1■ '■ ug/ml

Con A. The stirring speed was varied from 2% to 120 rpm.

The TPP uptake resulting from these various conditions gen–

erated recorded voltages of from 5 to 18 my. The electrical

noise in all experiments was less than 2% uV. Con A, under

all the conditions tested, had no effect on either release

or uptake of TPP by rabbit thymocytes. A typical recording

is shown in Figure 20.

In a second set of ten experiments, the effect of Con A

on TPP uptake was measured with the radiolabelled TPP assay.

In these experiments, cells were suspended at either 6 X

12°/ml, 1. 5 X 127/ml, Or 1 X 12°/ml. In six experiments,

the TPP concentration was 25 u M and the TPB concentration

was 2 um. In the other four experiments, the concentration

of TPP and TPB were reduced to 2 and . 2 u M respectively.

Con A concentrations of 17 to 5% ug/ml were tested. Tn

agreement with the results from the TPP electrode measure—

ments, Con A had no significant effect on TPP distribution

in these experiments. The results of two experiments per

formed with different concentrations of TPP and TPB and G if–

ferent cell densities are shown in Table 5.
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Figure 20: The Fffect of Con A on TPP Uptake by Cells
Equlibrated with TPP : The TPP Electrode

The electrical recording shown is from an experiment inwhich thymocytes at a density of 5 x 12. /ml were
pre equilibrated with 15 um TPP in a 37° C water bath. The
cell suspension was then transferred to the TPP electrode
chamber and stirred at 40 rpm. Con A was added to a final
concentration of 22 ug/ml (arrow).

TABLF 5

Effect of Con A on Uptake of *H-TPP

[TPPJ Minutes After Addition of Con A

Ø . 5 l 2 5 l■ º

cpm

25 um 536.9 53 (28 N. D. 53 (A 5 522, 1 4955
(150) (193 ) (77) (359 ) (152)

2 um 15815 163 78 16 723 15778 15904 N. D.
(826) (82.9) (558) (640) (469)

Thymocytes were incubated at 37° C for 32 minutes either at
a density sof 1.5.xl■ º ' cells/ml of RPMI containing 25 um TPP(.75 uCi - "H-TPP/ml) and 2 um TPB (top row) or at a density
3f 6x12° cells/ml of RPMI containing 2 um TPP (2.5 uCi .H-TPP/ml) and Ø. 2 um TPB (bottom row). Con A () ■ º ug/ml)
was then added and TPP uptake was measured at the indicated
times as described in Methods. Values shown are the means
(S.D. in parentheses) of triplicate points.
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4.3. 6 Effects of TPP on the Physiological Status of the
Cell

It has been well established that the fluorescent dyes

disrupt certain cell functions. Similar del eterious effects

of TPP might explain the results of the previous section in

which Con A was found to have no effect on steady-state TPP

distibution. Accordingly, the effect of TPP was first test

ed on thymidine incorporation. Tn Figure 21 it can be seen

that TPP concentrations as low a s ] ■ º u M inhibited the stimu

lation of thymidine uptake by Con A in thymocytes.

If the inhibitory effect of TPP on thymidine uptake were

restricted to interference with the late stage of mitogene—

sis, TPP might still be a useful probe for detecting early

membrane potential changes associated with activation. How—

ever, it was possible that. TPP, as well as TPB, interfered

with the very first steps in the activation process. This

possibility was investigated by measuring the effects of TPP

and TPB on two events reported here in to occur early in thy

mocyte activation —- phosphatidylinositol turnover and the

early influx of potassium. The effect of the lipophilic

ions on PI turnover was determined from the incorporation of

32p into PI in the presence of Con A. When 25 um TPP was

added to thymocytes 1 minute before Con A, the Con A-induced

increase in 32p incorporation was inhibited by 66%. 25 um

TPP and 2 um TPB together inhibited incorporation by 94%.

Similarly, when 25 um TPP and 2 um TPB were present during a

30 minute preincubation the stimulatory effect of Con A on

86 Rb uptake was totally abolished .
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Figure 21 : Fffect of TPP on Thymidine Uptake

Thymocytes (8x12°/ml ) were incubated with Con A (10 ug/ml)
for 72 hours with the indicated concentration of TPP
(abscissa). H-thymidine was added for the last 4 hours of
incubation. Thymidine uptake (ordinate) is expressed as the
per cent of Con A-induced uptake measured in the absence of
TPP . Points are the means of values from 4 experiments,
each performed in triplicate. (Bars=S. E. M. )

4.4 DISCUSSION

In the previous chapter it was reported that Con A caused

an early transient increase in membrane permeability to po

tassium which was detectable by one minute and maximal at

about two minutes. The experiments reported in this chapter

were undertaken to determine whether the permeability change
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was a ssociated with a change in membrane potential. Tn the

first experiments, Con A was found to cause a transient in

crease in the rate of TPP uptake which was detectable after

about one minute and returned to base line about five minutes

later. This change in TPP uptake was consistent with the

possibility that a membrane hyperpolarization occurred over

the same time course as phosphatidylinositol turnover, cal

cium mobilization, and changes in potassium permeability.

Control experiments indicated against several other explana

tions for the observed increase in the rate of TPP uptake.

Surprisingly, however, in later experiments, Con A was found

to have no effect on steady-state TPP distribution. Tn for

mation gained in the course of this study as well as from

recent reports from other laboratories concerning the use of

lipophilic ions as membrane potential probes suggests some

tentative solutions to these apparently paradoxical observa–

tions.

A major source of confusion in the use of lipophilic ions

as membrane potential probes lies in the assumptions made in

converting ion uptake to a quantitative estimate of Fm. As

an example of the severity of this problem, three different

laboratories have reported three widely disparate values of

Fm for human neutrophils determined from the distribution of

either TPMP or TPP : —26.7 mV (135), –45 mV (139), and -67 mV.

(l.42). Although some of this discrepancy undoubtedly de

rives from experimental technique, it is mostly due to the

fact that each group used a different calculation.
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The simplest assumption is that uptake of a lipophilic

ion, e.g. TPP, into a cell is due solely to the cell's mem—

brane potential. In this approach, the intracellular TPP

concentration is calculated directly by dividing total

cell-associated TPP by the total intracellular water volume

(119, 142 ) . *m is then calculated from the Nernst equation.

The validity of this rather simplistic approach has been

challenged by the observation that deenergized cells, in

which the membrane potential should be equal to Ø, concen—

trate TPP significantly higher (as much as 17-fold, see 141)

than its free extracellular concentration (134, 135, 139, 142,

also Figure 19) . .

The early model in which TPP was assumed to partition

into a single potential-dependent intracellular compartment

was then replaced by a two-compartment model. In this mod–

el, TPP partitioning into one compartment, the cytoplasm,

was assumed to be potential-dependent while partitioning

into a second compartment, the cell membranes, was assumed

to be potential-independent. The potential-independent com—

ponent was determined by measuring TPP uptake into cells in

cubated in a solution containing potassium at a concentra

tion close to that of intracellular potassium with or

without valinomycin.

Zaritsky et al. (137) have proposed a somewhat more elab

orate version of the two-compartment model referred to as

the "exponential mean model." This model takes into account

the fact that one side of the plasma membrane is exposed to
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the cytoplasm. Since the TPP concentration in the cytoplasm

depends on the membrane potential, they suggest that TPP

partitioning into the membrane would also assume a potential

dependence and would be related to the exponential mean of

the external and cytoplasmic concentrations.

It is now apparent that for most cells a two-compartment

model is inadequate for quantitating TPP uptake since it ig

nores the contribution of cell organelles. Mitochondria in

particular can be expected to constitute a significant TPP

sink, even though the mitochondrial volume is only in the

range of 4–12% of total cell volume. Tf TPP can be a SS Umed

to be an ideal lipophilic ion, the theoretical accumulation

ratio of TPP into mitochondria is an exponential function of

the mitochondrial membrane potential :

(TPPlmi
-
.**

(TPP]e
where the subscripts mi and c refer to the mitochondria and

cytoplasm respectively and *mi is the mitochondrial membrane

potential. Since *mi has been determined to be in the

range of –140 to −200 mV, TPP accumulated in mitochondria

can be calculated to represent from 90 % to 99% of the total

intracellular free TPP. In fact, the potential-dependent

partitioning of lipophilic cations into mitochondria is so

great that several investigators have turned to using these

probes to measure mitochondrial membrane potentials in whole
86

cells (141, 143, 144). They have used Rb distribution to
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ponent was determined by measuring TPP uptake into cells in

cubated in a solution containing potassium at a concentra

tion close to that of intracellular potassium with or with

out valinomycin.

Zaritsky et al. (137) have proposed a somewhat more elab

orate version of the two-compartment model referred to as

the "exponential mean model." This model takes into account

the fact that one side of the plasma membrane is exposed to

the cytoplasm. Since the TPP concentration in the cytoplasm

depends on the membrane potential, they suggest that TPP

partitioning into the membrane would also assume a potential

dependence and would be related to the exponential mean of

the external and cytoplasmic concentrations.

It is now apparent that for most cells a two-compartment

model is inadequate for quantitating TPP uptake since it ig

nores the contribution of cell organelles. Mitochondria in

particular can be expected to constitute a significant TPP

sink, even though the mitochondrial volume is only in the

range of 4–12% of total cell volume. If TPP can be assumed

to be an ideal lipophilic ion, the theoretical accumulation

ratio of TPP into mitochondria is an exponential function of

the mitochondrial membrane potential :

(TPP!nd = e -Emi/25
(TPPie

where the subscripts mi and c refer to the mitochondria and

cytoplasm respectively and *mi is the mitochondrial membrane
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make a rough estimate of the contribution of the cell mem—

brane potential to total TPP uptake. Others have persisted

in using lipophilic ions to measure cell membrane potentials

by using a simultaneous equations approach (136, 145 ). T n—

herent in this approach are the assumptions that TPP uptake

into any subcellular compartment can be described by a par

tition coefficient and is not satural) le.

A rather novel although decidedly less ambitious solution

has been advanced in a recent report from Deutsch and Price

(76). (It should be noted that Deutsch has published exten

sively in this field . ) In that report, no attempt at cor

rection of TPP uptake has been made. Instead, the authors

"prefer to calculate a maximum possible upper limit of the

potential." Table 6, which lists values for the membrane

potential of rabbit thymocytes calculated from the data in

the top panel of Figure 19 using several of the approaches

described above, may serve to enhance the appeal of the

Deutsch and Price solution. (See Appendix P for calcula

tions . )

Implicit in all of the above models for quantitating TPP

uptake is the assumption that TPP passively distributes

across a cell membrane in such a way that the membrane po

tential is equal to the TPP equilibrium potential. The va–

lidity of this assumption has been challenged by the finding

that yeasts are capable of actively taking up several lipo

philic ions, including TPP, via the thiamine transport sys–
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TABLE 6

Values for Thymocyte Membrane Potential Calculated from
Different Models

Fm (mV.) Model

–97 Single Compartment

–86 Two Compartments: High K

–93 Two Compartments: High K/Valinomycin

–69 Exponential Mean

– 29 Simultaneous Fouations: High K

–52 Simultaneous Fouations: High K/Valinomycin

All calculations are based on the data obtained using 25 um
TPP in the experiment shown in Figure 19 (top panel). T n
the 'Two Compartments' and 'Simultaneous Fouations' models,
the value for TPP uptake when ºm equals ■ º was calculated
from the amount of TPP taken up in either 140 mM K or 140 mM
K plus valinomycin, as indicated. The Calculations for the
various models are in Appendix B.

tem (146). In addition, Ritchie (145) has presented evi

dence that two different species of giant-celled algae a c

tively extrude TPMP against an electrochemical gradient,

leading to a gross underestimate of the membrane potential.

If similar transport systems are found to exist in other

cell types, the use of lipophilic ions as quantitative

probes of steady-state membrane potentials would be inappro

priate for even the limited application suggested by Deutsch

and Price (76).
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If the lipophilic ions are not reliable as probes of the

steady-state membrane potential, can they be used with con–

fidence as qualitative indicators of the direction of a po

tential change? In the course of this study, it was found

that the binding of ligand to the acetylcholine receptor

stimulated TPP partitioning into membrane vesicles in the

absence of any change in membrane potential. It was postu

lated that the ligand-induced redistribution of TPP was the

result of charge movements within the membrane itself.

Cheng et al. (136, 147) saw a change in TPP distribution in

the opposite direction, that is, TPP release, from hormone—

stimulated rat adipocytes, and mistakenly concluded that a

rapid depolarization of the membrane potential had occurred.

After further investigation of this response, it has been

found that the depolarization is localized to the mitochond

ria (148, 149 ) while the plasma membrane potential may actu

ally hyperpolarize (148). Therefore, the investigator must

be aware that changes in the distribution of lipophilic

probes can occur in the absence of any change in membrane

potential and even in the presence of potential changes op

posite to the direction indicated .

A second problem with using lipophilic ions to detect

changes in membrane potential is that they may interfere

with normal cell function. For example, glucose oxidation

is inhibited in pancreatic islet cells suspended in solu

tions containing TPMP at concentrations of l um or greater
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(142). 2 um TPP inhibits growth, macromolecular synthesis,

and tumbling in bacteria (150). In the present study it was

found that rabbit lymphocytes were adversely a ffected by

prolonged incubation with TPP at concentrations of 1 ■ º um or

greater as reflected by inhibition of thymidine uptake.

Moreover, it was found that lipophilic ions had profound ef

fects on two early events in thymocyte activation, phospha

tidylinositol turnover and the stimulated increase in potas–

sium permeability. Both of these events were inhibited in

the presence of 25 um TPP. The addition of TPR caused an

even greater inhibition of PI turnover. With regard to

these findings, it should be noted that in the great majori

ty of studies in which either TPP or TPMP has been used to

measure membrane potentials of eucaryotic cells the probe

concentration has been 1% um or higher, as high as 45% um

(119).

In light of the above findings, what can be said about

the role of membrane potential in rabbit thymocyte activa

tion 2 Two different approaches to measuring Con A-induced

changes in *m have been taken in this study. With the first

approach it was found that Con A caused an increase in the

rate of TPP uptake. With the second approach Con A was

found to have no effect on steady-state TPP distribution.

If one assumes (l) that TPP distribution is governed solely

by Fm and (2) that TPP does not affect cell function, the

results of the two approaches lead to contradictory conclu
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sions concerning the effect of Con A on membrane potential,

i.e. hyperpolarization vs. no change. However, the find–

ings discussed above stress the need for reassessment of

these basic assumptions and also suggest possible alterna

tive explanations for the opposing observations. For exam—

ple, the Con A-induced increase in the rate of TPP uptake

(Figure 15) could have reflected stimulation of a transport

system analogous to thiamine transport in yeast (146). A 1

ternatively, Toyoshima and Osawa (151) have reported that

mitogenic lectins cause a general increase in membrane flu

idity. Resch (152) has provided evidence that this fluidity

change is the result of an early stimulation of lysolecithin

acyltransferase. Phenomena of this type could cause an in

creased rate of TPP uptake in the absence of any real change

in membrane potential. It is interesting to speculate that

the inhibitory effect of ouaba in might be related to the

close spatial and functional relationship of Na-K-ATPase and

lysolecithin acyltransferase in lymphocyte membranes

(153, 154).

The results of the steady-state measurements (Figure 2%

and Table 5), although in agreement with the observation by

Deutsch and Price (76) that succinyl Con A had no effect on

TPP distribution in human peripheral blood lymphocytes, can

also be misleading. Changes in plasma membrane potential

could have occurred but been obscured by opposing changes in

mitochondrial membrane potential. TPP at equilibrium could
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have reached intracellular concentrations sufficiently high

to disrupt normal cell function. Finally, the limits of de

tection of these assays are difficult to assess since there

is no clear way of determining how much of the TPP uptake is

due to the membrane potential without an independent meas—

urement .

In conclusion, since TPP appears to be such an unreliable

probe, it is not possible at this time to say whether or not

a change in membrane potential is an early event in activa

tion of rabbit thymocytes. However, two other processes,

phosphatidylinositol breakdown and an increase in the mem—

brane permeability to potassium, have been found to be stim–

ulated within one minute of activation. It is suggested

that these changes may be related to the early calcium mobi–

lization reported by others (1928). In contrast, no early

change in either sodium permeability or Na-K-ATPase activity

Could be detected . Therefore, while the early stage in ac

tivation of rabbit thymocytes shares some striking similari

ties with a pattern of events frequently observed in other

cell types, the differences are also noteworthy. Tt is

hoped that the similarities will stimulate immunologists to

take a broader view of lymphocyte activation and that the

differences will be of interest to those studying cell acti.

vation in general.
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In the continued presence of cholinergic ligands, the acetylcholine receptor

channel complex (AChR) in postsynaptic membranes undergoes a sequence of

conformational changes. Following the addition of the ligand, the receptor

rapidly changes from a closed channel to an open channel conformation". This is

followed by a slow change to a nonconducting state which has been termed

desensitization’. The process of desensitization has recently been resolved

into two components, one with a time course of hundreds of milliseconds and one

with a time course of seconds’. The lifetime of the open channel conformation"

and the rate of desensitization” are both dependent on the magnitude of the

membrane potential. Such dependence suggests that the ligand-induced

conformational changes in AChR may involve the movement of electrical charges

within the membrane'''. Measurements of charge redistribution in AChR membranes

following ligand binding have not been reported. Recently, measurements of

changes in the membrane partition coefficient of hydrophobic ions have been used

as a probe to detect electrostatic changes in both biological" and model”'''

membranes. We report here that cholinergic ligands induce changes in the

partition coefficient of the hydrophobic cation tetraphenylphosphonium (TPP)

into AChR-enriched membranes. The time course and the stoichiometry of these

TPP partition changes are accounted for in a kinetic model. The ion movement is

a monitor of a molecular event which may be associated with the slow component

of AChR desensitization.

AChR-enriched membrane vesicles were prepared from the electric organ of T.

californica”. The Achr constitutes approximately 50% of the total protein in

this preparation. The AChR specific activity in the membranes was about 3.5
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mole o-bungarotoxin (GBTX) binding sites/mg protein. The purified AChR

enriched membrane vesicles were washed in an electrolyte solution (see text Fig.

l) and resuspended in the same solution at a concentration of 6.5 - 7.2 um GPTx

binding sites. 150 ul of the vesicle suspension containing 2 104 TPP were placed

in a recording chamber which permitted rapid stirring and continuous measurement

of the concentration of free TPP in the suspending medium. Free TPP was

measured with a TPP-selective electrode (Fig. 1). The AChR-enriched membrane

vesicles steadily took up the free TPP from the medium over the first several

minutes until the free TPP concentration attained a constant value. The sudden

addition of cholinergic agonists resulted in a further rapid decrease of the

free TPP concentration (Fig. lB).

The time course of the ligand-induced TPP concentration decrease could be

fit by a single exponential function. The value of the rate constant (kapp) of
this function is dependent upon both the choice of ligand and its concentration

(Fig. 2A). The k increases as the ligand concentration increases up to aapp

limiting value. The limiting value for acetylcholine (ACh) and carbachol is

.42 + .26 (mean ts.D.) sect’. For choline, the kapp is .162 +.252 sec-' at 10
mM, the highest concentration tested. The *app for the antagonist tubocurare is

much smaller and reaches a limiting value of .232.212 secº'. The extent of the
decrease in free TPP concentration is also proportional to agonist concentration

(fig. 2B). However, the limiting value of the concentration decrease was the

same, lit.05 um TPP, for all agonists tested and Ø.494.26 um for the antagonist

tubocurare. The concentrations of ACh, carbachol, choline, and tubocurare

producing half-maximal TPP decrease were determined to be 2.5, 3.5, 300, and 4.5

|M, respectively.



The distribution of TPP across membrane vesicles has been extensively used

in the past as a probe of the membrane potential due to the unequal free

concentrations of permeant ions between the inside and the outside of

vesicles*******". However, the distribution of TPP, as that of other

hydrophobic ions, might also reflect hydrophobic or electrical interaction of

the ion with the membrane itself. For example, the membrane surface potential

and the membrane boundary potential have been shown to affect the partition of

hydrophobic ions into membranes", *. In the experimental system we describe here

the ionic transmembrane potential should be 0 mV since the ionic solutions

across the membrane are symmetric. Moreover, addition of Ø. lº digitonin, a

detergent concentration which permeabilizes AChR-enriched membranes to small

ions (unpublished observations), has no quantitative effect on the ligand

induced TPP concentration decrease. Therefore, the TPP concentration decrease

we report reflects the uptake of TPP by the membrane vesicles as a result of

direct interaction of the hydrophobic ion with the membrane itself and not as a

result of changes in the macroscopic transmembrane potential.

Since the effects of cholinergic ligands could arise from their interaction

with either the AChR or membrane-bound acetylcholinesterase, we tested the

effect of carbachol on the partition of TPP into red cell ghosts and Torpedo

electroplax membranes containing only 0.5—1.0 nmole AChR/mg protein' '. Red cell

membranes contain acetylcholinesterase but not AChR'°. Addition of 25–252 um

carbachol to red cell ghosts at concentrations of either 2 or 4 mg. protein/ml

had no effect on the free TPP concentration. The Torpedo membrane vesicles used

for these control experiments also contained acetylcholinesterase but only

lø–20% as much AChR as the membranes used in our standard assay. Addition of

112



100 ºf carbachol to these crude membranes suspended at 2 mg protein/ml induced

an uptake of only 2.1 um TPP, approximately 10% of that measured in our typical

experiment. These results indicate that the ligand-induced uptake of TPP into

post-synaptic membranes is a result of ligand interaction with AChR.

If the TPP uptake is in fact a result of ligand binding to the AChR, it

follows that it should be blocked by obTx, a highly specific inhibitor of AChR.

Additions of dETx alone did not result in any TPP uptake. Figure 3 illustrates

the extent of TPP uptake induced by a constant amount of carbachol added to

membrane vesicles preincubated with various amounts of obTx. TPP uptake

decreased with increasing amounts of obTx. The data of Figure 3 indicate that

the extent of ligand-induced TPP uptake is dependent on the fraction of sites

available for ligand binding. The ligand-induced TPP uptake is fully

reversible; addition of a 25 molar excess of O.BTx to membranes first exposed to

l■ º um carbachol in the presence of TPP results in the release of the TPP

specifically taken up. The GBTX-induced TPP release occurs over several

minutes, but the kinetics of this process was not studied in detail. Thus, the

ligand-induced TPP uptake is a fully reversible process which arises

specifically from the excitation of the AChR molecule.

To further analyze our data, we developed the following model. This model

fits both the kinetic and steady-state data we have obtained.

LR
k1 ++ k2

LR KKo 0A Sºº,
2L +R LRL + LRL

k2
K, RL * K,

k, tº k,
RL

Rin' mºr-ºtº, ºr
R. R., TPP • ‘magi,R, tº
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The model consists of are: sequential reactions. In the first reaction, the

receptor, R, binds ligand, L, to either of two equivalent sites. The formation

of this ligand-receptor complex has an equilibrium constant K 0° The ligand

receptor complex then spontaneously converts in a second reaction from the

original state, R, to a new state, R, with forward and backward rates k, and k,.
It is the formation of the R state that leads to the TPP uptake. However, in

the model we consider the receptor molecules to exist as dimers in the membrane

(see below), and the conversion of either of the monomers in the pair into the R

state is sufficient to develop the increased affinity for TPP. The interaction

between the R state and TPP, which leads to TPP uptake, is modeled to be a first

order reaction with equilibrium constant “rep' We allowed the possibility that
the TPP uptake resulting from only one monomer existing as R and the uptake

resulting from both monomers existing in the R state may have different

equilibrium constants, KTPP (l) and KTPP (2).

In our experiments, the measured Kapp defines the rate-limiting step in the

sequence of reactions described above. We assume the rate-limiting step in the

model to be the formation of the r state. This assumption is justified by the

fact that: 1) the rate of formation of RL has been measured by others to be

diffusion limited" and 2) the rate of Trp uptake induced by the F state is fast
compared with the kapp measured for the same ligand at the same concentration.
This uptake rate was determined by measuring the kinetics of TPP uptake

following the sudden addition of the ion to vesicles preincubated with the

ligand for one minute. The assumption in the model that TPP uptake is related

_Q: ,

* , º, . , ,
- “... * * * * *
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to the activation of receptor dimers is justified by the experimental fact that

the stoichiometry of TPP uptake/ AChR activated had a limiting value of Ø.5.

This value was determined by titrating the TPP uptake with TPP (see Fig. 4).

In this experiment, the concentration of AChR (6.5-7.2 obTX sites) and carbachol

(100 MM) were held constant. The results were analyzed as a first-order

reaction and the plateau value for TPP uptake was determined to be l. 6 M.

Others have already suggested that AChR molecules may exist in the synaptic

membrane as disulphide-linked dimers'", ** . The model assumes that the

transformation into an R state of only one or of both of the elements of the

dimer is sufficient to lead to TPP uptake. This assumption was necessary

because models in which either both monomers or one monomer exclusively must

convert to the R state to induce TPP uptake generated solutions that did not fit

the data.

The solution of the kinetic equations generated by the model above were

fit to our experimental data by a least square regression routine to obtain

estimates of the values of the kinetic parameters K, k 1’ and k 2 for each of the

agonists tested. The fit was made to six measurements of TPP uptake from .5 to

lø seconds as well as to the steady state value for each ligand concentration.

Therefore, the total number of data points fit was 35 for carbachol and 28 for

each of the other three ligands. The value of K was experimentally
TPP (2)

determined to be Ø.4 HM from the data shown in Fig. 4. The best fit to the data

was obtained under the assumption K s: K indicating that dimers withTPP (l) TPP (2)" ing

either one or two receptors in the R state are equally effective in taking up

TPP. (Setting “Tºpu” Ø.8 um increased the variance of the fit by 34%.) The

1. Nº
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'... I
solutions predicted by the kinetic scheme are shown as continuous lines in Fig. > º
2A and 2B. Also shown are the experimental data. The values of the kinetic

parameters used in the fits are shown in table l for the four ligands tested. ~

The error of the fit is also shown in the table. It is particularly noteworthy

that the values of the binding constant (Ko) for all four ligands determined by

fitting the TPP data are within the range of values reported for this constant

by direct measurements of others “”. The value of k1 is similar to that

reported for other slow processes associated with the AChR including changes in

the binding constant for toxin” ”, changes in intrinsic membrane

fluorescence”, changes in fluorescence of agonist probes “, and the slow

component of desensitization *.

An important question to be addressed in our results is whether the TPP

ions are being bound by a component of the membrane such that their freedom of º

motion is restricted or partition into a motionally free pool, perhaps the same º º

pool in which they reside prior to AChR activation. In collaboration with D.
º

Cafiso and W. Hubbell, we have investigated this question with the use of a c
º

nitroxide labeled TPP analog (their spin label I). Cafiso and Hubbell have º
shown that the electron spin resonance (esr) spectrum of this molecule can

-

identify motionally free and motionally restricted compartments in the º,
membrane'. we found (not shown) that the esr spectrum of the TPP analog in ...

AChR-enriched membranes exhibited the line shape characteristic of these ()
-

molecules when they reside in a motionally free space of a model lipid bilayer, º
with only a very small fraction in a motionally restricted state. The esr -

spectrum confirmed that addition of agonist caused the partition of the TPP Sº /

analog into the membrane and that the added TPP resided in the motionally free | | | ||

º
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pool. That is, the added TPP in the membrane is apparently not strongly bound

by the AChR dimer.

The partition coefficient of TPP ions into a membrane, as any other ion, is a

function of the difference in free energies in the aqueous and the membrane

phases. The free energy of hydrophobic ions consists of terms that arise from

both their electrostatic and their hydrophobic interactions with the solvating

medium. The physical nature of the TPP uptake reported here remains to be

precisely determined. However, since the slow component of AChR desensitization

is a voltage dependent process that occurs on a time scale commensurate with the

measured rates of the TPP uptake we observe, it may be that the hydrophobic

cation partition we have reported here reflects a change of elecronegativity in

the membrane associated with AChR desensitization.
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Fig. l (A). Diagram of the TPP-selective membrane electrode, recording chamber

and electrical configuration used to measure the concentration of TPP ions in

the medium: The membrane electrode was prepared by incorporating a mixture of

TPP and tetraphenyl boron (TPB) ions into a plasticized polyvinylchloride (PVC)

matrix. 50 ml of lø M TPP aqueous solution and 50 ml of lø um TPB aqueous

solution were mixed and extracted overnight into 100 ml of dichloroethane.

Dichloroethane was then allowed to separate from the aqueous phase and

rotoevaporated *. The remaining powder was dissolved in 50 ml of peroxide—free

tetrahydrofuran”. 3 ml of this solution was mixed with Ø.4 g of PVC, 1.5 ml of

dioctyl adipate, and 10 ml of tetrahydrofuran. The resulting solution was

poured over a 60 cm * glass surface. After solvent evaporation, a thin

(approximately 100 um) TPP-selective membrane electrode film was obtained.

Small (l. 2 cm diameter) circles of membrane electrode were cut and glued onto a

cylindrical mºort machined from PVC (dark cylinder in diagram). An acrylic

cylinder (shaded cylinder in diagram) was glued on top of the PVC cylinder. A

cylindrical chamber of 300 ul volume was thus created, the floor of which was

the membrane electrode. A motor-driven stirrer was used to minimize diffusion

delays in the system. The recording chamber was mounted on the end of a U

shaped acrylic tube which contained a reference solution with a fixed

concentration of TPP. Electrical recordings of the potential across the TPP

membrane electrode utilized a high input impedance (1000 Mohms), low noise

differential amplifier with a recording bandwidth of DC to 102 Hz(PARC, Model

ll3). The half-time of response of the electrode to a step change in TPP

concentration was l80–300 msec. The selectivity of the electrode, measured by

the mixed solution technique”, had the following values: Krren, 7.3 × 1277,

- ll -
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(B). Maximal TPP uptake: The points represent the average value of maximal TPP

uptake at each ligand concentration. Symbols for the different ligands are the

same as in 2A. In general, the range of the values measured is within 5% of the

average. The lines represent solutions of the model given in the text.

Fig. 3. Effect of partial receptor blockade on carbachol-induced uptake of TPP:

In four different experiments (©,6,4A,A ), membranes were preincubated with

various amounts of obTx for 62 minutes at 4". Maximal TPP uptake (ordinate) in

response to 100 lm carbachol was then measured. In the graph, the amount of TPP

uptake is shown as a function of free binding sites remaining after opTx

treatment (abscissa). The number of free sites was measured by an ***I-oBTX

binding assay.

Fig. 4. Dependence of TPP uptake on TPP concentration: Membranes were

equilibrated on the electrode with 2, 4, 6, or 8 pm TPP. 100 lum carbachol was

then added and the maximal uptake of TPP was measured. Maximal TPP uptake

(ordinate) is plotted versus the concentration of free TPP (abscissa).

Table l. Parameters derived from TPP uptake using the sequential scheme

described in the text.

* Root mean deviation of the difference between calculated and observed values.

- 13 -
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Carb

ACh

Choline

Curare

K. (M)

4.5

k1 (secº)

0.201 + .006

0.176 + . 009

0.081 + .004

0.006 + .0001

7aszz

55. 7 it

10.4 +

10243 + 1067

3.2 +

1. 7

.2

k2 (secº)

0.042 + .003

0.077 it .008

Q.020 + .001

0.020 + .0004



Appendix B

CALCULATIONS FOR TABLE 6

(1) One-Compartment Model

All cell-associated TPP is assumed to be potential depen

dent .

ITPPJ, = 25 um = 515 cpm/ul

TPP cell = 61.22 cpm º

total Cell volume = 2). 29 ul

~,

[TPPI, - 1229 um \"

s
-

1029 – —Fm = -60 log 25 T 97 mV __N.

º
(2) Two-Compartment Model (High Potassium)

TPP partitioning into cell membranes is assumed to be poten- º,
tial-independent and to be equal to the amount of TPP taken *

º
up by cells suspended in 140 mM K.

TPP cell = 6122 cpm – 2240 cpm = 4082 cpm º

TTPP], - 683 um sº
-"C

L.
683 – – * ,Fm = —60 log # = —86 mV

- - ~,(3) Two-Compartment Model (High K/Valinomycin) **

Tº
– 129 –
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TPP partitioning into cell membranes is assumed to be

potential-independent and to be equal to the amount of TPP

taken up by cells suspended in 140 mM K + 2. 2 um valinomy—

Cin.

TPP cell = 61.22 cpm – 829 cpm = 5.293 cpm

(TPPI, = 886 um

= -
886 – –E. = 60 log # = 93 mV

(4) Exponential Mean Model

This model takes into account the fact that TPP partitioning

into the plasma membrane will be influenced by both the ex

tracellular and intracellular TPP concentrations. If a lin

ear potential drop across the membrane and a constant parti

tion coefficient for TPP are assumed , then the mean TPP

concentration in the plasma membrane is equal to the expo

nential mean of the internal and external concentrations, C

=
(ITPP], -[TPP],)/in (TTPP1,VTTPP],). Calculation of Fm by

this method requires an iterative procedure described in de

tail in reference (137).

(5) Simultaneous Equations Model (High K)

TPP uptake is measured under physiological conditions and

under conditions where the potential across the plasma mem—

brane is equal to Ø. Membrane potentials of intracellular

compartments are assumed to remain constant. If the experi



13 l

ment is set up such that the difference in TTPP), Under the

two conditions is negligible, then (TPP),
E go i., Hºm

– -
Og

I■ l (TPP) i, 0
See Appendix of reference (145) for derivation of this mod—

el.

[TPPI, = 1 (229 um

[TPPl, = 341 UNM

E = -60 log # = -29 my
In 341

(6) Simultaneous Equations Model (High K/Valinomycin)

The same as model (5) except that the membrane potential is

assumed to equal ■ º when cells are suspended in 14% mM K +

2. 2 um valinomycin.

[TPP], = 12, 29 um

139 umTTPP],

1029
In og =# = -52 mV

is ■
A Tº Y

t *** * * *
- - - - - - -
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